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Introduction: As pulmonary dysfunctions are prospective factors for developing cancer, efforts are
needed to solve the limitations regarding applications in lung cancer. Fractional order respiratory impe-
dance models can be indicative of lung cancer dynamics and tissue heterogeneity.
Objective: The purpose of this study is to investigate how the existence of a tumorous tissue in the lung
modifies the parameters of the proposed models. The first use of a prototype forced oscillations technique
(FOT) device in a mimicked lung tumor setup is investigated by comparing and interpreting the experi-
mental findings.
Methods: The fractional order model parameters are determined for the mechanical properties of the
healthy and tumorous lung. Two protocols have been performed for a mimicked lung tumor setup in a
laboratory environment. A low frequency evaluation of respiratory impedance model and nonlinearity
index were assessed using the forced oscillations technique.
Results: The viscoelastic properties of the lung tissue change, results being mirrored in the respiratory
impedance assessment via FOT. The results demonstrate significant differences among the mimicked
healthy and tumor measurements, (p-values < 0.05) for impedance values and also for heterogeneity
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index. However, there was no significant difference in lung function before and after immersing the mim-
icked lung in water or saline solution, denoting no structural changes.
Conclusion: Simulation tests comparing the changes in impedance support the research hypothesis. The
impedance frequency response is effective in non-invasive identification of respiratory tissue abnormal-
ities in tumorous lung, analyzed with appropriate fractional models.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Fractional calculus models allow understanding the physiologi-
cal processes that occur in biological tissues as the effect of
dynamic events caused by diseases [1]. Such that, cell and tissue
environment have been typically described with complex models
in order to predict the behavior of the experimental observations
with real applicability in various subdivisions of science and engi-
neering [2,3]. Recently, predictive mathematics methods through
numerical simulations based on fractional derivatives are used in
many applications [4–7] and control problems [8,9], and also for
natural phenomena [10,11].

Tumor growth models have been able to allow the simulation
and evaluation of treatment protocols and tumor behavior by
using fractional (FDEs), ordinary (ODEs) and partial differential
equations (PDEs). The mutual conclusion among researchers is
that fractional models have better performance for decision-
making process and provide future new characteristics for explo-
ration [12]. A fractional mathematical model was proposed in
[13] for evaluating the interactions between tumor cells and
immune response, being included into a control strategy
together with the effect of applied chemotherapy. For radiother-
apy, another model for cancer treatment using Caputo-Fabrizio
fractional derivative was presented in [14]. Tumor growth mod-
els that incorporate the fundamental physiological processes
encountered during tumor evolution are presented in [15,16].
Novel evidence proven that combining radiotherapy, immuno-
and targeted therapy in early stage lung cancer results in syner-
gistic effects, enhancing the efficacy of treatments [17–19]. Sim-
ilarly, a modified model that includes the dose–effect synergy
among all three anti-cancer therapies is the pharmacokinetic-p
harmacodynamic (PKPD) model developed in [17], studying the
drug interactions effects on tumor volume.

A lung tumor can be classified among pulmonary obstructive
disease, with airway blockage that occurs due to abnormal tissue
growth in the respiratory tree levels. Hence, the fractal structure
of the lungs changes into a heterogeneous morphometry, influenc-
ing its functional capacity. Different airway structure, elasticity, or
more pathologies, disrupt the fractal process leading to the need of
remodeling the branching tree [20]. Ladder network mathematical
model is available in this paper for simulating the respiratory tree
of 24 levels in case of normal and tumorous lung. A bronchial
obstruction in the peripheral bifurcations assumes specific pul-
monary abnormalities. The lung structure is divided in two bron-
chial generations: levels 1–16 for gas transport and levels 17–24
for gas exchange. The information is provided by existing litera-
ture, where the lung morphometry and its fractal geometry have
been studied to provide the link between lung structure and lung
physiology [21]. This motivates the usefulness for fractional calcu-
lus in yielding insights into the mechanism of tumor growth for
quantification of molecular processes in cancer [22].

