International Journal of Chronic Obstructive Pulmonary Disease

Dove

ORIGINAL RESEARCH

Oscillation Mechanics, Integer and Fractional
Respiratory Modeling in COPD: Effect of
Obstruction Severity

Caroline Oliveira Ribeiro
Agnaldo José Lopes(%?
Pedro Lopes de Melo

'Biomedical Instrumentation Laboratory,
Institute of Biology and Faculty of
Engineering, State University of Rio de
Janeiro, Rio de Janeiro, Brazil; 2Pulmonary
Function Laboratory, State University of
Rio de Janeiro, Rio de Janeiro, Brazil;
3Pulmonary Rehabilitation Laboratory,
Augusto Motta University Center, Rio de
Janeiro, Brazil

Correspondence: Pedro Lopes de Melo
Biomedical Instrumentation Laboratory,
Institute of Biology and Faculty of
Engineering, State University of Rio de
Janeiro, Rua Sao Francisco Xavier 524,
Pavilhao Haroldo Lisboa da Cunha, Sala 104
Maracang, Rio de Janeiro 20550-013, R,
Brazil

Tel +55-21-2334-0705

Email plopes@uerj.br

This article was published in the following Dove Press journal:
International Journal of Chronic Obstructive Pulmonary Disease

Purpose: This research examines the emerging role of respiratory oscillometry associated
with integer (InOr) and fractional order (FrOr) respiratory models in the context of groups of
patients with increasing severity. The contributions to our understanding of the respiratory
abnormalities along the course of increasing COPD severity and the diagnostic use of this
method were also evaluated.

Patients and Methods: Forty-five individuals with no history of smoking or pulmonary
diseases (control group) and 141 individuals with diagnoses of COPD were studied, being
classified into 45 mild, 42 moderate, 36 severe and 18 very severe cases.

Results: This study has shown initially that the course of increasing COPD severity was
adequately described by the model parameters. This resulted in significant and consistent
correlations among these parameters and spirometric indexes. Additionally, this evaluation
enhanced our understanding of the respiratory abnormalities in different COPD stages. The
diagnostic accuracy analyses provided evidence that hysteresivity, obtained from FrOr
modeling, allowed a highly accurate identification in patients with mild changes [area
under the receiver operator characteristic curve (AUC)= 0.902]. Similar analyses in groups
of moderate and severe patients showed that peripheral resistance, derived from InOr
modeling, provided the most accurate parameter (AUC=0.898 and 0.998, respectively),
while in very severe patients, traditional, InOr and FrOr parameters were able to reach
high diagnostic accuracy (AUC>0.9).

Conclusion: InOr and FrOr modeling improved our knowledge of the respiratory abnormalities
along the course of increasing COPD severity. In addition, the present study provides evidence
that these models may contribute in the diagnosis of COPD. Respiratory oscillometry exams
require only tidal breathing and are easy to perform. Taken together, these practical considera-
tions and the results of the present study suggest that respiratory oscillometry associated with
InOr and FrOr models may help to improve lung function tests in COPD.

Keywords: chronic obstructive pulmonary disease, COPD physiopathology, diagnostic of
respiratory diseases, oscillation mechanics, respiratory oscillometry, respiratory modeling,

integer-order modeling, fractional-order modeling

Introduction

Chronic obstructive pulmonary disease (COPD) is one of the main causes of
morbidity and mortality worldwide. It is responsible for a major public health
issue in the 21st century, resulting in an increasing economic and social burden.
It is currently the fourth and will soon become the third most frequent cause of
death, accounting for 6% of all deaths in the world."* COPD is defined as a chronic
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respiratory condition that is characterized by a persistent
progressive limitation of airflow associated with an inflam-
matory response in the airways and lung, responsive to
harmful particles or gases.”* Airflow limitation, which is
characteristic of the disease, is basically caused by four
major mechanisms: loss of elasticity; alveolar destruction
as a result of emphysema; decrease in airway calibers; and
obstruction of small airways with secretion, a result of
chronic bronchitis.”*

