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Abstract

The use of physiological models in medicine allows the evaluation of new hypotheses, development of diagnosis and clinical
treatment applications, and development of training and medical education tools, as well as medical device design. Although
several mathematical models of physiological systems have been presented in the literature, few of them are able to predict the
human cardiorespiratory response under physical exercise stimulus adequately. This paper aims to present the building and
comparison of an integrated cardiorespiratory model focused on the prediction of the healthy human response under rest and
aerobic exercise. The model comprises cardiovascular circulation, respiratory mechanics, and gas exchange system, as well as
cardiovascular and respiratory controllers. Every system is based on previously reported physiological models and incorporates
reported mechanisms related to the aerobic exercise dynamics. Experimental data of 30 healthy male volunteers undergoing a
cardiopulmonary exercise test and simulated data from two of the most current and complete cardiorespiratory models were
used to evaluate the performance of the presented model. Experimental design, processing, and exploratory analysis are
described in detail. The simulation results were compared against the experimental data in steady state and in transient regime.
The predictions of the proposed model closely mimic the experimental data, showing in overall the lowest prediction error
(10.35%), the lowest settling times for cardiovascular and respiratory variables, and in general the fastest and similar responses
in transient regime. These results suggest that the proposed model is suitable to predict the cardiorespiratory response of
healthy adult humans under rest and aerobic exercise conditions.

NEW & NOTEWORTHY This paper presents a new cardiorespiratory model focused on the prediction of the healthy human
response under rest and aerobic dynamic exercise conditions. Simulation results of cardiorespiratory variables are compared
against experimental data and two of the most current and complete cardiorespiratory models.

aerobic exercise; cardiorespiratory system; computer simulation; mathematical model; regulatory mechanisms

INTRODUCTION

The cardiorespiratory system comprises the union of ele-
ments, relations, functions, and interactions of cardiovascu-
lar and respiratory systems and their respective regulatory
mechanisms. Both systems show a variety of mechanisms
with complex and different dynamics oriented to maintain
the physiological homeostasis despite different pathologies
and external disturbances (1, 2). The variables resulting from
the complex regulation processes of both systems have an
important role in clinical applications of diagnosis, monitor-
ing, and treatment because they allow for evidencing the
correct physiological functioning (3).

Physical exercise is a natural stimulus related to the
increase in metabolic activity that is able to generate signifi-
cant organism variations that cannot be displayed under
resting conditions (4). These changes are especially related
to the respiratory and cardiovascular systems due to their
important role in the regulation of the high levels of cardiac
output and oxygen supply required by the tissues (5, 6). For
this reason, and as a result of the well-defined pattern shown
in healthy human subjects, the cardiorespiratory response
analysis under dynamic exercise is recognized as a valuable
tool for the diagnosis, monitoring, and prevention of dis-
eases, medical treatment evaluation, postoperative recovery
evolution, and sports analysis (4, 6–8).
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Computational modeling and simulation have been pro-
posed as a tool to improve the understanding of the complex
interactions and functions of physiological systems and to
predict their response under different stimuli (9, 10). Its use
in the clinical area allows the execution of virtual experi-
ments, evaluation of new hypotheses, development of diag-
nosis and clinical treatment applications, development of
training and medical education tools, and medical equip-
ment design (10, 11).

Several cardiovascular, respiratory, and cardiorespiratory
models have been presented in the literature, but few of
them are able to adequately simulate the physical exercise
stimulus. The development considerations, the specificity of
its application, and the strictness of the physiological sys-
tems’ description involve characteristics and restrictions
that can constrain the model simulation under a specific
stimulus. For instance, the models by Lu et al. (12) and
Ellwein et al. (13) are detailed in their description of several
cardiovascular and respiratory dynamics, but they neglect
aspects of neural control and do not include the prediction
of critical cardiorespiratory variables associated with exercis-
ing. The models proposed by Poon et al. (14), by Fincham
and Tehrani (15), and by Magosso and Ursino (16) involve
some sophisticated regulatory mechanisms, among them
one related to physical exercise. However, they are special-
ized only in the cardiovascular or respiratory system con-
straining their applications for a complete cardiorespiratory
analysis. Similarly, the model by Cheng et al. (17) is one of
the most complete and evaluated cardiorespiratory models,
but it is not suitable for the physical exercise simulation due
to its development specificity, which is mainly focused on
the sleep mechanism (18, 19). Other current works, such the
cardiorespiratory models by Albanese et al. (20) and Serna et
al. (21), have tried to overcome previous models’ restrictions
by including more precise cardiorespiratory interactions or
better neuronal control dynamics for the exercise stimulus,
but there are no studies that evaluate which of them are
more suitable for the physical exercise simulation.

The aim of this work is to present the building of an inte-
grated cardiorespiratory model focused on the prediction of
the healthy human response under rest and aerobic dynamic
exercise conditions and compare it under a structural
approach against experimental data and versus two of the
most current and complete cardiorespiratory models. The
model includes the cardiovascular system, the respiratory
mechanics and gas exchange system, and the cardiovascular
and respiratory controllers, each one based on previously
validated cardiovascular and respiratory models to represent
the response under resting conditions (21–24). To focus the
model on the prediction of physiological behavior under aer-
obic exercise, validated models of several mechanisms
related to the stimulus were incorporated and adapted. The
mechanisms include the ventilatory demand estimation as a
function ofmetabolic activity, a respiratory control approach
focused on themechanical workminimization, the influence
of the central motor command and central respiratory neu-
romuscular drive on the autonomic nervous cardiac activity,
the specific cardiovascular description and local metabolic
vasodilation mechanisms of the active muscles, and the
effects of respiration and muscular contractions on venous
return. This model would be useful for clinical researches

and applications, mainly those related to the analysis and
evaluation of the response of healthy human subjects under
different conditions and exercise levels. Furthermore, after a
specific fitting and validation, the model can also be used for
applications related to the analysis of cardiorespiratory dis-
eases, simulation of therapeutic interventions, and personal-
ized diagnostic tools.

The present paper provides a model description and shows
the results of a structural comparison against other cardiores-
piratory models under simulation of aerobic exercise. The
models selected for the comparison are two of the most cur-
rent and complete cardiorespiratory models available in the
literature: the model proposed by Albanese et al. (20) and the
model proposed by Serna et al. (21). Experimental data from
healthy human volunteers during a cardiopulmonary exercise
test were used as a reference for the evaluation of results.
First, the experimental design related to the cardiopulmonary
exercise test and the processing applied to the experimental
data are described. Then, the description of the mathematical
model and the values of the assigned parameters are
explained in qualitative terms, detailing the characteristics of
each subsystem and emphasizing the aspects of the exercise
mechanisms. An exploratory analysis of the experimental
data, aimed to evaluate the dynamics of the cardiorespiratory
variables, is performed. The comparison strategy between
models regarding the experimental data is described, which
includes the standardization of the simulation conditions, the
evaluation methods, the computational implementation, and
the data analysis. Then, the simulation results under exercise
stimulus of the proposedmodel, themodel by Serna et al. (21),
and the model by Albanese et al. (20) are compared with the
experimental data in steady state and in transient regime.
Finally, a sensitivity analysis focused on evaluating the indi-
vidual role of each exercise mechanism included and adapted
to the built model is presented.

METHODS

In this work, all the symbols related to the model parame-
ters are in italics in order to clearly differentiate them from
model variables. Time-varying signals are considered as varia-
bles, i.e., that change with time during the model simulation.
The parameters, as defined by themodels of the systems, con-
trollers, and mechanisms included, are assumed as constant
values or inputs of the model that do not change with time,
although they could vary in amore detailed future approach.

Experimental Design

Subjects.
All procedures and protocols conformed to the Declaration of
Helsinki and were approved by the Human Research Ethical
Committee of the Department of University Research (SIU) of
the University of Antioquia (approval certificate 17-59-711).
The information about the protocols and possible risks related
to the experiment was reported to all subjects before they
gave their written consent to participate.

Thirty healthy male volunteers participated in the study
[28.3±6.9yr old, 173.6±6.0cm height, 76.5 ±9.3kg weight,
25.4±2.8 body mass index (BMI), and Hispanic ethnicity].
All subjects were nonsmokers, with an age range between 18
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and 48yr and with BMI <30kg/m2, none had pacemakers or
any other kind of electrical stimulator implanted, and
none had a history or symptoms of cardiovascular, pulmo-
nary, metabolic, or neurological disease. The physical fit-
ness in our group was not homogeneous and ranged from
sedentary subjects to subjects under physical training
(<15 h/wk).

The Kruskal-Wallis rank test was used to calculate the ex-
perimental sample size (25), assuming a probability function
with distribution free, a 95% statistical power, a P value of
0.05, and signal measurement variability<15%.

Exercise test.
All subjects performed a cardiopulmonary exercise test
(CPET) 2h after a light breakfast (9 AM). Strenuous physical
activity, alcohol, caffeinated beverage, and psychoactive
substances consumption were prohibited 24h before the
testing session. All tests were conducted with close medical
supervision in a laboratory under controlled environmental
conditions (ambient temperature of 26.6 ± 1.7�C, relative hu-
midity of 64.0±5.1%, and an atmospheric pressure of
640mmHg).

A programmable load cycle ergometer model LC6 Monark
was used in this experiment. The cycle ergometer was cali-
brated before each test to guarantee the same conditions.
The seat and handlebar positions were adjusted for every
subject according to the manufacturer’s recommendations,
with the same body posture always kept in every test.

The participants performed an incremental, submaximal,
and multistate exercise test at a constant pedaling rate of 60
rpm, based on the protocol proposed by Latin et al. (26). The
test duration was 45min, divided into five phases controlled
and monitored by software (see Equipment and measure-
ments). Table 1 summarizes the phases of the test. The indica-
tions for the terminating test were heart rate measurements
bigger than the 85% of themaximumheart rate [HR; the high-
est value of HR that can be attained and measured during
incremental exercise, usually predicted as 220-age (7, 27)],
inability to maintain the imposed pedaling rate, the subject’s
desire to stop, and the recommendation of the medical staff
or at the end of the test.

After anthropometric measurements, a forced spirometry
test, familiarization with the test procedures, and the neces-
sary instrumentation were done, subjects were asked to
remain at rest, sitting on the cycle ergometer for 2min while
baseline measurements were made. The exercise began with
4min of warmup at 0W of load, followed by an incremental
exercise phase of five constant load steps, with load
increases of 25W and a duration of 5min each. The recovery
phase consisted of four constant load states, with successive
load reduction of 25W and a duration of 1min each, followed
by 5min of 0W. Finally, subjects were asked to remain at

rest for 5min to ensure that the vital signs reached their rest-
ing behavior. The pedaling rate was kept constant during
phases 2, 3, and 4 and was shown during the test to the sub-
ject through the cycle ergometer screen.

The selection of the cycle ergometer is justified by a lower
presence of motion artifacts in signals, the reduced presence
of ambient noise in the measurements, and the correct mea-
surement of noninvasive blood pressure (7), besides having
been implemented in experiments used to validate mathe-
matical models referenced in this work (16). A submaximal
exercise test was chosen considering the lower risk for seden-
tary or not necessarily trained subjects (7). The time distribu-
tion of the incremental exercise phase was selected to reach
steady-state variable measurements (8, 26, 28). The pedaling
rate was selected considering that, compared with other usu-
ally implemented values, the highest oxygen consumption
values are produced at 60 rpm (8). Finally, the number of
phases, their function, and loads were determined according
to recommendations and results of similar previous works
(8, 28, 29).

Another important aspect is related to the subject’s pos-
ture during the test. The models implemented in this work
specify their application for supine posture because they do
not integrate mechanisms that consider the body pressure
changes, and the experimental data used for their validation
correspond to this condition. Even so, in this work, the ex-
perimental measurements in sitting posture will be taken as
a reference considering that it is an usual condition in car-
diopulmonary exercise tests, and a different but constant
posture generates a constant difference in physiological vari-
ables (30).

Equipment and measurements.
Cardiovascular and respiratory variables, including gas
exchange variables, usually analyzed in cardiopulmonary
exercise tests, were recorded. The oxygen uptake ( _VO2),
carbon dioxide production ( _VCO2), end-tidal oxygen par-
tial pressure (PETO2), end-tidal carbon dioxide partial
pressure (PETCO2), total minute ventilation ( _VE), inspira-
tory time (TI), tidal volume (VT), breathing frequency
(BF), and HR were collected using the automatic respira-
tory gas analysis system Oxycon mobile. Measurements of
systolic blood pressure (PS), diastolic blood pressure (PD),
and mean arterial blood pressure (PM) were recorded
using the General Electric Procare B20 vital signs monitor.
The ventilatory and gas exchange variables were moni-
tored continuously during all of the test with a sampling
frequency of 2.0Hz, making the subjects breathe through
a face mask connected to the respiratory gas analysis sys-
tem; the HR was calculated automatically and continu-
ously monitored during all of the test from a three-lead
electrocardiogram embedded in the respiratory gas analy-
sis system and collected with a sampling frequency of
2.0Hz, and PS, PD, and PM were measured twice at differ-
ent times, 1 min before the end of each phase and 4 min af-
ter a load increase during the incremental exercise phase,
using a sized blood pressure cuff placed on the left arm
according to the standard recommendations. The auto-
matic respiratory gas analysis system was calibrated
before each test according to the specifications of the
manufacturer.

Table 1. Test phases

Phase Description Duration, min

1 Rest 2
2 Warming 4
3 Incremental exercise 25
4 Recovery 9
5 Rest 5
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All records and measurements were made by the software
of each equipment. The setup and control of the exercise test
were performed by the gas analysis system software.