The fractional order circuit element, i.e., impedance, is capable
to reproduce bio-mechanical properties, by analogy with the elec-
tric circuit elements. Different fractional impedance models have
been addressed in recent years for biomedical applications in
[1,23–27].
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Motivated by the above discussion, this work aims to use math-
ematical modeling and a forced oscillations technique device (FOT)
in the clinical decision-making process of choosing the optimal
lung cancer management. This paper proposes and applies a frac-
tional order model for a tumorous lung hypothesis. Simulations
were validated with input impedance data measured in a labora-
tory setup that imitates the lung tumor. The results of the mea-
sured and modeled impedance demonstrate the variation of the
mechanical parameters between the normal (healthy) and abnor-
mal setups. To the best of our knowledge, this is the first attempt
which investigates the use of FOT device and fractional order impe-
dance model (FOIM) in a lung cancer application. This original
work enables the initial steps toward introducing FOT as a non-
invasive assessment of lung respiratory properties in lung cancer
patients. Furthermore, using a prototype FOT device at lower fre-
quencies has particular interest from clinical point of view, where
viscoelastic properties are assessed during airway remodeling due
to illnesses. Introducing the ladder model for the case of lung can-
cer is a first time occurrence in literature. Randomly chosen ratios
for obstructed airways were used in numerical simulations,
notwithstanding the respiratory system as a recurrent tree in the
case of disease incidence.

The remainder of this paper is structured as follows. The second
section contains an overview of the proposed modeling approaches
for the respiratory tree and respiratory impedance, by means of
fractional calculus. The third section describes the materials and
methods used for performing the measurements, consisting of:
the mimicked lung tumor setup, the measurement device, and
the design of the study. Next, experimental and simulation results
are provided for the proposed methodology in the fourth section.
The discussion section presents the complete correlation of this
research with tumor dynamics, in a clinical practice overview for
modeling and predicting patient-specific response to cancer ther-
apy. The last section concludes this work, summarizing its content.
Modeling approaches

Developing a quantitative understanding of lung mechanics
requires a systematic construction of fractional order mathemati-
cal models. A set of equations provides a precise statement of lung
structure and function described from the mechanical and vis-
coelastic assumptions. With an anatomically accurate forward
model of the lung, we can simulate pressure-flow relationships
when only the distal airways are narrowed and modified [28].
Hence, it allows to analyze if this modified structure reproduces
the relationships that are measured experimentally for the mim-
icked tumor.

Ladder network model of the respiratory tree

Modeling the respiratory tract by means of electrical analogy
implies the simplification of the lung morphology and structure.
For reporting the pulmonary function, a symmetrical structure of
the lung is assumed in healthy tissue. An asymmetrical representa-
tion of the airways in the respiratory tree can be considered for a
diseased lung parenchyma, introducing tissue heterogeneity. Both
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modeling approaches are implemented for measurements
obtained in mimicked setups for normal and tumorous lungs.

Hence, making an electrical analogy, the equivalence for the
lung pressure P and air flow Q can be considered the voltage and
the current, respectively [29,30]. In case of viscoelastic airway
walls, the functions for the mechanical properties (resistance Re,
compliance Ce, and inertance Le) can be given by:

Re ¼ ‘
ld2 sinðe1Þ
pR4M1

ð1Þ

Ce ¼ ‘
2pR3ð1� v2

pÞ
2 cosuE

jEjh ð2Þ

Le ¼ ‘
q cosðe1Þ
pR2M1

ð3Þ

where the electrical resistances Re represent the resistance inside
the lungs caused by the airflow friction, the electrical capacitors
are correlated with pulmonary compliance Ce which describes the
lung distensibility (stretch/ expand), and electrical inductors Le rep-
resent the inertia of the air. For each of these parameters, the geo-
metrical (R;h) and mechanical (E;vp) characteristics of the air tube
and the air properties (l;u) are taken into consideration for the
mentioned definitions. Furthermore, the equations consider also

the following parameters: viscosity l [kg � ðm � sÞ�1], density u
[kg �m�3], Poisson coefficient vp, initial tube radius R [m], wall
thickness h [m], effective modulus of elasticity jEj [kPa], length of
an airway tube ‘ [m], modulus of the Bessel function of order 1
M1, phase angle of the complex Bessel function (order 1) e, and
Womersley parameter d.

