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Abstract

The pressure swings generated by the respiratory muscles induce blood shifts (Vbs) between the trunk and the extremities. Vbs
varies with swing amplitude and breathing pattern and can reach sizable volumes. Although Vbs was successfully explored using
double-body plethysmography, the extent of intra-trunk blood shifting (between abdomen and thorax, VbsIT) remains to be quan-
tified. We here present an electrical model of the cardiovascular system that allows to derive quantitative estimates of breath-by-
breath VbsIT. We first validated the model with experimental data collected from healthy participants performing exercise with
various breathing patterns, including spontaneous (CTRL), abdominal (AB), and rib cage breathing (RC), and with external expira-
tory flow limitation (EFLe). We then fed the model with other experimental data to derive VbsIT in a proof-of-concept fashion.
Breath-by-breath fluctuations in Vbs derived from the model matched experimental data. Computations of VbsIT were in line with
expectations, showing small fluctuations with spontaneous breathing and substantial increases during AB, RC, and EFLe. Intra-
breath VbsIT showed a close relationship with intra-breath transdiaphragmatic pressure during inspiration in all conditions and
during expiration in AB and RC, reflecting the net effect of hydraulic pressure fluctuations on blood displacement between the
two compartments. This model may benefit further work investigating (patho)physiological mechanisms of various conditions
affecting cardiorespiratory function, both at rest and during exercise.

NEW & NOTEWORTHY This study presents an electrical model of the cardiovascular system, capable of estimating breath-by-
breath intra-trunk blood shifting (VbsIT) between the abdomen and thorax. The model was validated using data from healthy par-
ticipants performing various breathing patterns during exercise. It allowed quantifying VbsIT fluctuations, with significant
increases during abdominal and rib cage breathing and expiratory flow limitation. This model offers a valuable tool for exploring
cardiorespiratory function in health and disease, including COPD and heart failure.

blood shift; breathing; exercise; OEP; venous return

INTRODUCTION

During breathing, the action of the respiratory muscles
and the resulting fluctuations of intrathoracic (ITP) and
intra-abdominal pressures (IAP) contribute to the circula-
tion. Decreases in ITP driven by rib cage expansion promote
venous return into the thorax (1–6), whereas increases in IAP
driven by the diaphragm and abdominal muscles displace
blood out of the abdomen (7–10).

Previous studies investigating blood redistribution
between body compartments used double-body plethysmog-
raphy (DBP), a technique allowing continuousmeasurement
of blood shifts between the trunk and extremities (Vbs)
(11–16). DBP combines whole body and optoelectronic
plethysmography (OEP) to measure variations in whole
body volume (Vb) and trunk volume (Vtr), respectively.
Both variables change with airflow and gas compression
into the lungs, but Vtr also accounts for blood entering

and exiting the trunk (i.e., Vbs). Subtracting these two sig-
nals thus yields Vbs.

The application of DBP has clarified the relationship
between respiratory pressure swings and blood redistribu-
tion. For instance, it was estimated that the pressure fluctua-
tions during normal quiet breathing induce intra-breath Vbs
swings of�50–75 mL over the course of the respiratory cycle
(11). Moreover, it was shown that the magnitude of Vbs can
be modified by varying the contraction patterns of the respi-
ratory muscles during breathing. Voluntarily increasing the
abdominal pressure through concurrent diaphragmatic and
abdominal muscle contraction results in a substantial redis-
tribution of blood from the trunk to the extremities (11).
Similarly, repeated voluntary spikes in IAP exceeding
100 cmH2O primarily affect the venous system, leading to
rapid changes in blood volume distribution rather than
increased arterial outflow (12). These shifts are driven by a
transient reduction in venous return to the trunk, coupled
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with localized increases in venous pressure and pooling out-
side of the trunk (4). During exercise, voluntary amplification
of IAP or ITP swings, by emphasizing diaphragmatic
(“abdominal breathing,”AB) or rib cagemovements (“rib cage
breathing,” RC), produces greater intra-breath displacement
of blood between the trunk and the extremities (13, 15). A simi-
lar effect was observed when artificially limiting expiratory
flowwith a Starling resistor (EFLe) in healthy subjects during
exercise, to mimic the respiratory limitations of chronic
obstructive pulmonary disease (COPD) (16). Exacerbation of
both IAP and ITP excursions with EFLe led to greater Vbs
swings, with amore prominent inspiratory inflow accumulat-
ing blood into the trunk over time.

DBP represents a potential for the exploration of cardiores-
piratory mechanisms involved in exercise limitations in vari-
ous diseases such as COPD or chronic heart failure (17, 18).
However, an important limitation of DBP is that it cannot dif-
ferentiate thoracic and abdominal compartments due to the
movement of the diaphragm during breathing. This constraint
hinders the description of blood shifting within the trunk
between these compartments. Yet, understanding intra-trunk
blood shifting (VbsIT) between the abdominal cavity, with its
large venous reservoir, and the thoracic compartment, with its
highly compliant pulmonary vasculature, is crucial for study-
ing cardiorespiratory interactions in health and disease.

To overcome this shortcoming, we developed an electrical
model of the cardiovascular system, which includes the nec-
essary compartments to derive quantitative data on breath-
by-breath VbsIT. First, we present this electrical analogue
model. Then, as a proof of concept, we demonstrate its appli-
cation by feeding this model with real experimental data to
describe the dynamics of VbsIT during various breathing pat-
terns at rest and during exercise in healthy participants.

MATERIALS AND METHODS

Experimental Dataset

We used existing data from experiments that measured
Vbs with DBP in various conditions (15, 16). For the detailed
experimental procedure, we refer to those reports. In short,
five healthy young men sat in a whole body plethysmogra-
phy cabin and performed sequences of constant-load sub-
maximal cycling exercise for 3 min. They breathed in four
ways: 1) spontaneously (CTRL), 2) predominantly using their
abdominal muscles (abdominal breathing, AB), 3) predomi-
nantly using their intercostal muscles (rib cage breathing,
RC), and 4) expiring through a Starling resistor, which lim-
ited flow at 1 L/s (external expiratory flow limitation, EFLe).
Each exercise sequence was repeated three times per condi-
tion in a randomized order and was preceded by a 1-min rest-
ing period and followed by 2 min of recovery. In the EFLe
condition, the participants breathed through the resistor
throughout the whole sequence (rest-exercise-recovery),
whereas AB and RC breathing were only performed during
the 3 min of exercise. Between each sequence, the door of
the cabin was opened to restore baseline thermodynamic
conditions. The exercise was performed on a custom-built
cycle ergometer designed to allow pedaling in the confined
space of the cabin. The fixed resistance elicited a power out-
put of 100 W at an imposed cadence of 90 rpm, guided by a

metronome. Body volume variations (DVb) were estimated
from the air-volume displaced in and out of the cabin, which
was derived from the measurement of airflow obtained with
a pneumotachograph. With OEP, we measured chest wall
volume (Vcw) to estimate trunk volume variations (DVtr).
Vbs was then calculated by subtracting DVb from DVtr.
Esophageal (Pes) and gastric pressures (Pga) were measured
with balloon catheters placed in the esophagus and stomach
to estimate ITP and IAP, respectively. Impedance cardiogra-
phy (Physioflow Enduro; Manatec Biomedical, Paris, France)
yielded heart rate (HR) and left heart stroke volume (SV),
which were multiplied to obtain cardiac output (CO) varia-
tions. To account for potential inaccuracies in absolute val-
ues, we used the relative changes of SV from a preset value
of 100mL at a 100W effort (19–21). Temperature and humid-
ity inside the cabin were monitored continuously using a
digital transducer (DHT22; Aosong, Guangzhou, PR China)
and used to correct for drift (14).