Airflow limitation is usually diagnosed by spirometry,
an exam performed to classify and grade the severity of
the disease. The diagnosis occurs from the ratio of volume
expired in the first second/forced vital capacity (FEV,/
FVC) after bronchodilator (BD) <0.70, and its classifica-
tion in stages is based on the parameter of volume expired
in the first second (FEV;).>*>

Despite being considered the gold standard, spirometry
requires high cooperation on the part of the volunteers, and
great effort in the execution of the expiratory maneuver.
These factors become a major disadvantage, since this
procedure can temporarily cause several changes in
bronchomotor tone, which can result in variation in the
quality of the final exam results.®’

The forced oscillation technique (FOT), also known
as respiratory oscillometry, consists of a non-invasive
method, which aims to assess the resistance and reactance
of the respiratory system during spontaneous ventilation.
The method is based on the application of sinusoidal
pressure variations in the opening of the airway through
a mouthpiece during spontaneous ventilation. The exam
is simple to perform, requiring a short time to be per-
This
method has reached a high level of sophistication, cur-

formed and little collaboration from patients.®’

rently representing the state of the art in terms of asses-
sing lung function. It has been successfully applied in our
laboratory and in several other research groups to diag-
nose changes in respiratory mechanics associated with
various diseases.'*'®

The extended RIC model (eRIC) has been suggested as
a model that shows improvements compared to the basic
RIC model. In these models, R is the central airway
resistance analog, Rp describes peripheral resistance, and
I and C are associated with pulmonary inertia and com-
pliance, respectively. The eRIC model can also be used to
assess total resistance (Rt = R + Rp)."’

Fractional-order models (FrOr) in combination with
respiratory oscillometry have recently been proposed,
allowing a more detailed and accurate description of the

dynamic behavior of the respiratory system.”’>* These
models help to obtain a new view on the mechanisms
associated with peripheral changes in the diseased lung.?’
They can provide information associated with resistive
properties and hysteresis, which reflects the increase in
heterogeneity and changes in lung structure. Information
is also provided on the damping factor, associated with
parenchymal deformity and elastance.'®*

A previous study by our group showed that these
parameters are adequate to describe the initial effects of
COPD, observed in individuals with mild disease.'®
However, there are no studies in the literature evaluating
the description of the effects of COPD in advanced stages
using these models. The contribution to the understanding
of the pathophysiology of COPD and the diagnostic use of
these models has not yet been investigated.

In this context, the main objectives of this study were
to 1) analyze the potential of respiratory oscillometry
combined with the eRIC and FrOr models in the different
classifications of COPD; and 2) determine the best para-
meters for diagnosing the different stages of the disease.

Patients and Methods
Study Design

The respiratory oscillometry and spirometry tests were
evaluated at the Biomedical Instrumentation Laboratory
of the Roberto Alcantara Gomes Biology Institute at the
State University of Rio de Janeiro (LIB/UERJ). The study
was conducted in accordance with the Declaration of
Helsinki, and was approved by the Research Ethics
Committee of the Pedro Ernesto University Hospital.
Prior to the tests, the volunteers were previously informed
of the research and gave their consent by signing the
informed consent form (ICF).

For the control group, healthy volunteers were
recruited. They were over 40 years old, non-smokers,
with no history of respiratory infections in the last thirty
days at the time of the exams, no pulmonary, cardiovas-
cular or orthopedic diseases, clinically stable, and with
spirometric and respiratory oscillometry exams compatible
with normality.?*’ Patients were classified according to
the GOLD criteria.” Patients over 40 years old with a
previous diagnosis of COPD, in mild, moderate, severe
and very severe disease stages, were studied. They had no
history of respiratory infections in the last thirty days at
the time of exams and no history of cardiovascular or
orthopedic diseases. Before the exams were performed,
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all patients took their usual medication, except for the use
of bronchodilators (BD), to avoid interference in the
assessment, as established by the American Thoracic
Society/European Respiratory Society (ATS/ERS).?