Referring to Eqs. (1)–(3) and to the respiratory system as a
recurrent tree with 24 levels, a mathematical model of RL-C paral-
lel configuration enables identification of the input impedance in
the ladder network. For each level, the mechanical parameters
vary, being calculated based on specific ratios between the consec-
utive levels, as follows:

k ¼ Remþ1

Rem
ð4Þ

1
a
¼ Lemþ1

Lem
ð5Þ

v ¼ Cemþ1

Cem
ð6Þ

where m is the level in the respiratory system tree from 1 to 24.
With the parameters given by the above described equations, it

is possible to consider variations in viscoelasticity with morphol-
ogy and with pathology depending on the levels of the respiratory
tree.

Because of the recurrent geometry, the respiratory system is
considered as having a fractal structure, leading to a recurrent lad-
der network, with the admittance calculated as follows:

YN sð Þ ffi
1
Re1

1þ
1

Re1Ce1s

1þ
1

kRe1Ce1s

1þ
1

vkRe1Ce1 s

1þ
1

vk2Re1Ce1s���

1þ
1

vðN�2ÞkðN�1ÞRe1Ce1 s
1þ 1

vðN�1ÞkðN�1ÞRe1Ce1 s

ð7Þ

By reducing the ladder network from (7) to an analogue repre-
sentation, the admittance is obtained as:
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YN sð Þ �
1
Re1

Kðk;vÞð 1
Re1Ce1s

Þn ð8Þ

and the impedance:

Z sð Þ ¼ 1
YNðsÞ ffi

Kðk;vÞRe1

ðRe1Ce1sÞn
ð9Þ

Notice that the effects produced by the parameter Le are
insignificant at lower frequencies due to the fact that its values
are very small compared with parameter Re. In Eqs. (7)–(9), Re1

denotes the resistance and Ce1 the compliance, both in the first air-
way level, k represents the ratio of resistances per total N levels
and v the ratio of compliances per total levels, s is the Laplace oper-
ator, and Kðk;vÞ a scale factor with the fractional order

n ¼ logðkÞ
logðkÞþlogðvÞ ;�1 < n < 1.

This paper implements the ladder model for the case of lung
cancer, using different ratios for the conducting zone of the respi-
ratory system. The difference can be explained by the fact that lung
cancer leads to the rupture of the walls and the blockage of the air-
ways once a new abnormal formation grows along them. Usually,
the respiratory levels are function of power 2, described by a recur-
rent dichotomous respiratory tree with 24 levels, approximately
224 alveolar ducts. Because the obstructive tumor growth starts
in the lower airways (i.e., 16–24), the ratios are specifically chan-
ged for these conducting airway levels. Then, the asymmetry
appears and the model is randomly recalculated (using randn

Matlab function). For each iteration, the same new ratios are kept
(using seed Matlab function) by initializing the random number
generator to a certain status. Hence, seeding inside the loop keeps
the same random numbers created inside that loop in each itera-
tion, from the 16th level to the 24th one.

Fractional order respiratory impedance model

Ladder network models allow more significant variations of
model parameters with frequency, being useful for characterizing
broad ranges of frequencies. Such models lead to multiple
fractional-order lumped parametric models, necessary to describe
the complexity of the natural respiratory system. The behavior ori-
gins for fractional order models are the viscoelastic properties of
the lung tissue and the fractal structure of the respiratory tree.
Usually, both viscoelasticity and diffusion phenomena alter airway
mechanics at low frequencies. These variations are physiologically
explained and correlated to airway modeling in pathology, leading
to different values for the model parameters. These parameters can
change, depending on different structural changes in lungs (e.g.,
rupture of alveolar walls, tissue inflammation, decreased density
of the lungs or various degrees of obstruction). The modification
leads to different fractional order terms within respiratory zones.
Consequently, measuring the respiratory impedance of the human
respiratory system allows the detection of changes in tissue prop-
erties, as well as the impairment level of the lungs by a certain dis-
ease [31].