Experimental Data Processing

Data conditioning and exploratory analysis.
Although the recorded variables were previously filtered by
the measurement equipment, basic data conditioning was
applied to reduce the influence of noise and artifacts sour-
ces. A moving average low-pass filter with a 3-s window, in
both forward and reverse directions, was applied for contin-
uous measurements. The average of the last minute of each
continuous measurement for each subject was used as a rep-
resentative sample of each phase of the exercise test at
steady-state conditions.

In order to analyze the experimental physiological response
under exercise, the sensitivity and linearity of each recorded
cardiorespiratory variable as a function of the load were eval-
uated. The first measure represents the sensitivity of the vari-
able with respect to the stimulus increase, whereas the
second one allows us to evaluate the behavior as quantifica-
tion of similarity regarding a linear tendency. The sensitivity
and linearity for each physiological variable were represented
as the slope and coefficient of determination, respectively,
both applied only to the representative data from the warm-
ing and incremental exercise phases. All data were normal-
ized by the corresponding warming value to compare the
slopes of different variables. In this sense, slopes with the larg-
est magnitudes correspond to highly sensitive variables,
whereas coefficients of determination close to 100% are
related to highly linear variables.

Estimation of partial pressures of alveolar gasses.
In order to compare the experimental data with the simula-
tion results of the models regarding the gas exchange sys-
tem, and considering that the available measurements of
PETO2 and PETCO2 are not directly predicted by cardiores-
piratory models, estimations of alveolar oxygen partial pres-
sure (PAO2) and alveolar carbon dioxide partial pressure
(PACO2) were calculated. Although arterial oxygen partial
pressure (PaO2) and the arterial carbon dioxide partial pres-
sure (PaCO2) are more directly related to the cardiorespira-
tory regulation processes, its relationship with PETO2 and
PETCO2 involves more complex dynamics, and its estima-
tion demands approximations that may constraint its appli-
cation. The equations reported in the work of Van Iterson et
al. (31) and Wasserman et al. (6) for PACO2 and PAO2, respec-
tively, correspond to the following expressions.

PACO2 ¼ 5:5 þ 0:9PETCO2 � 0:0021VT ð1Þ
Equation 1 allows for estimating PACO2 in mmHg from the

value of PETCO2 in mmHg and VT in ml. This expression is
the result of a study focused on the evaluation of the differ-
ence between PETO2 and PACO2 under an exercise test (32)
and has been applied in different works (33).

PAO2 ¼ FiO2 Patm � 47ð Þ � PACO2 �
_VO2

_VCO2
: ð2Þ

According to Eq. 2, PAO2 in mmHg can be estimated from
the values of the inspired fraction of dry oxygen (FiO2), the
atmospheric pressure (Patm) in mmHg, the ideal PACO2 in

mmHg, and the ratio between _VO2 and _VCO2. Other expres-
sions were evaluated for the PAO2 estimation, but they corre-
spond to indirect use of the same equation or simplifications
(7, 21, 34, 35).

It is highlighted that both equations provide approxima-
tions to physiological variables that are difficult to measure
experimentally, that have been implemented in different
works related to exercise (7, 28, 31, 33, 34), and were selected
as a result of a comprehensive review and comparison
regarding the expected for the experimental conditions.

Data restriction to aerobic exercise.
Considering that the cardiorespiratory models do not include
mechanisms to simulate the anaerobic metabolic activity, the
experimental data to be compared with the model’s simula-
tion results were limited to the anaerobic threshold (AT) of
each subject. AT was calculated using the noninvasive tech-
nique v-slope that identifies the _VO2 value for which the
change in the linear slope of the relationship of _VCO2 to _VO2

occurs (28). The implemented algorithm has been described
by Hernández (18). Although it is not required for the subse-
quent processing of the data, the ventilatory threshold values
are also presented due to their importance as reference values
of the cardiopulmonary tests and for the calculation ofAT.

Model Building

The present model (CR1) is a self-regulated cardiorespira-
tory model that comprises cardiovascular circulation, respi-
ratory mechanics, and gas exchange system as well as
cardiovascular and respiratory controllers. Every system and
controller are based on previous physiological models and
incorporate reported models of several mechanisms related
to the aerobic exercise dynamics. The schematic block dia-
gram of CR1 is shown in Fig. 1, and the symbols are described
in Table 2. The adapted or modified mechanisms include 1)
the estimation of ventilatory demand as a function of brain
carbon dioxide partial pressure (PbCO2), PaO2, PaCO2, and
metabolically related neural drive component to the ventila-
tion (MRV), 2) a respiratory control approach focused onme-
chanical work of breathing minimization, 3) the action of the
central command on cardiovascular efferent sympathetic
and parasympathetic control activities, 4) the influence of
the central respiratory neuromuscular drive on cardiovascu-
lar efferent sympathetic and parasympathetic control activ-
ities, 5) a separate description of vascular beds in active and
resting skeletal muscles, 6) the local vasodilation of the
active muscles, 7) the effect of muscular contractions on ve-
nous return (muscle pump), 8) the effect of respiration on ve-
nous return (respiratory pump), and 9) use of the blood flow
signals from the cardiovascular system in the gas exchange
andmixing compartment.

Cardiovascular system.
The model of the cardiovascular system is based on the work
by Ursino and Magosso (24). It includes the pulsating heart,
pulmonary circulation, and systemic circulation. The heart
model comprises both the right and left heart, with each com-
posed of a passive atrium and a pulsatile ventricle. It considers
the blood flow through themitral, aortic, tricuspid, and pulmo-
nary valves. Pulmonary circulation includes vascular beds
such as pulmonary arteries, peripheral vessels, and pulmonary
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veins. Systemic circulation comprises blood circulation through
the systemic arteries, peripheral vessels, systemic veins, and
vena cava. Both peripheral and venous circulations are divided
into five compartments, arranged in parallel, representing the
blood circulation into the skeletal muscle, brain, coronary,
splanchnic, and extra-splanchnic vascular beds.

In order to obtain a suitable model for the moderate aero-
bic exercise simulation, modifications based on the work of
Magosso and Ursino (16) were applied. The added mecha-
nisms included a separate description of vascular beds of
active and resting skeletal muscles, the effect of muscular
contractions on venous return, and the effect of respiration
on the venous return of compartments located inside the
thoracic and abdominal cavities. The addition of the active
skeletal muscle compartment involves a division of the pe-
ripheral and venous circulation into six compartments
arranged in parallel and includes regulatory mechanisms

that relate their pressure, resistance, volume, and flow dur-
ing rest and exercise. During exercise, the resistance of the
venous vascular beds of the active muscles (Ramv) differs
from the other beds since it adopts a behavior inversely pro-
portional to the total volume of blood it contains (VTamv) (see
Eq. 3). Muscle contractions during exercise intervene in the
venous return of active muscles due to their effect on the
extravascular pressure (Pim), which adopts an oscillatory
rhythmic behavior between zero and a positive value (see
Eqs. 4 and 5). Concerning to the above, the pressure-volume
relationship of the active muscular veins differs from the
other vascular beds considering that the muscular contrac-
tions induce a negative transmural pressure, which, in turn,
promotes its collapse and, therefore, a significant expulsion
of blood volume. It is represented by a nonlinear relationship
of collapsing tubes (see Eq. 6). The effect of respiration under
exercise on the systemic circulation was included as the
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Figure 1.Model schematic block diagram. Dashed lines are inputs to the model. Blocks with underlined names correspond to the mechanisms added or
are related to modifications made in this work. See Table 2 for symbols description. The mathematical equations of all systems and controllers are given
in the Supplemental Material.
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action of the abdominal pressure (Pabd) and intrathoracic
pressure (Pthor) (extravascular pressures) on the heart, lungs,
and systemic veins, considering them as functions related to
inspiratory and expiratory time, BF, and VT (see Eqs. 7–10):

Ramv ¼ kr;am=VTamv I > 0 ð3Þ
where I is the relative intensity of aerobic exercise; R and V
denote hydraulic resistance and blood volume, respectively;
the subscript amv indicates the venous vascular bed of the
active skeletal muscle, the subscript T indicates total value,
and kr,am is a constant parameter.

Pim ¼ Aim � c tð Þ ð4Þ

c tð Þ ¼
sin p � Tim

TC
� a

� �
0 � a � TC

Tim

0
TC
Tim

� a � 1

8>><
>>: ð5Þ

Pamv ¼ P0 � 1� VTamv

Vu;amv

� ��3=2
" #

þ Pim VTamv < Vu;amv

ð6Þ
where P denotes pressure; c (t) is the activation function of
skeletal muscle fibers [with c (t) = 1 at maximum contrac-
tion, c (t) = 0 at complete relaxation]; a is a dimensionless
variable, ranging between 0 (conventionally correspond-
ing to the beginning of contraction) and 1, which repre-
sents the fraction of the muscle contraction-relaxation
cycle; Aim, TC, and Tim are parameters corresponding to
the peak value of intramuscular pressure, the overall dura-
tion of muscular contraction and duration of the muscular
contraction-relaxation cycle, respectively; the subscript
im indicates the intramuscular circulation; the subscript u
is used to indicate unstressed values; and P0 is a constant
parameter.

Table 2. Symbols’ description of the block diagram of CR1

Abbreviation Description

CaCO2 Carbon dioxide concentration in the arterial blood
CaO2 Oxygen concentration in the arterial blood
CvCO2 Carbon dioxide concentration in the venous blood
CvO2 Oxygen concentration in the venous blood
Emax,jv Regulated end-systolic elastance of each ventricle
faj Afferent activity from arterial baroreceptors, chemoreceptors, and lung-stretch receptors
FiCO2 Inspired fractions of dry carbon dioxide
FiO2 Inspired fractions of dry oxygen
fsj Activity in efferent sympathetic fibers directed to arterioles, veins, and heart
fv Efferent vagal activity
Gaw Airway flow gain factor
I The action of central command
MRTCO2 Tissue/carbon dioxide metabolic ratio
MRTO2 Tissue/oxygen metabolic ratio
MRV Metabolically related neural drive component to the ventilation
Nd Neural drive signal
Nt Central respiratory neuromuscular drive response
Pabd Abdominal pressure
PamCO2 Mean value of PaCO2 in each respiratory cycle
PamO2 Mean value of PaO2 in each respiratory cycle
Pao Pressure at the airway opening
PbCO2 Brain carbon dioxide partial pressure
PbmCO2 Mean value of PbCO2 in each respiratory cycle
Pim Intramuscular pressure
Ppl Intrapleural pressure
Psa Systemic arterial pressure signal
Pthor Intrathoracic pressure
Qjp Blood flow of each peripheral compartment
Qla Cardiac input to the left atrium
Qlv Cardiac output from left ventricle
Qpp Cardiac output from the pulmonary peripheral compartment
Qra Cardiac input to the right atrium
Qrv Cardiac output from left ventricle
Rjp Regulated resistance of each peripheral compartment
R0
jp Regulated resistance by the blood flow local control for each peripheral compartment

TC Overall duration of the muscular contraction
Tim Time duration of the muscular contraction-relaxation cycle
Vu,jv Regulated unstressed volume of each venous compartment
hsj Offset term representing the effect of the CNS ischemic response on the sympathetic fibers

directed to peripheral circulation, veins, and heart
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Pthor tð Þ ¼

Pthormax � Pthormax � Pthorminð Þ � Tresp
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� S 0 � S � TI
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� �
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� S � TI þ TE
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Pthormax
TI þ TE
Tresp

� S � 1

8>>>>>>>>><
>>>>>>>>>:

ð7Þ
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Pabdmax � Pabdmax � Pabdminð Þ � Tresp

TI=2
� S 0 � S � TI=2

Tresp

Pabdmin
TI=2
Tresp

� S � TI
Tresp

Pabdmax � Pabdmax � Pabdminð Þ � TI þ TE� Tresp � S
� �

TE
TI

Tresp
� S � TI þ TE

Tresp

Pabdmax
TI þ TE
Tresp

� S � 1

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

ð8Þ

Pjmax ¼ Pjmax;n þ gj � DVT ð9Þ

Pjmin ¼ Pjmin;n � gj � DVT ð10Þ
where Tresp is the respiratory period; TE is the expiration
time; Pthormin and Pabdmin denote the values of intrathoracic
and abdominal pressure at the end of inspiration; Pthormax

and Pabdmax are the values of the intrathoracic and abdomi-
nal pressures at the end of expiration and during the respira-
tory pause; S is a dimensionless variable ranging between 0
and 1, which represents the fraction of the respiratory cycle;
DVT is the change in tidal volume induced by exercise; g is a
constant gain factor related to tidal volume changes; the sub-
script j indicates the compartment abdominal (abd) and the
extravascular of the active muscle veins (thor); and the sub-
script n denotes nominal values.

This model does not implement the description of the tho-
racic cavity proposed by Magosso and Ursino (16). Instead,
the vena cava flow and pressure descriptions implemented
by Cheng et al. (22) and based on the work proposed by Lu et
al. (12) were included.

Cardiovascular controller.
The cardiovascular controller implemented is also largely
based on the work by Ursino and Magosso (24) and Magosso
and Ursino (23). It includes the blood flow local control, cen-
tral nervous system ischemic response, the afferent path-
ways, the efferent neural pathways, and the cardiovascular
effectors for reflex control. The blood flow local control com-
prises the vasodilatory effect on the cerebral, coronary, and
skeletal muscle (active and passive) vascular beds in
response to arterial oxygen and carbon dioxide. The central
nervous system ischemic response corresponds to the effect
of hypoxia on heart rate and systemic circulation, acting on
the cardiac and peripheral sympathetic nerves. The afferent
pathways comprise the action of carotid sinus baroreceptors,
peripheral chemoreceptors, and lung stretch receptors. The
afferent and central nervous system ischemic responses are
first processed at the level of the autonomic nervous system
in the efferent neural pathways, where the sympathetic and
parasympathetic activities are modulated. Finally, the sym-
pathetic and parasympathetic activity in the cardiovascular
effectors, coming from efferent pathways and local regula-
tion, regulate the heart period, maximum ventricular

contractilities, resistance of the systemic peripheral beds,
and systemic venous unstressed volumes.

