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ABSTRACT

The respiratory system is one of the complicated systems in the human body. In this paper, the mathematical
model for the respiratory system was proposed based on the electro-acoustic bio-impedance analysis with huge
number of equations. Further, the behavior of each generation from 24 generations of the respiratory system can be
analyzed separately. Furthermore, the pressure with ventilated frequency from 1-1200 min! at any generation can
be predicted and calculated. The proposed mathematical model was validated by comparison the results with the
published results. The simulated results for ARDS disease are presented. Also, the comparison between normal case
(healthy) and ARDS diseased case is presented. The proposed mathematical model with huge number of equations
is implemented by Matlab program package. This proposed mathematical model can be used as a reversed problem
solution to detect and diagnose the medical situation of the respiratory system for patients especially patients
associated with COVID-19.

Keywords- Electro-Acoustic Bioimpedance, Modeling and Simulation, Respiratory System, Covid-19, ARDS.

I. INTRODUCTION

The human respiratory system is one of the major and complex systems in human body. The lung is divided to
conducting, transitional and respiratory zones [1]. The conducting zone is consisting of nose, pharynx, larynx,
trachea and bronchial tree [2]. The conducting zone functions are tracking the air to and from the lung, filtering the
air from dusts and pathogens, warming and humidifying the air which flows to the lung. The respiratory zone is
consisting of bronchioles, alveolar ducts, clusters of alveoli and alveoli sacs. The main function of the respiratory
zone is the gas exchange between the red blood cells and the air. The gas exchange is the processing to deliver the
oxygen from the lung to the body tissues and eliminate the carbon dioxide from blood stream to the lung [3].

Acute respiratory distress syndrome (ARDS) and chronic obstructive pulmonary disorder (COPD) are major
and popular diseases which can affect the respiratory system [4]. ARDS is a respiratory disease characterizing by
rapid onset of prevalent inflammation in the lung. The fluids are accumulated in the alveoli. These fluids prevent
filing the lung with sufficient air. Therefore, ARDS has symptoms such as shortage of the breathing, high frequency
of the breathing, and bluish color to the skin. ARDS impairs the ability of lung to exchange oxygen and carbon
dioxide. There are many causes can lead to ARDS such as trauma, sepsis, aspiration pancreatitis, and pneumonia

[5].

A novel coronavirus (nCoV) or COVID-19 is a new strain of Coronaviruses (CoV) family. COVID-19 has not
been previously identified in humans. The infection of COVID-19 speeded in most countries of the world and
became pandemic as the world health organization (WHO) declared [6]. COVID-19 is a one of Coronaviruses (CoV)
which are a large family of viruses that cause many diseases. The diseases of Coronaviruses are ranging from the
common cold to more severe diseases such as Severe Acute Respiratory Syndrome (SARS-CoV) and Middle East
Respiratory Syndrome (MERS-CoV). Coronaviruses are transmitted between animals and people.. The common
signs of Coronaviruses’ infection include cough, respiratory symptoms, breathing difficulties, fever, and shortness
of breath. Further, it can cause pneumonia, ARDS, blood clotting, kidney failure, and even death [7]. The COVID-
19 patients are classified into two types of patients [8]. Type 1 of patients, they have severe hypoxemia, relatively
normal respiratory mechanics, high value of gas volume of the lung, and minimal ability of lung recruitment. Type
2 of patients, they have severe hypoxemia, low compliance, low value of gas volume of the lung, and high ability
of lnne recrnitment of lnne. Tvne 2 of natients is indicated as ARDS patients. Computed tomography (CT) scan can
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be used to distinguish between type 1 of patients (non ARDS patients) and type 2 of patients (ARDS patients).
Recently, COVID-19 is the most popular virus leading to ARDS disease. About 20-30% of patients associated with
COVID-19 are admitted to the intensive care units (ICU) associated with severe hypoxemia and deterioration of the
compliance indicating severe ARDS [9].

