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1. Introduction

Thanks to the technological advances, complex mathematical tools have been enabled for
general use and applications in the field of biomedical engineering. Moving from fiddler’s
paradise of integer order models for biological systems, the modern scientist has vast
possibilities to explore new horizons in the novel generalized order modeling concepts
(Losa et al, 2005).

One of these novel concepts in modeling and identification is that of fractals, self-similarity
in geometrical structures (Mandelbrot, 1983). Although originally applied in mathematics
and chemistry, the signal processing community introduced the concept of fractional order
modelling in several areas (Eke et al., 2002; Losa et al, 2005; Jesus et al, 2008). A perfect
example of fractal structure is that of the lungs (Mandelbrot, 1983; Weibel, 2005) and of the
circulatory system (Gabrys et al, 2004). Regarding the lungs, there exist observations to
support the claim that dependence exists between the viscoelasticity and the air-flow
properties in the presence of airway mucus with disease. It is also agreed that fractional
orders appear intrinsically in viscoelastic materials (i.e. soft lung tissue, soft arterial tissue,
polymers) (Suki et al., 1994; Adolfsson et al., 2005; Craiem & Armentano, 2007). When
characterization of the respiratory tree is envisaged, the mechanical properties are captured
by measuring the input impedance, which gives insight upon airway and tissue resistance
and compliance (Oostveen et al, 2003; Ionescu & De Keyser, 2008; Ionescu et al, 2009b).

This chapter will discuss the use of fractional order (FO) models for characterizing the input
impedance of the human respiratory system in relation to its fractal structure. Given a brief
summary of our previously gathered insight in the intrinsic properties of human respiratory
tree, we introduce here several competitive models for characterizing the total input
impedance. A comparison with the well-inherited fractional order model from the
specialized literature and recently published hot-stone articles, will situate our results
within the overall research on this challenging topic.
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2. Materials and Methods

2.1 Subjects

The first group evaluated in this study consists of volunteers without a history of
respiratory disease, whose lung function tests were performed in our laboratory and Table 1
presents their biometric parameters, whereas a detailed analysis on their respiratory
impedance parameters can be found in (Ionescu et al., 2009a).

male female
HEALTHY (n=15) (n=8)
Age (yrs) 23+0.7 23+1.3
Height (m) 1.76+0.062 1.68+0.032
Weight (kg) 7315.1 63£2.8

Table 1. Biometric parameters of the healthy subjects; values are presented as mean+SD (SD:
standard deviation).

A second group consists of patients under observation at the “Leon Danielo” Hospital in
Cluj-Napoca, Romania, pulmonary division, diagnosed with COPD (Chronic Obstructive
Pulmonary Disease). The latter group of patients consisted of former coal miners from the
Petrosani area in Romania. Table 2 presents the corresponding biometric and spirometric
parameters of the COPD group (Ionescu & De Keyser, 2009c¢).

male
COPD (n=21)
Age (yrs) 5819
Height (m) 1.81+0.08
Weight (kg) 7614.8
VC % pred 8616.7
FEV; % pred 4349

Table 2. Biometric and spirometric parameters of the COPD patients. Values are presented
as mean+SD; % pred: predicted according to the asymptomatic males of the present study;
VC: vital capacity; FEV1: forced expiratory volume in one second.

2.2 Measurement Procedure

In this study, the Forced Oscillations Technique (FOT) non-invasive lung function test was
applied (Oostveen et al., 2003). Air-pressure variations P, with respect to the atmospheric
pressure and corresponding air-flow Q during the FOT lung function test can be measured
either at the mouth of the patient, either endotracheal, either at body surface (Northrop,
2002). If the impedance is measured at the mouth of the patient, then it is called input
impedance. In the case when the measurements are done across the body surface, this is then
called transfer impedance. Using electrical analogy, where the P corresponds to voltage and Q
corresponds to current, the respiratory impedance Z, can be defined as their spectral
(frequency domain) ratio relationship (Daroczy & Hantos, 1982). The present study is
restricted to measurements of input respiratory impedance, that is, P and Q are measured at
the mouth of the patient with reference to the atmospheric pressure (Oostveen et al., 2003).
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Typically, the resulting impedance is a frequency dependent complex representation of
mechanical properties and defines a real part R, - called resistance - and an imaginary part
X5 - called reactance. The real part describes the dissipative mechanical properties, whereas
the imaginary part is related to the energy storage capacity and determined by both elastic
and inertive properties.

