
Review Article 

2016 NRITLD, National Research Institute of Tuberculosis and Lung Disease, Iran  

ISSN: 1735-0344     Tanaffos 2016; 15(2): 61-69 

 
 

A Review on Human Respiratory Modeling    
 
Pardis Ghafarian1, 2,Hamidreza Jamaati 3, 

Seyed Mohammadreza Hashemian1 

 

Input impedance of the respiratory system is measured by forced oscillation 

technique (FOT). Multiple prior studies have attempted to match the 

electromechanical models of the respiratory system to impedance data. Since 

the mechanical behavior of airways and the respiratory system as a whole are 

similar to an electrical circuit in a combination of series and parallel formats 

some theories were introduced according to this issue. It should be noted that, 

the number of elements used in these models might be less than those required 

due to the complexity of the pulmonary-chest wall anatomy. Various 

respiratory models have been proposed based on this idea in order to 

demonstrate and assess the different parts of respiratory system related to 

children and adults data. With regard to our knowledge, some of famous 

respiratory models in related to obstructive, restrictive diseases and also Acute 

Respiratory Distress Syndrome (ARDS) are reviewed in this article. 
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INTRODUCTION 

The evaluation of respiratory system with regards to 

electrical analogue (1) can resolve many problems in 

behavior of lungs and chest (2) that presented by Otis et al. 

(3) and others (4-14). Many authors assessed the resistive, 

inertial and elastic characteristics of respiratory system 

comparable to RLC electrical model (series format of 

resistance-inductance-capacitance) or to a resistance-mass-

spring mechanical system (4-7). It should be noted that 

there are many designs for investigating characteristics of 

physical systems (15). Previous studies have shown that 

evaluation of respiratory function by forced oscillation 

technique (FOT) needs minimal patient collaboration (5, 

16). Dubois et al. (5) developed the forced oscillation 

technique (FOT) in 1956 as  a non-invasive procedure, 

using sinusoidal signals to the respiratory system, to 

calculate the impedance of the respiratory system. They 

utilized forced sinusoidal pressure oscillation to evaluate 

induced flow at the adult patients’ mouth. The magnitude 

and phase angle of impedance of respiratory system were 

assessed at various frequencies (3-10 Hz) in relation to 

those of induced pressure and flow oscillation (5). It was 

shown that the respiratory system behaves in a similar way 

to a second-order system, such that at low frequencies the 

phase angle was negative because of the elasticity and 

compliance of the respiratory system, and at higher 

frequencies the phase angle reach to positive values due to 

the inertial characteristics of respiratory system (5).  

Forced oscillation technique could be a useful method 

for evaluation of lung function in infants (17) and could be 

used in intubated patients as well (18, 19). It should be 

emphasized that measurements in newborns cannot be 
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done with adult equipment and are difficult to perform 

due to technical problems such as application of the test 

signal, apparatus dead space, and assessment of low 

frequencies due to high respiratory rates (17). Therefore a 

computer simulation of the input impedance is 

recommended in order to better interpret respiratory 

impedance measurements in newborns using various lung 

models (17). It is clear that oscillations can be generated by 

pumps or loudspeakers (5, 20, 21). The respiratory 

impedance could be calculated by measuring the ratio of 

Fourier-transformed air pressure and the rate of air flow 

signal at the entrance of the respiratory system (17). It 

should be noted that signal patterns other than sinusoidal 

oscillations are also utilized to measure respiratory 

impedance. Evaluation of lung mechanics using pulse 

mode was expressed by Muller and Vogel (22) in adults 

and Sullivan et al. (23) used short sinusoidal pulses to 

calculate respiratory impedance in intubated infants. 

