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Abstract—An original integrated model of cardio-respiratory
interactions is presented in this paper with the objective of
studying the acute physiological responses evoked by
obstructive sleep apnea events in adults. A comprehensive
sensitivity analysis of the model is proposed during the
simulation of a 20 s obstructive apnea episode using the
Morris’ screening method and local sensitivity analysis. The
more relevant parameters are related to the following
mechanisms of the physiology: (i) the fraction of oxygen in
inspired air, (ii) metabolic rates (oxygen consumption rate,
CO2 production rate); (iii) chemoreflex (gains and time
constants) (iv) respiratory mechanics (lung compliance and
unstressed volume of air in the alveoli). These results
highlight significant physiological variables that may be
particularly useful for the development of novel diagnostic
and therapeutic strategies, integrating a virtual patient
approach.

Keywords—Cardiorespiratory model, Sensitivity analysis, In

silico, Sleep disorders.

INTRODUCTION

Obstructive sleep apnea (OSA) is a multifactorial
condition characterized by episodic sleep state-depen-
dent collapse of the upper airway, resulting in periodic
reductions or cessations in ventilation10 lasting more
than 10 seconds. These events cause acute cardio-res-
piratory responses (oxygen desaturation, intermittent
hypoxia, sudden autonomic responses) and significant
changes in sleep patterns.19 In the long term, these
acute effects increase the possibility of suffering from
various chronic pathologies, such as high blood pres-

sure, stroke, heart failure, and certain metabolic dis-
orders.39 It is estimated that between 6 and 17% of the
adult population suffers from OSA, which represents a
major public health problem.36 However, the physio-
logical mechanisms of OSA are still not fully eluci-
dated. The interpretation of acute cardio-respiratory
responses to apnea and hypopnea can be difficult, due
to the variety of processes involved (autonomic regu-
lation, cardiovascular, respiratory, chemoreflex, etc.),
which must be jointly considered for a proper analysis.
In this context, a model-based approach seems par-
ticularly adapted, as it allows the explicit integration of
physiological knowledge into a data processing chain,
as well as the analysis of the underlying mechanisms
that are often difficult to observe.

Most of the models proposed in the literature rep-
resent isolated aspects of physiology, and only a lim-
ited number are integrated cardio-respiratory models.
However, these models either lack certain mechanisms
relevant to the dynamics of apneas5,11,41 or are too
complex to be used for a patient-specific analysis.3,9

For these reasons, to our knowledge, no comprehen-
sive model of cardio-respiratory interactions has been
used to analyze acute cardio-respiratory responses of
adult apneas. Our team has also proposed several
integrated models of the respiratory2,31 and the car-
diovascular systems.6,7,34 The first objective of this
work is thus to propose an original ordinary differen-
tial equation (ODE) integrated model of cardio-respi-
ratory interactions, useful for the analysis of acute
cardio-respiratory responses to apnea. The proposed
model is a further development of a preliminary inte-
grated model recently presented by our group,13 in
which we have improved the representation of cardio-
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respiratory interactions and gas exchange as well as
introduced a pulmonary shunt in the circulation.

Once an appropriate model is available, sensitivity
analysis methods appear as useful tools to cope with
the complexity of physiological systems. These meth-
ods provide insights into the relations between model
parameters and model outputs and allow for quanti-
tative characterization of the relative significance of
each parameter.18 Determination of the most sensitive
parameters provides key information towards patient-
specific modeling and is an essential step to better
understand the underlying physiological mechanisms
within complex systems. The second objective of this
paper is thus to analyze the effects of the most relevant
parameters of the proposed model during the simula-
tion of an obstructive apneic event, by applying a set of
sensitivity analysis methods.

The paper is organized as follows: In ‘‘Materials and
Methods’’ section, the computational model is de-
scribed and the sensitivity analysis method is ex-
plained. In ‘‘Results’’ section , the results of applying
the described methods are presented. Discussion and
conclusions are finally specified in ‘‘Discussion’’ sec-
tion.