A fractional order model was implemented to represent the
resistance and reactance at low frequencies, influenced by the fact
that frequency-dependent impedance values variations are diffi-
cult to be captured. The lumped form of the fractional order impe-
dance model (FOIM) is proposed to estimate the respiratory
impedance, as follows:

Zr sð Þ ¼ P sð Þ
Q sð Þ ¼ Rr þ Lrsar þ 1

Crsbr
ð10Þ

where in analogy with the electrical equivalent model, P is the air-
pressure [kPa], Q the air-flow [l=s], Zr the respiratory impedance

[kPa � s � l�1], Rr the peripheral resistance [kPa1=s], Lr the the total iner-
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tance (electric: inductance) [ kPa1=s2], Cr the respiratory compliance

(electric: capacitance) [ 1
kPa], s the Laplace parameter, and fractional

orders a and b, 06a61, 06b61.
The last term 1

Crsbr
can be correlated with changes in tissue

damping (viscoelasticity) Gr [ l
kPa] and tissue elastance Hr [ l

kPa], their
ratio denoting the degree of heterogeneity present in the tissue gr

(hysteresivity coefficient-dimensionless):

gr ¼
Gr

Hr
ð11Þ

Gr ¼ 1
Crxbr

cos br
p
2

� �
ð12Þ

Hr ¼ 1
Crxbr

sin br
p
2

� �
ð13Þ

Changes in Gr represent changes in parenchyma or in very small
airways (if there are small changes in Rr) and changes in Hr reflect
changes in the intrinsic mechanical properties of the parenchyma.
Hysteresivity (lung compliance) is a dimensionless property of tis-
sues with viscoelastic properties. This ratio also characterizes the
sources for nonlinear distortions in the respiratory dynamical
properties. For the evaluation of the non-linear contributions exist-
ing in the respiratory system, the following index of heterogeneity
is used (dimensionless):

T ¼ Peven þ Podd

Pexc
=
Ueven þ Uodd

Uexc
ð14Þ

The index expresses the relative ratio of the contributions at
non-excited frequencies (even and odd) with respect to the contri-
butions at the excited frequencies (odd), as reported in [32]. Each
variable represents the sum of the absolute values of all the contri-
butions in the pressure and flow signals. Respiratory impedance at
low frequencies indicates the mechanical properties of the lung:
resistance, inertance and compliance, which further estimate the
viscoelastic properties of airways and tissue: damping and elas-
tance. Hence, a method for quantifying the non-linear effects com-
ing from the airways and lung tissue is introduced for validating
the hypothesis that T index is increased in patients diagnosed with
respiratory disease [28]. These are successful tools for analyzing
the frequency-dependence in human respiratory impedance for
various pathologies. Diseases affect the structure and morphology
of the airways and tissue, changing air-flow dynamics and, hence
introducing non-linear effects (quantified with T index). From clin-
ical insight, asthma, COPD and cancer patients have increased val-
ues of the proposed index compared to healthy subjects.

The identification procedure is employed for both presented
models in order to obtain the complex impedance by means of
Fig. 1. Healthy mimicked setup data and identified models: Ladder Network Model (le
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its real and imaginary parts as a function of frequency. The results
are depicted in Fig. 1 for the experiment performed with healthy
mimicked setup and in Fig. 2 for the tumor mimicked setup. Pre-
diction error method and least squares minimization are used to
fit the model parameters to measured data assessed with FOT.
The proposed models are nonlinear in the parameters (fractional
orders). The nonlinear least square technique with iterative proce-
dure is used.

Materials and methods

In order to test the usefulness and validity of presented models
in lung cancer, experimental measurements are performed on a
laboratory setup to assess the mechanical function of a mimicked
lung. The study of lung mechanics has been realized throughout
the measurement of impedance at the device opening during
forced oscillations. Two scenarios were tested, using a laboratory
setup to mimic a healthy and a tumorous lung, as presented here-
after. The performed experiments have the purpose of characteriz-
ing the changes in the pulmonary impedance as an effect of tumor
incidence. The existence of a tumor produces modifications in tis-
sue and airways properties.