Since the mechanical behavior of respiratory system is 

analogous to an electrical circuit, respiratory impedance 

(including real and imaginary part) can be interpreted with 

electrical models which are comparable to the resistances, 

compliances, and inertances inherent to the respiratory 

system (5, 24, 25). Proper computational processing was 

applied in order to estimate respiratory model component 

for better detection, diagnosis, and treatment of various 

diseases/pathologies (26). Some studies have been 

accomplished in line with this issue (24, 27, 28), but further 

investigations are needed for forced oscillation 

measurements. Diong et al. (26) assessed five human 

respiratory models including Resistance-Inductance- 

Capacitance (RIC), viscoelastic, DuBois, Mead, and 

extended RIC models. The evaluation was performed by 

estimation of their parameters and estimation of error 

techniques. Many authors have used the DuBois method or 

some variation of it in order to evaluate respiratory 

mechanics in both humans and animals (4, 6, 7, 9, 10, 12, 

29-36). Michaelson et al. (2) measured the magnitude and 

phase angle of total respiratory impedance in normal 

subjects, smokers, and those with chronic obstructive 

pulmonary disease (COPD) in frequency range of 3-45Hz 

and observed small differences in impedance between 

healthy subjects and smokers. However, these two groups 

showed the behavior similar to that of a second-order 

system for 0 degree phase angle in the range of 5-9 Hz, 40 

degree at 20 Hz and 60 degree at 40 Hz. It is interesting to 

note that the phase angle in COPD group was more 

negative compared to those in healthy subjects and 

smokers for all frequencies (2). Investigations of total 

respiratory resistance and reactance by forced oscillation 

technique have been performed in patients with diffuse 

interstitial lung disease. Total respiratory impedance in 15 

patients with restrictive lung disease was evaluated at 

frequency of 6Hz and showed increased values in 60% of 

the patients (30). It should be emphasized only a weak 

correlation was observed between impedance and airway 

resistance (30). It is interesting that three of nine patients 

with diffuse pulmonary disease showed increased 

respiratory resistance (6). Muller and Vogel assessed total 

respiratory resistance and reactance in frequency range of 

5-30Hz in 12 patients with restrictive defects and observed 

variations in total respiratory resistance and reactance, 

similar to those of patients with COPD (37). Van Noord et 

al. evaluated 54 patients with interstitial lung disease by 

FOT in frequency range of 4-26Hz (25). The patients had no 

signs of airway obstruction. In patients with total lung 

capacity (TLC) less than 80% of expected, total respiratory 

reactance was diminished especially at low frequencies. 

However, the variation in total respiratory resistance was 

small. It was notable that there were no variations in total 

respiratory resistance or reactance in patients with TLC > 

80% of expected value (25). 

In the following, we briefly review the Otis et al. (3) 

approach for evaluation of mechanical lung behavior, and 

then the famous respiratory modeling related to adult and 

children data with regard to obstructive and restrictive 

diseases as well as acute respiratory distress syndrome 

(ARDS). 

 

OTIS APPROACH TO LUNG FUNCTION  

Rohrer showed that volume-elastic and flow-resistive 

properties of lungs can be evaluated by dividing lung 



Ghafarian P, et al.   63 

Tanaffos 2016; 15(2): 61-69 

pressures to static and dynamic components (38). A similar 

expression was utilized by Otis et al. between pressure, 

volume and flow according to equation 1 (39). 

 

                                       (1) 

 

 ∆P indicates the pressure difference across the lung, 

Kel is the ratio of variation of pressure to the variation of 

volume (V)  when no flow exist, and the other variables 

explain the pressure-flow properties of the airway and 

tissue resistance in the span of lung volume, V, and  is 

the flow rate (39). Otis et al. stated that lungs can consider 

as a system with a single volume-elastic and a single flow 

resistance unit (3). However in some situations it is not 

convenient to utilize this simple model, but it can be 

perceived for any single pulmonary pathway in the lungs 

region (3). Otis et al. modeled the behavior of a single 

pathway and illustrated it by a volume-elastic part having 

compliance and a resistance in series configuration (Figure 

1a). Therefore, at any time the total pressure across the 

system can be expressed by ∆P according to equation 2: 

 

∆P        (2) 

 

In this theory, driving pressure is restricted to a sine 

wave and considered as the equation 3 to solve the 

equation 2 (3). 

 

∆P=∆Pmsin(2πft)  (3) 

 

So flow can be calculated by equation 4: 

 

         (4) 

 

Where  

2

2

2

1













fRC
R

P
V m

m



     (5) 

fRC 2

1
1

tan


        (6) 

 

RC is the time constant of the system (3). Otis et al. 

explained that increasing of compliance, frequency, and 

resistance decreases the phase angle between driving 

pressure and flow (3).  Therefore for a system with no 

resistance (purely elastic) phase angle would be 90 degrees 

and for a system with no elastance (infinite compliance) 

phase angle would be 0 degree. It should be noted that at 

very high and low frequencies the phase angle could reach 

0 and 90 degrees respectively (3). In a system with two or 

more separate pathways that are arranged in parallel 

(figure1b), if separate impedances operate in the same 

phase with each other, the total impedance of the system is 

expressed according to equation  7. 

 

 

Where Z1 and Z2 are each pathway’s impedance in 

parallel configuration. This proves that if the time 

constants of the individual pathways are the same, the 

variation of impedance with frequency is the same in 

different pathways. However, if the individual pathways 

have different time constants the flows will be out of phase 

with each other due to different phase angles between flow 

and pressure (3). 

It should be emphasized that the simple model 

represented in figure 1a can illustrate the mechanical 

behavior of the lungs when the time constants of each 

pathway are equal because effective resistance and 

compliance of the system will be the same for all 

frequencies (3). 