The respiratory system is very complex especially the lung which consisting of complex network of branching
compliant tubes spanning a wide range of scales and flow regimes. According to the complexity of respiratory
system, the analysis of respiratory system to obtain its mechanical properties is required for diagnosis and the
treatment of the pulmonary diseases. The modeling of respiratory system can resolve many problems in behaviour
of lung and chest. Therefore, the modeling of respiratory system can provide the interpretations of different
pulmonary variables such as pressure, volume, and airflow for different cases, diseases, and assisting in patient
specific treatment planning and optimization.

The bioimpedance is a common terminology used widely in different applications of biomedical engineering
[10, 11]. The bioimpedance analysis is used in the modeling by simulating any vital tissue in form of electrical
parameters such as: inductance (L), Capacitance (C), and resistance (R). Also, this model is called RLC electrical
model.

In this paper, the mathematical model for the respiratory system is proposed based on the electro-acoustic bio-
impedance analysis with huge number of equations. Further, the behaviour of each generation from 24 generations
of the lung can be analyzed separately as in many cases some regions of respiratory system can be affected in
different manners. Furthermore, the pressure with ventilated frequency from 1-1200 min’!' at any generation can be
calculated. The proposed mathematical model based on the mechanical parameters of respiratory system is
represented as electrical circuit. The electrical circuit is represented by passive component inductance (L),
Capacitance (C), and resistance (R). The relations among the total lung impedance (TLI), the ventilation frequency
(f), inductance (L), Capacitance (C), and resistance (R) of the system are presented. At specific input pressure, the
mathematical model can provide the accurate calculations for the pressure value at each generation of the 24
generations of the lung and at given ventilation frequency. The proposed mathematical model was validated by
comparison the results with the published results [12]. The simulated results for ARDS disease are presented. Also,
the comparison between normal case (healthy) and ARDS disease is presented. The proposed mathematical model
with huge number of equations is implemented by Matlab program package. The proposed mathematical model is
important and essential for assisting the physicians to predict and diagnose the type 2 of COVID-19 patients and
provide the suitable support of ventilations for them.

. LITERATURE REVIEW

Paul Harper et al [13] developed a model of acoustical properties of reparatory tract over tracheal sound
frequency range 100-3000 Hz. The tract of respiratory was represented as transmission line acoustical analogy. This
representation was varied with the area of cross section, yielding of walls, and branching of dichotomous. The
developed model can provide the location in frequency of natural acoustic resonances of components or the entire
of respiratory tract. The prediction of tracheal spectral peaks from the speech sounds was presented by the model.
This prediction was detected at the mouth and the trachea. This model provided the relationship between the tracheal
sounds and the anatomy of the tract of respiratory.

M. Rozanek et al [12] introduced the electro-acoustic analogy model for respiratory system. The model can
provide the acoustic parameters of respiratory system from the electrical system. The model was based on the
passive electrical components resistance (R), inductance (L), and capacitance (C). The respiratory system was
represented in this model based on the Weibel model [14]. The Weibel model represented the lung as 24 generations
with symmetric for both lungs. The model presented the TLI and the pressure at the generations with limited
frequencies. Really, the impedance of lung at different frequencies including low and high frequencies are required
to study and analyse different respiratory diseases. They assumed that low frequencies are used during artificial lung
ventilation (ALV) but actually the high frequency ventilation is also used in the ventilation especially in some ARDS
cases in neonates. The other disadvantage of this paper is the model dividing into the compartments and the
parameters of each compartment computing independently. Further, the disability to determine a specific pressure
at any generation of the respiratory system with actually ventilation frequency range 1 - 1200 min' (1/60 - 5 Hz) is
also disadvantage of this paper.
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Surajit Bagchi et al [15] proposed the electrical model of respiratory system to detect and identify bronchitis and
emphysema diseases which are the ventilation common diseases. These two diseases are some of types of chronic
obstructive pulmonary disease (COPD). The developed model was represented the respiratory system as analogy
electrical components. The transfer function and the stability of the system were analyzed and compared for healthy
and COPD. The model in this paper had many disadvantages. Different assumptions of the model were too
simplified and were not realistic. The two lungs with its all branches and generations were considered in the
mathematical model as a one unit. Also, the effect of any disease at any specific generation cannot be indicated or
estimated. Further, the flow paths of the air in the bronchi were assumed in the model as collected again. This
assumption was not matched with the physiological functions of the respiratory system.