MATERIALS AND METHODS

Integrated Cardio-respiratory Model

Figure 1 shows the global structure of the proposed
model that is composed of four interconnected com-
ponents: (i) the respiratory system, (ii) the cardiovas-
cular system, (iii) the gas exchange (in the lungs and
the metabolism) and (iv) the neural control. The inte-
grated model includes 42 state variables and 151
parameters and was implemented using the ‘‘Multi-
formalism Modelling and Simulation Library’’
(M2SL).16 This library, which is developed and main-
tained by our team, is based on the co-simulation
principle and has been applied for modeling and sim-
ulation on cardiovascular, respiratory and renal
physiopathology in a number of scientific papers.
M2SL is a collection of generic C++ classes that has
been specifically developed for modelling and simu-
lating complex systems using a combination of differ-
ent modelling formalisms. Access to M2SL source
code can be granted by contacting the authors.16

Equations, parameters, and verification of model
simulations and outputs with reference values from the
literature can be found in the supplementary online
material.

Cardiovascular System (CVS) Model

The CVS model (Fig. 2) is an adaptation of previous
models of our group.8,34 This representation is com-
posed of (a) the cardiac electrical system, (b) cardiac
cavities, and (c) systemic and pulmonary circulations.
The model simulates pulsatile blood pressure, volumes,
and flows, as shown of figure 3.1 of supplementary
materials.

Cardiac Electrical System

The electrical conduction system is defined as a set
of coupled cellular automata adapted from Hernández
et al.15 Each interconnected automaton represents the
electrical activation of a group of cardiac cells: the
sinoatrial node, the left atrium (LA), the atrioventric-
ular node, the upper bundle of His, the lower bundle of
His, left and right bundle branches, and left and right
ventricles (LV and RV). The output electrical activa-
tions of LV and LA trigger the mechanical contrac-
tions of the ventricles and the atrium chambers of the
CVS model respectively.

Elastance-Based Cardiac Cavities

The pressure of each cardiac cavity is represented by
a combination of end-systolic and end-diastolic pres-
sure-volume relationships, driven by time-varying
elastances:

(i) a Two-hill driving function for RV and LV,27 and
(ii) a gaussian function26 for the atria. Volume (V) in
each cavity is calculated from the integral of their
respective net flow (DQ). The heart valves (mitral,
aortic, tricuspid, and pulmonary) are represented as
idealized diodes.

Systemic and Pulmonary Circulations

The arteries, veins, and capillaries of systemic and
pulmonary circulations were included, as well as
intrathoracic and extrathoracic compartments. Pres-
sure (P) of each compartment is computed as a linear
function between the elastance (E) and the blood vol-
ume (V). The thoracic pressure (Ptor) from the respi-
ratory system is added to the pressure of every
intrathoracic compartment. The blood flow (Q) circu-
lating between two chambers is calculated by dividing
the pressure gradient between the resistance between

compartments Q ¼ DP
R

� �
:

Three compartments were added in the circulation
model (Fig. 2), to integrate the gas exchange to the
cardio-respiratory model following the structure of
Albanese et al.3 First, a chamber representing the
systemic peripheral vessels was included in the systemic
circulation to integrate the metabolic gas exchange

BIOMEDICAL
ENGINEERING 
SOCIETY

Parametric Analysis of an Integrated Model of Cardio-respiratory 3375



sub-model. Second, two parallel chambers, including
pulmonary peripheral vessels (blood passing through
the pulmonary capillaries) and a pulmonary shunt
(blood not involved in the lung gas exchange), were
integrated into the pulmonary circulation to represent
lung gas exchanges. Resistance (Rps; Rpp) and compli-
ance values (Cps, Cpp) of these last two compartments
were assigned to distribute the desired percentage of
blood flow (fs) coming out of the pulmonary arteries to
the pulmonary shunt, as presented in Eqs. 1 and 2.

Rps ¼ Rpp �
ð1� fsÞ

fs
ð1Þ

Rps ¼ Rpp �
ð1� fsÞ

fs
ð2Þ

Finally, the effect of lung inflation in the resistance
of pulmonary capillaries was included in the following
equation22:

RpaðVAÞ ¼ Rpa;0 �
VA

VA;max

� �2

ð3Þ

where Rpa is the resistance of pulmonary arteries, VA is
the alveolar volume, Rpa,0 is a constant to set the
normal resistance value of the pulmonary arteries, and
VA,max the maximum alveolar volume.

Respiratory Model

The respiratory model (Fig. 3) is an adaptation of
previous works of our team33 and Avanzolini et al.4 It

represents the upper, intermediate, and lower airways,
the dead space, the alveolar compartment, the pleural
cavity, the chest wall, and the respiratory muscles.