Before their use in the model, presented in detail below,
the experimental data were inspected to identify and remove
physiological artifacts resulting from swallowing, coughing,
esophageal spasms, or other reasons causing aberrant data
points (22). Themodel was constructed using the data of one
participant. The data of four other participants were then
used to validate the model by comparing experimental and
simulated blood shifts. We then selected one subject who
demonstrated particular proficiency in all four breathing
modalities for a first proof-of-concept estimation of VbsIT. To
explore the underlying mechanisms of VbsIT fluctuations,
we computed a correlation analysis between these fluctua-
tions and those observed in respiratory pressures.

Presentation of the Model

We built a model of the cardiovascular system based on
prior iterations found in the literature (23–25) using the
MATLAB toolbox Simulink and the Simscape environment
(MathWorks Inc., Natick, MA). The model is illustrated in
Fig. 1, with details for each block and its corresponding
parameters listed in Table 1. In the following sections, we
provide a detailed description of the construction and vali-
dation of themodel.

Heart.
As previously proposed (23, 24), we modeled the four heart
chambers as time-variable elastances (E(t)). E(t) was deter-
mined as:

EðtÞ ¼ Edias þ Esys � Edias

2
1� cos p

t

TSðnÞ
� �� �

; 0 � t � TS

EðtÞ ¼ Edias þ Esys � Edias

2
1 þ cos 2p

t� TSðnÞ
TSðnÞ

� �� �
;

TS < t � 3
2
TS

EðtÞ ¼ Edias;
3
2
TS < t � TðnÞ ð1Þ

where Edias and Esys represent end-diastolic and end-systolic
elastances, respectively, and TS(n) the systolic time interval
of beat n. For the ventricles, TS(n) was given by the Bazett
formula (23):

MODELING INTRA-TRUNK BLOOD SHIFTING

1582 J Appl Physiol � doi:10.1152/japplphysiol.00749.2024 � www.jappl.org

Downloaded from journals.physiology.org/journal/jappl (131.175.028.202) on March 5, 2026.

http://www.jappl.org


TSðnÞ � 0:3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tðn� 1Þ

p
ð2Þ

where T(n� 1) is the duration of the preceding cardiac cycle.
For the atria, TS(n) was obtained from Equation (3, 24):

TSðnÞ ¼ 0:15
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tðn� 1Þ

p
: ð3Þ

Heart elastance values are directly proportional to the dia-
stolic and systolic pressures exerted by the left and right
heart, respectively. Thus, values for right and left Edias and
Esys for both atria and ventricles were optimized to align with
typical physiological pressure values in humans (https://
www.msdmanuals.com/). The optimized elastances are
reported in APPENDIX A (Appendix Table A1), whereas the
results for simulated heart pressures are presented in Intra-
cardiac pressures.

Since the Simscape library lacks flexible blocks for model-
ing time-varying elastances, we used a controlled voltage
source with time-varying elastance and experimental SV as
inputs. This setup allowed us to obtain time-varying pres-
sure exerted by the modeled atrium or ventricle (see
APPENDIX A, Appendix Fig. A1C). Unlike earlier models (23,
26), we set atrial end-diastolic elastances higher than their
ventricular counterparts (see APPENDIX A). In addition, we
ensured that the time-varying elastances respected the phys-
iological delay between atrial and ventricular contraction
(APPENDIX A, Appendix Figs. A1, A and B).

To accurately model cardiac valves, previous models used
ideal diodes (23, 25, 26). However, since cardiac valves do not
open and close perfectly, we opted for real diodes (Fig. 1), with
forward voltage, on resistance (Ron) and off conductance (Goff)
preset different from zero to alignwith normal physiology.

The resistance to blood flow was modeled with electrical
resistances. We also used a capacity and an inductance for
both right and left hearts (see APPENDIX A). The chambers
were not connected to the ground but connected in series to
a controlled voltage source representing the hydraulic pres-
sure acting on the outer surface of the heart, which we
approximated with experimentally obtained Pes. The same
strategy was used throughout themodel to represent the dif-
ferent pressures acting on the walls of the blood vessels in
the different body compartments, using estimated alveolar
pressure (Palv, see APPENDIX C), or measured Pes, or Pga,
according to the region at stake.

Once the heart model was developed, we fine-tuned the
flows through its valves to align the volume of blood entering
and exiting each heart chamber with every beat. The results
of this procedure are presented in Blood flow. Briefly, we first
optimized the valve parameters to match the simulated and
experimental values of left ventricular SV. We then adjusted
the blood flow integrals through all body compartments to
align with the simulated left ventricular SV. Specifically, we
manipulated the Ron of the diodes to regulate the flow
through each valve, allowing us to either increase or
decrease flow as needed. In addition, by modifying the for-
ward voltage, we could adjust the timing of the flow passing
through a valve, thus aligning all atrial and ventricular flow
outputs.

Pulmonary circulation.
The subdivision of the model representing the pulmonary
circulation and some of its parameters was taken from a pre-
vious model (26). The pulmonary artery, divided into a

Figure 1. The electrical model of the cardiovascular system. The blood flows from the right heart through the pulmonary circulation and then through the
left heart into the aorta. The main arteries then supply four compartments: the upper limbs and head, the splanchnic circulation, the renal circulation, and
the lower limbs. Effluent venous blood from these compartments is then collected into the upper and lower vena cava that feed into the right heart.
Input signals necessary to make the model work (stroke volume, SV; time; esophageal, Pes; gastric, Pga; and alveolar pressure, Palv) are shown in black.
The parameter settings of the different components of the model are reported in Table 1.
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Table 1. Parameters of the cardiovascular model

Resistance Capacitance Inductance j Fwd Voltage

mmHg·s·mL21 mL·mmHg21 mmHg·s2·mL21 j V
Anatomical Blocks Block Elements Name Value Name Value Name Value

Upper limbs and head Arteries Rup1 3.315 Cup1 1.200
Capillaries Rup2 0.230
Veins Rup3 0.010 Cup2 6.800

Left carotid and subclavian arteries Carotid Rlcs1 0.084 Clcs1 0.197†
Internal carotid Rlcs2 1.358 Clcs2 0.0128†
External carotid Rlcs3 1.366 Clcs3 0.0137†
Subclavian Rlcs4 0.120 Clcs4 0.489†

Right carotid and subclavian arteries Carotid Rrcs1 0.069 Crcs1 0.167†
Internal carotid Rrcs2 1.358 Crcs2 0.0128†
External carotid Rrcs3 1.366 Crcs3 0.0137†
Subclavian Rrcs4 0.120 Crcs4 0.489†

Left heart Whole Rlh1 0.010 Clh1 0.300 Llh1 0.001
Rlh2 0.005

Mitral valve (Dlh1) Ronmi 0.009 Vfmi 0.010
Roffmi 1E þ 08

Aortic valve (Dlh2) Ronao 3E-05 Vfao 1E-04
Roffao 1E þ 08

Right heart Whole Rrh1 0.010 Crh1 0.800 Lrh1 0.001
Rrh2 0.009

Tricuspid valve (Drh1) Rontr 0.006 Vftr 0.010
Rofftr 1E þ 08

Pulmonic valve (Drh2) Ronpu 0.003 Vfpu 0.001
Roffpu 1E þ 08

Pulmonary circulation Artery, proximal Rp1 0.002� Cp1 0.800� Lp1 0.002�
Rp2 0.00154

Artery, distal Rp3 0.002�
Rp4 0.00385 Cp2 0.050� Lp2 0.0018�

Arterioles Rp5 0.00385 Cp3 0.500�
Capillaries Rp7 0.00616 Cp4 1.000�
Veins Rp8 0.00616 Cp5 4.000 �
Shunt circulation Rp6 3.465