Otis et al. showed that pulmonary compliance in 

normal young adults does not change over a wide range of 

respiratory rates therefore the time constants for different 

pathways were noticeable the same in normal lungs and 

the distribution of ventilation was independent of the 

respiratory rate (3). However, pulmonary compliance 

declined with increasing respiratory rate in normal subjects 

with induced bronchospasm and in patients with asthma 

and emphysema (3). 
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      (a)                             (b) 
Figure1.Comparision between (a) a single pulmonary pathway (resistor and 

condenser are in series format) and (b) two pulmonary pathways(two series of 

resistor and condenser are in parallel format), with electrical circuits (3). 

 

RESPIRATORY IMPEDANCE MODELING 

Below famous respiratory models related to obstructive 

and restrictive diseases, as well as ARDS are reviewed: 

 

1- RC Model 

In this simple model airway resistance (R in 

cmH2O/L/s) and alveolar compliance (C in L/cmH2O) 

are assigned as a simple RC circuit (Figure 2a) with 

impedance (Z) calculated by equation 8 (17): 

 

Where ω is the angular frequency in radians/second. 

The RC model is recommend for tidal breathing 

measurements, but is not proper for breathing at higher 

respiratory rates  (17). 

 

2- RIC Model 

In the RIC model lung inertance (I in cmH2O/L/s2) is 

added to the RC model (Figure 2b) with impedance (Z) 

calculated by equation 9 (27): 

 

3- Extended RIC model 

This model was introduced as an improved version of 

the RIC model and is recommend by Woo et al. (40). The 

added peripheral resistance is in parallel with the 

compliance (Figure2c), which can lead to the frequency 

dependence of real impedance. It can also indicate the 

resistance produced by the small airways (26). The 

extended RIC model is called the DuBois model when It 

and Ct approach zero and infinity, respectively, and is 

called the Mead model when Cl and Cw approach infinity 

and Ce approaches zero (26). In the extended RIC model 

impedance (Z) is calculated by equation 10 (27): 

 

4- Mead Model 

This model includes seven parameters: Inertance (I), 

central and peripheral resistances (Rc and Rp), lung, chest 

wall, bronchial tube, and extrathoracic compliances (Cl, 

Cw, Cb, Ce), which are used for lung and chest wall 

modeling (17) as shown in Figure 2d. This model explains 

various mechanical behaviors of the lungs and chest wall 

(17). Total impedance (Z) is calculated by equation 11 (17): 

 

 

 

 

 

5- Dubois Model 

This model was introduced by Dubois et al (5). Airway, 

tissue, and alveolar properties are separated into various 

segments (Figure 2e). DeBois model includes airway and 

tissue resistance (Raw, Rt), airway and tissue inertance (Iaw, 

It), and tissue and alveolar compliance (Ct, Cg). Impedance 

(Z) is expressed by equation 12 (27): 

 

 

6- Viscoelastic Model 

In the viscoelastic model the human respiratory system 

is modeled based on overall airway resistance (Raw), static 

compliance (Cs), and viscoelastic tissue resistance and 

compliance (Rve, Cve) (Figure 2f) (28). Impedance is 

calculated according to equation 13 (27):  
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Figure 2. Illustration of Six respiratory models. (a) RC model, (b) RIC model, (c) 

Extended RIC model, (d) Mead model, (e) DuBois model, (f) Viscoelastic model 

(27). 

 

Schmidt et al. evaluated the RC, the RIC (figure 3a, 3b) 

and the Mead models in infants and explained that 

pulmonary inhomogeneity in lung mechanics cannot be 

assessed by a one-compartment model (17). .Peripheral 

obstruction of the airways or restriction on lung elasticity 

can generate uneven alveolar distribution that is well 

explained by the two-compartment model illustrated in 

figure 3c. The respiratory impedance  expressed 

by this model is described according to equation 14 with 

the real and imaginary parts (17). 

 

 

 

 

 

Where Tp1 = Rp1·Cp1 and Tp2 = Rp2·Cp2. 

In the Mead model (Figure 3d) extrathoracic 

compliance (Ce) by the mouth and the face mask, the chest 

wall characteristics, leakage of air around face masks or 

endotracheal tubes can assess (17). Schmidt et al. (17) 

explained that in healthy full-term newborns, as the 

imaginary part of impedance in RC model (as the one-

compartment model) is not sufficiently stated for higher 

respiratory rates and since there is no resonant frequency, 

the RC model is not proper for modeling the respiratory 

impedance. The RIC model (one-compartment model) 

introduces a convenient expression of the respiratory 

impedance and this model is well described for simulating 

improvement and growth of the lung. The two-

compartment model is usually appropriate for explaining 

pulmonary inhomogeneity (17). Three asthmatic children 

(aged 6.5–9 years) and one normal child (aged 7 years) 

were evaluated by Diong et al. in order to compare the five 

models of respiratory impedance (RIC, viscoelastic, 

DuBois, Mead and the extended RIC model) (26). The 

Mead model illustrated the best fit but the overestimation 

of lung compliance Cl and chest wall compliance Cw 

(means of 5,129 L/cmH2O and 1,064 L/cmH2O, 

respectively) were observed in this model (26). They also 

stated that the behavior of extended RIC model was 

slightly inferior to that of the DuBois model and noticeably 

better than the RIC model (26). 