The intermediate airway compartment, the chest
wall, and the alveolar space are assumed to have a
constant purely elastic behavior, represented respec-
tively by constant compliances Cc, Ccw and CA and
unstressed volumes Vuc, Vucw and VuA.

Tracheobronchial airways resistances are charac-
terized by nonlinear relationships.4 The respiratory
muscles pressure is defined by a function Pmus defined
by Le Rolle et al33:

Pmus ¼ Pmax � B0 þ ð1� B0Þ �
tr
T1

� �b

�e
� tr

T1

� �a

�1

� � !

ð4Þ

here Pmax corresponds to maximum muscle activity, B0

is the basal level at end-expiration, tr is the time
elapsed from the onset of the current respiratory cycle,
TI is the inspiration duration, and a and b characterize
the Pmus signal profile during inspiration and expira-
tion, respectively. This function reproduces realistic
respiratory pressure and flow profiles. Pmax and the
breathing rate of this sub-model are controlled by the
chemoreflex model.

Gas Exchange Model

This sub-model is composed of three components:
(a) lung gas exchange, (b) metabolism gas exchange
and (c) gas transport.

FIGURE 1. General diagram of the cardio-respiratory adult model. Dotted line arrows symbolize interactions between sub-models.
Pthor thoracic pressure, Rpul pulmonary capillaries resistance, Pmus respiratory muscles pressure, BR breathing rate, VA alveolar
volume, PaO2 and PaCO2 partial pressure of O2 and CO2 in the systemic arteries, respectively, HR heart rate, Rsys systemic
peripheral resistance, Vusv unstressed volume of the systemic veins, E ventricle elastances, AP arterial pressure.
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FIGURE 2. Diagram of the cardiovascular system model. Each compartment is characterized by an elastance (E) and its pressure
(P) and volume (V) are computed. Green dotted line blocks correspond to the interface with the gas exchange sub-models. Q flow,
R resistance, L inertia, ra right atrium, rv right ventricle, la left atrium, lv left ventricle, tv tricuspid valve, mv mitral valve, pa
pulmonary arteries, pp pulmonary peripheral, pv pulmonary veins, sa systemic arteries, sves systemic peripheral vessels, sv
systemic veins, i intra-thoracic, e extra-thoracic, M metabolic rates, V flow. The dotted-line compartments represent the gas
exchange: Top Lung gas exchange in the pulmonary peripheral vessels; Bottom Metabolic gas exchange in the systemic
peripheral vessels.
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Lung Gas Exchange

The lung gas exchange model (Fig. 4) represents the
exchange of O2 and CO2 between the pulmonary
capillaries, the alveolar space, the dead space, and the
inspired air. This model is an adaptation of Albanese
et al.3 and Ellwein et al.11

The sub-model has several inputs from other sub-
models:

1. From the respiratory model: The dead volume,
represented by the intermediate airway volume
(Vc), the alveolar volume (V _A) and flow VA, and
the lung respiratory flow Vl.

2. From the CVS model: the volume of blood in the
pulmonary peripheral vessels (Vpp) and the blood
flow through the pulmonary artery, peripheral
circulation, and shunt (Qpa, Qpp, and Qps).

3. From the metabolic gas exchange and gas trans-
port model: The delayed venous gas concentra-
tions in the blood ð ~Cv;CO2

; ~Cv;CO2
Þ.

Fractions of inspired gases (FIO2, FICO2) are
external inputs specific for this submodel. Conserva-
tion of mass is applied to calculate the fractions and
partial pressures of each gas in each compartment,
assuming that every compartment is homogeneous and
perfectly mixed. The ideal gas law is used to obtain the
fractions of gas from the partial pressure and vice-
versa. Oxygen dissociation curves38 are used to convert
partial pressures to gas concentrations. These dissoci-
ation functions consider both the Haldane and the
Bohr effects. An instantaneous equilibrium between

pulmonary capillaries and alveoli gas partial pressures
is assumed.

The outputs of the model are the blood gases con-
centrations in pulmonary capillaries (CA,gas, gas 2 {O2,
CO2}). This oxygenated blood is then mixed with the
blood that did not take part in the lung gas exchange in
the pulmonary shunt, obtaining arterial blood gas
concentrations (Ca,gas).