The subject is connected to the typical setup from figure 1 via a mouthpiece, suitably
designed to avoid flow leakage at the mouth and dental resistance artefact. The oscillatory
flow U(t) in most recent FOT devices is generated by a loudspeaker (LS) connected to a
chamber (Birch et al., 2001). The LS is driven by a power amplifier fed with the oscillating
signal generated by a computer. The movement of the LS cone generates a pressure
oscillation inside the chamber, which is applied to the patient's respiratory system by means
of a tube connecting the LS chamber and the bacterial filter (bf). A side opening (BT) of the
main tubing allows the patient to decrease dead space re-breathing. Ideally, this bias tube
will exhibit high impedance at the excitation frequencies to avoid the loss of power from the
LS pressure chamber. It is advisory that during the measurements, the patient should wear a
nose clip and keep the cheeks firmly supported to reduce the artefact of upper airway shunt.
Pressure and flow are measured at the mouthpiece, respectively by means of i) a pressure
transducer (PT) and ii) a pneumotachograph (PN) plus a differential pressure transducer
(PT). The FOT pressure signal should be kept within a range of a peak-to-peak size of 0.1-0.3
kPa, in order to ensure optimality, patient comfort and stay within a narrow range in order
to assume linearity (Desager et al., 1997). Averaged measurements from 3-5 technically
acceptable tests should be taken into consideration for further signal processing. Typical
recorded signals are depicted in figure 1-B.
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Fig. 1. (A) A schematic overview of the FOT measurement setup. (B) Typical measured
signals from one subject: oscillatory driving pressure; trans-respiratory pressure and air-
flow. The breathing of the patient (low frequency) can be observed superimposed on the
multisine signals. See text for symbol explanations.

Several alternative setups for FOT have been developed during the last decades, such as the
head plethysmograph (Govaerts et al, 1994), infants (Desager et al, 1991), or replacing the
pneumotachograph by a known tube impedance (Franken et al, 1981).

The most common periodic excitation is the sinusoidal excitation; this signal is of great
interest when frequency-domain identification is targeted, providing unbiased estimates.
Besides, it allows direct interpretation of the mechanical load and poses a high signal-to-
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noise ratio. The drawback is that only one point in the frequency domain is excited, so the
information is not sufficient to assess the mechanical properties of the lungs. In order to
avoid this drawback, multi-sine waves are applied to excite the system over the desired range
of frequencies, in one experiment. The limitation, however, is that the amplitude (power) of
the signal at a specific frequency decreases, due to the fact that the overall power spectrum
of the multi-sine must be kept within the linearity, safety and comfort range for the patient.
This constraint leads to limitations in the peak-to-peak amplitude of the FOT signal, i.e.
between 0.1-0.3kPa (Oostveen et al., 2003; Van De Woestijne et al., 1994). In this study, we
consider applying multi-sine oscillations in the frequency range: 4-48Hz. An overview of
other type of signals is given in (Oostveen et al., 2003; Ionescu et al., 2009a).

3. Theoretical Background

The following sections provide the theoretical principles and experimental results
underpinning the proposed fractional-order models.

3.1 Respiratory Input Impedance

One of the most common non-parametric representations of the input impedance Z, is
obtained assuming no correlation between the breathing and the excitation signal. This is
done in the conditions that the breathing and the oscillations at the mouth of the patient are
superimposed (Daroczi & Hantos, 1982), thus breathing can be considered as noise in this
identification task. Apart from the errors introduced by the linear assumptions, the spectral
representation of Z, is a fast, simple and fairly reliable evaluation. The algorithm for
estimating Z, can be summarized starting from:

P(s)=Z,(s)Q(s)+ U, (s) Q)

where s denotes the Laplace operator. If the excitation signal is designed to be uncorrelated
with the breathing of the patient and correlation analysis applied to the measured signals,
one can estimate the respiratory impedance as:

SPUH (o)

Z,(jo)= S, )