Shumit Saha et al [16] developed a model of upper airway for snoring sounds generation. This model called
subject-specific acoustic model. The objective of this model was investigating the anatomy of upper airway such as
the length, the thickness of wall, and the area of the cross section. The proposed model was validated as the intensity
of sound and resonant frequency of the model were compared with the measured of recorded snoring sounds
achieved during sleep for 20 individual males. According to the obtained results, the only factor affecting the snoring
sound intensity was the narrowing of the upper airway. Also, the snoring frequencies were inversely correlation
with the length of upper airway. The results showed that the analysis of snoring sound during the sleep can predict
the anatomy of upper airway.

Parya Aghasafari et al [17] proposed 3D model for healthy lung captured by Magnetic Resonance Imaging
(MRI). This 3D model was analysed by computational fluid dynamic. The pressure applied on the wall of lung is
essential for setting up and protecting lung strategy. Therefore, the curve fitting was obtained to estimate the relation
among the pressure, time of breathing, the cross section, and the generation number. This relation provided the
necessary information required during the mechanical ventilation. From the obtained results, the exponential and
polynomial pressure functions were the most accurate for normal breathing and mechanical ventilation, respectively.
The good correlation of pressure location curves was predicted from the comparison between the computational
fluid dynamic and the results obtained from this study.

A. V. Bogomolov et al [18] presented the mathematical model of the sound absorption by Iung. The modeling
was simulated the respiratory system using acoustics. The respiratory mechanics was studied by the propagation of
acoustics in the respiratory system. The main objective of the developed model was the determination of the resonant
frequency of the respiratory tract. This resonant frequency is essential to increase the vital capacity of lung. High
intensity acoustic signal was applied with respiratory system. The resonant frequency can be measured using
impedance characteristic prior the stimulation. The stimulation was achieved by the scanning tonal sound at + 3 dB
which was the maximum absorption coefficient value. The results showed the increasing of the vital capacity of the
lung according to the acoustic stimulation. Also, the area of cross section was the only factor proportional with the
vital capacity and the resonant frequency of respiratory system.

Lorenzo Aliboni et al [19] introduced the simulation of bronchial airway acoustics for both healthy and asthmatic
patients. Acoustical pressure propagation analytical model was applied to CT images of lung for both healthy and
severe asthmatic patients. System response to input acoustical pressure (1 Pa) at 200 and 600 Hz was evaluated in
terms of distribution of acoustical pressure, acoustical radial wall velocity, and acoustical impedance. The results
appeared that acoustic parameters were sensitive to the variation of airways caused by asthma pathology at fraction
residual capacity (FRC) and total lung capacity (TLC).

Based on the literature analysis, the accurate modeling of the respiratory system is essential to study and analyse
the pulmonary parameters of the respiratory system. Further, the modeling is important for assisting the physicians
to diagnose the pulmonary diseases of patients and provide the suitable support of ventilations for patients.
Therefore, the proposed mathematical model based on the electro-acoustic bio-impedance analysis for the
respiratory system is represented with huge number of equations. The proposed model can provide more accurate
results and a solution to overcome the disadvantages obtained from other models. The accurate results obtained by
the proposed mathematical model are based on the huge number of equations which described the respiratory
system. All equations are calculated without any assumptions; therefore, the accurate results compared to other
methods are obtained. Also, the model provides accurate analysis of the pulmonary parameters for each generation
from 24 generations of the respiratory system. Furthermore, the pressure with a wide range of the ventilation
frequency from 1-1200 min™! at any generation can be calculated.
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II. METHODOLOGY

In this paper, the proposed model is an electro-acoustic based model. The electro-acoustic model imitates the
acoustic properties of the respiratory system with electrical components. The proposed model is based on the Weibel
model. The Weibel model is a morphological and anatomical model of the respiratory system [14]. As shown in
Fig. 1, the Weibel model represented the lung as 24 generations (from GO to G23) with symmetric for both lungs.
Every generation has 2n of airways, where n is the generation number. Therefore, the total number of airways in
Weibel model is 16,777,215. Also, the Trachea is represented as generation number 0 (G0), from generation number
1 to 16 is represented of the conducting zone, and from generation number 17 to 23 is represented of transitional
and respiratory zone. The Alveoli start appearing from the generation number 17; therefore, the process of gas
exchanges is beginning from this generation [20].