Experimental setup

For the measurement of lung impedance, it was employed an
experimental setup available to mimic a normal lung and a tumor-
ous lung, by using rubber balloons, with different viscoelastic
degrees. A normal lung lobe has been assumed to be mimicked
by a single regular rubber balloon. The lung cancer tissue within
a lung lobe has been simulated by inserting an inner aired balloon
(stiffer) into the normal one (more elastic). The lung model setup
was built in order to observe the dynamical effects caused by the
changes in:

� micro-environment formed by the second balloon;
� tissue composition changing determined by the introduction of
the balloon in water or a physiological saline solution.

The research hypothesis is that a significant difference occurs in
the respiratory impedance model coefficients for tumor respiratory
tissue.

FOT measurements

A FOT device was used to detect the changes in damping resis-
tance and viscous or elastic reactance. An excitation signal was
optimized to better reflect the airway obstruction during simula-
tion of tidal breathing [28]. The use and purpose of FOT is
ft figure) and Lumped model (right figure). Impedance in complex representation.



Fig. 2. Tumor mimicked setup data and identified models: Ladder Network Model (left figure) and Lumped model (right figure). Impedance in complex representation.
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explained with respect to the respiratory measurement taken
under different conditions and manoeuvres. The driving signals
are forced oscillations applied to the respiratory system, in our
setup represented by the balloons. For clinical extrapolation, the
impedance (spectral relationship between pressure and airflow)
is measured in a frequency range from 0.15 to 2 Hz, closer to the
frequency of human respiration. The respiratory impedance at
these frequencies is dominated by the viscoelastic properties of
the lungs, significantly changed with pathology. To use linear mod-
els, one needs to use low amplitude oscillations, which overcome
important nonlinear dynamics at frequencies close to breathing
[33].

The impedance is determined knowing the pressure and the air-
flow, parameters that are different in various conditions of the res-
piratory function. From the pathological viewpoint, the tumor will
invade the lung tissue which automatically will lead to obstruc-
tions and blockages in the respiratory branches and finally to the
respiratory function modifications [34,35]. Having changes in the
respiratory function, the nonlinear distortions caused by the
breathing of the patient are captured by the device. The aim of
the experiments is to offer a statistical analysis of these patholog-
ical changes that occur in cancer lung and to evaluate the changes
in respiratory function.
Study design

The measurement scenario is depicted in Fig. 3. For the pur-
poses of this study, the impedance assessment at low frequencies
has been done using a prototype FOT device. The primary construc-
tion of the device consists of two fans located at each extreme of a
tube (one brings the air inside the tube and the other one outside
Fig. 3. Measurements scenario for the proposed protocols.
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the tube). The tube is filled with plastic straws to enable laminar
flow conditions. Other components are one mouth piece attached
to a pneumotachograph and two pressure sensors. An embedded
platform (National Instruments CompactRIO) was programmed
with LabVIEW tools to allow the control of the estimated pressure
signal applied. The structure of the device and the development
process are described in [36–38], the device being custom-made
for the specific frequency range (0.15–2 Hz).

Given the difference in structure and viscoelastic properties
introduced by the two protocols, differences are expected between
each set of measurements. The measurements have been taken
using the FOT prototype device, in sets of 10 measurements per
protocol. As the lung tumor is considered an obstructive disease,
implying a reduced total lung capacity because of the existence
of excess air in the lungs, it is expected that the impedance has
the same behavior as in obstructive diseases (COPD)
[34,35,39,40]. Several calibration methods were performed as
described in [32,37,38].