Mechanisms related to response to aerobic exercise were
included in this controller. These mechanisms comprise the
effect of respiration on sympathetic and parasympathetic ac-
tivity proposed by Cheng et al. (22), the action mechanism of
central command proposed by Magosso and Ursino (16), and
a functional description of local metabolic vasodilation into
active muscles. The effect of respiration through the central
respiratory neuromuscular drive, arising from the respira-
tory centers and modulated by the respiratory autorhyth-
micity and ventilatory demand, influences the response in
the efferent pathways through a directly proportional effect
on sympathetic activity and inversely proportional effect on
parasympathetic activity (see Eqs. 11 and 12). The central
commandmechanism evaluated as the metabolic regulation
response, determined as a function of the AT and CO2 pro-
duction values at both rest and exercise, has a direct additive
effect on the effector pathways, exciting the sympathetic ac-
tivity and inhibiting the parasympathetic activity (see Eqs.
13 and 14) and an indirect vasodilator effect in response to
the absence of oxygen and metabolic changes over the sys-
temic peripheral vessels related to the active skeletal
muscles (see Eq. 15).

Nt ¼
ðTI
0

_VE � RRð Þdt ð11Þ

RR ¼ 1 t <TI
0 TI� t �Tresp

�
ð12Þ

where Nt is the central respiratory neuromuscular drive
response and RR represents the respiratory rhythm.

I ¼ MRTCO2 �MRTCO2basalð Þ
AT �MRTCO2basalð Þ ð13Þ

g i ¼
g i;min þ g i;max � exp

I�I0;i
kcc;i

� �

1 þ exp
I�I0;i
kcc;i

� � ð14Þ

where MRTCO2 basal is the value of basal metabolic pro-
duction rate for CO2 in tissues; g is an additive term
included in the expressions of sympathetic and parasympa-
thetic activity to relate the action of the central command;
I0 and kcc are constant parameter values; the subscript i =
sp, sv, and sh indicates sympathetic activity to peripheral
arteries, veins, and heart, and v denotes vagal activity; and
the subscripts min and max denotes lower or higher satura-
tion levels.

Ramp ¼ Ramp;n

1 þ xam;O2 þ xmetð Þ ð15Þ

where xam,O2 and xmet are state variables that represent the
effect of tissue hypoxia and of the other vasodilatory sub-
stances, respectively, and the subscript p indicates periph-
eral vascular compartment.

Although the activity of afferent chemoreceptors by
Magosso and Ursino in (16) was not incorporated based on
the consideration that PaO2 and PaCO2 exhibit insignificant
variations during aerobic exercise, in the present work their

CARDIORESPIRATORY MODEL FOR EXERCISE SIMULATION

AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00074.2020 � www.ajpheart.org H1241
Downloaded from journals.physiology.org/journal/ajpheart (147.083.132.102) on July 17, 2023.

http://www.ajpheart.org


action was implemented in accordance with Ursino and
Magosso (24).

Respiratory mechanics.
The model of respiratory mechanics is largely based on the
adaptation of themodel by Cheng et al. (22) made in the study
by Serna et al. (21). It comprises two compartments represent-
ing the pulmonary and upper airway mechanics. The modifi-
cations were implemented in the pulmonary mechanics,
specifically in the muscle pressure wave and the air move-
ment equation. The implemented muscle pressure equation
is the one proposed by Poon et al. (14), which is modeled as a
quadratic function during inspiration and an exponential
function during expiration (see Eq.16). The parameter values
that define these waveforms are the result of respiratory con-
troller regulation and are received in this system as an input
named neural drive response (Nd) (see Respiratory controller).
The volume and airflow signals are related to themuscle pres-
sure signal according to the air movement equation proposed
byM. Younes andW. Riddle (36–38):

PmuscðtÞ ¼
a0 þ a1 � t þ a2 � t2 0 � t � t1

Pmusc t1ð Þexp � t�t1ð Þ=tauð Þ t1 � t � t1 þ t2

8<
:

ð16Þ
where Pmusc (t) is the muscle pressure signal and a0, a1, a2, t1,
t2, and tau are the parameters resulting from the respiratory
controller regulation that define the respiratory waveforms.
They are received in this system as an input named neural
drive response (Nd). Pmusc (t1) is the peak inspiratory pres-
sure at time t1.

Respiratory controller.
The respiratory controller implemented in the proposed
model is based on the adaptation of the model by Fincham
and Tehrani (15) made in the study by Serna et al. (21), where
the information provided by the central chemoreceptors
(PmbCO2), peripheral chemoreceptors (PamO2 and PamCO2),
and the metabolically related neural drive component to the
ventilation (MRV) is used to estimate the ventilatory demand
of the subject (i.e., the needed ventilation to keep arterial
blood gases around their basal values; see Eqs. 17 and 18).
MRV represents the neurogenic mechanism of the respira-
tory control system during exercise, which is received in this
controller as an input, and it is a result of the gas exchange
system (seeGas exchange system):

_VA ¼ _VArest � KpCO2 � PamCO2 þ KcCO2 � PmbCO2 þ G3ð
þKcMRV �MRV� KbgÞ ð17Þ

G3 ¼
KpO2 � 104� PamO2ð Þ4:9 PamO2 < 104

0 PamO2 � 104

8<
: ð18Þ

where _VA and _VArest are the alveolar ventilation and its basal
value, respectively; PamO2, PamCO2 and PbmCO2 are the
mean values of PaO2, PaCO2, and PbCO2 in each respiratory
cycle; KpCO2, KcCO2, KpO2, and KcMRV are constant gain pa-
rameters for each receptor; and Kbg is the blood gas dissocia-
tion constant.

Instead of Otis’ optimization approach (39), from which
BF is calculated based on a steady-state minimization of

work of breathing (WOB) principle in (21), CR1 incorporates
the optimization approach formulated in Serna Higuita et al.
(40), wherein breathing pattern is adjusted at each cycle for
a specific level of ventilation (set point) by minimizing cycle-
cycle WOB (see Eqs. 19–24). It includes dynamic elements to
relate the neural activity with ventilatory mechanics (i.e.,
neuromechanics efficiency factors) (36–38), and it distin-
guishes between the respiratory mechanical work carried
out during inspiration ( _WI) and expiration ( _WE). So, it does
fit not only the ventilation but also those variables associated
with the overall breathing pattern, VT, BF, TI and TE.

_WT ¼ _WI þ l 2 � _WE ð19Þ

_WI ¼ 1
t1 þ t2ð Þ

ðt1
0

Pmusc tð Þ
j n
1 j

n
2

þ l 1 � €V tð Þ2
" #

dt ð20Þ

_WE ¼ 1
t1 þ t2ð Þ

ðt1þ t2

t1

€V tð Þ2dt ð21Þ

Nd ¼ a0; a1; a2; tau; t1; t2½ � ð22Þ

TI ¼ t1 ð23Þ

BF ¼ 1=ðt1 þ t2Þ ð24Þ
where _WT represents the total mechanical work; _WI is me-
chanical work of the inspiratory phase; _WE is mechanical
work of the expiratory phase; j 1 and j 2 are efficiency fac-
tors; Nd is the neural drive signal, which defines the
breathing pattern subject; l 1 and l 2 are weighting factor;
and n is a parameter that denote power index of efficiency
factor.

For a respiratory cycle, the total mechanical work ( _WT) is
formulated as a weighting sum of _WI and _WE. _WI and _WE are
represented as defined integrals, depending on muscle pres-
sure [P(t)], respiratory volume [V(t)], and airflow [ _V tð Þ] wave-
forms. Specifically, _WI is defined as an integral of a weigh-
ting sum between two components, the first one related to
the product of P(t) and _V tð Þ and the second one related to air-
flow rate, €V tð Þ. Additionally, the first component is divided
by efficiency factors that allow for considering the effects of
respiratory-mechanical limitation, the decreases of neuro-
mechanics efficiency with increasing respiratory efforts (14,
37, 41), and the non-linear variation of such as efficiencies.
_WE is defined as an integral of €V tð Þ. Physio-logical reasons
that motivated to formulate such as works are mainly related
to the respiratory muscles control, i.e., minimizing the oxy-
gen consumption during ventilation and avoiding harmful
effects related to high-pressure airflow rates (14, 41).

The two weighting factors of WOB and the nonlinear vari-
ation of mechanical plant efficiency are controller parame-
ters that should be estimated by fitting techniques that
guarantee a proper breathing pattern prediction (i.e., a good
adjustment to experimental data). Taking into account the
features of the patients under study (healthy subjects under
exercise stimulus), the parameter values published by Serna
Higuita et al. (40) were considered in this study. Therefore,
the respiratory controller is formulated as an optimal control-
ler minimizing _WT by optimizing those parameters defining
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the respiratory waveforms. The same procedure used by
Serna Higuita et al. (40) for the breathing pattern optimiza-
tion was used in this work, so it is not detailed herein by brev-
ity. A detailed description of relationships described above
is provided in the Supplemental Material; subsection 4.2
(Supplemental Material for this article can be found online at
https://doi.org/10.6084/m9.figshare.13107500).

Gas exchange system.
The gas exchange system of the present model is broadly
based on the work proposed by Serna et al. (21). It consists of
an adaptation of the work of Cheng et al. (22) that includes a
separate description of the oxygen consumption and CO2

production in both brain and tissues, a detailed description
of the gas exchange at the cerebral level, and the determina-
tion of the dead space volume as a function of the alveolar
flow. The cardiovascular system and respiratory mechanics
interact through this system in order to regulate the concen-
tration of blood gases. This system includes mechanisms
related to the identification of dead space gas pressures, pul-
monary gas exchange, mechanisms of mixing, convection,
and dissociation of blood gas, and transport and exchange of
blood gas in both brain and tissue levels. Regarding the exer-
cise, it also integrates a mechanism for the identification of
the metabolic rate ratio that relates the level of exercise
regarding the MRTCO2 and MRTO2 values, which are neces-
sary for the respiratory regulation (see Eqs. 25–28).

M0RR ¼ MRBCO2 þ MRBO2 þ MRTCO2 þ MRTO2ð Þ
MRBCO2 þ MRBO2 þ MRTCO2basal þ MRTO2basalð Þ

ð25Þ

MRR ¼
M0RR M0RR � 1

1 M0RR < 1

(
ð26Þ

tMRV � dM
0RV
dt

¼ MRR� 1ð Þ �M0RV ð27Þ

MRV ¼ M0RV M0RV � 0 & MRR > 1

0 M0RV < 0 j MRR � 1

(
ð28Þ

where MRR is the metabolic rate ratio and MRV is the meta-
bolically related neural drive component to ventilation.
MRBCO2 and MRBO2 are the metabolic production and con-
sumption rate for CO2 and O2 in the brain tissue, respec-
tively; MRTO2 basal is the value of basal metabolic
consumption rate for O2 in tissues; tMRV is a metabolic rate
time constant.

Modifications of the cardiac output were made in order to
obtainmore realistic results of the transport and exchange of
blood gases in the brain and tissues. Instead of assigning a
total cardiac output percentage to the brain and tissue perfu-
sion (0.85Qpp and 0.15Qpp, respectively), the specific blood
flow signals of the tissues and the brain were taken directly
from the cardiovascular system to be used in the gas trans-
port compartments (see Qjp and Qpp in Fig. 1). In this way,
Qbp is used to calculate the brain venous blood pressure of
CO2 (PvbCO2; see Eq. 29) and the blood flow in the tissues
(QT) the values of venous blood concentrations for CO2 and
O2 (CvCO2 and CvCO2, respectively) (see Eqs. 30–32).

SbCO2 � dPvbCO2

dt
¼ MRBCO2 þ Qbp � SCO2 PaCO2 � PvbCO2ð Þ � h

ð29Þ

QT ¼ Qpp � Qbp ð30Þ

VTCO2 � dCvCO2

dt
¼ MRTCO2 þ QT CaCO2 � CvCO2ð Þ ð31Þ

VTO2 � dCvO2

dt
¼ �MRTO2 þ QT CaO2 � CvO2ð Þ ð32Þ

where SbCO2 is the dissociation slope for CO2 in the brain tis-
sue; SCO2 is the dissociation slope for CO2 in the blood; h is
the cerebral blood flow constant; and VTCO2 and VTO2 are
the body tissue storage volume for CO2 and O2, respectively.

Parameter Assignment

This section describes how the parameter values of themodel
CR1 were assigned in order to correctly adapt the different inte-
grated systems, controllers, and mechanisms. The parameter
values weremostly taken from each of themodels on which the
systems and controllers are based, except for some modifica-
tions associated with the exercise mechanisms included, which
are described below for each system and controller.

All of the parameters discussed below have been assigned
with reference to the characteristics of the same subject rep-
resented by the models on which it is based (a healthy sub-
ject of 	70 kg), and the values modifications were aimed at
achieving the equivalence. Only the parameter values
related to the main changes are presented in this section.
The complete list of model parameters, the values used, and
their descriptions are given in the Supplemental Material.

Cardiovascular system parameters.
The parameter values of the cardiovascular system, corre-
sponding to resistances, compliances, and unstressed vol-
umes, have been taken mainly from the model reported by
Cheng et al. (22), but some of them were modified due to the
addition of the active skeletal muscle compartments. This
distinction between passive and active muscle compart-
ments was applied in the work by Magosso and Ursino (16)
and aims to evaluate the effect of the local vascular control
processes of the muscles during exercise on the cardiovascu-
lar response (see the reference work for more details). The
modifications were made in accordance with the conserva-
tive strategy proposed by Magosso and Ursino (16), where,
considering that the characteristics of resistance, compli-
ance, and unstressed volumes for the subject represented by
the model do not vary with respect to those previously
reported by Cheng et al. (22) and Serna et al. (21), the values
of the parameters related to these characteristics in each
compartment are calculated according to the proportion rep-
resented. The modified parameter values regarding the work
by Cheng et al. (22) can be found in Table 3.

