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Abstract²² The cardiovascular system with its nervous 

control has been the focus of several mathematical modeling 

studies and numerous experimental investigations in the past. 

The purpose of the paper is to establish, by improving the 

existing models, an appropriate model of the cardiovascular 

system with its nervous control adapted to human 

characteristics. The research starts from a well-known model 

from the literature. Improvements are done in the ventricle 

compartments, considering the dynamics of the four heart 

valves and using a model for the elastance function based on 

human experimental data. Following correlation and 

calibration procedures the resulted model reveals for a normal 

scenario a behavior closer to reality. 

I. INTRODUCTION 

HE cardiovascular diseases are widely present in all  

communities. The doctors are encountering problems in 

the diagnosis phase. As consequence, various researches and 

projects (e.g. Virtual Physiological Human European 

Project) are trying to model the human cardiovascular 

system (CVS) in order to provide an alternative tool to be 

used in the analysis and diagnosis phase of the CVS 

diseases. Having an adequate computational model of the 

CVS, the next steps would be to design patient specific 

algorithms, respectively to implement parameter and signal 

estimation techniques in order to provide the necessary 

information to doctors for an accurate diagnosis.  

An essential attribute of a proper CVS model is the 

nervous control. Although there are some studies which 

analyze CVS models without including the nervous control 

(e.g. [1], [2], [7]), most studies include some form of models 

for the nervous control mechanisms in order to be able to 

determine a closed-loop response of the system (e.g. [5], [6], 

[19], [20], [21], [22], [23]). In [3] the authors provide a 

general view of the complexity of CVS that illustrates 

several nervous control loops in the CVS: the baroreflex 

mechanism, the vestibular sympathetic reflex, local-cardiac 

reflex and the cardiopulmonary reflex. The baroreflex 

mechanism is considered to be the most significant.  
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Paper [4] presents a detailed study of the CVS models 

found in the literature. The following actions governed the 

analysis: the improvement of rather incomplete models (i.e. 

models which do not capture all the relevant dynamic 

behavior from a physiological or pathological point of 

view), model classification according to the degree of 

complexity, establishment of the most suitable models for 

further developments. The result of the study was that 

various models were difficult to implement (model 

reproducibility issues), some were at sub-cellular level or 

too complex (too many non-relevant parameters and blocks), 

some models presented non-appropriate results, some 

omitted various essential aspects of the CVS system and its 

nervous control, some models were established strictly for 

certain scenarios without the possibility to be used for 

example in the diagnosis of a myocardial infarction or an 

hemorrhage, etc. 

Considering these aspects, the chosen most appropriate 

models for the purpose of the current research were 

presented in [5] and [6]. Each of the models considers only 

the baroreflex mechanism for nervous control. The authors 

believe that the model from [5] provides a complete 

representation of the baroreflex mechanism and it is the 

most appropriate as a starting point for further 

developments. Parts of model from [6] are modeled 

considering experimental characteristics taken over from 

humans, selected as being necessary to be introduced in a 

future model. Also, authors considered that certain parts 

from both models had to be replaced.  

The overall objective of the study referred to in this paper 

has been refining the current models of CVS with its 

nervous control (CVSNC) by improving the part of the 

model related to ventricle subsystem. In detail, that means:  

- setting up a model at a physiological level of the CVS 

with its nervous control, having a medium degree of 

complexity.  

- establishing a model of the cardiovascular system with its 

nervous control based on human characteristics;    

- inserting models of the heart valves using an orifice 

model from fluid mechanics;  

- testing the behavior of the model in closed-loop 

conditions in a normal scenario (healthy person). 

 Finally, the benefits of proposed modifications consist in 

the ability of the obtained model to capture more accurately 

dynamic behaviors specific to pathological scenarios like 

valve disease, myocardial infarction, hemorrhage etc. 

 The paper presents in the second chapter the structure of 
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In respect with I-CVSNC (the model from [5]), in Fig. 3 

and 4 some of the signal notations were changed: ns
Clv/ n

s
Crv 

was used instead of Emax,lv/ Emax,rv. FMV/FTV was used instead 

of Fi,l/Fi,r, Fla/Fra refer to the venous return, and EV was used 

instead of 3. 