Aorta Ascending aorta Rao1 0.065 Cao1 0.918†
Arch 1 Rao2 9E-05 Cao2 0.262†
Arch 2 Rao3 2E-04 Cao3 0.489†
Thoracic 1 Rao4 4E-04 Cao4 0.556†
Thoracic 2 Rao5 0.004 Cao5 0.376† Lao1 3E-04
Abdominal 1 Rao6 0.004 Cao6 0.193† Lao2 2E-04
Abdominal 2 Rao7 0.008 Cao7 0.353†
Abdominal 3 Rao8 0.001 Cao8 0.0254†

Vena cava Abdominal Rvc1 0.010‡ Cvc1 25.000‡
Inferior Rvc2 0.015‡ Cvc2 2.000‡
Superior Rvc3 0.060‡ Cvc3 15.000‡

Splanchnic circulation Arteries Rs1 2.550 Cs1 8.250
Capillaries Rs2 0.180
Veins Rs3 0.010 Cs2 46.750

Hepatic, gastric, and splenic arteries Hepatic Rhgs1 0.213 Chgs1 0.017†
Gastric Rhgs2 0.512 Chgs2 0.0108†
Splenic Rhgs3 0.083 Chgs3 0.0285†

Renal circulation Arteries Rr1 3.485 Cr1 2.250
Capillaries Rr2 0.300
Veins Rr3 0.010 Cr2 12.750

Mesenteric and renal arteries Superior mesenteric Rmr1 0.013 Cmr1 0.0829†
Inferior mesenteric Rmr2 0.578 Cmr2 0.00561†
Renal, L Rmr3 0.053 Cmr3 0.0125†
Renal, R Rmr4 0.053 Cmr4 0.0125†

Lower limbs Arteries RllQB 3.060 Cll1 2.850
RllEXE 0.043

Capillaries Rll1 0.300
Veins Rll2 0.010 Cll2 16.150
Valves (Dll1) Ron 1E þ 08 Vf 0.0001

Roff 1E þ 08
Iliac and femoral arteries Common iliac, L Rif1 0.024 Cif 1 0.0557†

Common iliac, R Rif2 0.024 Cif2 0.0557†
External iliac, L Rif3 0.104 Cif 3 0.524†
External iliac, R Rif4 0.104 Cif 4 0.524†
Femoral, L Rif5 0.746 Cif 5 0.0906†
Femoral, R Rif6 0.746 Cif 6 0.0906†

Values taken from �Ref 26; ‡Ref 23, and †Ref 25, respectively. L, left; R, right. See text for right and left heart elastances.
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proximal and a distal segment, wasmodeledwith RLC blocks
in series, whereas arterioles, capillaries, and veins weremod-
eled with RC series. The venous blood directly flowing into
the left atriumwithout taking part in gas exchange was mod-
eled with a separate resistance (Rshunt).

To model the stretching and compressing action of trans-
pulmonary pressure on extra-alveolar and alveolar pulmo-
nary vessels, we set the pressure acting on the walls of the
former (i.e., arteries and veins) to Pes�Palv, and the pres-
sure acting on the walls of the latter (arterioles and capilla-
ries) to Palv�Pes. To better reflect the low-pressure, high-
compliance nature of the pulmonary circulation, we
adjusted the resistances in series for our pulmonary model
to be slightly lower than those in the original model (26).
This adjustment was verified by the well-aligned blood flow
integrals entering and exiting the pulmonary circulation.

Aorta and other arteries.
To model the aorta and other main arteries, we adapted the
model proposed by Hassani et al. (25) by removing most of
the inductors because they introduced artifacts and slowed
the simulation without bringing any noticeable improve-
ments. We left two inductors in the aorta to allow representa-
tion of the dicrotic notch. The positioning and values of
these inductors were determined based on Lu et al. (26) (see
Pulmonary circulation).

The other main arteries were grouped into two subcate-
gories: the upper body, which included the common, inter-
nal, and external carotid, and left and right subclavian
arteries, and the lower body, which was further divided
into three arterial blocks. The first block included the
hepatic, gastric, and splenic arteries, the second the superior
and inferior mesenteric and left and right renal arteries, and
the third represented the arteries of both legs, including the
common, internal, and external iliac, and the femoral arteries.

For all arteries, including the aorta, the capacitor values
were taken from the literature (25). Wemodified the resistan-
ces of the aorta to 85% of the ones used by these authors, to
keep the simulated SV and CO aligned with the experimental
data. Similarly, the resistances of the other arteries were
reduced by 15% tomatch SV and to obtain physiological arte-
rial pressures.

Peripheral circulation.
The peripheral circulation was divided into four blocks:
1) head and upper limbs, 2) splanchnic, 3) renal, and 4) lower
limbs, connected in series to the arteries described earlier. We
started from the model proposed by Heldt et al. (23), where
each block was built with two resistors at the entry and exit,
and a capacitor representing compliance of arterioles, capilla-
ries, and veins, allowing for blood pooling. As shown in
APPENDIX B (Appendix Fig. B1B), we divided the capacitors of
Heldt et al. (23), into two parallel capacitors, one for the arte-
rioles and capillaries, and one for the veins. We also added a
resistance representing resistance to blood flow through the
veins. The venous valves of the lower limbweremodeled with
a diode placed upstream of the added veins resistor.

Peripheral resistance.
We implemented variable arteriolar resistances in the lower
limbs to model the decrease in peripheral resistance during

the cycling exercise (27, 28). Because the exercise intensity
used to produce the experimental data set was only moder-
ate (100W), we opted to omit any potential change in arterio-
lar resistance in the splanchnic and renal circulation. We
modeled arteriolar dilation and contraction with a time-
varying arteriolar resistance dependent on experimental HR.
The resistance could vary from the highest value (RllQB), cor-
responding to theminimum value of experimental heart rate
(HRmin), to the lowest value (RllEXE), corresponding to peak
heart rate (HRmax), estimated as 220 � age. The dependency
followed a second-order parabola passing through two
points: (RllQB, HRmin) and (RllEXE, HRmax) with a horizontal
tangent in (RllEXE, HRmax) (see APPENDIX B, Appendix Fig.
B1C). This allowed the arteriolar resistance of the lower limbs
to vary more rapidly at exercise onset and thus better align
with physiological values. The arteriolar resistance computa-
tion is shown in Eq. 4:

R ¼ ½HR2 � 2�HRmax �HR þ 2�HRmax�HRmin �HR2
min	

� ðRllEXE � RllQBÞ
ð2�HRmax �HRmin �HR2

min �HR2
maxÞ

þ RllQB ð4Þ

As for the heart, we used look-up tables to pass the com-
puted variable resistance to themodel. Appendix Figure B1D
in APPENDIX B presents the Simscape model for this variable
arteriolar resistance. The product of arteriolar flow and time-
varying resistance yielded the time-varying arteriolar
pressure.

RllQB was set to 85% of the value used by Heldt et al. (23).
RllEXE was determined based on the typical blood flow distri-
bution data during maximal cycling exercise in healthy
humans (29): 77% of cardiac output directed to the legs, 14%–

16% to the respiratory muscles, and 7%–9% to other body
compartments, with cerebral blood flow remaining constant.
RllEXE was then adjusted by trial and error to achieve a flow
distribution consistent with previously reported values at
maximal heart rate (HRmax) (29).