Metabolic Gas Exchange

This sub-model corresponds to the production of
CO2 and the consumption of O2 by the systemic tissues
and organs. This representation was adapted from
Albanese et al.3 and integrated into the systemic
peripheral vessels of the CVS sub-model (Fig. 2). This
blood-tissue compartment is modeled as a simple
container with a total volume given by the sum of the
constant tissue volume (VT,sves) and the blood volume
of the systemic peripheral vessels Vsves. The metabolic
rates are assumed as constants, MO2sves for the O2 and
MCO2sves for the CO2. The inputs of this sub-model are
the delayed arterial gas concentrations from the lung
gas exchange model after the gas transport

ð ~CO2
; ~CCO2

Þ, and the volume (Vsves) and the blood
flows (Qout,sa,e) of the systemic peripheral vessels from
the CVS.

The conservation of mass principle is used in the
systemic tissue to obtain the output gas concentration
in the mixed venous blood (CsvesO2, CsvesCO2) as shown
by Eqs. 5 and 6:

FIGURE 3. Electric diagram of the respiratory system model. P pressure, R resistance, V volume, C compliance, _V airflow, ao
airway opening, u upper airway, c intermediate airways, l lower airways, pl pleural, cw chest wall, A alveolar, mus respiratory
muscles, _Vao_c airflow from the airway opening to the lower airways, also denominated lung respiratory flow.
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ðVT;sves þ VsvesÞ �
dcsvesO2

dt
¼ Qout;sa;e � ð ~Ca;O2 � CsvesO2Þ

�MO2sves

ð5Þ

ðVT;sves þ VsvesÞ �
dcsvesCO2

dt
¼ Qout;sa;e � ð ~Ca;CO2

� CsvesCO2Þ �MCO2sves

ð6Þ

Gas Transport

This sub-model describes the transport of O2 and
CO2 throughout the CVS. Pure delays sLT and sVL are
used to represent the time that blood takes to transport
the gases from the pulmonary capillaries to the sys-
temic peripheral vessels and from the extra-thoracic
veins to the pulmonary capillaries, respectively. sLT
represents the time that takes for the blood to travel
from the lung to the pulse oximeter sensor site.28

Moreover, the conservation of mass principle is
applied to every vein compartment to explicitly rep-
resent the transport throughout the intra-thoracic and
extra-thoracic veins.

Neural Control

Chemoreflex Model

The chemosensory feedback was included in the
integrated model using the peripheral and central
chemoreflex sub-models (Fig. 5a), adapted from Al-
banese et al.3 These sub-models modulate the breath-
ing rhythm (BR) and the respiratory muscle maximal
amplitude (Pmax) in response to changes of PaO2 and
PaCO2. The central chemoreflex is described as a first-
order system characterized by time constants (sc,f, sc,A)
and specific gains (Gc,A, Gc,f) and with a pure delay
(Dc). The central chemoreceptors are assumed to be
sensitive to the variations of PaCO2 concerning a set-
point value PaCO2,n. On the other hand, the peripheral
chemoreflex is described as a two-stage transduction
mechanism. PaO2 and PaCO2 are first transduced into
the afferent electrical activity of the peripheral
chemoreceptors (facp)

42 and then filtered by a set of
first-order systems, defined by gains (Gp,A, Gp,f) and
time constants (sp,f, sp,A), and by a pure delay (Dp).

Moreover, the maximum pressure of the respiratory
muscles (Pmax) and the breathing rhythm (BR) are
computed by summing the contributions of each
chemoreceptor (DPmaxc, DPmaxp, DBRc and DBRp) to
the baseline response of each regulated variable.

FIGURE 4. Lung gas exchange model. F gas fraction, V volume, Q blood flow, C concentration, I inspired, D dead space, A
alveolar, a arterial, v venous, out,pa pulmonary capillaries, fs shunt fraction, l lung.
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These contributions are calculated following Eqs. 7
and 8:

dDPmax i

dt
¼ �DPmax i þ GiA�ui

ti;A
ð7Þ

dDBRi

dt
¼ �DBRi þ Gi;f�ui

ti;f
ð8Þ

where i 2 {p, c} with p and c corresponding respectively
to peripheral and central 10 chemoreceptors; u is the
difference of the chemoreflex activity compared to its
11 reference value.

Baroreflex and Pulmonary Stretch Receptors

Baroreflex model (Fig. 5b) is adapted from previous
work of our laboratory.32,34 The afferent pathways of
the arterial baroreceptors are represented by a first-
order transferfunction (gain Kb and time constant Tb).