(2)

where §,(j®) denotes the cross-correlation spectra between the various input-output

signals, © is the angular frequency and j =(~1)"? and Uj(t) denotes the excitation signal

generated by the loudspeaker (multisine). From the point of view of the forced oscillatory
experiment, the signal components of respiratory origin, (U,) have to be regarded as pure
noise for the identification task. However, to fulfill this condition it is necessary that:

i) the test signal U, is designed such that it is not correlated with the normal
respiratory breathing signal U,and

ii) the conversion from voltage to pressure oscillation follows a linear
relationship.
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Z

r

By definition, the modulus is a measure of the total mechanical load of the respiratory

system at the respective oscillation frequencies. The phase of respiratory impedance ®, is
defined as the phase lag between P(t) and Q(#) and it is computed as the ratio between the
time lag and the oscillation period T: ®, =360xA¢/T . The frequency where @, =0 is

called the resonance frequency and it depends on the balance between the different kind of
mechanical properties (elastic, inertial). This then allows for differentiating between healthy
and pathologic cases, since the resonance frequency changes significantly from typically
8Hz for a healthy adult to 14Hz for a patient with mild airway obstruction and from 20Hz
onward in cases of severe obstruction.
According to (Pasker et al., 1997), the real (Rrs) and imaginary (Xrs) parts of the impedance
can be predicted from their biometric data as given below:
Female
Rrs0f=-0.4300*h+0.00165*w-0.00070*a+0.9312 (RSD=0.0619)
Rrs1f=0.01176*h-0.000106*w-0.000045*a-0.00817 (RSD=0.00256)
Xrs0f=0.2487*h-0.001700*w-0.00053*a-0.2158 (RSD=0.0406)
Male
RrsOm=-0.2454*h+0.001564*w-0.00055*a+0.5919 (RSD=0.0493)
Rrs1m=0.01176*h-0.000106*w-0.000045*a-0.00817 (RSD=0.00197)
Xrs0m=0.2487*h-0.001700*w-0.00053*a-0.2158 (RSD=0.0306)
where a denotes age in yrs, h denotes height in m, w denotes weight in kg and RSD is the
residual standard deviation. The 0f and 1f coefficients are related to the E and D coefficients
respectively, resulting from fitting the polynomial given by:

R (orX, )=Df+E ©)

to the real or imaginary data sets, with D, E identified constants and f the oscillatory
frequency, in this case between 4-48Hz. Confidence intervals of the identified values for 95%
were calculated from RSDx1,96.

With the real (Rrs) and imaginary (Xrs) parts of the impedance from (2), parametric
identification can be performed and the model parameters estimated using a nonlinear least
squares optimization algorithm, by use of the MatLab® function Isqnonlin. The optimization
algorithm is a subspace trust region method and is based on the interior-reflective Newton
method described in (Coleman et al, 1996). In this application, the lower bounds were set to
0 (model parameters cannot have negative values) and no upper bounds. The optimization
stopped either when a high number of iterations reached 100*nr. of variables, or a
termination tolerance value of 1e-8. In all cases we obtained a correlation coefficient between
data and model estimates above 80%.

Along with the corresponding model estimates, the error on the real and imaginary part
respectively and the total error between the real patient impedance and the model estimated
impedance are calculated according to the formulae:
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1 & 1 &
Ey=, =2 (r=/" Ey= /=2 (x-%7;
! \/NZ ) \}NZ ()
ET()tul = VE; +E)2(

with r denoting values in the real part of the impedance, x denoting values in the imaginary
part of the impedance and N the total number of data samples (N=23).

3.2 Data Validation and Statistical Analysis

Since the healthy groups consisted of volunteers with no record of respiratory pathology, a
validation was done using the reference values given in the previous section. All patients
were within the 95% confidence intervals (Ionescu et al. 2009a). An one-way analysis of
variance (¢ student test) was used to compare model parameters among the two groups:
healthy and COPD. Results were considered significant at p <0.05. Further on, model

parameters from the separate groups were evaluated using boxplots. The boxplot is
typically a box and whisker plot for each column of the matrix, whereas here the columns
are respectively the parameters for healthy group and for COPD group. The box has lines at
the lower quartile, median, and upper quartile values. The whiskers are lines extending
from each end of the box to show the extent of the rest of the data. Outliers are data with
values beyond the ends of the whiskers (see, e.g. figure 5).

3.3 The Origins of Fractional-Order Models
The concept of fractional order (or non-integer order) systems refers to those dynamical
systems whose parameters contain arbitrary order derivatives and/or integrals. The FO
derivatives and integrals are tools of the Fractional Calculus theory (Podlubny, 1999). The
dynamical systems whose model can be represented in a natural way by FO parameters,
exhibit specific features:

e  viscoelasticity;

e diffusion;