Vena cava.
Wemodeled the vena cava (VC) according to Refs. 23 and 24,
dividing it into three parts: 1) the superior segment collecting
blood from the head and the upper limbs, positioned in the
thorax and exposed to intrathoracic pressure; 2) the abdomi-
nal segment, collecting blood from the lower limbs, the
splanchnic and renal compartments, positioned in the
abdominal cavity, exposed to abdominal pressure, and con-
nected to 3) the inferior segment, located in the thorax,
exposed to intrathoracic pressure. Each segment was mod-
eled with a capacitor in series with a resistor and subjected
to the relevant pressure gradient.

Circulating blood volume.
At the start of the simulation, the model ideally should con-
tain approximately 6 L of blood, which would require “pre-
charging” all individual capacitors. However, we found that
the model reached stability after a few heartbeats without
this precharge. We therefore chose to initialize the capaci-
tors with zero charge. Throughout the simulation, the sum
of the integrals of the currents flowing through every
capacitor—representing the net change in blood volume
across all compartments—remained close to zero, validat-
ing our approach.
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Validation

We designed the present model to capture the complexities
of the cardiovascular system and simulate Vbs and VbsIT. To
achieve this, we built upon previousmodels found in the liter-
ature and—to optimize accuracy—incorporated physiological
variables from a previous experiment, including Pes, Pga, HR,
and SV as inputs to themodel. Optimization involved aligning
the integrals of blood flow entering and exiting different body
parts. Validation was achieved by confirming that the simu-
lated heart pressure swings and blood flows matched the
shape andmagnitude of typical physiological traces through-
out the experimental recordings. In addition, we computed
correlation coefficients between the simulated (Vbssim) and
experimental (Vbsexp) blood shift signals. We used data col-
lected from four participants (25± 3 yr, 177 ± 7 cm, 68±7 kg)
across 12 experimental runs in the EFLe condition, character-
ized by larger amplitude and duration of Vbs swings, which
enhanced themodel’s ability to track Vbs changes accurately.

To compute the correlation between Vbsexp and Vbssim,
both signals were obtained using the formula (11):

Vbs ¼ DVb� DVtr ð5Þ
Although Vbsexp could be calculated directly using experi-

mental DVb and DVtr, Vbssim was extracted from the model
using the following strategy. Since

DVb ¼ DVtr þ DVextr ð6Þ
where DVextr is the change in the volume of the extremities,
then

Vbs ¼ DVtr þ DVextr� DVtr ) Vbs ¼ DVextr ð7Þ
DVextr can then be obtained by calculating the difference

between the blood volume entering and exiting the extrem-
ities. Thus, we computed Vbssim as

Vbssim ¼
ð
FlowUPIN þ FlowLOWLIN � FlowUPOUT

�FlowLOWLOUT dt ð8Þ
where FlowUPIN and FlowLOWLIN are the inflow of blood
into the upper body (head and arms) and lower limb, respec-
tively, and FlowUPOUT and FlowLOWLOUT the corresponding
outflows from these compartments. After obtaining both
Vbsexp and Vbssim, we applied a high-pass Butterworth filter
to highlight the high-frequency (i.e., intra-breath) compo-
nent of the signals. We then calculated the differences
between the maximal and minimal values of each signal
within each breath to extract intra-breath experimental and
simulated Vbs swings. Subsequently, we performed Bland–
Altman and Pearson’s correlation analysis between the
experimental and simulated intra-breath Vbs swings for all
12 experimental runs, over their entire duration (rest, exer-
cise, and recovery).

First Estimates of Breath-by-Breath Intra-Trunk Blood
Shifting

As a proof-of-concept, we used the validated model to esti-
mate, on a breath-by-breath basis, the direction and volume of
blood shifted between the thoracic and abdominal compart-
ments (VbsIT) in all experimental conditions. In contrast with
Vbs, which quantifies net blood shifts between the trunk (tho-
racic and abdominal compartments combined) and extremities

(upper limbs, lower limbs, and head), VbsIT specifically quanti-
fies intra-trunk blood shifts between the abdominal and tho-
racic compartments. For this first estimation, we selected one
subject who demonstrated optimal compliance to the breath-
ing instructions in all four conditions. To calculate VbsIT, we
computed the difference between the outflow from the abdom-
inal vena cava and the inflow into the abdominal aorta, repre-
senting blood leaving the abdomen and entering the thorax,
and blood entering the abdomen and leaving the thorax,
respectively. Integration of this difference over time then
yielded VbsIT. Consequently, a positive net VbsIT indicates a
net blood displacement from abdomen to thorax, and a nega-
tive net VbsIT indicates a net blood displacement from thorax
to abdomen. We then computed Pearson’s correlation and P
values between inspiratory and expiratory pressures and VbsIT
swings in each condition (one experimental run per condition)
to assess the association between respiratory mechanics and
intra-trunk blood displacements. Correlations between VbsIT
and Pes, Pga and Pdi swings were calculated separately for
inspiration and expiration. Swings were defined as the differ-
ence between signal values at the start and end of each phase
(inspiration, respectively expiration) for all breaths within a
90-s sequence, including the last 30 s of rest and the 60 s of
exercise to capture significant signal variance due to exercise
adaptation.

RESULTS

Validation of the Model

Blood flow.
The integrals of blood flow into the atria, ventricles, pulmo-
nary artery, and aorta showed good alignment throughout
the simulation of an entire experimental sequence (>300 s)
(Fig. 2A), confirming the appropriate selection of heart valve
parameters in themodel.

The simulation results of blood flow across the atria and
ventricles over a single cardiac cycle during quiet breathing
yielded right and left cardiac output that accurately repre-
sented normal physiology (Fig. 2B). The blood flows across
the tricuspid and mitral valves exhibited both the E and A
waves (see APPENDIX A). Pulmonary circulatory outflow
showed a negative episode, reflecting a slight reflux, in line
with previous reports (30). In addition, simulation of venous
return (reflected by right ventricular inflow) during sponta-
neous and EFLe breathing at rest showed a strong correspon-
dence with experimental Pes and Pga oscillations in both
conditions (Fig. 3), reflecting normal physiology (1, 6, 7, 10).

Intracardiac pressures.
Figure 4 shows the pressure values for the ventricles, atria
(left and right), pulmonary artery, and aorta during quiet
breathing within a single cardiac cycle. The values obtained
were consistent with normal physiology. During diastole,
atrial pressures were systematically higher than their respec-
tive ventricular pressures (Fig. 4A), which is a physiological
requisite for the opening of the atrioventricular valves and
the initial passive ventricular filling. The simulated aortic
and pulmonary arterial pressures exhibited the dicrotic
notch, corresponding to the closure of the outflow valves at
the beginning of ventricular relaxation.
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Lower limb variable resistance.
The effects of the time-varying arteriolar resistance in the
lower limbs to simulate exercise (Peripheral resistance) are
shown in Fig. 5. In line with normal physiology, the arteriolar
resistance of the lower limb dropped as HR rose during

exercise and returned to normal as HR decreased toward rest-
ing values during recovery. The distribution of CO between
body regions adjusted appropriately, with more blood being
pumped into the lower limbs during exercise to meet the
increased oxygen consumption of the workingmuscles.

40

30

20

10

0

A B

-10

Figure 2. A: cumulative blood volume flowing across the heart chambers over time. Black lines indicate volume measured from the mathematical inte-
gration of blood flow across cardiac compartments. RV, LV¼ right and left ventricles; RA, LA¼ right and left atria; IN, OUT¼ volume entering and exiting
the chamber, respectively. B: blood flows across the heart chambers over a single cardiac cycle during quiet breathing.