Diong et al. used the IOS data for five adults with mild 

obstructive lung disease (bronchiectasis) and five normal 

adults (adult cohort 1 data set) to analyze the real 

impedance ZR, and the imaginary impedance ZX at 

discrete frequencies of 5, 10, 15, 20, 25, and 35 Hz (26). 

They also evaluated another group to estimate of 

parameters models, including 105 adults (expressed as 

cohort 2) with respiratory disorder of both obstructive and 

restrictive disease; consist of asthma, chronic obstructive 

pulmonary disease (COPD) and sarcoidosis. While Mead 

model can reach to minimal errors, overestimation of lung 

compliance Cl was observed for patients with mild airflow 

obstruction. This behavior is shown for chest wall 

compliance Cw as well. It is interesting that the R (is 

similar to central airway resistance) and the Rp values in 

the extended RIC model better correspond with the 

expected values for patients with mild airflow obstruction. 

Furthermore, the C value calculated by the extended RIC 

model is nearly in line with the capacitance of the small 
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airways in patients with mild airflow obstruction (26). 

Because reactance (ZX) is most sensitive to small airway 

obstruction in patients with chronic airflow obstruction it 

is obvious that this parameter is the essential parameter 

and should not be ignored while evaluating various 

respiratory models (26). Diong et al. concluded that in 

comparison of respiratory models, while the DuBois model 

can generate the second lowest mean total error, the 

reactance error observed in the extended RIC model was 

much lower, which can be beneficial for this model (26).  

For five healthy adults and cohort 2 patient data, Diong 

et al. (26) showed that the Mead model obtained the lowest 

mean total error value and the DuBois model had the 

second lowest level, while the viscoelastic model yielded 

the worst fit and noticeable overestimations of lung 

compliance Cl and chest wall compliance Cw were 

observed when evaluated the Mead model (26). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Linear lung models used for simulation of input impedance: (a) RC 

model, (b) RIC model, (c) two-compartment model and (d) lung model related to 

Mead model (17). 

Diong et al. explained that the different ranges of R, Rp, 

I, and, C parameters are observed for both patients and 

healthy groups. So the individual parameter values that 

are determined by IOS data cannot discriminate between 

patients with obstructive lung diseases and normal group 

(26). Accordingly, the combination of two or more 

parameters can be a useful method for discrimination 

between patient and healthy adults (26). 

It should be noted that mathematical models that are 

used for respiratory mechanics could be useful for 

different ventilator settings and supported ARDS (41, 42). 

The proposed models might be useful for obtaining of 

limited information such as flow rate and airway pressure 

in real time situation at the bedside(43). In ARDS patients’ 

alveolar recruitment (44) and alveolar distension effects are 

important. Obtaining these data requires invasive 

procedures and imaging that may not be practical in 

monitoring therapy so simulation could be presented as a 

non-invasive alternative (43). Hickling’s model was used 

for patients with ARDS to assess pressure-volume 

properties (45). Some investigators utilized this model for 

various purposes such as finding the proper lung 

predictive airway pressure (46) and opening pressure for 

measurement of convenient value of positive end 

expiratory pressure (PEEP)(47). The pressure-dependent 

recruitment model (PRM) that stated by Schranz et al. (43) 

was a consideration of the Hickling model (45) and 

alveolar distention effects (48) that is based on resistance 

(mbar.s/ml) and compliance (ml/mbar) being present in 

the serial format.  It should be noted that in the Hickling 

model(45) the lung was considered to have 30 horizontal 

layers in order to obtain various levels of pressure and 

alveolar distention explained the stiffness of lung so that 

with increasing pressure, the compliance reduced in 

exponential manner (48). Schranz et al. (43) utilized  the 

hierarchical parameter identification (49) in order to 

precise initial parameters for patient-specific of PRM 

model. Schranz et al. illustrated that the PRM model 

received the observed dynamics of ARDS patients and the 

measured data were compatible with the PRM model (43). 
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They stated that the parameters used in this model can 

introduce  the valuable information for therapy monitoring 

in patients with respiratory diseases (43).  

 

CONCLUSION 

In this article, several investigations that evaluated and 

measured the respiratory impedance were reviewed and 

also, with regard to our knowledge, various respiratory 

modelling impedance are stated for obstructive, restrictive 

diseases and also Acute Respiratory Distress Syndrome 

(ARDS).Advantage and disadvantage of several 

respiratory modelling were also demonstrated. It would be 

interesting that, some modification in respiratory modeling 

related to ARDS patients will be performed in our center in 

near future.  
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