III. MATHEMATICAL MODEL OF THE CVSNC 

In the followings, the conceptual model presented in the 

previous chapter is used to introduce the I-CVSNC model, 

to describe the adjustments that lead to the CVSNC, 

regarding different subsystems models and parameters. The 

aim of proposed adjustments was to improve the I-CVSNC 

model in order to capture the functionality of CVS as close 

as possible to the real situation. 

In respect to the I-CVSNC model, used as reference, two 

main adjustments will be done.  

 i) For describing the process of ventricle contraction in 

[5], an activation function 3�W� based on animal experimental 

data, is used. Subsequently, this function was replaced in 

literature by an elastance function EV, based on human 

experimental data ([6]). The elastance function ± or simply 

referred as elastance ± describes a parametrical control mode 

carried out by the nervous system over the ventricles. This 

context justifies the use of the elastance from [6] in the I-

CVSNC, which is considered to be a more elaborated model 

([5]). 

ii) The models from [5] and [6], as well as other 

subsequent models from the literature, were developed 

considering in a first approximation that the flow through 

valves can be described as a laminar flow process through a 

rigid pipeline characterized by a certain hydraulic resistance 

(R). As it is pointed out in [7], the flow processes are 

actually inertial orifice flow processes, i.e. the valves have a 

certain dynamics ± which means that they do not open and 

close instantaneously. Consequently, the I-CVSNC model 

should be adjusted also form this point of view. As result, it 

is of interest to import the valve models from [7] in the I-

CVSNC model. 

The part of I-CVSNC model which embeds the left 

ventricle compartment, together with the valves (in 

accordance with Fig. 4 this means MV+LV+AV), is 

described thorough equations (1)-(6), which were written 

based on the observation at the end of Section II. This 

subsystem is from a dynamical point of view a first order 

nonlinear time-varying system. The state equation and the 

two output equations are: 
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The flows from (1) and the activating function 

(elastance) from (2) are given by the non-inertial 

dependencies: 
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The CVSNC keeps the state and output equations of the 

I-CVSNC, using instead of equations (4) and (5), 

corresponding to observation ii), the following models:  
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Also, for the elastance from (6), according to the 

observation i), there is 
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It should be observed that by replacing the expression of 

EV(t) from (11) in (2), ns
Cv(t) (which takes the values ns

Clv/ 

ns
Crv) is simplified, so the expressions finally used are 
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Because the aim of the current study is to improve the part 

of the model related to ventricle subsystem, the signals 

related to the two ventricle compartments will be of main 

interest. Because each of the two ventricle subsystems is 

interconnected with an up-stream subsystem and a down-

stream subsystem, the dynamics of these subsystems should 

also be taken into account. The improved model of each 

such connections is obtained assuming that the subsystems 

are separable (this means that the interconnection does not 

affect the model of any part of the connection).  

 Thus, for the Atrium up-stream subsystems the signals 

Pla/Pra and Fla/Fra are of interest. Subsequently, for the 

Arteries down-stream subsystems the signals Psa/Ppa are of 

interest. All these will be considered for a nominal heart rate 

(HR) of 60 bpm. Due to sparse information on RV 

waveforms available in the literature, wherever possible 

these waveforms will be considered to be similar to 

corresponding LV waveforms (RV waveforms will be 

considered to be a scaled version of LV waveforms). 

For the Plv and Prv signals, the waveform from [9] was 

considered as reference (Fig. 6). The indicators defined for 

these signals are as follows: 

- maximum ventricle pressure Pi,max : Plv,max=120 mmHg, 

Prv,max=30mmHg (based on  values from Wiggers diagrams); 

- maximum slope of ventricle pressure (dPi /dt)max: 

(dPlv/dt)max=1146 mmHg/s, (dPrv/dt)max=369 mmHg/s (based 

on [10], [11], [12], scaled according to Pi,max ratio); 

- minimum slope of ventricle pressure (dPi /dt)min: 

(dPlv/dt)min = -1060 mmHg/s, (dPrv/dt)min = -396 mmHg/s 

(based on values from [10], [11] and [12]). 

For Vlv and Vrv signals the waveform from [9] were 

considered as reference (Fig. 7). For assessing the 

correlation between ventricle pressure and ventricle volume, 

the pressure volume characteristic from [13] is also 

considered (Fig. 8). In this case the associated indicator is: 

- maximum ventricle volume (end diastolic volume) 

Vi,max: Vlv,max=150 ml, Vrv,max=173 ml (based on [14]). 