Cardiovascular controller parameters.
The parameter assignment of the cardiovascular control sys-
tem depends on each included mechanism. The parameter
values are taken mostly from work by Cheng et al. (22).
Those related to the central command mechanism are taken
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from the work by Magosso and Ursino (16). Some parame-
ters value were taken from the work of Albanese et al. (20),
considering its good performance to predict both heart
rate and systemic arterial pressure. These values, which
are related to the central nervous system ischemic
response, the afferent pathways, and the efferent neural
pathways, are based on the previous work by Ursino and
Magosso (24) and Magosso and Ursino (23) or are the result
of modifications made by these authors [see the reference
work of Albanese et al. (20) for more details]. The values of
Wp,sv and Wb,sv were assigned maintaining the equality
relation proposed by Cheng et al. (22) and Magosso and
Ursino (23) regarding the values of Wp,sp and Wb,sp. Table 4
shows the values of parameters taken from the work of
Albanese et al. (20).

Respiratory mechanics parameters.
The parameter values of the respiratory mechanics largely
have been taken from Serna et al. (21), using for the overall
resistance (Rrs) and elastance (Ers) the healthy people values

reported by Poon et al. (14). According to this change, the
compartmental values (RCW, RL, RAW, Ecw, and EL) were cal-
culated maintaining the proportion regarding the Rrs and Ers

values used in the Serna et al. (21) model. The modified val-
ues are shown in Table 5.

Respiratory controller parameters.
The parameter values of the respiratory controller corre-
spond to those published by Serna et al. (40), specifically,
those related to the weighting factors of the inspiratory and
expiratory WOB, the respiratory efficiency factors, and their
nonlinear variation (see Table 6). The efficiency factors allow
for considering the effects of respiratory-mechanical limita-
tion and the decreases of neuromechanics efficiency with
increasing respiratory efforts (14). They depend on the pa-
rameters Pmax and _Pmax, whose values are those reported for
a healthy subject in Serna Higuita et al. (40) and Poon et al.
(14), respectively. Mathematical expressions relating them
can be found in the Supplemental Material, subsection 4.2,
Eqs. 145 and 146.

Gas exchange system parameters.
The parameter values of the gas exchange system corre-
spond to those used by Serna et al. (21). Most of them are
based on the work of Cheng et al. (22) and Fincham and
Tehrani (15), but others were modified considering average
values of the experimental data (see the reference work for
more detail). Table 7 shows the values of the modified pa-
rameters in the work of Serna et al. (21).

Simulation

To evaluate whether CR1 is suitable to predict the cardior-
espiratory response of a healthy human in rest and aerobic
exercise, a comparison of model simulation results with two
known cardiorespiratory models (20, 21) and experimental
data was proposed. The experimental data corresponded to
those obtained by the experimental test and the data proc-
essing described in this work (see Experimental Design and
Experimental Data Processing). The models whose simula-
tion results were compared are described below (see Model

Table 3. Parameters of the cardiovascular system

Unstressed Volume, mL

Hydraulic Resistance,

mmHg·s/mL Compliance, mL/mmHg

Vu,amp = 63.48 Ramp,0 = 3.51 Camp = 0.315
Vu,rmp = 42.3 Rrmp,0 = 5.27 Crmp = 0.21
Vu,amv0 = 301.96 Ramv,n = 0.0833 Camv = 9.4
Vu,rmv0 = 201.30 Rrmv,n = 0.125 Crmv = 6.28
Vu,sv0 = 1435.4 Rsp,0 = 2.49
Vu,ev0 = 640.73 Rep,0 = 1.655

Vu,amp and Vu,rmp are the peripheral unstressed volume in active
and resting skeletal muscle; Vu,amv0, Vu,rmv0, Vu,sv0, and Vu,ev0 are
the basal level of venous unstressed volume in active and resting
skeletal muscle and splanchnic and extra-splanchnic circulation,
respectively; Ramp,0, Rrmp,0, Rsp,0, and Rep,0 are the peripheral re-
sistance in active and resting skeletal muscle and splanchnic and
remaining extra-splanchnic vascular beds, respectively; Ramv,n and
Rrmv,n are the venous resistance in active and resting skeletal mus-
cle, respectively; camp and crmp are the peripheral compliance in
active and resting skeletal muscle, respectively; camv and crmv are
the venous compliance in active and resting skeletal muscle,
respectively.

Table 4. Parameters of the cardiovascular controller

Central Nervous System Ischemic Response
kisc,sh = 6mmHg xsh = 53 spikes/s

Afferent pathway
Gap = 11.76 spikes·L–1·s–1

Efferent pathways
Wc,sp = 1.716 Wp,sp = –0.3997 Wb,sp = –1.1375
Wc,sv = 1.716 Wp,sv = –0.3997 Wb,sv = –1.1375
Wc,sh = 1 Wp,sh = 0 Wb,sh = –1.75
Wc,v = 0.2 Wp,v = –0.103

kisc,sh is a gain parameter related to the heart sympathetic activity;
xsh is a saturation for the offset of heart sympathetic activity; Gap is a
constant gain related with the lung stretch receptors reflex; Wc,sp,
Wc,sv, Wc,sh, and Wc,v are the chemoreflex gain for the peripheral re-
sistance, unstressed venous volume, heart sympathetic, and para-
sympathetic activity, respectively; Wp,sp, Wp,sv, Wp,sh, and Wp,v are
the lung stretch receptor reflex gain for the peripheral resistance,
unstressed venous volume, heart sympathetic activity, and parasym-
pathetic activity, respectively; Wb,sp, Wb,sv, and Wb,sh are the carotid
baroreceptor gain for the peripheral resistance, unstressed venous
volume, and heart sympathetic activity, respectively.

Table 5. Parameters of respiratory mechanics

Resistance, cmH2O·s/L Elastance, cmH2O/L

Rrs = 3.02 Ers = 21.9
RCW = 0.8326 Ecw = 10.545
RL = 1.3661 EL = 10.545
RAW = 0.82128

ECW, chest wall elastance; EL, lung transmural elastance; RAW,
airway wall resistance; RCW, the chest wall resistance; RL, lung
transmural resistance.

Table 6. Parameters of the respiratory controller

Breathing Pattern Optimizer

k1 = 0.860 k2 = 0.489 n = 1.101
Pmax = 50 cmH2O _Pmax ¼ 1000 cmH2O=s

k1 and k2 are weighing factors of the inspiratory and expiratory
work; n defines the nonlinear variation of the mechanical plant ef-
ficiency; pmax is the maximum inspiratory muscle pressure; _Pmax is
the maximum pressure rate during inspiration.
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simulation results comparison). Considering the different
specifications and constraints related to each model devel-
opment, a standardization of the simulation conditions of all
models was carried out. The simulation results were com-
pared in both transient and steady state to verify the models’
ability to predict the dynamics of the responses during stim-
ulus transitions and once settling time has been achieved,
respectively (see Steady-state simulation and Transient sim-
ulation). Because none of them consider the workload as a
input variable, the simulation of the stimulus (rest and dif-
ferent levels of aerobic exercise) and the comparison with ex-
perimental data were performed considering the values of
_VO2 and _VCO2 as reference (see Inputs and standardization
of simulation conditions, Steady-state simulation, and
Transient simulation for the description of the simulations
and comparison in steady-state and transitory regime).
Additionally, a sensitivity analysis was carried out to evalu-
ate the individual role of each exercise mechanism included
and adapted to the built model (see Sensitivity analysis).

The methodology implemented in this work is based on
previous works of development, validation, and evaluation
of physiological models (16, 18), among which the works of
CR2 and CR3 are specifically included (1, 20, 21).

Model simulation results comparison.
The comparison between results ofmodel simulation regard-
ing experimental data was added to this work in order to 1)
evaluate that the integration and adaptation of the different
systems, controllers, and mechanisms implemented were
adequate and allowed the proposed model to predict the
healthy human response in rest and aerobic exercise and 2)
analyze the differences and improvements of the built
model, from a structural perspective, in regard to two of the
most current and complete cardiorespiratory models vali-
dated under resting conditions. The implemented strategy is
based on previous works of development, validation, and
comparison of physiological models and contemplates quan-
titative and qualitative evaluations of the responses in steady
state and transient regimen (1, 16, 18, 19, 21, 22).

The selection criteria of models to be studied were models
comprising complete self-regulation of the cardiovascular
and respiratory systems, models including variables result-
ing from the regulatory processes that correspond to those
experimentally available, and models including at least the
same processes and controllers of the evaluated model (CR1),

and they allow the simulation of aerobic exercise stimulus.
The models of Albanese et al. (20) (CR2) and Serna et al. (21)
(CR3), which correspond to two of themost current and com-
plete cardiorespiratory models, were selected. A qualitative
description of each model is presented below. The equations
and parameters of each model will not be presented in this
paper for reasons of brevity; the interested reader can refer
to the referenced studies for details.
CR2model. CR2 is an integratedmodel focused on a finer

description of cardiorespiratory interactions and their re-
spective control mechanisms (20). This model is based on
previous models of different authors, highlighting mainly
the works of Ursino and Magosso (24) and Magosso and
Ursino (23) regarding the cardiovascular system and cardio-
vascular control. Its development and validation are based
mainly on the analysis of hypercapnic and hypoxic stimuli,
and it has been applied in works related to the estimation of
respiratory work in a noninvasive way and studies of me-
chanical ventilation (42, 43).

The model can generate physiological variable values
typically observed in adult humans under normal, hyper-
capnic, and hypoxic conditions. Although this model has
not been fitted or validated to simulate aerobic exercise, it
can be evaluated by the modification of parameter values
related to metabolic rates. Some of its main features
include the consideration of a pulmonary shunt in the car-
diovascular and gas exchange systems, the inclusion of a
thoracic vein compartment in the systemic circulation, the
consideration of intrapleural pressure as a reference of
extravascular pressure, the inclusion of chest-wall and
pleural pressure dynamics in the respiratory systemmodel,
the description of gas exchange and venous gas transport
for each systemic peripheral and venous compartments,
and the inclusion of a more detailed afferent chemorecep-
tor pathway model (44).
CR3 model. CR3 is a cardiorespiratory model focused on

the respiratory dynamics under the stimulus of moderate
exercise (21). It is based mainly on the work by Cheng and
Khoo (17), which corresponds to one of the most comprehen-
sive cardiorespiratory models, widely validated and applied
to simulate control dynamics during wakefulness and sleep.
This model incorporates modifications adapted from the
work by Fincham and Tehrani (15), related to a better
response of the respiratory system, its controller, and the gas
exchange plant under aerobic exercise stimulus.

Table 7. Parameters of the gas exchange system

Gas Exchange and Mixing
b 1 = 0.008275

Gas Transport in the brain compartment
MRBCO2 = 0.0009 L/s STPD KCSFCO2 = 320 s h = 0.0183 mL/(100 g·s)
MRBO2 =0.000925 L/s STPD KCCO2 = 346000 s·cm�2·L�1 dc = 0.015 cm

Gas transport in body tissues compartment
VTCO2 = 15 L MRTCO2basal = 0.0033333 L/s STPD MRCO2 = 0.016667 L/s STPD
VTO2 = 6 L MRTO2basal =0.0041667 L/s STPD MRO2 = 0.020833 L/s STPD
sMR=50 s

b 1 is a parameter associated with the bohr and haldane effects regarding the O2 dissociation in blood; MRBCO2 and MRBO2 are the
metabolic production rate for CO2 and O2 in the brain tissue, respectively; KCCO2 is the CO2 central receptor constant; KCSFCO2 is the
CO2 diffusion time constant of cerebrospinal fluid; h is the cerebral blood flow constant; d is the depth of central receptor below the sur-
face of the medulla; VTCO2 and VTO2 are the body tissue storage volume for CO2 and O2, respectively; MRTCO2 basal and MRTO2 basal
are the basal metabolic production rate for CO2 and consumption rate for O2, respectively; MRCO2 and MRO2 are the rates of production
and consumption of CO2 and O2, respectively; sMR is the metabolic rate time constant; STPD is standard temperature and pressure, dry.
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CR3 was fitted and validated regarding experimental data
of a cardiopulmonary exercise test, and its main feature con-
sists of the incorporation of the adjustment of breathing pat-
tern by using the optimization criteria set by Otis et al. (39).

Inputs and standardization of simulation conditions.
The simulation results of the models were evaluated consid-
ering different levels of exercise. The _VO2 and _VCO2 parame-
ters were used as inputs to simulate the exercise stimulus.
This choice is justified considering that themodels evaluated
do not incorporate the exercise workload as a possible input
parameter, it has been shown that themetabolic rates of con-
sumption and production of gases are directly related to the
body’s response during exercise, and its variation has been
applied in different works for the simulation of this stimulus
(14, 19, 45, 46). The _VO2 and _VCO2 simulated values corre-
spond to experimental population values, all under nor-
moxic conditions, applied in the gas exchange systems of
each model, and considering that the input variations were
only applied to organs different to the brain. Due to the spec-
ificity of the gas exchange system of CR2 with respect to CR1
and CR3, the simulated values of _VO2 and _VCO2 for this
model in each organ were calculated in agreement with the
respective proportion of the total CO2 production and O2

consumption reported by Albanese et al. (20).
Considering the different specifications and constraints

related to the development of each model when they were
designed and validated by their authors (characteristics of
the population, the environmental conditions, and the stim-
ulus of interest), a standardization of the simulation condi-
tions for all models was carried out. In this procedure,
focused on bringing the simulation conditions of the three
models as close as possible to the experimental data used as
reference, some parameters were replaced by data obtained
from the cardiopulmonary exercise test (such as the average
anthropometric data, associated with environmental condi-
tions or characteristics of the experiment). None of the
model parameters was adjusted or modified based on the
output cardiorespiratory variables to be reproduced. The val-
ues of these model parameters were established in the cur-
rent study in a similar way to how other authors have
previously calculated and published with respect to other ex-
perimental data (13, 21). Some values were established con-
sidering the direct equivalence of the parameters with
respect to the average characteristics of the experimental
data, and others correspond to the application of previously
reported and widely validated equations. Most of the modifi-
cations corresponded to common parameters among the
three models, although there were also particular cases
related to the structural characteristics of each one. The pa-
rameters that were not modified as part of the standardiza-
tion, because they were not related to the available exp-
erimental measures, were equivalent to the nominal values
reported for eachmodel, which in the case of CR1 correspond
to those presented in the Supplemental Material.