Protocol No. 1. Starting with the single balloon measurement,
the pressure and flow signals are registered for 140 s each, the
device stopping automatically afterwards. The device records the
signals which are superimposed over the excitatory signal (the
pressure) maintained at a peak-to-peak variation of 0.2 kPa. The
measurements were performed 10 times continuously without
switching on/off the FOT device or changing the input signal. The
second set of 10 measurements was executed with double dry bal-
loons. The larger balloon represents the lung, having an inserted
smaller balloon inside which characterizes the lung cancer tissue
within a lung lobe.

During the simulations, the lung is mimicked in the two men-
tioned conditions: healthy and tumorous tissue. In clinical onset,
a significant difference is observed between the model parameters
when the airways are obstructed, narrowed or blocked due to an
abnormal formation of tissue. The model parameters offer the pos-
sibility to evaluate the respiratory impedance for all the morpho-
logical changes in relation to the lung disease.

Protocol No. 2. Taking the case with double balloons, the inner
one was immersed before the measurements in one of the two
solutions: normal water for the first set of measurements and high
concentration saline solution for the second set. Protocol No. 2 con-
sisted of 10 measurements per each case.

The complexity of cancer includes the heterogeneity of the
tumorous tissue, together with its interaction with the micro-
environment affected by the tissue composition changing and
weight. Using a weighing scale, it was measured the mass of the
inner balloon. While a normal dry balloon had 2 grams, a wet bal-
loon (in salted and unsalted water) doubled its weight, meaning 4
grams. The analysis becomes even more difficult when tissue prop-
erties change, such as in obstructive disease, and the differentia-
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tion between the myriad of different influencing factors is not yet
possible. The solution of salt concentration could influence the
dynamics inside the lungs mostly if it is in the context of an
affected respiratory system [41]. In lung injuries, the lung water
content rises interests among clinicians, regarding the effect of
fluid balance on changes in respiratory impedance of human lung.

All measurements were done in the absence of disturbances,
i.e., in absence of mimicked respiration.
Results

The MATLAB� software was used for data processing and itera-
tive analysis of impedance measurements.

For statistics, boxplots and one-way analysis of variance
(ANOVA) were used to compare the two sets of samples.

Protocol No. 1. To analyze the response per excited frequency,
the impedance has been plotted for both cases, tumor and healthy
tissue, by means of real and imaginary parts. The impedance is
depicted as a function of frequency in Fig. 4. In the case of mim-
icked airway obstruction, resistance (‘‘real part”) Rr is slightly
increased at the lower applied frequencies, but falls with increas-
ing applied frequencies. Concomitant, reactance (‘‘imaginary part”)
Xr at low frequencies is more negative and increases as frequencies
increase. It can be observed that in healthy tissue the Rr has the
tendency of being constant with increases in frequency. The trend
for Xr is similar with the one for tumor, albeit shifted larger values.

Hence, the results showed in Fig. 4 demonstrate the hypothesis
specified, as a tumorous tissue implies indeed higher impedance
values, due to increased tissue resistance. By analogy to lung phys-
iology, if a tumor grows in a specific part of the bronchial tree, the
air flow will automatically decrease and the pressure increase,
resulting in increased impedance values.

The graphics displayed for Boxplot analysis in Fig. 5 indicate
that the tests are consistent within groups and the quartiles
respect the trends of the variation in samples of each statistical
population.

The differences among the healthy and tumor groups of mea-
surements have been evaluated using Anova. The p-values for
impedance Z and T index have been compared for both cases. For
impedance, the p-value resulted is 0.0117. The T index values were
calculated with (14), resulting a p-value of 0.0089 (as depicted in
Fig. 6). The results indicate a difference statistically significant
for both impedance and T index among healthy and tumor cases.
These results confirm the original hypothesis of this research, that
the presence of tumor in lungs affects the frequency-dependent
respiratory impedance and tissue heterogeneity expressed by T
index.
Fig. 4. Frequency-dependent impedance for healthy tissue lobe (left) and for the lobe w
displayed.
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Protocol No. 2. From the graphical model of the frequency
dependent impedance obtained from the signals (air pressure
and airflow) registered by the device, it can be noticed that the
impedance values change from the dry lobe to the ones immersed
in both water or saline solution. Nonlinearities can be studied
because the changes were linked to the material properties and
there are no structural changes for the normal lobe. The composi-
tion and the weight of the measured systems influence their
behavior, despite their tissue structure.