e fractal structure.
Viscoelasticity has been shown to be the origin of the appearance of FO models in polymers
(from the Greek: poly - many and meros -- parts) (Adolfsson et al, 2005) and other resembling
biological tissues (Suki et al, 1994). Diffusion phenomena have been intensively studied in
the field of chemistry and dielectrics (Oustaloup, 1995; Machado & Jesus, 2004) and only
recently in biology (Losa et al, 2005). Finally, it has been shown that the fractal structure
leads to a FO model in some geometrical structures and electrical networks (Oustaloup,
1995; Ramus et al, 2002). Although viscoelastic and diffusive properties were intensively
investigated in the respiratory system, the fractal structure was surprisingly ignored.
Probably one of the reasons is that the respiratory system is not symmetric, thus failing to
satisfy one of the conditions for being a typical fractal structure. Nonetheless, some degree
of recurrence has been recognized in the airway generation models (Mandelbrot, 1983;
Weibel, 2005), but simulation models including this specific property are not yet available.
The literature reports the existence of a FO model based on viscoelastic assumptions
(Hantos et al, 1992). The model provides an expression for the input impedance (measured
at the mouth of the patient) as:
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P(s) 1
= (S =R+Ls+ W (5)

Z,(s)
with P - pressure in kPa; Q - flow in 1/s; Z, - the impedance; R - airway resistance kPa-s/1; L
- inductance kPa-s2/1; C - capacitance in 1/kPa; 0 <f <1 a fractional order and s the Laplace
operator. This model, although broadly used by researchers and providing valid parameter
values in several groups of patients, is unable to characterize increasing resistance with
frequency at frequencies higher than 30Hz (Ionescu & De Keyser, 2008). As a result of the
limitation, researchers have performed and reported studies in which the parameter values
are meaningless from a physiological standpoint, i.e. negative (Hantos et al, 1982; Suki et al,
1997).
In the same context of characterizing viscoelasticity, (Suki et al, 1994) established possible
scenarios for the origin of viscoelastic behaviour in the lung parenchyma. The authors apply
the model from (5) in the form:

1
2= Q)
in which the real part denotes elastance and the imaginary part the viscance of the tissue.
Similarly to (5), this model was also referred as the constant-phase model because the phase is
independent with frequency, implying a frequency-independent mechanical efficiency
(Oustaloup, 1995).
In his paper, Suki et al. (1994) recognizes five classes of systems admitting power-law
relaxation or constant-phase impedance:
e Class 1: systems with nonlinear constitutive equations; a nonlinear differential

equation may have a At¢™" solution to a step input. Indeed, lung tissue behaves
nonlinearly, but this is not the primary mechanism for having constant-phase
behaviour, since the forced oscillations are applied with small amplitude to the
mouth of the patient to ensure linearity.

e Class 2: systems in which the coefficients of the constitutive differential equations are time-
varying; the linear dependence of the pressure-volume curves in logarithmic time
scale does not support this assumption.

e  Class 3: systems in which there is a continuous distribution of time constants that are
solutions to integral equations. By aid of Kelvin bodies and an appropriate
distribution function of their time constants, a linear model has been able to
capture the hysteresis loop of the lungs, capturing the relaxation function
decreasing linearly with the logarithm of time. This is a class of systems which may
be successful in acknowledging the origin of the constant-phase behaviour, but
there is no micro--structural basis.

e Class 4: complex dynamic systems exhibiting self-similar properties (fractals). This class
is based on the fact that the scale-invariant behaviour is ubiquitous in nature and
the stress relaxation is the result of the rich dynamic interactions of tissue strips
independent of their individual properties. Although interesting, this theory does
not give a straightforward explanation for the appearance of constant-phase
behaviour.
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e Class 5: systems with input-output relationships including fractional order equations;
borrowed from fractional calculus theory, several tools were used to describe
viscoelasticity by means of fractional order differential equations (Suki et al, 1997;
Craiem & Armentano, 2007).

Referring to the specific application of respiratory mechanics, Classes 3-5 are most likely to
characterize the properties of lung parenchyma. The work presented in this chapter deals
primarily with concepts from Class 4, but addresses also several items from Class 5.
Hitherto, the research community focused on the aspect of viscoelasticity in soft biological
tissues. The other property of the lungs which can be related to fractional-order equations is
diffusion and some papers discuss this aspect (Losa et al, 2005).

Surprisingly, the plain fractal-like geometry of the airways has been completely ignored
throughout the decades. Perhaps one of the reasons for this lack of interest from the research
community is that the lungs are not perfectly symmetric and even more, the quasi-
symmetry disappears completely with disease. While most biologic processes could be
described by models based on power law behaviour and quantified by a single characteristic
parameter (one fractional order), the necessity arises to introduce multi-fractal models. The
study presented in this chapter will address both the single- and multi-fractal models for the
respiratory impedance.