Parameters related to inspiratory gas fractions (FiO2 and
FiOC2) and Patm were selected considering the influence of
environmental conditions, and their values were replaced by
those registered experimentally. Parameters such as the ba-
sal respiratory tidal volume (VTn), basal metabolic rates,
mean AT, inspiratory/expiratory time ratio at rest (IEration),

total blood volume (Vtot), and constant unstressed values of
blood volumes were selected considering the subjects’ char-
acteristics, and their values were modified by experimental
measures or estimates derived from applying equations. The
metabolic rates TC and Tim were selected as parameters
related to stimuli, and their values were replaced by experi-
mentally recorded measurements. VTn, mean AT, TC, and
Tim are specific parameters for CR1 due to the adapted cardi-
ovascular mechanisms effect on the cardiovascular system,
and IEration was used only for the CR2 model to bring it
closer to the experimental data, although this variable is not
autoregulated, and its value remains constant.

The mean AT value was calculated using the procedure
described in Data restriction to aerobic exercise. The total
blood volume in milliliters was estimated as a function of
the body surface area (BSA) in m2 using Eq. 34 (52). BSA was
calculated as a function of the mean values of the height in
centimeters and weight in kilograms using Eq. 33 (53). The
parameters related to the blood volumes in the models, cor-
responding to the unstressed volumes, were calculated as
the proportion of the total blood volume as reported for each
model.

BSA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Weigth �Highð Þ

3600

r
ð33Þ

Vtot ¼ 1000 3:29 � BSA � 1:29ð Þ ð34Þ

Steady-state simulation.
The steady-state models’ performance was evaluated by cal-
culating the prediction capability of each one regarding the
steady-state experimental measurements of the cardiorespir-
atory variables. Variations of _VO2 and _VCO2 were simulated
as eight consecutive, equidistant, and incremental steps
from rest to moderate exercise, taking as a reference their re-
spective mean experimental value from rest to AT (see the
Tables 9 and 10). The simulation time for each step was
3,000s, which was enough to guarantee the settling time of

Table 8. Sensitivity and linearity results for cardiorespira-
tory variables under incremental exercise

Variable Slope (
10�3) Coefficient of Determination (%)

_VCO2 20.4 ± 3.4 98.2 ± 1.1
_VO2 17.1 ± 2.6 98.8 ± 0.8
_VE 16.5 ± 3.6 96.4 ± 2.3
VT 8.9 ± 2.4 95.3 ± 7.0
HR 5.2 ± 1.5 94.7 ± 16.4
BF 3.6 ± 1.8 71.4 ± 25.8
TI 2.3 ± 1.1 61.9 ± 32.1
PS 2.1 ± 0.8 86.8 ± 9.2
PM 1.2 ± 0.7 55.3 ± 29.7
PD 1.0 ± 0.8 36.3 ± 32.4
PAO2 0.6 ± 0.5 54.2 ± 34.3
PACO2 0.3 ± 0.3 36.1 ± 30.0

Values shown correspond to the mean ± SD of the slope and
coefficient of determination values as a function of the load of the
cardiorespiratory variables for the 30 healthy subjects under the
incremental exercise stimulus. BF, breathing frequency; HR, heart
rate; PACO2, alveolar partial pressure of CO2; PAO2, alveolar partial
pressure of O2; PD, diastolic blood pressure; PM, mean arterial
blood pressure; PS, systolic blood pressure; TI, inspiratory time;
_VCO2, carbon dioxide production; _VE, minute ventilation; _VO2,
oxygen uptake; VT, tidal volume.
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all the simulated variables in each model and covers the val-
ues reported by all authors. The model responses in steady
state corresponded to themean values of each variable at the
last minute of each simulated input step.

Transient simulation.
The models’ transient performance was evaluated through
two simulation settings: first, using the simulation of three
consecutive load steps, and second, using the simulation of a
single load step. Both evaluations were performed varying
_VO2 and _VCO2 variables according to experimental data
and restricted to be below the AT of each subject. With the
aim of comparing the subject’s dynamic responses to exer-
cise, simulation results are presented as percentage changes
in the analyzed variables regarding their initial value.
Systemic arterial pressures were not evaluated in this case
because only their steady-state experimental values were
available.

The first simulation aims to analyze in detail the mod-
els’ predictions under the same conditions of the experi-
mental test in the aerobic exercise range. The simulation
inputs correspond to the continuous changes of the exper-
imental values of _VO2 and _VCO2 for each subject between
the end of the warming phase to the end of the third load
step of the exercise phase. The total simulation time was
900 s and corresponded to the experimental duration of
the evaluated load steps. The final prediction results of each
model for each variable correspond to the average of the pre-
dictions performed for all subjects. The loading steps were
selected considering that, in each step, all subjects are al-
ready prepared for the exercise, and most of them do not
reach their AT.

The second simulation aims to analyze in detail the dy-
namics of the results under a load change, especially evalu-
ating the time in which the predictions reach a steady state.
Single steps of _VO2 and _VCO2 were simulated as inputs,
varying their values between the respective experimental
data at the beginning and at the end of the first load step of
the exercise phase. The load step was selected considering
that the subjects were already prepared for the exercise, and
during this load most of them do not reach their AT. The
simulated input values correspond to the mean experimen-
tal values of _VO2 and _VCO2 in the last minute at the end of
the warming phase and at the end of the first load step of the
exercise phase. The simulation time for the step was 3,000s
like in the steady-state simulation because it covers the set-
tling time reported by all authors, even though the simula-
tion time was longer than the experimental record, and the
experimental inputs do not represent an ideal step input.

Sensitivity analysis.
Although each of the exercise mechanisms included have
previously been validated, considering the differences
between themodels and conditions in which they were origi-
nally implemented, a sensitivity analysis was applied to
compare the role and impact of each one in CR1. The sensi-
tivity analysis allows for getting the percent changes of the
CR1 predictions in response to an increase in stimulus from
rest to a level of aerobic exercise, first when all mechanisms
are intact and then after selective exclusion of a singlemech-
anism. The variables, their measurements, and the simula-
tion characteristics of the stimulus are the same as those
evaluated for steady-state simulation, but only until reach-
ing a _VCO2 value of 0.7L/min, equivalent to an intermediate
stimulus level between rest and AT. The mechanisms eval-
uated correspond to those listed and described in the model
development (see theModel Building). The action of the cen-
tral respiratory neuromuscular drive (NT) and the central
command (I-EP) on the sympathetic and parasympathetic
efferent control activities and the neural driving component
metabolically related to ventilation (MRV) were excluded by
opening their corresponding feedback loop (see Eqs. 11, 14,
and 17). For the exclusion of the mechanisms associated with
the separate description of the active muscles (V-Ramv), it
was assumed that the behavior of Ramv did not vary with
respect to the other vascular beds, depending on I (see Eq. 3).
The effect of the muscle pump on venous return (MP) was
excluded assuming that Pim is constant and equal to zero
and that Pamv has the same behavior as venous pressure in
the other venous vascular beds (see Eqs. 4–6). The effect of
the respiratory pump (RP) was excluded considering the val-
ues of Pabd and Pthor constant and equal to the mean of their
respective maximum and minimum reported nominal val-
ues (see Eqs. 7–10). The vasodilator action on active muscles
due to the central command (I-Ramp) was excluded assuming
that xam,O2 does not vary as a function of I (remaining at its
nominal value) and making xmet equals to zero (see Eq. 15).
The effect of using blood flow signals from the cardiovascu-
lar system in the gas exchange system (Q-GES) was excluded
assuming that cerebral and tissue perfusion correspond to a
percentage of total cardiac output, as proposed in the base
model (85% and 15%, respectively) (see Eqs. 29–32) (21).
Finally, to exclude the respiratory control approach focused
on minimizing the mechanical work of breathing (minWOB)
and, therefore, the related respiratory mechanics (see Eqs.
19–24 and Eq. 16), they were replaced by those originally
proposed in the basemodel (21).

Computational Implementation and Data Analysis

All models were implemented in SIMULINK/MATLAB.
The numerical solver and simulation characteristics used for
the CR2 and CR3 models were the same reported in their re-
spective works (20, 21). For CR1 and CR3, the Bogacki and
Shampine BS23 algorithm for the solution of ordinary non-
rigid differential equations was implemented (ODE23), and a
variable step size between 1 
 10–2 s and 1 
 10–3 s was used.
For CR2, the fourth-order Runge-Kutta method for numeri-
cal integration of the differential equations was imple-
mented (ODE4), and a fixed-step size of 6 
 10–4 s was used.

Table 9. Values of ventilatory and AT results

Variable Ventilatory Threshold AT

_VE, L/min 41.0 ± 11.6 30.6 ± 9.0
_VCO2, L/min 1.4 ± 0.4 1.0 ± 0.3
_VO2, L/min 1.4 ± 0.4 1.1 ± 0.3

Values shown correspond to the mean ± SD of minute ventilation
( _VE), carbon dioxide production ( _VCO2), and oxygen uptake ( _VO2) of
the 30 subjects at which the ventilatory threshold and anaerobic
threshold (AT) were reached under incremental exercise stimulus.
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The simulation of each model was run once, considering
that none of them had stochastic characteristics.

The calculations applied to analyze the experimental data
and to quantitatively assess the prediction capability and the
dynamics of the models are described below.

Prediction error.
A comparison of every model prediction regarding each sub-
ject experimental data was evaluated quantitatively by the
prediction error (PE) calculated from variables in steady
state. The analyzed cardiorespiratory variables are the
following:

• _VE, TI, VT, and BF, which provide information about
the respiratory mechanics and controller,

• HR, PS, PD, and PM, which provide information about
the cardiovascular system and controller,

• PAO2 and PACO2, which provide information about the
gas exchange system.

PE was calculated by measuring the percentage differen-
ces between simulated results (sim) and experimental data
(exp), using Eq. 35 as follows:

PE %ð Þ ¼ 100 � 1
N

XN
j¼1

Mediani;k





 yexpi;j;k
� ysimi;j;k

yexpi;j;k






 ! !

ð35Þ
where yexp is the experimental variable value; ysim is the sim-
ulation prediction value; N denotes the number of variables;
and i, j, and k are indexes that represent each subject, vari-
able, and stimulus level, respectively.

The metric presented is based on the measurement of the
absolute mean error, and its selection obeys the following
considerations. 1) It allows the direct interpretation of the
deviation from predictions as a proportion of the experimen-
tal data, and 2) the application of the median allows for eval-
uating the trend of the results for the variables considering a
nonnormal distribution regarding the population evaluated.

Settling time.
To assess the model’s response speed to changes in their
inputs, we measured the settling time of the analyzed varia-
bles for the single load step simulation. Its calculation con-
sisted of finding the time for which the prediction varies less
than±5% of the final simulated value.

Statistical analysis.
The results of the experimental data processing are pre-
sented as the mean value and its standard deviation.
Nonparametric tests were used to identify statistical differ-
ences, with a significance level of P � 0.05. The Friedman
test was implemented to identify differences between the
model prediction error, and the Wilcoxon-Mann-Whitney
test was used to identify the model with the best fitting to ex-
perimental data.

RESULTS

Experimental Data of Cardiopulmonary Exercise Test

Figure 2 shows the results of the cardiopulmonary exercise
test. This figure shows the experimental data of the 30

registered subjects and their mean trend, detailing the differ-
ent phases and loads applied regarding the time.

The following experimental behaviors in response to the
increase in the level of exercise are mainly highlighted: 1) rel-
atively linear increases in _VCO2 and _VO2 with respect to the
increase in load, similar to the results obtained in previous
studies and which corroborate the use of these variables in
past works as input signals for the simulation of the stimulus
(14, 19, 26, 46); 2) slight changes in PACO2 and PAO2 which,
according to previous studies (6, 7), are related to changes in
blood gas concentrations and pressures and which attempt
to be regulated by cardiovascular and respiratory changes;
and 3) increases in HR, PS, PM, BF, VT, and _VE and
decreases in TI, consistent with what is normally reported
under exercise and which is related to the response of the
cardiovascular and respiratory systems in an attempt to reg-
ulate gas exchange during exercise (6, 7).

Table 8 shows the results of the sensitivity and linearity of
every variable. The obtained results allow for classifying the
variables into three groups. The first group is formed by
_VCO2, _VO2, _VE, VT, and HR, the variables with both the
highest sensitivity to the exercise stimulus and the most lin-
ear behavior (coefficient of determination>90%), and the
second group is formed by BF, TI, PS, PM, and PD, with lower
slopes and coefficient of determination. Finally, the third
group is formed by PACO2 and PAO2, the variables with the
lowest slopes. Regarding the dispersion of the data, for the
sensitivity results, in general, there is an opposite relation-
ship with the magnitude of the calculated slope, allowing for
classifying the variables in three groups similar to those pre-
viously described, whereas the linearity dispersion enables
the classification of the variables into two groups: the first
one formed by _VCO2, _VO2, _VE, and VT, corresponding to the
variables having the lower dispersion values, and HR, BF, TI,
PS, PM, PD, PACO2 and PAO2 to those with higher dispersion
values.