For the Fol and For signals the waveform from [9] was 

considered as reference (Fig. 9). The corresponding 

indicators are: 

- maximum ventricle output flow: Fol,max=500 ml/s, 

For,max=434.25 ml/s (based on values from [9] and [12], 

scaled according to the Prv,max ratio); 

- duration of ejection (non zero flow) Ti,Q : TLV,Q= 0.18 s, 

TRV,Q= 0.2 s (based on values from [9] and [15], scaled 

according to the nominal HR). 

Due to spare data found in literature on humans for Fla and 

Fra signals, their waveforms is considered somehow similar 

to the waveform of Fol. A single indicator is defined: 

- maximum atrial output flow: Fla,max=340 ml/s, 

Fra,max=240 ml/s    (based on values from [16] and [17]). 

The signals Psa and Ppa have as reference waveform that 

from Fig. 6 (dashed lines). As indicators, there are: 

- maximum arterial pressure: Psa,max=120 mmHg, Ppa,max= 

30 mmHg (based on values from [18]); 

- minimum arterial pressure: Psa,min= 80 mmHg, Ppa,min= 

10 mmHg (based on values from [18]). 

Due to the low levels of pressures Pla and Pra very few 

measurements can be found in the literature. Moreover, the 

influence of these signals variations over the CVS is of 

marginal importance. However, the study includes these 

signals through the waveform Pla(t) from Fig. 6. The 

maximum level indicator is: 

- maximum atrium pressure Pia,max : Pla,max=10 mmHg, 

Pra,max= 5 mmHg (based on values from [18]) 

 
Fig. 6 Plv [mmHg] signal used as reference 

 
Fig. 7 Vlv [ml] signal used as reference 

 
Fig. 8 Pressure-volume relations for the LV 

 
Fig. 9 Fol signal used as reference 

C. Baseline simulation 

As it was pointed out previously the parameters values 

were assigned with the goal of representing the CVS of 

healthy human subject. The cardiovascular variables were 

extracted in a beat-to-beat manner from the model. 

In section IV.B the chosen reference data from the 

literature was illustrated. The presented data is summarized 

in the left column of Table 4 and compared with the 

simulation data (right column of the table) obtained through 

the CVSNC model. Simulation results are presented in detail 

in the next section (IV.D).  

As in can be noticed from Table 4 the model is capable to 

reproduce adequately the behavior of the cardiovascular 

system with its nervous control in a normal scenario. Here, 

µQRUPDO�VFHQDULR¶�UHIHUV�WR�WKH�SRSXODWLRQ�DJDLQVW�ZKLFK�WKH�

model response is compared, and it means a scenario that 

addresses the CVS behavior in a steady state regime in 

which the body is unstressed. Note that it is a periodic 

steady state, i.e. a regime in which each variable is a 

periodically function of the time. In this sense, the model 
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framework can be considered a valid representation of the 

cardiovascular system developed for healthy population.   

TABLE 4 

Left Heart and Right Heart signal analysis 

REFERENCE VALUES CVSNC MODEL VALUES 

Plv,max=120 mmHg 

dPlv,max/dt=1146 mmHg/s 

dPlv,min/dt= -1060 mmHg/s 

Vlv,max= 150 ml 

Fol,max=500 ml/s 

TLV,Q= 0.18 s 

Fla,max=340 ml/s 

Pla,max=10 mmHg 

Plv,max=115 mmHg 

dPlv,max/dt=1000 mmHg/s 

dPlv,min/dt = -727 mmHg/s 

Vlv,max= 90 ml 

Fol,max=350 ml/s 

TLV,Q= 0.18 s 

Fla,max=320 ml/s 

Pla,max=15 mmHg 

Prv,max= 30 mmHg 

dPrv,max/dt= 369 mmHg/s 

dPrv,min/dt= -396 mmHg/s 

Vrv,max= 173 ml 

For,max= 434.25 ml/s 

TRV,Q= 0.2 s 

Fra,max= 240 ml/s 

Pra,max= 5 mmHg 

Prv,max= 32 mmHg 

dPrv,max/dt= 400 mmHg/s 

dPrv,min/dt= -400 mmHg/s 

Vrv,max= 125 ml 

For,max= 300 ml/s 

TRV,Q= 0.34 s 

Fra,max= 220 ml/s 

Pra,max= 9 mmHg 

D.  CVSNC and I-CVSNC comparison 

The section analyzes the simulation results obtained using 

the CVSNC model, respectively the I-CVSNC model. The 

characteristics of the waveforms are analyzed especially in 

the parts where modifications were carried out.  