The impedance is plotted in its complex representation for the
water case and for saline case in Fig. 7. Compared with the water
impedance data, resistance is higher and positively frequency-
dependent in saline solution, whereas reactance has also higher
values, but constant with frequency. The equivalent boxplots are
given in Fig. 8.

The p-value for both impedance and T index have been calcu-
lated for each of the 10 measurements per case. Fig. 9 did not
reveal significant differences at baseline for Z or T index between
the dry normal lobe and the normal lobe immersed in water. The
same result can be depicted for the comparison between the lobe
immersed in water and the one immersed in saline solution from
Fig. 10. The results suggest that a water and a high sodium concen-
tration solutions are not influencing the heterogeneity response of
the tissue.
Discussion

In a pandemic context, to control the health outcomes of indi-
vidual patients with underlying chronic diseases represent a major
concern. The prioritization of health resources in clinical practice
for patients diagnosed with both COVID-19 and lung cancer is
not yet established. The medical oncology team has to decide
stopping or continuing anticancer treatment, while treating the
COVID-19 pneumonia [42]. Most potential interactions between
anticancer and coronavirus therapies are unknown. Hence, the
comprehensive therapeutic management of patients with lung
cancer increases in complexity during a pulmonary pandemic. Fur-
thermore, the transmission and persistence of epidemic need to be
studied in order to understand and predict the spread of viruses
[43].

Recent studies have emphasized the usefulness and uniqueness
of developing epidemic models. In the current pandemic of COVID-
19, numerical simulations have been performed with: a fractional-
order model with two different operators (classical Caputo opera-
tor and Atangana-Baleanu-Caputo operator) for the transmission of
COVID-19 epidemic [44] and a continuous time Markov Chain
through stochastic model approach for the persistence and extinc-
tion of coronavirous [45]. Other epidemic models were developed
ith tumorous tissue (right), within Protocol 1. Ten measurements per each case are



Fig. 5. Boxplot for healthy case (left) and tumor case (right) for various frequency points and tests, within Protocol 1.

Fig. 6. Anova for healthy and tumor cases (Protocol 1), in terms of impedance Z (left figure) and T index (right figure).

Fig. 7. Frequency-dependent impedance for the lobe immersed in water (left) and for the lobe immersed in saline solution (right), within Protocol 2. Ten measurements per
each case are displayed.

Fig. 8. Boxplot for water case (left) and saline soultion case (right) for various frequency points and tests, within Protocol 2. The columns represent data for each frequency
[0.15, 0.35, 0.55, 0.75, 0.85, 0.95, 1.05, 1.25, 1.45, 1.55, 1.75, 1.85, 1.95 Hz].
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Fig. 9. Anova for normal tissue lobe (dry) and high water concentration lobe (Protocol 2), in terms of impedance Z (left figure) and T index (right figure).

Fig. 10. Anova for high water concentration lobe and lobe in saline solution (Protocol 2), in terms of impedance Z (left figure) and T index (right figure).
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for different diseases: a mathematical model with fractional-order
Caputo derivative for Zika virus transmission [46], model with frac-
tal fractional Caputo derivative operator for transmission dynamics
of an infectious disease [47], and a fractional model approach in
the sense of ABC model (a new derivative operator with Mittag–
Leffler kernel in the Caputo sense) for human respiratory syncytial
virus (HRSV) [48]. Recently, many researchers have developed dif-
ferent control strategies for disease transmission, diagnosis and
treatment, while addressing mathematical models containing frac-
tional and integer order differential equations [13,49,50].

Rapid progress in oncology requires personalized therapies for
cancer able to replace the traditional medicine, where a one-size-
fits-all treatment approach is exceeded. The clinical decision mak-
ing process should not be based only on best practices, but also on
integration of clinical data and high-precision tools, as illustrated
in Fig. 11.