Table 9 presents the mean value and the standard devia-
tion of AT and ventilatory threshold of _VCO2, _VO2, and _VE
obtained from the 30 subjects according to the algorithm of
calculation implemented. Concerning the load, AT was
reached between the second and third load step of the exer-
cise phase for most subjects.

Simulation Results

Table 10 shows the inputs and parameter values calcu-
lated from the experimental data for setting the simulations.
FiO2 and FiCO2 were calculated at atmospheric pressure of
640mmHg using their corresponding partial pressure. Only
the minimum common values of _VCO2 and _VO2 of the sub-
jects are presented. The maximum values used for the simu-
lations correspond to the results related to AT already
presented. The used values of Tim and TC were the same pro-
posed byMagosso and Ursino (16).

Table 11 shows the parameter values calculated for the
unstressed blood volumes. These results exhibited common
parameters with similar values between the models. The
main differences among them are presented in CR1, and
they are related to the exercise mechanisms, mainly about
the behavior of blood vessels in muscle compartments (see
the Cardiovascular system).
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Steady-state response.
Figure 3 shows the steady-state results of the models’ predic-
tions for the _VE, VT, BF, TI, HR, PS, PM, PD, PACO2, and
PAO2 variables when eight equidistant step inputs of _VCO2,
from 0.3 L/min to 1.0 L/min, were applied. It compares the
models’ prediction results with the experimental data re-
stricted toAT of each subject and all subjects’ averages.

The experimental results in steady state confirm the linear
behavior of _VE by increasing the exercise (28). Simulation
results of all models have responses similar to those
expected due to the increase in exercise, with some excep-
tions. In CR2, PAO2 extremely differs from experimental data
above 0.5 L/min _VCO2. Moreover, most predictions show
behaviors similar to first- or second- degree polynomial

relationships regarding the stimulus, except in PM, PS, and
PD in CR1, whose dynamic cannot be approximated to such
relationships. On the other hand, the CR1 predictions pres-
ent the best fit to the experimental mean value for _VE, VT,
TI, and PD; the CR3 predictions present the best fit to the ex-
perimental mean value for BF, HR, PS, PACO2, and PAO2, and
CR2 only has the best fit for PM.

Figure 4 shows the PE values obtained by each model and
variable. The mean values, the median values, the interquar-
tile range, and the statistically significant differences of the
PE results for each models’ predictions, with their respective
overall PE value, are presented.

According to the PE results, the best predictions corre-
spond to those obtained with CR1, followed by CR3 and

Figure 2. Experimental data distribution in function of time. For each variable, the solid gray lines are the experimental data; blue dashed lines are the
load values, red dot-dashed lines are the phase delimitation times, and the solid black lines are the mean trend of the experimental data.
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finally by CR2. Specifically, CR1 obtained the lowest PE for
_VE, VT, TI, and PD; CR3 for BF, HR, PS, PACO2, and PAO2;
and CR2 only for PM. All models showed statistically signifi-
cant differences in the PE values of most variables. However,
CR1 and CR3 obtained similar results for HR, BF, and PAO2

with no significant difference, whereas PM and PS did not
show any significant difference between any model pair. In
terms of accuracy, CR1 and CR3 are the models with the clos-
est predictions tomost experimental data.

Table 12 shows the mean values and the standard devia-
tion of PE for each model according to the related subsys-
tem. These results indicate that CR1 has the highest accuracy
and precision for all of its subsystems. The CR1 predictions
were followed by CR3 and then by CR2, highlighting the
closeness of the results between CR1 and CR3 regarding the
gas exchange system and CR2 and CR3 regarding the cardio-
vascular system.

Transient response.
Figure 5 shows the transient response of the models’ pre-
dictions for the simulation of continuous changes of the
stimulus in real time corresponding to the first three
exercise phase load steps. The results are presented as
percentage changes regarding the final value of the
warming phase. They are compared with the experimen-
tal data restricted to each AT for the respective load
steps and their total mean value. It can be seen that CR1
presented the fastest dynamics and more similar and
closer waveforms to experimental data, which was fol-
lowed in order by CR3 and CR2. Individually, CR1
obtained the best results regarding the experimental
mean value of HR, PAO2, _VE, and VT; CR2 got the best
predictions for BF and TI, and CR3 the best one for PAO2.
The differences in the transient behavior evidenced for
the models are related to the mechanisms that describe
their dynamic cardiorespiratory response, which for CR1
are specifically related to the exercise stimulus, high-
lighting mainly the effects of the muscular and resp-
iratory pump, the actions of central command, the
approach of minimizing the breathing work, and the use
of blood flow signals in the gas exchange system (see the
Model Building). It is highlighted that none of the mod-
els adequately predict the dynamics of the experimental
data related to BF and TI.

Figure 6 shows the model transient responses for a sin-
gle step load simulation. The experimental data and mod-
els’ predictions are presented as percentage changes

regarding their respective initial values. The experimental
data, its mean value, and the models’ results are compared
in each variable, even though the simulation time was lon-
ger than the experimental record lasted, and the experi-
mental inputs do not represent ideal step inputs (they
depend on _VCO2 and not the workload). Experimental
data are restricted to AT.

Transient simulation results show that CR1 has the highest
response speed and the greatest similarity to experimental
data, followed in order by CR3 and CR2. It is highlighted that
the CR2 prediction for PAO2 shows notably different behav-
ior. Specifically, the CR1 predictions are the closest to experi-
mental data for _VE and HR, both in terms of shape and
response speed, showing behavior similar to a first-order sys-
tem. CR1 and CR3 present simulations that lightly follow the
experimental values for VT, BF, TI, and PACO2, although they
do not correctly predict their dynamics. On the contrary,
CR1 and CR3 present a dynamic response similar to experi-
mental data for PAO2, although they do not predict exactly
the percentage change.

Table 13 shows the results of the settling time of every
model’s response to the single load step input. These results
confirm that CR1 has the highest response speed for the car-
diovascular and respiratory variables, followed in order by
CR3 and CR2. It also highlights the slow response of all mod-
els to predict the gas exchange variables and that the simula-
tion time for CR2 is not enough to reach the steady state of
any variable.

Table 10. Values of inputs and parameters calculated
from experimental data

Environmental Conditions
FiO2 = 21.0379 % FiCO2 = 0.0421 %

Model Inputs
_VCO2min ¼ 0:30 L=min _VO2min ¼ 0:33 L=min

Additional Parameters
VTn = 0.73 L Vtot = 5027.6 mL
Tim = 1 s TC = 0.75 s
IEration = 0.8

Values of inputs and parameters calculated from experimental
data, used for the simulation of the models.

Table 11. Values of model parameters calculated from
experimental data

Unstressed Volume, mL CR1 CR2 CR3

Vu,ep 127.72 127.72 127.72
Vu,sp 260.3 260.3 260.3
Vu,rmp 40.1 100.4 100.4
Vu,amp 60.22
Vu,bp 68.42 68.42 68.42
Vu,hp 23 23 23
Vu,ev0 607.80 607.80 607.80
Vu,sv0 1,361.6 1,361.6 1,361.6
Vu,rmv0 190.95 477.39 477.39
Vu,amv0 286.4
Vu,bv 279.49 279.49 279.49
Vu,hv 93.16 93.16 93.16
Vu,vc 123 123 123
Vu,ra 24 21 24
Vu,rv 38.703 34.058 38.703
Vu,la 24 21 24
Vu,lv 15.9080 13.9990 15.9080
Vu,pp 116.6775 100.9307 116.6775
Vu,pv 114.0 100.2 114.0

Values of unstressed volume parameters calculated from experi-
mental data and used for the simulation of the models. Vu,ep, Vu,sp,
Vu,hp, and Vu,bp are the peripheral unstressed volume in extra-
splanchnic, splanchnic, coronary, and brain circulation, respec-
tively; Vu,ev, Vu,sv, Vu,hv, and Vu,bv are the venous unstressed vol-
ume in extrasplanchnic, splanchnic, coronary, and brain
circulation, respectively; Vu,vc is the vena cava unstressed volume;
Vu,ra, Vu,rv, Vu,la, and Vu,lv are the unstressed volume in the right-
atrium, right-ventricular, left-atrium, and left-ventricular circula-
tion, respectively; Vu,pp and Vu,pv are the unstressed volume in the
pulmonary peripheral and pulmonary veins circulation, respec-
tively. Subscript 0 is used in the parameters that are subject to
control mechanisms.
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Sensitivity analysis results.
Figure 7 shows the results of sensitivity analysis for the CR1
model. The variations obtained by selectively excluding a
single mechanism are presented as the percent changes of
each variable. The simulation conditions regarding the
exclusion of the mechanisms are as follows: all mechanisms
intact (all-included), exclusion of central command action
on sympathetic and parasympathetic efferent control activ-
ities (I-EP excluded), exclusion of the action of the central

respiratory neuromuscular drive on the sympathetic and
parasympathetic efferent control activities (NT Excluded),
exclusion of vasodilatory action on active muscles due to
central command (I-Ramp excluded), exclusion of mecha-
nisms associated with a separate description of venous vas-
cular beds from active muscles (V-Ramv excluded), exclusion
of the muscle pump mechanism (MP excluded), exclusion of
the respiratory pump mechanism (RP excluded), exclusion
of the neural driving component metabolically related to
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Figure 3. Steady-state simulation results in variations of _VO2 and _VCO2 as consecutive, equidistant, and incremental steps for ventilation ( _VE), tidal vol-
ume (VT), breathing frequency (BF), inspiratory time (TI), alveolar partial pressure of CO2 (PACO2), alveolar partial pressure of O2 (PAO2), heart rate (HR),
systolic blood pressure (PS), diastolic blood pressure (PD), and mean arterial blood pressure (PM). The results are shown as a function of _VCO2 values,
corresponding to simulated step input values from 0.3 to 1 L/min. For each variable, gray dots are the experimental data restricted by each subject’s AT,
black dots and lines are the average of the experimental data, yellow dots and lines are predictions of CR1, blue dots and lines are the predictions of
CR2, and orange dots and lines are predictions of CR3.
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Figure 4. Prediction error (PE) results of
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correspond to CR3 results. Statistically sig-
nificant differences between the obtained
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signed-rank test. �P< 0.05; ��P< 0.01.
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ventilation (MRV Excluded), exclusion of the respiratory
control approach focused on minimizing the mechanical
work of breathing (minWOB excluded), and exclusion of the
use of blood flow signals from the cardiovascular system in
the gas exchange system (Q-GES excluded).

According to expectations, considering the specificity of
each mechanism with respect to the systems or controllers
of the model, the selective exclusion is mainly evidenced in
groups of directly related variables. Regarding the cardiovas-
cular controller, it is evidenced that exclusion of the action
of the central command (I-EP excluded) has a more signifi-
cant impact than the exclusion of the central respiratory
neuromuscular drive (NT excluded) on the sympathetic and
parasympathetic efferent control activities, mainly interven-
ing in HR and systemic arterial pressure measurements.
Among the mechanisms that are related to the central com-
mand with the vascular resistances of the activemuscles, the

exclusion of the vasodilator effect on peripheral resistance
(I-Ramp excluded) stands out regarding the exclusion of the
mechanism in venous resistance (V-Ramv Excluded), mainly
affecting the cardiovascular variables. The exclusion of the
muscle and respiratory pumpmechanism (MP excluded and
RP excluded, respectively) shows small effects in the model,
which confirms that they are mechanisms of mild action,
mainly related to systemic arterial pressures. Regarding re-
spiratory variables, the most significant changes are related
to the exclusion of the approach of minimization of mechan-
ical work of breathing (minWOB excluded) and the effect of
MRV on ventilation (MRV excluded), and due to the direct
interaction with the gas exchange system, they also signifi-
cantly affect the values of alveolar pressures. Finally, the
exclusion of the use of blood flow signals in the gas exchange
system (Q-GES excluded) shows a significant influence on al-
veolar gas partial pressures and systemic arterial pressures.

DISCUSSION

Cardiopulmonary Exercise Test Results

The general trend of the experimental data is consistent
with what is expected for healthy adults under moderate
exercise conditions, showing appropriate behaviors related
to different mechanisms of the cardiorespiratory system reg-
ulation (see Fig. 2). The reached steady-state values for
_VCO2, _VO2, HR, and _VE at the end of the different phases
and load steps of the cardiopulmonary exercise test are

Table 12. Prediction error (%) for each cardiorespiratory
subsystem

Model Cardiovascular Respiratory Mechanics Gas Exchange

CR1 8.33 ± 1.73 15.54 ± 3.87 4.03 ±0.97
CR2 13.70 ± 9.16 27.66 ± 9.72 13.82 ± 5.16
CR3 13.49 ± 10.91 19.64 ± 7.39 4.26 ± 1.22

The shown values correspond to the mean and the SD of pre-
diction error for each model in the variables related to the cardi-
ovascular, respiratory mechanics, and gas exchange subsystem
working in close loop.

Figure 5. Transient simulation of continuous changes of the experimental values of _VO2 and _VCO2 in real time. For each variable as a function of time
in minutes, solid yellow lines are the simulation results of CR1, solid blue lines are the simulation results of CR2, and solid orange lines are the simulation
results of CR3. The results for each variable are compared with the experimental data corresponding to the simulated load steps, so that solid gray lines
are the experimental data restricted by their respective anaerobic threshold (AT) and the solid black lines are their total mean value. The corresponding
load values in watts of each step load simulated are shown as blue dashed lines.
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congruent with the selection criteria and designed protocol
(8, 26, 28). The trend of the systemic blood pressure obtained
under the increase in exercise load is congruent with the
general description of the cardiovascular response for
healthy subjects, characterized by a significant rise of PS, a
slight rise in PM, and a slight decrease of PD (7, 28). The
increase of PACO2 and slight decrease of PAO2 are typical
metabolic responses under exercise and are related to the
CO2 production increase and the O2 consumption increase
by tissues (47, 48). General rises in BF and VT are also
expected results (7), but the underdamped and contra-phase
behavior of these variables, characterized by the initial

decrease of BF and increase in VT after the load change, is
an interesting finding because it evidences characteristics of
the respiratory regulation mechanisms that are usually not
described in the literature.