Fig. 10 shows the waveform for the elastance (EV) 

obtained with equation (6). Note that the maximal value of 

EV for I-CVSNC is 1, because it actually denotes a 

normalized component of the elastance (the amplitude 

would be given by the maximum elastance )(tn
s

Cv ), and it 

is the same EV for both ventricles. Fig. 11 shows the 

waveform of EV obtained with equation (11), in the CVSNC 

model. As it can be observed, an elastance is associated for 

each ventricle in the CVSNC model. Also, the maximal 

value of EV for RV is 1.5 and for the LV is 2.5. 

Fig. 12 shows the right and left ventricle pressures (Prv and 

Plv) obtained with equation (3). It can be observed that the 

signals upper limit is 35 mmHg for RV, and 150 mmHg for 

LV. Fig. 13 illustrates the waveforms obtained with the 

CVSNC model. The maximal value for the pressure in RV 

in this situation is 35 mmHg, and in LV is 120 mmHg. 

Fig. 14 shows the blood flow entering in right and left 

ventricles (FMV and FTV) obtained with equation (4) in the I-

CVSNC. The maximal value of FMV is 1000 ml/s, and of FTV 

is 1700 ml/s. Fig. 15 shows FMV and FTV in the CVSNC 

model where the mitral and tricuspid valve were modeled 

with equation (7). A major difference can be noticed 

between the two models. The maximal values in this 

situation are 130 ml/s provided by the TV, respectively 350 

ml/s provided by the MV. 

Fig. 10 Elastance waveform EV(t) 

for LV and RV from I-CVSNC 

Fig. 11 Elastance waveform EV(t) 

for LV and RV from CVSNC 

 Fig. 12 Prv(t), Plv(t) - I-CVSNC  Fig. 13 Prv(t), Plv(t) ± CVSNC 

Fig. 16 presents the cardiac output for right and left 

ventricles (For and Fol) obtained with equation (5) in the I-

CVSNC model. The maximal value for For is 650 ml/s, and 

for Fol is 900 ml/s. Fig. 17 presents the outputs of the aortic 

and pulmonary aortic valve obtained with equation (8), in 

the CVSNC model. The maximal value for For is 300 ml/s, 

and for Fol is 350 ml/s. 

Figures 18 and 19 show the volume for RV and LV (Vrv 

and Vlv) obtained with I-CVSNC model, respectively with 

CVSNC model. In the first situation maximal value for Vrv 

is 170 ml, and for Vlv is 140 ml. With the CVSNC model, 

the maximal value for Vrv is 125 ml and for Vlv is 95 ml. 

 Fig. 14 FMV(t), FTV(t) - I-CVSNC Fig. 15 FMV(t), FTV(t) - CVSNC 

 Fig. 16 For(t), Fol(t) - I-CVSNC Fig. 17 For(t), Fol(t) - CVSNC 
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 Fig. 18 Vrv(t), Vlv(t) - I-CVSNC  Fig. 19 Vrv(t), Vlv(t) - CVSNC 

V. CONCLUSIONS 

In the current paper a model was established to simulate 

more accurately the human CVS and the corresponding 

nervous control (the CVSNC model). After setting up the 

starting point as the I-CVSNC model, developed in [5], the 

first step was to improve the elastance function of the 

ventricle with one that was defined following human 

characteristics. Afterwards, the valve models were 

improved, setting up an inertial type model that is much 

closer to reality. A parameter correlation and calibration 

procedure was necessary to finalize and refine the model.  

The behavior of the CVSNC model was analyzed in a 

normal scenario through simulations, i.e. a steady state 

scenario in which the body is unstressed. The simulations 

reveal significant differences between the initial model (I-

CVSNC) and the proposed improved model (CVSNC) in 

favor of the latter. It is expected that the improvements 

proposed in the current study will prove to play a more 

important role in representing pathological scenarios like 

valve disease, myocardial infarction, or hemorrhage. 

Consequently, as future work, the model will be tested in a 

more elaborate manner in several pathological scenarios, 

and will be further validated based on experimental data. 
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