Conducting zone
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£ £ Alveolar k 3’)] 20

22 ducts e 21

= £ ':‘fg Q‘( 2
Alveolar sacs Eﬁﬁis a2

Fig. 1: Weibel model [14].

Table 1: Model Airways geometrical dimensions with average adult lung volume 4800 ml at about % maximal inflation.

Diameter Of
Generation -Number of Airway Inside -Length of
Number (n) Airways II.I The Generation Airway I‘n The
Generation (d) Generation (I)

0 1 1.8 12

1 2 1.22 4.76

2 4 0.83 1.9

3 8 0.56 2.76

4 16 0.45 1.27

5 32 0.35 1.07

6 64 0.28 0.90

7 128 0.23 0.76

8 256 0.186 0.64

9 512 0.154 0.54

10 1024 0.13 0.46

11 2048 0.109 0.39

12 4096 0.095 0.33

13 8192 0.082 0.27

14 16384 0.074 0.23

15 32768 0.066 0.20

16 65536 0.060 0.165

17 131072 0.054 0.141

18 262144 0.050 0.117

19 524288 0.047 0.099

20 1048576 0.045 0.083

21 2097152 0.043 0.070

22 4194304 0.041 0.059

23 8388608 0.041 0.050
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Based on Weibel model, the geometrical dimensions of the respiratory system model with average adult lung
with volume 4800 ml at about ¥ maximal inflation including lengths and diameters of airways, and the number of
airways in each generation are represented in Table 1 [14]. Every airway in the same generation has the same length
and diameter. The geometrical dimensions of the respiratory system are used in our proposed mathematical model
as acoustic system.

The electro-acoustic model is represented the acoustic properties as electrical components [12]. The
mathematical model is proposed to calculate and achieve the relations among the total lung impedance (TLI), the
variation of the ventilated frequency (f), resistance (R), inductance (L) and capacitance (C) of the system. Every
airway in the respiratory system is considered as lumped electrical circuit model with passive component R, L and
C as illustrated in Fig. 2.

Fa/2 Lo/2 La/2 Fa/2
[} A Ty B
e

. 1 :

Fig. 2: Lumped electrical circuit model.

The electro-acoustic equations are represented based on lumped electrical circuit model. Further, the acoustical
inductance (m,), acoustical compliance (C,)), and acoustical resistance (r,) for every airway in the respiratory
system are calculated as represented in equations 1, 2, and 3 [12]:

l
m, = p% (1)
14
Ca =l (2)
8ul
Ta = oF 3)

Where, pyis the air density and equal 1.225 kg/m? at standard temperature pressure (STP), / is the airway length,
S is the airway cross-section area, V is the volume, Cy is the propagation velocity, u is the air viscosity and equal
1.81*107 kg/(m.s) (STP), and R, is the airway diameter. For every airway in the respiratory system, the lumped
circuit parameters are represented according to the electro-acoustic analogy as shown in Fig. 3.

Ra/2 La2 La2 Ro/2
—[— e T ey, S

? .
re(@)2  ma(n)/2 miz(n)/2  ra(m)2

— S T sy Y
—I:Ca[n}

T
Zin) ﬂ Z{n)

Zin)

Fig. 3: Electro-acoustic analogy.

The impedance of each inductance (L) and capacitance (C) components in every respiratory generation X;(n)
and X.(n) can be computed as represented in equation (4) and (5), respectively.

X,(n) = 2m f L(n) “)

1
X.(m) = Py %)
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Where, f'is the ventilated frequency, and » is the generation number. According to Fig. 3, the final impedances
of lumped circuit according to the electro-acoustic analogy for every respiratory generation are represented:

Ze(n) = Xc(n) (6)
Z(n) = R(n) + 2 )
The final proposed electrical model of respiratory system is illustrated in Fig. 4.
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Fig. 4: The Proposed electrical model of the respiratory system.