Efferent sympathetic and vagal pathways are repre-
sented by a combination of sigmoid functions, delays
(DS and DV respectively) and first-order filters, char-
acterized by gains (KS, KV) and time constants (TS,
TV).

Chronotropic control is represented as a combina-
tion of the contributions of sympathetic and
parasympathetic branches. Systemic resistance, venous
volume, and ventricular elastances are only influenced
by the sympathetic system. The pulmonary stretch
receptors modulate the vagal branch of the baroreflex
in relation to the changes of lung volume VA

30. This is
one of the main generators of the respiratory sinus
arrhythmia (RSA),29 a fluctuation of heart rate in
phase with inspiration and expiration, with heart rate
increasing during inspiration and decreasing during
exhalation.

FIGURE 5. Neural control sub-models. a Chemoreflex model. Pa arterial partial pressure, D delay, BR breathing rhythm, Pmus

activity of respiratory muscles, Pmax maximum amplitude of the activity of respiratory muscles, fapc afferent electrical activity of the
peripheral chemoreceptors, c central chemoreflex, p peripheral chemoreflex, A amplitude, f frequency. b Baroreflex model. From
the arterial pressure registered at the intrathoracic systemic circulation, the baroreflex system regulates the heart rate, the
systemic resistance, the venous unstressed volume and the ventricular elastance. K gain, D delay, s time constant, G gain, VA lung
volume.
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Sensitivity Analysis

A sensitivity analysis through the Morris’ screening
method24 was performed to determine the most influ-
ential parameters of the model during and after an
obstructive apnea event. This method was chosen be-
cause of its ability to provide a global rank of impor-
tance among parameters while preserving
computational costs. The Morris’ screening method
consists in generating several random trajectories
through the parameter space. Each trajectory is asso-
ciated with an estimation of the Elementary Effects
EEi, defined for a parameter xi:

EEi ¼
Fðx1; :::; xi; :::xkÞ � Fðx1 ; :::xi þ D; :::xkÞj j

D
ð9Þ

where F is a function of the model output variables,

(x1,… , xj,…, xk) is randomly selected point, D ¼ p
2ðp�1Þ

is the perturbation applied to the parameter xi, and p is
defined as the number of levels that divide the
parameter space. EEi are calculated r times and the
mean li and standard deviation ri of these r realiza-
tions are then computed for each parameter i. Then, a
sensitivity index DMi is calculated

6:

DMi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðliÞ2 þ ðriÞ2

q
ð10Þ

applied to all parameters xi. This index provides a
rank of the parameter effects; parameters with a high
sensitivity will have a high DMi, while unimportant
ones are associated with a low DMi.

Two output functions F = DeltaX and DeltaMean
X,

with X 2 {SaO2, PaO2, PaCO2, HR}, were defined for
our sensitivity analysis (Fig. 6):

(1) between the start and the end of an apnea event
(Green circles in Fig. 6):

DeltaX ¼ XEndApnea � XStartApnea

XStartApnea
ð11Þ

(2) computed over a support of 15 s window before
the apnea and a 15 s window after the apnea
(dashed rectangles in Fig. 6):

DeltaMean
X ¼ XMeanAfter � XMeanBefore

XMeanBefore
ð12Þ

The obstructive apnea event was simulated by
increasing the resistance of the upper airways Ru of the
respiratory model to 10,0000 cmH2O Æ s Æ l21 at time
t = 30 s to mimic a complete obstruction of the air-
ways. The screening method was implemented in
MATLAB, and was applied to all 151 parameters of
the model. 60 realizations were calculated per param-

eter (r = 60), parameter ranges were selected from the
nominal values ± 30%, and the parameter space was
regularly divided as a grid of 16 levels (p = 16).

The most important parameters were selected using
the following quantitative approached to perform a
local sensitivity analysis:

(1) The indexes DMi calculated with the Morris
screening method are normalized with respect to
the total sum for each output function DeltaX
and DeltaMean

X with X 2 {SaO2, PaO2, PaCO2,
HR}.

(2) The median of the normalized DMi¢s is calcu-
lated per parameter for the 4 DeltaX and the 4
DeltaMean

X.
(3) The medians are ranked and the parameters that

comprise 70% of the normalized DMi are
selected.