3.4 Some Concepts from Fractional Calculus
The fractional calculus is a generalization of integration and derivation to non-integer

(fractional) order operators: D, . Several definitions of this operator are available; see e.g.

(Podlubny, 1999). All of them generalize the standard differential--integral operator in two
main groups:
(a) they become the standard differential--integral operator of any order when 7 is an
integer;
(b) the Laplace transform of the operator D, is s” (provided zero initial conditions),
and hence the frequency characteristic of this operator is (j®)" .

The Laplace transform for integral and derivative order n are, respectively:

L{D" f(t)} =s"F(s)

, \ )
L{D f()} =5"F(5)
where F(s)=L { f (z‘)} and s is the Laplace variable. The Fourier transform can be obtained

by replacing s with jo in the Laplace transform and the equivalent frequency-domain
expressions are:

1 1 ( T .. ﬂj_" 1 ( nro. . nﬂ]
= cos—+ jsin=| = COS— — jsin —
(jo)" o" 2 2 " 2 2

(jo)"' =" cosZ+ jsinZ | =w"| cos?E+ jsin2E
/ SRR 2 T
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Thus, the modulus and the argument of the FO terms are given by:

resulting in:

|M|dB = 2010g|(ja))¢”

4|, =arg((jo)™)

T
=Fn—
2

=F20n 10g|a)|

T
e a Nyquist contour of a beeline with a slope inz anticlockwise rotation of the real

axis in the complex plane around the origin according to variation of the FO value

n,

e Magnitude (dB wvs log-frequency): straight line with a slope of F20n passing

through 0dB for @ =1 (see figure 2);

e Phase (rad vs log-frequency): horizontal line, thus independent with frequency,

with value ?n% (see figure 2).
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Fig. 2. Sketch representation of the FO integral and derivate operators in frequency domain,
by means of the Bode plots (Magnitude, Phase)

4. Proposed Fractional-Order Models for Evaluation

Several attempts have been made to obtain an electrical equivalent of the respiratory tree
(Farre et al, 1989; Diong et al, 2007). However, the models reported hitherto are an
approximation of the tree rather than a precise formulation, and do not preserve the
intrinsic geometry. Thanks to technological advances, information on airway radius, length
and thickness is available. Our previous work provides a simulator for the dichotomous
airway structure and validates the appearance of the fractional-order behaviour in the
impedance, arising intrinsically from the fractal structure of the lungs (Ionescu et al, 2009d;

Muntean et al, 2009).
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The FO terms in the impedance models arise either from intrinsic viscoelastic (at low
frequencies), either intrinsic fractal structure of the airway tree. Viscoelastic properties and
FO models have been already presented and validated for the respiratory tree in (Suki et al,
1994; Hantos et al, 1992). Furthermore, based on electrical analogy to ladder networks and
corresponding theoretical background (Oustaloup, 1995), we have shown that the FO
properties expressed in (9) arise from the fractal structure of the airway tree (Ionescu et al,
2009d). A similar analysis was conducted for other systems, e.g. the arterial tree (Gabrys et
al, 2004) and the stemming leaf-structure (Ionescu & Machado, in press).

It is interesting to compare the models existing in literature with some similar candidate
models, on the same range of frequencies 4-48Hz, which is commonly evaluated in clinical
trials (Oostveen et al., 2003). We therefore propose the following FO models, in order of
complexity. The first model, from here-on referred to as FO1, is based on (5):

1
Z.(S)=R +—— 10
FOI() 1 Clsﬂ' (10)

with R; the resistance, C; the capacitance and 0 <p <1. This model was initially used at
frequencies<bHz, whereas the effect of the inductance is negligible. Therefore, evaluating
such model at 4-48Hz frequency interval, one may expect low performance results.

The second model proposed here, referred to as FO2, is in fact (5), by adding the inductance
term:

Zios(8) =R, +L,s+

C,s” (1)
2

As frequency increases, the real part of the impedance may increase its value in some
patients. The real part of (11) depends on the resistance R, and the capacitance term C; (the
latter being frequency-dependent). As frequency increases, the real part of the term in C;
decreases, therefore unable to characterize correctly the impedance. However, if the model
is evaluated in a frequency range in which the real part of the impedance is decreasing with
frequency, the model has good performance.