The proposed electrical model of the respiratory system is very complicated as shown in Fig. 4. This electrical
model consists of 16,777,215 lumped circuits with 67,108,859 passive components. Therefore, the special method
is required to solve a huge circuit and number of equations. However, we developed a new method to calculate these
equations. Also, the Matlab program was built to solve these equations and calculate the TLI with the ability to
calculate the respiratory parameters at each node of the respiratory system. In the proposed model, the solution of
reverse problem is used to calculate the total TLI and the respiratory parameters at each node of the respiratory
system. Every equivalent lumped impedance can be computed separately for selected frequency as follows:

E(23) = 22(23)+ Z¢(23) @)
The nodal impedances E(22), E(21), E(20)...to E(1) can be derived and computed respectively from the
generation number () 22 to 1 from the equation number (9) as following:

_ 1 (E+D+z())*Z(n)
E(nm) = 2 (Em+1D)+2(n)+Z(n) +Z(n) ©)

Then the TLI for the selected frequency is calculated as following:

_ (E)+2(0))*2.(0)
TLI = E(1)+2(0)+2.(0) +2(0) (10)

Using Equations (8), (9), and (10), the TLI and the respiratory parameters at each node of the respiratory system
can be calculated at specific values of R, L, C and f. The Matlab program was built to solve and calculate the
equations for the wide range of frequencies (1-1200 min™).

According to the electro-acoustic analogy, the distribution of the pressure along the generations will be presented
as a percentage of the input pressure and will be represented by the nodal voltage further it will be implemented and
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calculated by matlab software according the distribution of impedances which actually varies according to the type
of disease and its severity.

III. RESULTS AND DISCUSSION

The proposed mathematical model with huge number of equations is implemented by Matlab program package.

The Matlab program was built to solve these equations and calculate the TLI and the respiratory parameters at each
node of the respiratory system.

The results are divided to two parts. The first part presents the validation of the proposed mathematical model
by comparing the simulated results from the implemented Matlab program with published results [12]. The second
part presents the simulation of pressure detection for any point of respiratory system for normal and ARDS cases.

A. THE VALIDATION OF THE PRESENTED METHODOLOGY AND SOFTWARE PROGRAM
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Fig. 5: The relation between normalized TLI and ventilated frequency for: (a) Normal alveolar compliance and reduced
alveolar compliance by two times, (b) Normal total airway impedance and increased total airway impedance 6 times.

In Fig. 5, the relations between normalized TLI and ventilated frequencies are represented. As shown in Fig.
5(a), the normal alveolar compliance and reduced alveolar compliance by two times are simulated. The TLI has a
significant change in the low frequency ventilation (LFV). But, for the high frequency ventilation (HFV), it has very
little change due to reduce the alveolar compliance by 2 times but in Fig. 5(b) the normal airway impedance and
increased airway impedance by 6 times are simulated. The TLI has significant change in HFV and very little change
in LFV due to increasing the airway pressure by 6 times.
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Fig. 6: The relations between the percentage of the input pressure and the number of generations at two ventilated frequencies
0.25 Hz (15 min™") and 5 Hz (300 min™") for both normal alveolar compliance and airway resistance.

In Fig. 6, the relations between the percentage of the input pressure and the number of generations at two
ventilated frequencies 0.25 Hz (15 min™') and 5 Hz (300 min™") for normal alveolar compliance and airway resistance
are presented. The change of frequency affects on the pressure distribution along the model of respiratory system
generation as above 90% of input pressure appeared in the last generations during LFV (0.25 Hz) and around 10%
appeared in last generations during HFV (5 Hz).
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Flg 7: The Generation Number Generation Number relations

between the percentage of the input pressure and the number of generations at: (a) 0.25 Hz (15 min™") ventilated frequency for
normal alveolar compliance and reduced alveolar compliance by 4 times, (b) 5 Hz (300 min™') ventilated frequency for normal
alveolar compliance and reduced alveolar compliance by 4 times.