The magnitudes of some recorded variables like _VE, BF,
PACO2, and PAO2 (see Fig. 2), mainly under rest conditions,
differed from those found in similar experiments (5, 7). The
resting condition defined in the implemented protocol (char-
acterized by the registration of the subjects located in the
cycle ergometer after a standing period during the instru-
mentation process), the anthropometric data recording, and
the forced spirometry test explains the obtaining of some dif-
ferent resting values from those usually reported, mainly for
respiratory variables _VE and BF (5–8 L/min and 8–
12breaths/min, respectively) (5, 7). The resting values
obtained for PACO2 and PAO2 are different from those usually
reported (40mmHg and 104 - 105mmHg respectively) (5, 7,
48) due to differences in environmental conditions (mainly
the atmospheric pressure) and the registered population
characteristics, which is consistent with results of work
related to acclimated subjects and under similar altitude
conditions (49).

The sensitivity and linearity results regarding the work-
load allow for evaluating other characteristic aspects of car-
diorespiratory regulation (see Table 8). The sensitivity

Figure 6. Transient simulation results to variations of _VO2 and _VCO2 as a single load step. The simulated step input corresponds to values from 0.64 to
0.82 L/min and from 0.58 to 0.76 L/min for _VO2 and _VCO2, respectively, that correspond to their mean values at the beginning and at the end of the first
load step of the exercise phase in experimental data. For each variable as a function of time in seconds, solid yellow lines are the simulation results of
CR1, solid blue lines the simulation results of CR2, and the solid orange lines the simulation results of CR3. The results for each variable are compared
with the experimental data corresponding to the simulated load step so that solid gray lines are the experimental data restricted by their respective an-
aerobic threshold (AT) and solid black lines are their total mean value.

Table 13. Settling time (in seconds) of the models for car-
diorespiratory variables

Model _VE VT BF TI PACO2 PAO2 HR

CR1 280.8 277.9 290.4 277.9 2,544.6 2,831.0 290.6
CR2 2,555.7 2,476.5 2,594.7 2,563.6 2,356.5 2,424.2 2,429.3
CR3 729.8 753.3 711.5 711.5 1,309.6 2,809.8 1,203.4

The values correspond to the settling times in seconds of each
models’ predictions calculated only for the continuously recorded
cardiorespiratory variables. BF, breathing frequency; HR, heart
rate; PACO2, alveolar partial pressure of CO2; PAO2, alveolar partial
pressure of O2; TI, inspiratory time; _VE, minute ventilation; VT,
tidal volume.
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results of _VCO2, _VO2, _VE, VT, and HR in contrast with those
obtained for PACO2 and PAO2 show evidence of the response
of cardiorespiratory regulation mechanisms to maintain O2

and CO2 blood concentrations near normal values during
exercise. The high linearity and sensitivity of _VCO2 and _VO2

with respect to workload confirms their usefulness in both
the assessment indices of the cardiorespiratory response in
CPETs (28) and simulation inputs of models to relate the
changes in exercise stimulus with metabolic changes.
Differences among the linearity results also give an idea of
undergoing regulation mechanisms of each variable con-
cerning the workload. For example, less linear results
obtained for PD, PACO2 and PAO2 reflect more complex
mechanisms of regulation than the more linear results
obtained for _VCO2, _VO2, _VE, and HR.

Simulation

The regulatory mechanisms of CR2 and CR3 focus on
maintaining the values of Psa, _VE, VT, and arterial blood gas
concentrations. However, the model parameter standardiza-
tion and applied simulation inputs in this work lead to
changes in the predictions regarding those reported [see the
referenced works of Albanese et al. (20) and Serna et al. (21)].
Altitude increase regarding sea level, which is related to par-
tial pressures decreasing inspired O2 and CO2, directly affects
the gas exchange system of every model and implies lower
values of PACO2 and PAO2 (see Fig. 3). A decreasing of the pa-
rameter’s values related to the blood volumes (see Table 11)

has a direct effect on the model systems and controllers.
This fact leads to changes as lower systemic blood pressures
(mainly PS and PD) and higher _VE result in response to dis-
turbances in blood gas concentrations (lower PAO2 and
higher PACO2) caused by lower blood flow. This behavior can
be evidenced mainly for CR2 (see Fig. 3). Changes in all of
the predictions are related to the used _VO2 and _VCO2 values
that, under rest conditions and incremental exercise, corre-
spond to magnitudes that differ from what is usually
reported (see Table 10). Considering that CR2 keeps the I:E
ratio constant, its increase is directly related to a higher TI
value and, therefore, also with morphological changes that
imply higher magnitudes of the VT and _VE signals. This is a
weakness of CR2.

The results obtained showed that CR1 could reproduce the
experimental data globally with greater fidelity compared
with CR2 and CR3. Because of the three models establishing
their parameter values considering basically the same sub-
ject (20, 21) and that the simulation conditions for all the
models were standardized with respect to the experimental
data, the resulting differences could be mainly related to the
difference among the mechanisms implemented in each
model. First, regarding the improvement of the simulation
in the cardiovascular system and controller, the physiologi-
cal mechanisms included in CR1 have been crucial: the
inclusion of the central command and the central respiratory
neuromuscular drive, the differentiation of the vascular beds
into active and resting skeletal muscles, and the considera-
tion of the muscle and respiratory pump regarding the

Figure 7. Steady-state %changes in CR1 predictions in response to an increase in stimulus from rest to an intermediate level of aerobic exercise, with all
intact mechanisms and selective exclusions of each of them.
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venous return. Second, about the respiratory system, the
results of CR1 are related to the adjustment of the respiratory
pattern implemented in the controller, based on the optimi-
zation approach of the minimal work of breathing. Finally,
the main difference in the gas exchange system is related to
the use of blood flow signals of the tissues and the brain
directly from the cardiovascular system. The effect of these
mechanisms regarding the results is discussed in detail
below.

Steady-state response.
The experimental results for HR show an approximately lin-
ear increase in dynamics regarding _VCO2 rise, as expected
for the stimulus (8). The three models explain this behavior
by a linear relationship between the sympathetic and para-
sympathetic responses regarding the same basal value (see
Eq. 119 in the Supplemental Material) (20, 21). In general,
prediction differences among the models could be related to
the cardiovascular controller inputs (see Fig. 1), the mecha-
nisms involved with the sympathetic and parasympathetic
response, and the associated parameter values. The predic-
tions of CR2 and CR3 exhibit linear behaviors regarding
_VCO2, which are differentiated by their resting values and
slopes (see Fig. 3). Considering the similarity between the
controller components of CR2 and CR3, these differences
can be attributed to the parameter values used in each case,
corresponding to those indicated by each model authors [see
the works by Albanese et al. (20) and Serna et al. (21)]. In con-
trast, CR1 shows amore complex response (nonlinear regard-
ing the stimulus level), and consistent with experimental
data. Such behavior is mainly associated with the addition of
mechanisms related to the aerobic exercise dynamics (see
Fig. 3 and Cardiovascular controller). With respect to predic-
tion capability, CR1 and CR3 were the closest to the experi-
mental data, without any significant statistical difference
between them. At the same time, CR2 was the model with
the worst prediction because the values of the implemented
parameters are related to a sympathetic/parasympathetic ac-
tivity ratio that was lower than expected (see Fig. 4). The
response of CR1 at rest is less than expected due to the adop-
tion of CR2 parameter values. Still, because of the addition of
the central command effect, it exhibits a parabolic profile
that adequately approaches the experimental data under
stimulus level increases (see Cardiovascular controller).

The behavior of systemic blood pressures (PD, PM, and PS)
is represented by themodels hereon compared as an indirect
result of sympathetic and parasympathetic activities on
the cardiovascular system (see Eq. 2 in the Supplemental
Material) (20, 21). In this sense, the differences found among
the models’ predictions can be associated mainly with their
cardiovascular regulation variables and the mechanisms
applied in their cardiovascular systems. For instance, the
cardiovascular parameters of CR2 are related to a low sympa-
thetic/parasympathetic activity ratio compared with the
other models, displaying blood pressure predictions with
low resting values and a linear behavior with a slow positive
slope when exercising increases (see Fig. 3). CR3 also exhibits
a linear response with a positive slope for all blood pressures
under stimulus increments, but its cardiovascular parame-
ters, which are related to a higher sympathetic/parasympa-
thetic activity ratio, leads to predictions with higher resting

values and slopes, getting a better prediction for PS (see Fig.
4). Like in HR, CR1 is the only model with a nonlinear
response for blood pressure during aerobic exercise. This
behavior can be associated with the exercise mechanisms
implemented in the model and the respiratory controller
that regulates the respiratory mechanics variables (see
Cardiovascular system and Cardiovascular controller).
Although CR1 does not present the best PE results for PS and
PM, it is the only one with a similar dynamic for PD during
exercise.

Regarding the respiratory mechanic variables ( _VE, VT, BF,
and TI), all of the models show predictions with similar dy-
namics to those expected but with significant differences
regarding their precision. During exercise, increments of _VE,
VT, and BF are expected as a result of increased metabolic
demand (8). TI values trend to remain stable or slightly
decrease, which is, in turn, associated with the change of BF
and decrease of TE. CR2 respiratory controller is the simplest
one. It is characterized by keeping the I:E ratio constant, reg-
ulating BF only as a function of PaCO2 and PaO2. It does not
include any exercise-related mechanism, so it presents the
weak predictions. The most accurate results are obtained for
CR1 and CR3, whose respiratory controllers consider the in-
formation of several chemoreceptors to set _VE and involve
mechanisms focused on the optimization of the respiratory
pattern directly related to BF, TI, and VT. Considering the
similarity between CR1 and CR3 systems and controllers and
the role of their chemoreceptors for regulation, the best over-
all result obtained by CR1 can be attributed both to the opti-
mization approach based on minimal work of breathing and
to the changes implemented in the gas exchange system (see
Respiratory controller andGas exchange system).

Concerning the gas exchange subsystem variables, CR1
and CR3 were the models presenting dynamics and values
closest to those observed experimentally (see Figs. 3 and 4
and Table 12). The behavior of these variables, characterized
by a slight decrease of PAO2 and an increase of PACO2, reflects
the interaction of cardiovascular and respiratory mecha-
nisms to maintain the O2 and CO2 levels as a result of meta-
bolic activity under exercise (8). Although all the compared
models integrate mechanisms that involve increases in
blood flow and ventilatory demand and consider changes
in the concentrations of gases at venous and arterial levels in
different tissues under exercise, the best results are related
to the proper balance between these dynamics. In this sense,
the atypical behavior of CR2 regarding PAO2 reveals the
restriction of this model to simulate exercise, mainly
because it quickly reaches the saturation limit of O2 concen-
tration at the muscle level for _VO2 values that exceed the
resting state. Although CR1 and CR3 are based on the same
gas exchange subsystem, the best results of CR1 can be
related to an adequate balance between cardiovascular and
respiratory functions related to the mechanisms involved in
each system and controller and that the changes imple-
mented regarding to brain and tissue perfusion represent in
more detail the metabolism of gas concentrations (see Fig. 4
andGas exchange system).

Transient response.
Considering that the transient responses under simulation
of continuous stimulus changes can be understood as an
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extension of the characteristics presented under the single
load step simulation, the results of the second simulation
setting are initially discussed (see Fig. 6 and Table 13).

The transient response of HR is represented with greater
precision by CR1, which indicates that the implemented pa-
rameters and the mechanisms described by cardiovascular
control, mainly due to their dynamic equations, are consist-
ent with the behavior for this variable (see Fig. 6 and
Cardiovascular controller). Same as for the steady-state
response, the dynamic behavior of HR depends on the mod-
els’ mechanisms regarding the regulation of the sympa-
thetic/parasympathetic rate activity. The low sympathetic/
parasympathetic rate activity associated with the CR2 pa-
rameters leads to predictions with a lower rate of change
that do not stabilize during the simulation time (see Table
13). The effect of the exercise mechanisms implemented in
CR1 differentiate it from CR3 and allows for obtaining the
fastest prediction and highest rate of change, which coin-
cides with experimental data.

The variables associated with respiratory mechanics in the
transient regimen showed a great difference regarding to the
models’ predictions. (see Fig. 6). The behavior of _VE concern-
ing the increase in the stimulus for the models is related to
general increases for both VT and BF (20, 21) (see
Supplemental Material), and although this consideration is
correct in steady state, in transitory response the under-
damped and counterphase responses for both variables is not
considered. The predictions of CR1 and CR3 show behaviors
close to the experimental data of _VE, mainly because the ven-
tilatory control of both models focuses directly on the predic-
tion of this variable. The transient experimental data from
BF, TI, and VT exhibit regulatory processes of greater com-
plexity than the mechanisms implemented in all models de-
spite the variability between the pulmonary mechanics and
the respiratory pattern optimizers implemented in each one.

CR2 was characterized by presenting the slowest response,
in which none of the predictions reaches the steady-state
phase, and therefore, it is not possible to show any complete
dynamic behavior despite the apparently good general result
for BF and TI. (see Fig. 6 and Table 13). This result is obtained
considering that, despite including a very detailed respira-
tory mechanics model, it implements the simplest respira-
tory controller, which in combination with the values
assigned to parameters (mainly those related to gains and
delays) generates the slowest predictions.