The third model (FO3) proposed for evaluation is based on (11), but the FO term is in the
inductance and not in the capacitance:

1
Zon(8)=R, +L.s" +— 12
ros(8) = Ry + L, Cos (12)

This model will provide good results for patients with increasing impedance values with
frequency in the real part, since the term in L3 is directly proportional to frequency.

The last model proposed for evaluation in this chapter is based on our previous work
(Ionescu et al., 2009a; Ionescu & De Keyser, 2009b), i.e. the multi-fractal model:

Zpoa(s) = Lys™ + (13)

C4 Sﬂ4
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which does not contain the resistance term Ry. The decision to eliminate this term was taken
as a result of previous investigation, showing that the identified values are negligible
(Ionescu & De Keyser, 2009b). Physically, the term in Ry is not necessary, since the theory of
fractional order appearance in ladder networks shows that the effects of Ry are indirectly
captured in the values of the FO terms and FO coefficients (Oustaloup, 1995; Ionescu et al.,

2009d).

5. Results

The complex impedance values for the healthy and COPD patients have been obtained
using (2) and they are depicted in figure 3 below. It can be observed that the healthy group
has a resonant frequency (zero crossing in the imaginary part) around 8 Hz, whereas the
COPD group around 16 Hz. This shows that the lung parenchyma in COPD patients is less
elastic than in healthy subjects. The real part denotes mainly the mechanical resistance of the
lung tissue, which is generally increased in the COPD group, resulting in higher work of
breathing. Also, the resistance at low frequencies is much increased in the COPD group,
suggesting increased damping of the lung parenchyma (viscoelasticity is mainly analyzed at
low frequencies). In both cases, the real part of the impedance decreases with frequency
until 10-15Hz, and the low frequency interval becomes more significant with pathology.
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Fig. 3. Impedance plots for the healthy (left) and for the COPD (right) groups.

Next, the models from (10)-(13) are fitted to the complex impedance values. The results for
model identification are obtained using the System Identification Toolbox within the
MatLab platform, i.e. the Isqgnonlin optimization function. The estimated parameter values
along with the real, imaginary and total error values are given in Table 3 for the healthy
subjects, respectively in Table 4 for the COPD patients.
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Healthy FO1 FO2 FO3 FO4
R 0.22+0.09 0.22+0.09 0.06+0.06 -
L - 0.0007+0.0001  0.029+0.0302  0.0374+0.031
a - - 0.48+0.13 0.43+0.1
1/C 0 1.36+0.98 3.52+1.67 2.02+1.47
B 0.99+0.0006 0.99+0.01 - 0.79+0.16
Er 0.05+0.02 0.05+0.02 0.02+0.01 0.02+0.01
Ex 0.12+0.02 0.01+0.006 0.015+0.0063  0.013+0.006
Er 0.13+0.03 0.05+0.02 0.02+0.01 0.02+0.01

Table 3. Estimated model parameters and modelling errors for the healthy group

COPD FO1 FO2 FO3 FO4
R 0.18+0.08 0.260.08 0.27+0.05 -
L - 0.0009+0.0001  0.0021+0.0014  0.015+0.008
a - - 0.87+0.1 0.59+0.09
1/C 1.73+3.32 5.20+£2.49 8.9+3.79 2.94+1.54
Y 0.18+0.36 0.83+0.16 - 0.52+0.11
Er 0.05+0.01 0.04+0.01 0.04+0.01 0.03+0.01
Ex 0.14+0.02 0.02+0.006 0.03+£0.011 0.02+0.006
Er 0.15+0.02 0.05+0.01 0.05+0.02 0.04+0.01

Table 4. Estimated model parameters and modelling errors for the COPD group

1
From the model parameters, one can calculate the tissue damping G = ECOS (% J/; J and

1.
tissue elastance /7 =Esm(% ﬂj (Hantos et al, 1992) and tissue histeresivity n=G/H

(Fredberg and Stamenovic, 1989). The relationship with (5) is found if the terms in C are re-
written as:

I Y 1 . (z.) G-jH
cos| — - sin| — = 14
Co’ (2@ oy (2@ o (14)

From Tables 3 and 4 one may observe that the model FO4 gives the smallest total error. This
is due to the fact that two FO terms are present in the model structure, allowing both a
decrease and increase in values of the impedance with frequency. The FO2 model is the
most commonly employed in clinical studies, with similar errors for the imaginary part, but
higher error in the real part of the impedance than the FO4 model. The underlying reason is
that the model can only capture a decrease in real part values of the impedance with
frequency, whereas some patients may present an increase. As an example, figure 4 presents
such a case, where one can visually compare the performance of the FO2 and FO4 models.
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Healthy subjects and 2: COPD patients.