In Fig. 7, the relations between the percentage of the input pressure and the number of generations at 0.25 Hz
(15 min") and 5 Hz (300 min™') ventilated frequencies for normal alveolar compliance and reduced alveolar
compliance by 4 times are represented. As shown in Fig. 7(a), the reduced alveolar compliance by 4 times during
LFV at 0.25 Hz can cause slight increase of the pressure along the generations but in Fig. 7(b) it causes during HFV
at 5 Hz increase the pressure along the generations by around 4 times.

From the above, all presented simulations and results were compared and verified with published results [12]

B. THE SIMULATION OF PRESSURE DETECTION FOR ANY POINT OF RESPIRATORY SYSTEM FOR
NORMAL AND ARDS CASES

The aim of this presented simulation is studying and analyzing the behaviour of the complete system and every
localized diseased part in respiratory system separately and its effects on the complete system.

The pressure distribution in normal and ARDS cases according to their severity with wide range of ventilated
frequency [1/60 —20Hz] (1-1200 min™") are simulated. Also, the distinguishing from the output signals of the normal
and ARDS cases and their severity and validation of some explanation and practice experience in medicine is
presented. Furthermore, in mechanical ventilation, it is a helpful tool for selecting proper ventilation parameters
such as pressure, frequency, and tidal volume.
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Fig. 8: The relations between the percentage of the input pressure and the wide range of ventilated frequency [1/60 — 20Hz]
(1-1200 min™") for the selected generations 1,4, 7, 11 and 23 for: (a) Normal case, (b) case number 1 (¢) ARDS case number 2.

Firstly, the model according to the presented methodology was simulated at normal compliance for all
generations. As shown in Fig. 8(a), the relations between the percentage of the input pressure and the wide range of
ventilated frequency [1/60 — 20Hz] (1-1200 min™") for the selected generations 1, 4, 7, 11 and 23 are represented.

Secondly, the model was simulated for ARDS case number 1 as the compliances for transitional and respiratory
zone (Generation 17 to 23) were deteriorated and decreased by 4 times. For this case, Fig. 8(b) presented the relations
between the percentage of the input pressure and the wide range of ventilated frequency [1/60 — 20Hz] (1-1200 min-
1 for the selected generations 1, 4, 7, 11 and 23, respectively.

Thirdly, the model was simulated for ARDS case number 2 as the compliances for transitional and respiratory
zone (Generation 17 to 23) were deteriorated and decreased by 4 times and the airway resistance increased by 2
times. The assumption of the increasing of airway resistance is due to the deterioration of these generations resulted
from edema and accumulated fluids. For this case, Fig. 8(c) presented ARDS case 2 as the relations between the
percentage of the input pressure and the wide range of ventilated frequency [1/60 — 20Hz] (1-1200 min™) for the
selected generations 1, 4, 7, 11 and 23, respectively.
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Finally, different simulations for normal and ARDS case are simulated as the compliances of transitional and
respiratory zone (Generation 17 to 23) were deteriorated and decreased by 4 times. For these simulations, Fig.s 9
and 10 presented the relations between the percentage of the input pressure and the wide range of ventilated

frequency [1/60 — 20Hz] (1-1200 min™") for the selected generations 1, 7, and 23, respectively.

Pressure Distribution Along Gen. Number 1 for Normal and ARDS Case
100
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Fig. 9: The relations between the percentage of the input pressure and the wide range of ventilated frequency [1/60 — 20Hz] (1-

1200 min™") for normal and ARDS case for the selected generation number (a) 1, (b) 7, (C) 23

As shown in Fig. 9(a), the pressure distribution for normal and ARDS case at generation number 1 is represented.
The pressure for ARDS case along the generation number 1 is greater than in the normal case at the same input
pressure. The pressure distribution is decreasing for both normal and ARDS cases with increasing the ventilated
frequency. The maximum pressure difference between the normal and ARDS case is around 12.69% as appeared in
175 min! ventilated frequency. Also, the pressure difference at 1200 min™! ventilated frequency is approximately
1.39%. Moreover, the minimum pressure percentage for the normal case is 52.69% and found at ventilated 1200
min! frequency. The studied ARDS case has the minimum pressure percentage 54.08% and found at ventilated

1200 min™' frequency.