CR1 and CR3 implement similar respiratory mechanics
that in combination with their own control mechanisms
allow predictions that reach the settling of all variables and
predict the experimental response more adequately (see Fig.
6 and Table 13). Although the CR1 controller is themost com-
plex one, the settling times of its predictions are the shortest
and closest to the experimental data due to its optimization
regarding the evaluation of the ventilatory changes in the
physiological range (see Respiratory controller). Even so,
apart from _VE, the CR1 and CR3 simulations could not prop-
erly predict the dynamics of the experimental responses, an
aspect that put in evidence the lack of a specialized subsys-
tem for these models to reproduce the transient response
under exercise.

The experimental results of PACO2 and PAO2 also showed
dynamics that could not be correctly predicted by the

models, which shows evidence of the lack of specificity of all
models regarding the mechanisms involved in the transitory
regime for gas exchange (see Fig. 6). Soon after a change of
exercise level, a decrease in PAO2 and an increase in PACO2

are obtained due to the slow rise in _VE compared with _VO2

and _VCO2 respectively (see Fig. 6); later, this behavior is
reversed, PAO2 reaches a stable value close to its resting state,
and PACO2 reaches higher values than its resting state
(depending on the subject’s degree of apprehension, anxiety,
and training) (6). The CR2 results are associated with the low
rate of change and slowness of the cardiovascular and respi-
ratory system responses, combined with its limitation to reg-
ulate oxygen concentrations when the stimulus increases
(see Table 13). Although CR1 and CR3 are based on the same
gas exchange system, the most accurate predictions of CR1
are related to the variation regarding the brain and tissue
perfusions (see Gas exchange system) and an adequate bal-
ance of cardiovascular and ventilatory contribution, even
with dynamics that are closer to the experimental. Even so,
it is emphasized that the variables of this subsystem, both
experimentally obtained and predicted by the models, are
the ones that take the longest to reach the steady state. It is
highlighted that the experimental values of PACO2 and PAO2

are approximations (see Eqs. 1 and 2), so the results could be
different if the comparison is made with real measurements
of these variables.

The results of continuous stimulus changes show evi-
dence of different aspects of the models’ characteristics,
especially considering the shorter simulation times, the dif-
ferent levels of exercise, and the less abrupt variations of the
stimulus. Regarding HR, the CR1 prediction was consider-
ably different in the last stimulus level from the mean exper-
imental result, which is justified considering that the
calculated AT mean value (used as a central command
mechanism parameter) was exceeded for that stimulus level
(see Table 9). The best CR1 prediction for _VE corroborates
the good response of this model in terms of speed and rate of
change, evidenced too in the single-step load simulation
results. For BF, VT and TI, it was confirmed that none of the
models are able to correctly predict their transient dynamics,
although the best result was that obtained by CR1, and it is
highlighted that the good results of CR2 are due to the coin-
cidence of its slow response regarding the experimental data
rate of change (see Figs. 5 and 6). For the gas exchange sys-
tem, the CR1 rapid response and the adequate predictions
are confirmed, especially for the PAO2, and the CR2 limita-
tion about the O2 regulation is evidenced again, albeit for
higher stimulus values due to its slow response speed.

Sensitivity analysis.
The exclusion of the central command action on sympa-
thetic and parasympathetic efferent control activities (I-EP
excluded) has one of the most significant effects with respect
to the entire model (see Fig. 7). The impact of this modifica-
tion is evidenced mainly by the decreases in HR and the sys-
tematic blood pressure measurements, which are due to the
absence of its action to increase sympathetic activity and
reduce parasympathetic activity during exercise (see Eqs.
108 and 111 in the Supplemental Material). Consequently, the
level of cardiac output is affected and, therefore, the blood
gas regulation, presenting variations in the behavior of
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PACO2 and PAO2. The respiratory controller also modifies its
behavior in relation to the blood gas exchange, presenting
increases in _VE, BF, and VT and a decrease in TI.

Like the central command, the central respiratory neuro-
muscular drive (NT) has an action to increase sympathetic
activity and decrease parasympathetic activity during exer-
cise, but the results of excluding this mechanism (NT
Excluded) show that its contribution is not so significant for
the evaluated level of the stimulus. This behavior is related
to active participation only during the inspiratory time inter-
val (see Eqs. 11 and 12). In accordance with the above, this
mechanism could be related tomild actions in the regulation
of cardiovascular activity, which is mostly evident in the
transitory regime of predictions.

The vasodilatory action on active muscles due to central
command is also one of the mechanisms whose exclusion
has a significant effect on the model (I-Ramp excluded).
When blocking it, as expected during exercise, an increase in
systemic arterial pressure measurements (PD, PM and PS) is
evidenced because peripheral resistance is higher compared
with that of the model that preserves all mechanisms. Due to
the above, the cardiovascular controller decreases HR, but
the cardiac output is also modified and, in turn, affects the
gas exchange system. Although the respiratory controller
decreases TI and increases _VE, VT, and BF, the higher value
of PACO2 and lower value of PAO2 occur during exercise.

Excluding the separate description of the venous vascular
beds from active muscles (V-Ramv excluded) also affects the
blood flows and systemic arterial pressure, but its effect is
contrary to the vasodilatory action on active muscles due to
central command (I-Ramp). As a result of this modification,
lower systemic arterial pressure measurements are obtained,
which involve slight modifications of the cardiovascular reg-
ulation and blood gas exchange and are related to an
increase in PAO2, and a decrease in PACO2. Considering that
the variations in the gas exchange system for the evaluated
stimulus level are not significant, there are no changes in the
respiratory variables.

The action of the muscle pump is related to the increase in
pressure in the venous vascular beds during exercise (see
Eqs. 4–6), which is why its exclusion (MP excluded) is evi-
denced as a decrease in the baseline of systemic arterial pres-
sure. This is evidenced as a decrease in the variation in PS, a
very low variation in PM, and an increase in the negative var-
iation in PD. Even so, these changes imply slight variations
in the regulation of cardiovascular control and gas exchange
system and nonsignificant changes in respiratory variables.

The respiratory pump is a mechanism that also affects ve-
nous blood return through pressure changes in the vascular
beds (see Eqs. 7 and 8), and its exclusion (RP excluded) is evi-
denced as a decrease in PS and an increase in PD. These
results, unlike the muscular pump, are related to the fact
that its action not only influences the systemic vascular
compartments but also those related to the pulmonary and
cardiac blood circulation (see SupplementalMaterial), affect-
ing the amplitude of the systemic arterial pressure signal.
Even so, the changes due to their exclusion are very slight
for the level of stimulus evaluated, so no significant changes
are observed in the behavior of other variables.

The exclusion of the neural driving component metabol-
ically related to ventilation (MRV excluded) is directly

associated with the decrease in _VA and, therefore, is shown
as a decrease in the variation of _VE (see Eqs. 135 and 138 in
Supplemental Material). In accord with the approach of min-
imization of mechanical work of breathing, the equivalent
respiratory pattern is associated with decreases in variation
of BF, VT and TI. This significantly affects gas exchange and
promotes slight changes in cardiovascular variables, but
finally, higher values of PACO2 and lower values of PAO2 are
evidenced compared with the model that has all mecha-
nisms intact.

The exclusion of respiratory pattern optimization approach
and the change in the respiratory mechanics (minWOB
excluded) involves modifications in the behavior and values
of respiratory variables, like those obtained with CR3 due to
the similarity of the controller and the system (see Fig. 3). In
this sense, the changes shown in respiratory variables should
be evaluated considering variations in their values even at
rest. The increase in the change evidenced in _VE, TI, and BF
and the decrease in VT are related to variations in PACO2 and
PAO2 lower than those of the model with all mechanisms
intact. Although the results of the exclusion of these mecha-
nisms could be associated with a more adequate regulation of
gas exchange, the predictions of the respiratory variables are
more distant with respect to the experimental data, contribut-
ing to a greater prediction error of the model. This is due
mainly to obtaining lower values of _VE and VT and higher
values of TI both in exercise and at rest.

The results of excluding the use of blood flow signals from
the cardiovascular system in the gas exchange system (Q-
GES excluded) show that this modification is one of the most
significant with respect to the regulation of PAO2 and PACO2

during exercise. These changes show evidence of the differ-
ence between evaluating continuous variations of cardiovas-
cular regulation in the gas exchange system and assigning a
percentage of total cardiac output to the brain and tissue
perfusion.

Application, Limitations, and Future Work

In this work, three cardiorespiratory models were com-
pared under simulation of aerobic exercise in healthy adult
humans. Standardization of all models was performed in
order to compare them under simulation conditions as close
as possible to the experimental data of reference. According
to the obtained results, the proposed model can be consid-
ered the most appropriate one to predict the cardiorespira-
tory response of healthy human subjects under incremental
exercise stimuli, environmental conditions, and characteris-
tics of the studied data set. The benefits of the proposed
model will depend on the specific simulation interests, that
is, a proper cardiovascular response or respiratory mecha-
nisms or only gas exchange variables. This can be evaluated
from the resulting figures and prediction errors presented in
the study. These best results can be attributed to the sys-
tems, controllers, and mechanisms integrated and adapted
that allow for representing more adequately the behaviors,
functions, and interactions of the different cardiorespiratory
elements. In particular, the proposed model improves the
ability of previous ones to predict the cardiorespiratory
response to exercise, especially the transient and steady-
state responses of _VE, HR, and blood arterial pressures (PS,
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PM, and PD; see Figs. 3–6). Moreover, they are congruent
with the criteria applied in the work of Cheng et al. (1),
Summers et al. (50), and Hester et al. (51), which considers
that a computational model of a physiological system is valid
when its results are directionally appropriate and its steady-
state predictions approximate experimental data and dem-
onstrate responses that are reasonably accurate during
dynamic transitions.

The purpose of the integrated model proposed in this
work is to provide a useful system for clinical applications
related to diagnosis, monitoring, education, and research.
These applications are mainly justified by the ability to 1)
to represent different functions, dynamics, and interac-
tions of the cardiorespiratory system, 2) simulate different
environmental conditions, disturbances, and subjects’
characteristics modifying available parameters, and 3)
predict important cardiorespiratory variables recorded in
cardiopulmonary exercise tests.

Future applications of the model could be related to the
analysis of cardiorespiratory diseases during exercise tests,
simulation of respiratory and cardiovascular therapeutic
interventions, and development of personalized diagnostic
tools. Although no pathology was considered in this work,
due to the different characteristics and mechanisms
included in the proposed model, it could be adequate to rep-
resent several environmental and pathological conditions af-
ter a fitting and validation with specific population data.
Moreover, the model could be used to predict the effect of
therapeutic interventions by its simulation with changes in
related parameters (i.e., the cardiorespiratory response of a
respiratory patient undergoing mechanical ventilation).
Similar to cardiorespiratory diseases, the model could be fit-
ted for specific conditions and characteristics of a subject,
getting personalized predictions useful for predictive and
preventivemedical applications.

According to the characteristics and previous evaluations
of the models on which this study was based, the ability of
the proposed model to simulate the cardiorespiratory
response of healthy human subjects under stimuli of hyper-
capnia and hypoxia can also be considered (22, 23, 40). The
evaluation of the ability to simulate these stimuli would be
similar work to that presented in this paper, comparing the
predictions of the proposed model with experimental data
and simulation results of other models under the specific
disturbances.

It is highlighted that each integrated and studied model
included in this work was designed to be simulated under
specific environmental conditions, subjects’ characteristics,
and stimuli. Even so, despite the differences between these
specifications and constraints regarding the characteristics
of the experimental procedure, the simulation of eachmodel
was compared to determine which one would be the most
suitable model to predict the response of a subject under a
cardiopulmonary exercise test, like experimental data regis-
tered in this study, from amodel structure perspective.

Among the main restrictions that determine the useful-
ness of the proposed model are as follows. It is possible only
to perform simulations in which the posture of the subject
remains constant because the effects of gravity were not
included, the model is only suitable for simulation of exer-
cise below AT because mechanisms related to anaerobic

activity were not considered, and the model is suitable only
for short-term regulation because it does not include hormo-
nal or relatedmechanisms.

Considering the structural approach of the evaluation
applied in this work, and despite the good results obtained, a
detailed parameter’s fitting of the proposed model should be
applied in order to improve its prediction capacity and com-
pletely validate it, even under different stimuli. This meth-
odology could comprise a sensitivity analysis of parameters
involving optimization techniques that allow for minimizing
the differences betweenmodel predictions and experimental
data. It allows for identifying themost sensitivity parameters
and tuning them (into a physiologically bounded searching
space) to fit the model to experimental data. After that, pa-
rameter adjustment to a specific subject could be considered
to aim to get a personalizedmodel and, in this way, move to-
ward the development of a personalized diagnostic and fore-
cast system.

It is important to note that the parameter values’ valida-
tion will depend on the overall parameter fitting to either
population or subjects’ characteristics, environmental con-
ditions, and stimulus type. The hereon proposed model
involves a large parameter number, whereas experimental
measurement quantity is restricted. Therefore, it is possible
to find different sets of parameter values that lead to the
same result during the fitting procedure for conditions like
hereon addressed (13). For this reason, it is necessary to con-
sider complexity of reduction techniques, subset selection,
and sensitivity analysis that allows for identifying only the
limited number of parameters that need to be fitted to pre-
dict experimental data correctly.

Conclusions

This paper presents a new integrated mathematical model
focused on simulating the cardiorespiratory response of a
healthy human under resting and aerobic dynamic exercise
conditions. This evolved model adapts different mecha-
nisms and components for the cardiovascular system, respi-
ratory mechanics, gas exchange system, and the respiratory
and cardiovascular controllers, which makes it suitable for
the prediction of different physiological variables both in
steady-state and in transient responses.
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