Figure 3. Venous return and thoracoabdominal pressure
signals at rest during (A) spontaneous breathing and (B)
external expiratory flow limitation. Venous return is esti-
mated from simulated blood inflow into the right atrium.
Pes, Pga ¼ measured esophageal and gastric pressure,
respectively (n ¼ 1). Of note, the low-amplitude, high-fre-
quency oscillations in the flow signal correspond to individ-
ual heart beats.
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Blood shifting.
As shown in Fig. 6, simulated intra-breath Vbs swings
matched experimental data, except for one participant,
where the model underestimated the magnitude of Vbs
swings during exercise. This discrepancy could be due to the

participant’s unique breathing strategy, combining a much
lower respiratory rate with a very high tidal volume, com-
pared with the other participants. Nevertheless, the average
correlation coefficients between the simulated and experi-
mental signals were satisfactory despite the inclusion of this

Figure 4. Left (A) and right heart (B) compartmental pressures throughout a single cardiac cycle during quiet breathing. LV, LA, left ventricle and atrium;
RV, RA, right ventricle and atrium; PULMART, pulmonary artery (n¼ 1).

Figure 5. Example of experimental traces in one participant.
From top to bottom: experimental heart rate (HR), stroke vol-
ume (SV) and cardiac output (CO), simulated time-varying
arteriolar resistance of the lower limbs (R), and simulated
percentage and absolute distribution of blood flow into the
lower (LowL) and upper limbs (UpL), splanchnic (Spl) and
renal (Ren) circulation.
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outlier (r ¼ 0.70; P< 0.001 with and r ¼ 0.71, P< 0.001 with-
out the outlier).

Estimation of Intra-Trunk Blood Shifting

The results of our proof-of-concept estimation of VbsIT are
shown in Fig. 7. In the control condition, the volume of blood
displaced from the thorax into the abdomen and vice versa
over each breath was relatively modest (�50–150 mL/
breath). During AB, each breath displaced up to 300 mL of
blood, with a net shift of �600 mL into the thorax over the
exercise duration. During RC, large VbsIT swings (�400mL/

breath) were observed, with no net blood shift between the
two compartments. During EFLe, intra-breath VbsIT swings
increased compared with the control condition, reaching up
to �200 mL at rest and 300 mL during exercise. Correlation
analysis between VbsIT and respiratory pressure swings
(Table 2) revealed stronger relationships between VbsIT
swings and Pdi across all breathing modalities as compared
with Pga and Pes, suggesting that variations in the hydraulic
pressure difference across the diaphragm are the primary
drivers of intra-breath blood shifts between the thoracic and
abdominal compartments.

Figure 6. Comparison between simulated
and experimental swings in blood shifts
(Vbs) between the trunk and the extrem-
ities, during a sequence of 1 min rest,
3 min of constant-load exercise (Ex1, 2, 3)
and 2 min of recovery (Rec1, 2) with exter-
nally imposed expiratory flow limitation.
Data displayed with (left, 12 experimental
runs performed by 4 participants) and
without the outlier participant (right, 9
experimental runs performed by 3 partici-
pants). Values are calculated breath-by-
breath and averaged over each 1-min
period. A: simulated (red) and experimen-
tal (black) Vbs data points over time. Light,
thinner lines represent a single sequence
for one participant. Darker, thicker lines
and dots represent the average values
calculated for each period from all single
sequences. B: linear regression (red)
with 95% confidence interval (light red).
C: Bland–Altman plot with marginal his-
tograms and darker hexagons repre-
senting higher data point density.
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DISCUSSION

Our goal was to develop a newmodel of the cardiovascular
system, extending existing models, to estimate breath-by-
breath intra-trunk blood shifting (VbsIT). Since double-body
plethysmography (DBP) cannot discern intra-trunk blood
shifting, we built and validated an electrical model of the car-
diovascular system using experimental data. This model
enabled the first estimations of VbsIT. The main outcomes
are: 1) a functional model capable of integrating experimental
data, including heart rate, stroke volume, and oesophageal

and gastric pressures; 2) detailed modelling of blood shifting
between body compartments as a function of breath-by-
breath respiratory pressure dynamics with different breathing
patterns; and 3) a first estimation of the amount of blood
shifted between the abdominal and thoracic compartments
during the breathing cycle. As such, ourmodel shows promise
to further investigate the physiological relevance of intra-
trunk blood shifts in both health and disease.

The present electrical model, constructed by integrating
and perfecting previous iterations from the literature, effec-
tively simulated the intricate complexities of the different
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Figure 7. Peak inspiratory (blue) and peak expiratory (red) values for intra-trunk blood shifting (VbsIT), esophageal (Pes), gastric (Pga), and transdiaphrag-
matic pressure (Pdi) during a sequence of 1 min rest, 3 min of constant-load exercise (Ex1, 2, 3) and 2 min of recovery (Rec1, 2). Rib cage (RC) and abdomi-
nal breathing (AB) were performed only during exercise, whereas external expiratory flow limitation (EFLe) was imposed throughout the whole
sequence. Values were calculated breath-by-breath and averaged over each period. Mean ± SD. n¼ 1.
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subdivisions of the cardiovascular system and allowed for
quantifying the volume of blood contained in various body
compartments. A simplified representation of the model and
its output is provided in Fig. 8 as an overview. A major
advantage is the model’s ability to use physiological signals
obtained experimentally as inputs to simulate ones that can-
not be measured in humans. This allowed us to simulate
breath-by-breath fluctuations in Vbs, as shown by the good
correlation coefficients between simulated and experimental
intra-breath Vbs swings (Fig. 6), and subsequently to com-
pute VbsIT. The results were in alignment with physiological
expectations: under control conditions, VbsIT swings were
modest but markedly increased during AB, RC, and EFLe,
with greater magnitude during AB and RC (Fig. 7). In AB,
blood was progressively displaced from the abdomen into
the thorax throughout the exercise sequence, with each
breath shifting slightly more blood into the thorax than into
the abdomen, leading to an overall shift of�600mL of blood
into the thorax. Conversely, in RC, although the intra-breath
blood shifts were also significant, there was no such drift
over time; the additional blood volume accumulated in the
thorax coming from the extremities rather than the abdo-
men (Fig. 7).

These findings refine our understanding of the mecha-
nisms of blood shifting, particularly between the abdominal
and thoracic compartments. We already showed how alter-
ing the relative contributions of the respiratory muscles for
breathing affects blood redistribution between the trunk and
extremities in the early stages of exercise, and how these

changes affect alveolar O2 transfer (15). We found that AB
caused larger intra-breath swings, with no net Vbs (trunk to
extremities), which we can now interpret as reflecting
greater VbsIT swings, something that was not possible to
observe with DBP alone. In contrast, RC produced a negative
Vbs, indicating a net displacement of blood into the trunk
from the extremities, whereas the Vbs swings remained simi-
lar to control. Both AB and RC accelerated the increase in
alveolar O2 transfer upon transitioning from rest to exercise.
The conclusions from that study can now be complemented
with the observation that the mobilization of blood from the
abdominal cavity or the extremities with these breathing
techniques, respectively, increases venous return and CO,
allowing amore rapid O2 uptake at the onset of exercise.

In a follow-up study, we showed that different breathing
maneuvers, similar to those used in the present study, when
performed just before exercise, increase both right- and left-
sided cardiac output in healthy subjects (31). These maneu-
vers resulted in a pre-exercise “cardiodynamic” increase in O2

uptake (V_ o2) associated with a subsequent reduction in the
“cardiodynamic” alveolar O2 transfer normally seen during
early exercise. We concluded that pre-exercise breathing
maneuvers may be a plausible tool worthy of study to prime
V_ o2 kinetics and improve exercise tolerance in patients with
cardiovascular disease. Our current findings showing greater
VbsIT swings with AB and RC support the hypothesis of a
greater venous return to the thoracic compartment before the
initiation of exercise compared with spontaneous breathing.