As shown in Fig. 9(b), the pressure distribution for normal and ARDS case at generation number 7 is represented.
The pressure for ARDS case along the generation number 7 is greater than in the normal case at the same input
pressure. The pressure distribution is decreasing for both normal and ARDS cases with increasing the ventilated
frequency. The maximum pressure difference between the normal and ARDS case is around 27.61% as appeared in
162 min™' ventilated frequency. Also, the pressure difference at 1200 min™' ventilated frequency is approximately
2.73%. Moreover, the minimum pressure percentage for the normal case is 7.11% and found at ventilated 1200 min’
! frequency. The studied ARDS case has the minimum pressure percentage 9.84% and found at ventilated 1200 min-

! frequency.

As shown in Fig. 9(c), the pressure distribution for normal and ARDS case at generation number 23 is
represented. The pressure for ARDS case along the generation number 23 is greater than in the normal case at the
same input pressure. The pressure distribution is decreasing for both normal and ARDS cases with increasing the
ventilated frequency. The maximum pressure difference between the normal and ARDS case is around 33.33% as
appeared in 149 min’' ventilated frequency. Also, the pressure difference at 1200 min™' ventilated frequency is
approximately 2.91%. Moreover, the minimum pressure percentage for the normal case is 1.01% and found at
ventilated 1200 min™! frequency. The studied ARDS case has the minimum pressure percentage 3.92% and found
at ventilated 1200 min™! frequency.

Input Pressure Percentage [%]

Normal and ARDS Case

= = Generation 1 Normal case
Generation 7 Normal case
—-=-Generation 23 Normal case
= = Generation 1 ARDS Case
Generation 7 ARDS Case
=-=+Generation 23 ARDS Case

400 600 800

Frequency (min'1)

Fig. 10: The relations between the percentage of the input pressure and the wide range of ventilated frequency [1/60 — 20Hz]

(1-1200 min™") for the selected generations 1, 7, and 23 for normal and ARDS case.
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In Fig. 10, the simulation for both normal and ARDS cases for the selected generations 1, 7 and 23 was presented.
Some of medical explanations can be concluded from the analysis of Fig.s 8, 9 and 10 as following:

e Pressure distribution for ARDS cases along the generations and ventilated frequencies is always greater
than in the normal case at the same input pressure.

e The more increasing frequency, the less pressure inside the generation.

e Atany selected ventilated frequency, the pressure is decreasing with increasing the generation number.

e  The pressure difference between any two generations for the same case is increasing with the increasing
the ventilated frequency as it reaches to the maximum difference at 1200 min™' ventilated frequency.

e The pressure difference between normal and ARDS case at the same generation is increasing with
increasing the ventilated frequency to specific value depends on the generation number. This specific
ventilated frequency is decreasing and shifted to the left with increasing the generation number.

e At last value of ventilated frequency 1200 min’!, the pressure difference between normal and ARDS
case is increasing with increasing the generation number.

e The Pressure distribution difference between normal and ARDS case increasing with increasing
generation number.

The pressure difference between upper airways is more significant than the distal ones.
No significant change in pressure distribution in ARDS cases 1 and 2 as the ARDS affects mainly lung
compliance.

IV. CONCLUSION

Covid-19 is one of the most critical viruses nowadays as it spreads rapidly and considered as a pandemic. It
affects the reparatory system and cause rapid deterioration in some patients like who have chronic diseases.

The mathematical model for the respiratory system is proposed based on the electro-acoustic bio-impedance
analysis. Huge number of equations were derived and calculated to solve this complicated model and implemented
by Matlab program package. All equations are calculated without any assumptions; therefore, the accurate results
compared to other methods are obtained. The proposed model presented methodology and software program were
validated and be able to study and discuss different diseases of respiratory system such as COPD, Asthma,
Pneumonia, and ARDS with their different severity. ARDS case was studied, discussed and compared with normal
case, the result was presented. The TLI and prediction of the pressure distribution in all generations of respiratory
system with different ventilation frequencies are presented.

The proposed model is helpful tool and can be one of reasons in selecting the ventilator modes, waveform pattern
and ventilators parameters according to the kind of disease and its severity. In reverse problems, it can be a tool in
auto diagnose of respiratory system diseases.
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