Figures 5, 6 and 7 depict the boxplots for the FO2 and FO4 for the tissue damping G, tissue
elastance H and histeresivity #. Due to the fact that FO2 has higher errors in fitting the
impedance values, the results are no further discussed. Although a similarity exists between
the values given by the two models, the discussion will be focused on the results obtained
using FO4.

Because FO are natural solutions in dielectric materials, it is interesting to look at the
permittivity property of respiratory tissues. In electric engineering, it is common to relate
permittivity to a material's ability to transmit (or permit) an electric field. By electrical
analogy, changes in trans-respiratory pressure relate to voltage difference, and changes in
air-flow relate to electrical current flows. When analyzing the permittivity index, one may
refer to an increased permittivity when the same amount of air-displacement is achieved
with smaller pressure difference. In other words, the hysteresivity coefficient incorporates
this property for the capacitor, that is, the COPD group has an increased capacitance,
justified by the pathology of the disease. Many alveolar walls are lost by emphysematous
lung destruction, the lungs become so loose and floppy that a small change in pressure is
enough to maintain a large volume, thus the lungs in COPD are highly compliant (elastic)
(Barnes, 2000; Hogg, 2004; Derom et al., 2007). The complex permittivity has a real part,
related to the stored energy within the medium and an imaginary part related to the
dissipation (or loss) of energy within the medium. The imaginary part of permittivity
corresponds to:

&= Lsin(%a} (15)

If the values are positive, (15) denotes the absorption loss. In COPD, due to the sparseness of
the lung tissue, the air-flow in the alveoli is low, thus a low level of energy absorption is
observed in figure 8. In healthy subjects, due to increased alveolar surface, higher levels of
energy absorption are present, thus increased permittivity.
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Another significant observation is that in general, FO4 identified more statistically
significant model parameter values than FO2. In figures 5-7 FO4 parameters had identified
similar variations between healthy and COPD groups. However, in figure 8, one can
observe that FO4 identified a more realistic variation between healthy and COPD groups,
i.e. a decreased permitivity index in COPD than in healthy.

6. Discussion

Tissue destruction (emphysema, COPD) and changes in air-space size and tissue elasticity
are matched with changes in model parameters when compared to the healthy group. The
physiological effects of chronic emphysema are extremely varied, depending on the severity
of the disease and on the relative degree of bronchiolar obstruction versus lung
parenchymal destruction (Barnes, 2000). Firstly, the bronchiolar obstruction greatly
increases airway resistance and results in increased work of breathing. It is especially
difficult for the person to move air through the bronchioles during expiration because the
compressive force on the outside of the lung not only compresses the alveoli but also
compresses the bronchioles, which further increase their resistance to expiration. This might
explain the decreased values for inertance (air mass acceleration), captured by the values of
L in the FO4. Secondly, the marked loss of lung parenchyma greatly decreases the elastin
cross-links, resulting in loss of attachments (Hogg, 2004). The latter can be directly related to
the fractional-order of compliance, which generally expresses the capability of a medium to
propagate mechanical properties (Suki et al., 1994).

The damping factor is a material parameter reflecting the capacity for energy absorption. In
materials similar to polymers, as lung tissue properties are very much alike polymers,
damping is mostly caused by viscoelasticity, i.e. the strain response lagging behind the
applied stresses (Suki et al., 1994;,1997). In both FO models, the exponent f governs the
degree of the frequency dependence of tissue resistance and tissue elastance. The increased
lung elastance 1/ C (stiffness) in COPD results in higher values of tissue damping and tissue
elastance, as observed in Figures 5 and 6. The loss of lung parenchyma (empty spaced lung),
consisting of collagen and elastin, both of which are responsible for characterizing lung
elasticity, is the leading cause of increased elastance in COPD. The hysteresivity coefficient 7
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introduced in (Fredberg & Stamenovic, 1989) is G/ H in this model representation. Given the
results observed in Figure 7, it is possible to distinguish between tissue changes from
healthy to COPD case. Since pathology of COPD involves significant variations between
inspiratory and expiratory air-flow, an increase in the hysteresivity coefficient # reflects
increased inhomogeneities and structural changes in the lungs.