In a subsequent study with EFLe, greater intra-breath
blood displacements between the trunk and the extremities
were observed, with a net redistribution from the extremities
to the trunk (16). Correlation analysis between thoracoabdo-
minal pressures and Vbs revealed that lower inspiratory ITP
predominantly facilitated blood suction into the trunk over
time. In our current study, results from our estimation of
VbsIT align with these previous findings, with greater swings
and a net blood redistribution from the abdomen to the
thorax during exercise. In addition, the strong relationship
between intra-breath Pdi and VbsIT swings suggests that Pdi
is a key driver of blood displacement between compart-
ments. This can be due to the combined influence of both
Pes and Pga on Pdi, which directly reflects the net dynamic
hydraulic pressure fluctuations responsible for displacing
blood between the thoracic and abdominal compartments.

Limitations

There are several limitations to our study. First, the experi-
mental data for our model were obtained through a complex
setup, requiring instrumented participants to exercise in a
confined space and adopt unconventional breathing pat-
terns while being closely monitored. Although this approach
yielded a unique data set, it limited the number of high-qual-
ity experimental runs available for the modeling and
required some methodological compromises. Notably, we
were unable tomeasure beat-by-beat arterial blood pressure,
leading us to rely on typical physiological values from the lit-
erature. We were also unable to measure Palv and therefore
had to estimate it (see APPENDIX C).

Second, we used thoracic impedance cardiography to esti-
mate relative changes of beat-by-beat SV. Although recent
advances have improved its accuracy, particularly for

Table 2. Correlation parameters between intra-trunk
blood shifts and thoraco-abdominal pressure swings
during exercise transients (30 s rest, 60 s exercise)

Condition Parameters Phase r P Value

CTRL DVbsIT vs. DPes INSP
EXP

�0.55
�0.27

<0.001
0.130

DVbsIT vs. DPga INSP
EXP

0.54
�0.15

0.001
0.411

DVbsIT vs. DPdi INSP
EXP

0.79
0.05

<0.001
0.791

EFLe DVbsIT vs. DPes INSP
EXP

�0.66
�0.32

0.008
0.240

DVbsIT vs. DPga INSP
EXP

�0.28
�0.23

0.314
0.400

DVbsIT vs. DPdi INSP
EXP

0.90
0.28

<0.001
0.310

RC DVbsIT vs. DPes INSP
EXP

�0.83
�0.88

<0.001
<0.001

DVbsIT vs. DPga INSP
EXP

0.89
0.91

<0.001
<0.001

DVbsIT vs. DPdi INSP
EXP

0.94
0.96

<0.001
<0.001

AB DVbsIT vs. DPes INSP
EXP

�0.75
�0.82

<0.001
<0.001

DVbsIT vs. DPga INSP
EXP

0.88
0.88

<0.001
<0.001

DVbsIT vs. DPdi INSP
EXP

0.92
0.93

<0.001
<0.001

Pearson’s correlation coefficients (r) and respective P values
between simulated swings in blood shifting from thorax to abdo-
men (DVbsIT) and measured esophageal (DPes), gastric (DPga), and
transdiaphragmatic (DPdi) pressure swings during inspiration
(INSP) and expiration (EXP) with spontaneous (CTRL), external
expiratory flow limitation (EFLe), rib cage (RC), and abdominal
breathing (AB).
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tracking cardiac output changes during exercise (32), its reli-
ability has been debated (33). We thus compromised using a
physiological baseline for SV and adapting it with the rela-
tive changes measured with thoracic impedance cardiogra-
phy. This technique estimates SV by detecting rapid thoracic
impedance changes during left ventricular ejection. Given
our study’s focus on slower blood displacement between
compartments (trunk vs. extremities and abdominal vs. tho-
racic), it is relevant to consider potential biases. However,
the rapid systolic impedance changes detected by imped-
ance cardiography are unlikely to be directly influenced by
slower, out-of-phase respiratory-related intra-trunk blood
shifts, thusminimizing interference.

Third, the proportional relationship between elastances
and cardiac pressures in our heart model led us to keep atrial
and ventricular elastances constant from rest to exercise.
This was to ensure that cardiac pressures remained at physi-
ological levels, despite earlier research suggesting an
increase in elastance during exercise (34). Although our
model uses experimentally derived SV as an input, thus
inherently reflecting combined inotropic and loading adap-
tations, the lack of explicit representation ofmyocardial con-
tractility changes may limit mechanistic insights into
cardiac function adaptations when using the model without
the input ofmeasured SV.

Fourth, the model appears to exhibit better performance
in simulating Vbs swings when themagnitudes of the swings
are lower. This suggests that the model’s simplified structure

may limit its ability to fully replicate the complexities of the
real human body.

Fifth, using experimental respiratory pressures as
input may raise concerns about potential biases in the
correlation values (Table 2). However, the correlations
were significantly lower during spontaneous breathing
when compared with EFLe, AB, or RC, and aligned with
physiological expectations of diminished blood shifting
ability due to less distinctive trends in respiratory pres-
sure swings, and lower amplitudes.

Sixth, our model does not account for the influence of dia-
phragmatic oscillations during breathing on the length and
diameter of the vena cava and aorta. As the diaphragm
moves during breathing, these vessels experience stretching
and compression, leading to changes in their dimensions
and associated volumes. Accounting for this effect would
have significantly increased the model’s complexity, and we
therefore decided not to include these elements.

Seventh, our model does not include detailed autonomic
influences, such as splanchnic vasoconstriction, venocon-
striction, and muscle pump activation, which mobilize
unstressed blood volume at exercise onset. Instead, we relied
on experimentally derived Vbs from double-body plethys-
mography and SV from impedance cardiography as inputs
that capture the integrated effects of such complex adapta-
tions. Although this approach simplifies the model, future
iterations could incorporate these mechanisms for a more
detailed representation of vascular responses.
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Figure 8.Overview of the cardiovascular model and its output—the volume of blood contained in each body compartment.
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Finally, although our model successfully simulated intra-
breath Vbs swings, the low-frequency component of the
simulated Vbs signal showed limited agreement with experi-
mental data. This discrepancy could stem from small errors
in both the experimental and simulated signals. On the other
hand, because prolonged measurement of DVb with flow-
based plethysmography is subject to drift due to mathemati-
cal integration and changes in thermodynamic conditions, a
corrective algorithm based on a wavelet filter was applied to
the signal. We developed a method that minimized operator
bias (14), but small deviations from “true” DVb, which would
then reflect on the Vbs signal, cannot be ruled out. We there-
fore focused the validation of our model on intra-breath
blood shifting between compartments rather than net shift
over complete experimental runs, which we already had pre-
viously reported on Ref. 15.

Perspectives

Our model of the cardiovascular system represents an
advancement in assessing blood distribution dynamics
between body compartments, particularly the intricate inter-
play between the abdominal and thoracic regions. Themod-
el’s ability to estimate blood redistribution could benefit
future work investigating the pathophysiological underpin-
nings of various medical conditions affecting cardiovascular
function and thoracoabdominal pressures.

For instance, in the context of morbid obesity, our model
could help clarify how the chronic increase in IAP often
observed in patients with obesity (35) contributes to the eleva-
tion of pleural and cardiac filling pressures (36) and resistance
to venous return (37), thereby offering valuable insights into
the pathophysiological pathways leading to comorbidities
such as cardiopulmonary dysfunction and hypertension (38).