The local sensitivity analysis was performed to
analyze the influence of these parameters on car-
diorespiratory signals as the PaO2, PaCO2, SaO2, and
the heart rate.

RESULTS

Results of sensitivity analysis methods are separated
into two sub-sections associated with the Morris’
screening method and the local analysis.

Sensitivity Analysis Using the Morris’s Screening
Method

Figures 7a and 7b show the 6 most sensitive model
parameters for each

DeltaX and DeltaMean
X, during an obstructive apnea

event. Metabolic rates (MO2sves and MCO2sves) and
fraction of oxygen in inspired air (FIO2) are part of the
most influent parameters for DeltaSaO2, DeltaPaO2,
DeltaPaCO2, DeltaMean

SaO2 , DeltaMean
PaO2 and Del-

taMean
PaCO2. Concerning DeltaSaO2, DeltaPaO2, Del-

taPaCO2 and DeltaMean
PaCO2, respiratory mechanics

parameters (VuA, CA) also appear as important. The
total volume in the systemic tissue (VT,sves) is relevant
for DeltaSaO2 and DeltaPaCO2. The fraction of pul-
monary shunt (fs) and the gain of the baroreceptors
(Kb) are respectively significant for DeltaPaO2 and
DeltaPaCO2. Chemoreflex gains (Gc,A and Gp,A) and the
time constants (sc,A and sp,A) of central and peripheral
chemoreflex are highly influent on DeltaMean

SaO2 ,
DeltaMean

PaO2 and DeltaMean
PaCO2.

Concerning DeltaHR, no parameter stands out in the
sensitivity analysis, because the heart rate does not
change strongly in the model simulations during the
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FIGURE 6. Example of a variable used in the sensitivity analysis (X) and how the DeltaX and DeltaMean
X markers are obtained from

a simulation of a 20 s obstructive apnea. In this case, X 5 PaO2, which is represented as simulated at the output of pulmonary
capillaries. The green circles represent the values of X at the start and at the end of the apnea event. These values are used to
calculate DeltaX. The orange dashed-line rectangle represents the 15 s window before and after the apnea event use to calculate
DeltaMean

X .

FIGURE 7. Most influential parameters of the proposed adult model obtained through the Morris screening method, using the
output function DeltaX (a) and DeltaMean

X (b) , with X 2 {SaO2, PaO2, PaCO2, HR). Green bars: Morris distance Di. For each
parameter, the absolute mean li (purple bar) and the standard deviation ri (yellow bars) of the elementary effects are also
displayed. Descriptions of each parameter are given in supplementary material.

BIOMEDICAL
ENGINEERING 
SOCIETY

GUERRERO ET AL.3382



apnea. Indeed, significant heart rate modifications are
often observed after the apnea period. Concerning
DeltaMean

HR, the most important parameters are a
sigmoid parameter of the sympathetic regulation
mechanisms of the systemic resistance (kRout), the un-
stressed volume of the left atrium (Vula), a parameter
characterizing Pmus during expiration (b), the gain of
sympathetic regulation of the end-systolic elastance in
the left ventricle (KEMAX,lv), delay from the systemic
arteries to the central chemosensitive area (Dc) and the
elastance of the extrathoracic systemic arteries (Esa,e).

From the results shown in Fig. 7, the most impor-
tant parameters are related to the following mecha-
nisms in the physiology: (i) the fraction of oxygen in
inspired air (FIO2), (ii) metabolic rates (MO2sves,
MCO2sves), (iii) chemoreflex (gains: Gc,A, Gp,A; time
constants: sc,A and sp,A), (iv) respiratory mechanics
(VuA, CA). Using the quantitative approach described
in the methodology, FIO2, MO2sves and Gc,A were
highlighted as the most sensitive parameters overall for
DeltaX and DeltaMean

X.

Local Sensitivity Analysis

Local sensitivity analyses were performed on alveoli
volume, SaO2, PaO2, PaCO2 and HR with the most
influential parameters overall (FIO2, MO2sves and
Gc,A). This analysis consists of an exploration of the
parameter domain with a uniform distribution within
predefined boundaries (see Fig 8).