It is difficult to provide a fair comparison between the values reported in this study and the
ones reported previously for tissue damping and elastance. Firstly, such studies have been
previously performed from excised lung measurements and invasive procedures (Suki et al.
1997; Brewer et al., 2003; Ito et al., 2007), which related these coefficients with transfer
impedance instead of input impedance. The measurement location is therefore important to
determine mechanical properties of lungs. The data reported in our study, has been derived
from non-invasive measurements at the mouth of the patients, therefore including upper
airway properties. Secondly, the previously reported studies were made either on animal
data (Hantos et al., 1992a;1992b; Brewer et al., 2003; Ito et al., 2007), either on other lung
pathologies (Kaczka et al., 1999).

Another interesting aspect to note is that in the normal lung, the airways and lung
parenchyma are interdependent, with airway caliber monotonically increasing with lung
volume. In emphysematous lung, the caliber of small airways changes less than in the
normal lung (defining compliant properties) and peripheral airway resistance may increase
with increasing lung volume. At this point, the notion of space competition has been
introduced (Hogg, 2004), hypothesizing that enlarged emphysematous air spaces would
compress the adjacent small airways, according to a nonlinear behavior. Therefore, the
compression would be significantly higher at higher volumes rather than at low volumes,
resulting in blunting or even reversing the airway caliber changes during lung inflation.
This mechanism would therefore explain the significantly marked changes in model
parameters in tissue hysteresivity depicted in figure 7. It would be interesting to notice that
since small airway walls are collapsing, resulting in limited peripheral flow, it also leads to a
reduction of airway depths. A correlation between such airway depths reduction in the
diseased lung and model’s non-integer orders might give insight on the progress of the
disease in the lung.

The main limitation of the present study is that both model structures and their
corresponding parameter values are valid strictly within the specified frequency interval 4-
48Hz. Nonetheless, since only one resonant frequency is measured and is the closest to the
nominal breathing frequencies of the respiratory system, we do not seek to develop model
structures valid over larger frequency range. Moreover, it has been previously shown that
one model cannot capture the respiratory impedance over frequency intervals which
include more than one resonant frequency (Farré et al., 1989). A second limitation arises
from the parameters of the constant-phase models. The fractional-order operators are
difficult to handle numerically. The concept of modeling using non-integer order Laplace

(e.g. Sa,—ﬂ) is rather new in practical applications and has not reached the maturity of
S

integer-order system modeling. This concept has been borrowed from mathematics and

chemistry applications to model biological signals and systems only very recently. Advances

in technology and computation have enabled this topic in the latter decennia and it has
captured the interest of researchers. Although the parameters are intuitively related to
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pathophysiology of respiratory mechanics, the structural interpretation of the fractional-
orders is in its early age.

Viscoelastic properties in lung parenchyma has been assessed in both animal and human
tissue strips (Suki ef al., 1994) and correlated to fractional-order terms. A relation between
these fractional-orders and structural changes in airways and lung tissue has not been found
(e.g. airway remodeling). In this line of thought, the mechanical properties of resistance,
inertance and compliance have been derived from airway geometry and morphology (i.e.
airway radius, thickness, cartilage percent, length, etc) (Ionescu et al., 2009b). These
parameters have been employed in a recurrent structure of healthy lungs using analogue
representation of ladder networks (Ionescu et al., 2009d). In the latter contribution, the
appearance of a phase-lock (phase-constancy) is shown, supporting the argument that it
represents an intrinsic property (Oustaloup, 1995). Its correlation to changes in airway
morphology is an ongoing research matter. Experimental studies on various groups of
patients (e.g. asthma versus COPD) to investigate a possible classification strategy for the
parameters of this proposed model between various degrees of airway obstruction and lung
abnormalities may also offer interesting information upon the sensitivity of model
parameters.

7. Conclusions

This chapter presents a short overview on the properties of lung parenchyma in relation to
fractional order models for respiratory input impedance. Based on available model
structures from literature and our recent investigations, four fractional order models are
compared on two sets of impedance data: healthy and COPD (Chronic Obstructive
Pulmonary Disease). The results show that the two models broadly used in the clinical
studies and reported in the specialized literature are suitable for frequencies lower than
15Hz. However, when a higher range of frequencies is envisaged, two fractional orders in
the model structure are necessary, in order to capture the frequency dependence of the real
part in the complex respiratory impedance. Since the real part may both decrease and
increase within the evaluated frequency interval, there is need for both fractional order
derivative and fractional order integral parameters.

The multi-fractal model proposed in this chapter provides statistically significant values
between the healthy and COPD groups. Further investigations are planned in order to

evaluate if the model is able to discriminate between various pathologies (e.g. asthma, cystic
fibrosis and COPD).
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