Similarly, the progressive increase in IAP during preg-
nancy (39) highlights the critical need to investigate the
impact of these changes on blood distribution and cardiovas-
cular function. Enabling quantification of blood redistribu-
tion in response to an altered IAP, our model may thus
provide a direct link to understanding the cardiovascular
implications of pregnancy and its associated changes in IAP.
This approachmay offer valuable insights into a long-under-
studied aspect of female physiology.

The model also offers promise for the investigation of the
cardiovascular contributions to exercise limitation in patients
with chronic obstructive pulmonary disease (COPD), where
altered thoracoabdominal pressures are thought to play a sig-
nificant role (40, 41). Simulations may allow for a detailed
examination of how expiratory flow limitation, combined
with central hypovolemia (42), pulmonary hypertension, and
right ventricular dysfunction due to increased pulmonary
vascular resistance (43), impact blood flow dynamics between
the thorax and abdomen.

More broadly, the model holds the potential to investigate
the underlying mechanisms of exercise limitation in a large
range of conditions affecting the cardiac response to exercise,
such as in chronic heart failure. The model’s ability to simu-
late blood displacement, specifically between the abdomen
and thorax, could help investigate the shifts in intracardiac
pressures and blood distribution associated with this condi-
tion, to then explore the resulting impact on venous return
and preload conditions (44, 45). Overall, our cardiovascular

model offers a refined lens through which specific pathophys-
iological mechanisms of various conditions altering thora-
coabdominal pressures and blood shifts can be examined,
both at rest and during exercise.

Conclusion

In this study, we present a functional electrical analogue
model of the human cardiovascular system that can be used
to simulate intra-breath blood shifts between the trunk and
the extremities using real thoracoabdominal pressure meas-
urements. In addition, we provide proof-of-concept of the
model’s ability to estimate blood shifting between the
abdominal and thoracic compartments both at rest and dur-
ing exercise, with a preliminary analysis of its relationship
with breathing-induced changes in thoracoabdominal pres-
sures. This model may benefit further work investigating the
(patho)physiology of various conditions, especially the ones
affecting cardiorespiratory function.

APPENDIX A: HEART

End-Diastolic (EDIAS) and End-Systolic Elastance (ESYS)

During diastole, passive blood flow from the atria to the ven-
tricles is driven by a pressure gradient between the cham-
bers, opening the atrioventricular valves and allowing blood
to flow into the ventricles. In our model, atrial and ventricu-
lar pressures are directly proportional to their elastance val-
ues. To allow passive ventricular filling during diastole,
atrial end-diastolic elastance must be slightly higher than
ventricular end-diastolic elastance. We respected this
requirement (Fig. A1) using the end-diastolic and end-sys-
tolic elastance values listed in Appendix Table A1.

Another consideration for building our heart model was
the physiological rise in atrial and ventricular elastances
that typically occurs during exercise, increasing cardiac out-
put to meet the rise in oxygen demand (34). In our model,
using experimental SV obtained from impedance cardiogra-
phy as input was considered sufficient to capture the inotro-
pic cardio-muscular changes at exercise onset. Increasing
SV and elastances during exercise, given that pressures in
our heart model are directly proportional to elastances,
would have resulted in excessively high heart and aortic
pressures. To avoid this issue, we kept the elastance values
constant from rest to exercise.

Second-Order Circuit In The Heart Model

In our heart model, we positioned a capacitor and an induc-
tor after the atria to refine the simulation of blood flow exit-
ing the atria (Fig. 2B). Within a single cardiac cycle,

Table A1. End systolic and diastolic elastances values
used for left and right atria and ventricles

End-Diastolic Elastance

(mmHg·mL21)

End-Systolic Elastance

(mmHg·mL21)

Right atrium 0.072 0.108
Right ventricle 0.043 0.293
Left atrium 0.126 0.180
Left ventricle 0.108 1.890

MODELING INTRA-TRUNK BLOOD SHIFTING

J Appl Physiol � doi:10.1152/japplphysiol.00749.2024 � www.jappl.org 1593

Downloaded from journals.physiology.org/journal/jappl (131.175.028.202) on March 5, 2026.

http://www.jappl.org


atrioventricular flow peaks at the opening of the atrioven-
tricular valve (E-wave), decreases to near zero during dias-
tole (diastasis), and spikes again following atrial contraction
(A-wave) (Pironet et al. 46, Appendix Fig. A2A). Without
these components, both simulated transmitral and trans-
tricuspid flows would be flat during diastole and thus
devoid of the E-wave. A resistor, capacitor, and inductor
form a second-order RLC circuit, which can produce

current waveforms resembling the E-wave, as shown by
previous RLC circuit responses (47). To best model the
E-wave, we used a trial-and-error approach to determine
the optimal position and value of the inductor and capaci-
tor. The final values differed between the right and left
heart, reflecting the less pronounced E-wave in transtri-
cuspid flow compared with transmitral flow (Comunale
et al. 48, Appendix Fig. A2B).

Figure A1. Elastances for left and right atria (ELA, ERA) and ventricles (ELV, ERV) computed for 1 s during quiet breathing (A) and exercise (B). C: time-varying
heart’s elastance block in the model. A look-up table receives as input the time vector and returns the corresponding time-varying elastance, multiplying
continuously stroke volume and elastance for the entire simulation yielding continuous intra-cavity pressure.

Figure A2. A: illustration of blood flow through the mitral valve over time. MVO and MVC, mitral valve opening and closure, respectively. The segments
separated by dashed lines represent the roles played by the left atrium within the corresponding time frame: a reservoir when the mitral valve is closed,
a conduit when the valve opens, and a pump during atrial systole. The same principles apply to the right atrium. The letters E and A indicate the E and A
waves, characteristic of trans-mitral blood flow. Adapted from Pironet et al. (46). B: heart flow (Q) across the aortic valve (Qaov), the mitral valve (Qmv),
the pulmonary valve (Qpv), and the tricuspid valve (Qtv), during one cardiac cycle. Adapted from Comunale et al. (48) (licensed under Creative
Commons CC-BY license).
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APPENDIX B: SUPPLEMENTARY MATERIAL
FOR PERIPHERAL BODY DISTRICTS:
COMPUTATION OF CAPACITOR VALUES

The capacitors in the model are positioned in parallel, and
the sum of their capacitance represents the total volume of
blood stored in the body (Fig. B1). The distribution of blood
in the model is dependent on the relative magnitude of the
capacitors. At rest, in the human body, total blood volume is
distributed unevenly between veins (64%), arteries (8%),
arterioles (2%), and capillaries (6%). Given this distribution,
it is possible to estimate the ratio between total venous
capacitance (Ctotv) and total capacitance of capillaries and

arterioles (Ctot(a þ c)) as 0:64
0:08 ¼ 8 () 0:08

0:64 ¼
Ctotðaþ cÞ
Ctotv

.
InHeldt et al. (23), the sumof the four capacitances repre-

senting peripheral body compartments [Ctotperiphery(a þ
c þ v)] (Appendix Table B1) is 97 mL·mmHg�1. Adding our
model’s values for the capacitance of the vena cava (42
mL·mmHg�1), pulmonary capillaries (Cpc¼ 1 mL·mmHg�1),
pulmonary arterioles (Cpart ¼ 0.5 mL·mmHg�1), and

pulmonary veins (Cpv ¼ 4 mL·mmHg�1) (Table 1), the total
capacitance for arterioles, capillaries, and veins in our
model [Ctot(a þ c þ v)] is 144.5mL·mmHg�1.