Local sensitivity analyses concerning FIO2 and
MO2sves (Figs 8a and 8b, respectively) show similar
dynamics but with inversely proportional effects. A
lower

FIO2 (or a higher MO2sves) evokes an increase of
respiratory ventilation, through the peripheral
chemoreflex (Figure 4.2 of the supplementary materi-
als), and decreases directly the baseline of the PaO2

and SaO2. When the apnea starts from a lower PaO2,
the steeper decline in SaO2 reflects the change of slope
of the oxygen dissociation curve. A higher MO2sves

produces a more profound desaturation because of the
lack of airflow to the lungs during the apnea. The
metabolism is the only mechanism changing the
amounts of O2 and CO2 in our model. Although heart
rate does not variate significantly during apnea, a
lower FIO2 or a higher MO2sves induce oscillations of
HR because the increased activity of the pulmonary
stretch receptors due to the important changes in
ventilation that amplifies the RSA (Figure 4.2 of the
supplementary materials).

Concerning Gc,A (Fig. 8c), the amplitude of the
simulated variables are not significantly modified, but
a marked phase shift can be observed. During
obstructive apnea, the chemoreflex has no relevant

influence, because the closed upper airways block the
air flow to the lungs. A higher Gc,A produces a faster
increase of the alveolar volume after apnea, increasing
the activity of the pulmonary stretch receptors,
amplifying the RSA, as mentioned in the description of
the pulmonary stretch receptors sub-model. When Gc,A

amplitude is too important, an overcompensation
phenomenon can be observed after the apnea, with a
first increase of lung volume, followed by a compen-
sating reduction of lung volume that can generate a
subsequent apnea.

DISCUSSION

This paper proposes a novel integrated model of
cardio-respiratory interactions, for the analysis of
acute responses to OSA events. Heterogeneous sub-
models were coupled to represent original representa-
tions of: (i) mechanisms involved in RSA, (ii) interac-
tions between discrete cardiac electrical conduction
system and lumped-parameter cardiorespiratory mod-
els, (iii) integration of metabolism in circulatory model
and (iv) an analytic representation of the respiration
pattern adapted to adults.

Sensitivity analysis methods were applied to evalu-
ate the relative significance of model parameters on
SaO2, PaO2, PaCO2, and HR before, during and after
an OSA event. The most sensitive parameters high-
lighted in Fig. 7 are related to the following mecha-
nisms in the physiology:

� Fraction of oxygen in inspired air (FIO2) A lower
FIO2 decreases the baseline value of the PaO2 and
SaO2 (Fig. 8a), and produces a steeper decline of
SaO2 during the apnea, due to the form of the
oxygen dissociation curve. Among all sensitive
parameters, only a few can be easily controlled in a
clinical setup as a therapy target, and FIO2 is one
of them. This agrees with the use of oxygen therapy
as a treatment of sleep apnea,12,23 where the
percentage of inspired oxygen is increased using
supplemental oxygen.

� Metabolic oxygen consumption and CO2 production
(MO2sves, MCO2sves) During apnea, the lack of
ventilation significantly reduces or stop the flow of
O2 and CO2 between the lungs and the environ-
ment, and the chemoreflex cannot control the

cFIGURE 8. Local sensitivity analysis of: a the fraction of
oxygen of inspired air (FIO2); b the metabolic rate of oxygen
consumption (MO2sves) and c the central chemoreflex gain for
the amplitude of the respiratory muscles (Gc,A) of the adult
model during an obstructive apnea.
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respiratory mechanical drive. Hence, only MO2sves

and MCO2sves can affect the oxygen desaturation
and PaCO2 modifications during apnea. A higher
MO2sves (Fig. 8b) leads to a deeper desaturation
during an apnea, while a higher MCO2sves induces a
faster increase of PaCO2, confirming the essential
role of metabolism in the acceleration of the
desaturation during apneas.21,37

� Chemoreflex (gains: Gc,A, Gp,A; time constants: sc,A
and sp,A) During obstructive apnea, the respiratory
flow is completely stopped and the chemoreflex has
no influence on respiration. After the apnea,
hypoxia, and hypercapnia activate the chemoreflex,
and the respiration amplitude increases in order to
restore O2/CO2 levels. This compensation effect
depends on chemoreflex gains associated with
respiratory amplitude (Gc,A and Gp,A) and time
constants (sc,A and sp,A) of central and peripheral
chemoreflex. Some higher values of Gc,A or Gp,A

evoke substantial recovery of O2/CO2 partial pres-
sures to their baseline value (Fig. 8c). When these
gains are too high, an overcompensation phe-
nomenon can be observed after the apnea, with a
first significant increase of lung volume followed by
a compensating reduction that can induce subse-
quent apnea. This confirms the increased chemore-
flex sensitivity in obstructive sleep apneas.25,40