Personalizing medicine by modeling and predicting patient-
specific responses to cancer therapy is the best way towards
prospective clinical trials. To provide optimal treatment for the
individual patient, clinical and engineering tools are used to fore-
cast tumor dynamics. Primary investigations include the assess-
ment of lung function with FOT device and tumor characteristics
with imaging techniques for diagnosis of lung properties in lung
cancer. All patient data is integrated in mathematical models for
identifying parameters predictive of treatment outcome in lung
cancer. Simulation for prediction of tumor evolution will be made
with lung mechanical properties, kinetics and dynamics interac-
tions, time-varying tissue heterogeneity, and drug resistance. Using
these tools, it becomes feasible to simulate time-dependent effects
during treatment and to compare different time-dose patterns in
terms of their tumor management. All the above techniques (imag-
ing, pulmonary function tests, mathematical models) used in a con-
gruent manner will ensure better guidance for physicians in
managing each treatment outcome while minimizing its toxicities.
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To address the raised challenges and to maximize the success of
a treatment in an individual, clinicians need to be aware of both
tumor characteristics and lung tissue properties (enabled here by
forced oscillations lung function test data).

We established that changes in tissue heterogeneity can be
acquired and described with a FOT device. Modifications of vis-
coelastic properties of respiratory tissue can be captured from
time-based data by fractional order models of respiratory impe-
dance [28,29].

To gain insight into the behavior of a drug in situations not yet
studied, extended numerical simulations are required. The applica-
tion of physiologically based pharmacokinetic (PK) and pharmaco-
dynamic (PD) principles has been shown to enhance the selection
of optimum doses and treatment designs, without human expo-
sure [51]. A minimal PKPD interaction model has been proposed
by our team in [17] for estimating therapy doses and dosing inter-
vals to provide specific synergy degree among drugs and patient
response in simulated non-small cell lung cancer (NSCLC) thera-
pies. This model can be used to determine the drug response in
humans, by predicting steady-state responses and optimum dosing
regimens to achieve desired responses in tumor regression. Effi-
cient numerical procedures for prediction of interaction between
tumor cell populations and various therapies, with direct effect
on tumor growth or regression has been also addressed in
[12,13,15].

The final use of the simulation analysis presented in this paper
is to evaluate changes in the respiratory impedance as a function of
time, as to identify the effects of treatment on tumor volume.
Tumor and patient response to drug therapy can be simulated for
different anti-cancer therapies by means of PKPD model. Both
mathematical models form a decision-making platform to assist
the healthcare team plan, the next dose treatment as a function
of periodically evaluated lung function tests and the updated
tumor/lung model parameters.



Fig. 11. Personalization of treatment planning by integration of mathematics, modeling and simulation tools.
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Conclusions

Mathematical modeling of the respiratory function as a
response of heterogeneous tissue represents an attractive avenue
towards narrowing the set of possibilities that should be tested
prior to clinical trials. Feature extraction from modeling a respira-
tory function through a specific fractional order impedance model
can be transposed to lung tumor dynamics. Furthermore, changes
in the lung geometry along the levels of the respiratory tree are
simulated, replacing the recurrent lung geometry for a tumorous
lung with random asymmetry.

A mimicked lung tumor setup has been employed in experi-
mental analysis with a FOT device during two protocols. By analy-
sis of different induced abnormalities, upon impedance model
parameters, the results have shown the changes in viscoelastic
properties of respiratory tissue. Non-linear effects coming from
the airways and lung tissue validated our hypothesis that T index
is increasing with changes in viscoelasticity (i.e., various rubber
balloons).

Future research investigations involve using tools such as FOT
in clinical trials for assessing the respiratory function in lung can-
cer patients. Through correlation of the respiratory function with
the tumor volume provided by imaging techniques, FOT can be
used as a useful ally for auxiliary treatment planning and toxicity
prediction. Using real clinical data in mathematical formulations
based on fractional calculus and compartmental PKPD models
enables a smoother decision making process for treatment synergy
[17], highly relevant in a challenging pandemic context
[44,45,47,48].
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