The capacitance of veins, arterioles, and capillaries was
then calculated as:

Ctotv ¼ 8 
 Ctotaþ c ðB1Þ

Ctotðaþ cþvÞ ¼ Ctotv þ Ctotaþ c ¼ 9 
 Ctotðaþ cÞ

¼ 144:5 mL 
mmHg�1

) Ctotðaþ cÞ ¼ 16:06mL 
mmHg�1 ðB2Þ

Table B1. Capacitor values for the four body
compartments (23)

Body Compartment Capacitor Value (mL·mmHg21)

UPL þ HEAD 8
SPL 55
RENAL 15
LOWL 19

LOWL, lower limbs; SPL, splanchnic; UPL, upper limbs.

Figure B1. A: peripheral body compartment model used in Heldt et al. (23) and Montebelli (24). R(aþ c) ¼ arteriolar and capillary resistance; C(aþ cþ v) ¼
total capacitance of the peripheral body district; R(cþ v)¼ resistance for capillaries, venules, and veins. B: peripheral body compartment model employed
for the construction of our cardiovascular model. Ra and Rc ¼ resistances for arterioles and capillaries, respectively; C(aþ c) ¼ capacitor that sums the
contribution of arterioles and capillaries; Cv, and Rv ¼ capacitor and resistor for the veins. C: variations in arteriolar resistance with heart rate (HR).
HRmin and HRmax ¼ minimum and maximum value for heart rate, respectively; RllQB and RllEXE ¼ maximum and minimum value for lower limb resist-
ance, respectively. D: variable arteriolar resistance model in Simscape. FlowIN and FlowOUT ¼ flow upstream and downstream of the arterioles, respec-
tively. A time vector is linked to a look-up table that returns the corresponding time-varying resistance values. These values are then multiplied by
arteriolar blood flow to obtain the pressure gradient across them. This pressure gradient is then applied in the model using a controlled pressure
source.
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Ctotðaþ cÞ � Cpart� Cpc ¼ Ctotperipheryðaþ cÞ ¼ 14:56 ðB3Þ

Ctotperipheryðaþ cÞ
Ctotperipheryðaþ cþvÞ

¼ 14:56
97

¼ 0:15 ðB4Þ

To set the capacitance for arterioles and capillaries in a
given body compartment [C (a þ c)], wemultiplied the origi-
nal value Ctotperiphery(a þ c þ v) from (23) by the ratio
Ctotperipheryaþ c

Ctotperipheryaþ cþv
. The new capacitance for veins in that com-

partment (Cv) was then calculated as Ctotperiphery(a þ
c þ v) � C(a þ c). Results are reported in Table 1, and the
implementation of time-varying arteriolar resistance is illus-
trated in Fig. B1, C andD.

APPENDIX C: ALVEOLAR PRESSURE
ESTIMATION

To estimate Palv, we used a previously describedmethod for
experiments performed with a whole body plethysmograph
(Primiano and Greber 49). The proposed equation for esti-
mating Palv can be used with pressure-type, volume-type,
and, as in our case, flow-type plethysmographs. With this
method, Palv is estimated as:

dPL ¼ � aLd 
 PLd

VL

� �

 q1d

qLd

 Q1 dt þ q2

qB

 Q2 dt þ VB

aB
PB
dPB

�

þ q3d
qLd

� q3
qB

� �

 Q3 dt þ 1

NLd
dNbd	 ðC1Þ

where PL is the total lung pressure (i.e., the sum of atmos-
pheric pressure and Palv variations), VL is the time-varying
volume of the lungs, PB and VB are the pressure and volume
of the plethysmograph, respectively, Q1, Q2, and Q3 the gas
flows at the wall of the plethysmograph, from the lungs to
the outside of the cabin, and from the lungs to the inside of
the cabin, respectively. The subscript d indicates that only
the moles of dry gas are considered for the associated

variable. 1
NLd

dNbd represents the gas exchange that influences
Palv, where NLd is the number of moles of dry gas in the
lungs at a given time, andNbd is the net number of moles of
dry gas that has left the lungs and entered the blood.
Referring to the perfect gas law, the molar density r used in
Appendix Eq. C1 is obtained as:

q ¼ P
RT

or q ¼ N

V
ðC2Þ

where P is the pressure, V is the volume, N is the number of
moles, and T is the temperature of an ideal gasmixture.

In Primiano and Greber (49), the thermodynamics during
a change of state of gas in the lungs were approximated with
a polytropic process:

PL ¼ CL 
 qaLL ðC3Þ
where aL and CL are constants.

In Appendix Eq. C1, we considered the term VB

aB 
PB
dPB equal

to zero since the pressure variations in the plethysmograph

were negligible. We did not consider the term: q3d
qLd

� q3
qB

� �

 Q3dt

because Q3 was not present in our experimental setup, and
finally, the gas exchange term was omitted because its contri-
butionwas considered negligible.

For a mixture of perfect gases undergoing an isothermal
process, a can be set to 1. This was our case since aLd pertains
only to dry gases described by the ideal gas law, and the tem-
perature of the gas in the lungs remains constant.

Based on the perfect gas law andAppendix Eq. C2, the term
q1d
qLd

in Appendix Eq. C1 is equal to P1d 
TLd

PLd 
T1d
. Considering that the

temperature of dry gas is equal to the temperature of the total
mixture, we substituted q1d with the molar density inside the
cabin (rBd); hence,

q1d
qLd

was approximated as PBd 
TL

PLd 
TB
. For the same

reason, r2rB was considered equal to TBT2, where TB is the
time-varying experimental temperature inside the cabin, and
T2 is the ambient temperature, assumed to be equal to the ini-
tial temperature in the cabin.

Figure C1. Gastric (Pga, black line), esophageal (Pes, blue line), and alveolar pressure (Palv, red line) at rest (A) and during moderate exercise (B) with
spontaneous breathing (n¼ 1).
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Since the total resting pressure in the lungs remains close
to atmospheric pressure (Patm), we used Patm to compute
PLd.We considered PL¼ Patm, and calculated PLd as:

PLd ¼ Patm � Pwpsat37 ðC4Þ
where Pwpsat37 is the saturated water vapor pressure at 37�C,
equal to 63.9 cmH2O, which is the condition in the lungs. All
the pressures used in the simulation are variations from this
baseline. Since the aim of the computation with Appendix
Eq. C1 is to estimate changes in Palv, the approximation
PL¼ Patm is a reasonable compromise.

To compute PBd, we considered the changes in humidity
and temperature inside the plethysmograph throughout the
experiment. Although PB remained constant, PwpB did not.
We therefore used the equation reported by Refstrup and
Bonke (50) to relate saturated water vapor pressure (Pwpsat,
expressed in Pascal) with temperature (T, in Kelvin):

Pwpsat ¼ e 72:55�7206:7
T �7:1385
lnðTÞþ0:000004046
T2ð Þ ðC5Þ

PwpB was then calculated by multiplying the PwpBsat

obtained from Appendix Eq. C5 by the relative humidity
measured experimentally.

Appendix Eq. C1 computes the differential of Palv; when
dt is brought to the left side, the equation describes the
derivative of Palv. To compute the integral, we applied the
trapezium rule, which approximates the integral of a func-
tion by dividing the area under the curve into several tra-
peziums of known area. The sum of these trapezium areas
yields the integral.

The results for the estimation of Palv during spontaneous
breathing at rest and during exercise are displayed in
Appendix Fig. C1, A and B, respectively. The results during
external expiratory flow limitation are displayed in
Appendix Fig. C2. Expected values of Palv during spontane-
ous quiet breathing range from 1 cmH2O to �1 cmH2O,
whereas during exercise Palv should oscillate between þ 2

to�2 cmH2O. Our estimations showed good results in terms
of amplitude, lack of noise, lack of low-frequency variations,
and the shape of Palv’s intra-breath wave.
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