� Respiratory mechanics (unstressed volume of air in
the alveoli VuA and lung compliance
CA)Modifications of the lung unstressed volume
(VuA) lead to significant variations of functional
residual capacity (FRC).17 The FRC is the reserve
of air that is used during an apnea and a higher
reserve leads to a lower desaturation. Similarly, the
lung compliance CA reflects the lung’s ability to
stretch and expand. A high compliance value is
associated with an increase in FRC.17 The sensi-
tivity of these parameters is in accordance with the
role of ventilation therapies in OSA (continuous
positive pressure [CPAP], expiratory positive air-
way pressure,…), which aim to increase functional
residual capacity.1,14

During apnea, no parameter stands out in the sen-
sitivity analysis of heart rate because HR baseline does
not change strongly in model simulations during ap-
nea. Moreover, in our model, RSA disappears during
the OSA event because of the lack of lung volume
variation.

Overall, the obtained results provide new insights
into the underlying mechanisms of OSA, with a
potential future impact on the development of novel
monitoring and therapeutic strategies. The most
influent parameters, obtained from the sensitivity
analysis, corroborate the relevance of main treatments

in adult apnea (CPAP, positive end-expiratory pres-
sure [PEEP], oxygen therapy). For instance, monitor-
ing of lung volume and compliance is recognized of
primary importance for diagnosing the lung condition
and setting ventilator parameters20. The stability of the
negative feedback chemoreflex control system could
also be measured by the loop gain method in order to
provide a decision criteria to use CPAP or oxygen
therapy in OSA patients44. Moreover, the end-tidal
CO2 concentration could be monitored using a mi-
crostream capnometer to analyze OSA severity43.

The proposed model has also a number of potential
applications within a ‘‘virtual patient’’ perspective. A
first concrete application would be the assistance to the
design of novel diagnostic or therapeutic tools. In fact,
in health applications, the integration of a model-based
representation could be used to conduct virtual phys-
iological experiments and to optimize the configura-
tion of therapeutic devices before preclinical testing
phases. For example, in the context of sleep apnea,
closed-loop ventilation (changing the pressure in the
open airways Pao of the respiratory system) or clos-
edloop oxygen therapy35 (adapting FIO2) could be
firstly analyzed with such a model, allowing for a
better definition of the clinical evaluation phase. Pre-
vious works of our team has already shown the benefits
of using such a model-based design approach for the
design and optimization of a medical device.34 Another
application is to provide a virtual patient representa-
tion to improve the therapy planning by evaluating
hypotheses or configuration scenarios of the system.
The definition of a digital patient requires the deter-
mination of patient-specific model parameters. Results
from the proposed sensitivity analysis are an essential
step for dimensionality reduction, as a first step to-
wards patient-specific parameter identification.27,30

The proposed model presents some limitations,
mainly related to physiological mechanisms that have
not been represented. For instance, the model does not
include long-term control mechanisms, thermoregula-
tion, or an adaptive metabolism module. Also, respi-
ratory efforts against the closed upper airways, during
the OSA period, have not been represented. Effects of
these functions were supposed negligible on the short-
term responses to sleep apnea. Although sleep stages
may have an important role in the context of OSA,
these mechanisms were not integrated into the pro-
posed model and will be included in future works.

In conclusion, this paper presents the integration
and analysis of a mathematical model representing
cardio-respiratory interactions in the context of OSA.
To our knowledge, this is the first work performing a
complete sensitivity analysis to evaluate the relative
significance of respiratory, cardiac, and nervous sys-
tems parameters before, during and after an obstruc-
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tive apnea event. The evaluation of main physiological
effects involved in SaO2, PaO2, PaCO2, and HR
responses to apnea provides results of clinical rele-
vance concerning: (i) the fraction of oxygen in inspired
air, (ii) metabolic rates, (iii) chemoreflex parameters
and (iv) respiratory mechanics parameters. These sig-
nificant physiological variables are highly involved in
the main therapies of adult apnea (CPAP, PEEP,
oxygen therapy). Finally, results concerning the rela-
tive significance of the model parameters provide
valuable information for the application of such an
integrated model for the analysis of OSA and suggest a
convenient set of parameters to be identified in a
subject-specific manner, in future works.
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