All examinations were performed by a duly qualified
and experienced operator. All research subjects were
instructed to avoid large meals before the exams were
performed. The following spirometric parameters were
evaluated: Forced Vital Capacity (FVC), forced expiratory
volume in the first second (FEV;), FEV,/FVC ratio,
Expiratory Flow 25-75% (FEF;5.75%) and FEF,5.75/FVC
ratio.

Respiratory Impedance Measurements
For the evaluation of respiratory mechanics, a multi-fre-
quency respiratory oscillometry was performed, where
pressure oscillations were applied in the frequency range
of interest (4-32 Hz), with amplitude of approximately
1 cmH,O produced by a loudspeaker coupled to the
respiratory system through of a nozzle for individual use.
The resulting flow and pressure signals were measured
close to the mouth by a pneumotachograph and a pressure
transducer, respectively.

During examinations, volunteers remain seated with
their heads in a neutral position, use a nose clip, maintain
spontaneous breathing through a mouthpiece and must
firmly support their cheeks and chin with both hands to
minimize shunt. Three tests were conducted, each lasting
16 seconds, with the mean score being adopted as the final
result. To be considered acceptable, the test should be free
of respiratory pauses and presented stable tidal volumes.
Common artifacts, such as coughs, swallows and leaks,
were identified observing the pressure and flow signals.
The forced pseudo-random noise used in this study was
composed of a frequency range between 4 and 32 Hz. To
exclude outlying values, the coefficient of variability at the
lowest oscillation frequency (4Hz) of the three tests used
was <10%. To reduce the influence of spontaneous breath-
ing, the minimum coherence function (CF) for acceptable
results was 0.9. The exams were repeated until all frequen-
cies analyzed had this minimum CF value.

Respiratory resistance curves were submitted to linear
regression analysis in the 4-16 Hz range, which allowed
us to obtain the respiratory resistance extrapolated at 0 Hz
(R0O), and the frequency dependence of Rrs expressed as
the slope (S) of the linear relationship between the resis-
tive impedance and frequency. We also calculated the
mean resistance (Rm) in this frequency range. RO

describes the low-frequency range, reflecting the
Newtonian resistance of the respiratory system. This
includes the resistance of the airways and tissue resistance
originating from the lung and chest wall, along with the
effect of gas redistribution (pendelluft).”® S describes the
resistance change with frequency and is related to respira-
tory system non-homogeneities,”° while Rm is related with
the mid-frequency range resistance, which is sensitive to
the airway caliber, reflecting resistance in the central
airways.>' There is not a consensus in the literature con-
cerning what are the best parameters to interpret respira-
tory impedance curves. To contribute to elucidate this
question, other widely used respiratory resistance para-
meters were also analyzed: the resistances at 4 Hz (R4),
12 Hz (R12) and 20 Hz (R20), representing the low, mid
and high-frequency spectra, respectively, and the fre-
quency dependence of resistance, which was represented
as the difference between R4 and R20 (R4-R20).

The imaginary part of the impedance was interpreted
using five indexes: mean reactance (Xm), resonance
frequency (fr) and respiratory system dynamic compli-
ance (Cdyn), the impedance module, and the area under
the reactance curve (Ax). Mean reactance was calculated
using the 4 to 32 Hz frequency range and describes
respiratory system inhomogeneity. The frequency at
which Xrs becomes zero is known as the resonance
frequency.*? Cdyn reflects the total compliance of the
respiratory system, including airway compliance, chest
wall compliance and pulmonary compliance. This para-
meter is also related to the homogeneity of the respira-
tory system.’' The reactance at 4 Hz was used to
calculate Cdyn (Cdyn = 1/2nfX4). The total mechanical
load of the respiratory system was studied analyzing the
4 Hz impedance module (Z4), which reflects respiratory
resistance and compliance.®”> Ax was also analyzed
using the area from the triangle composed by the lowest
frequency (4Hz), the associated reactance (X4) and
the fr.®

Integer-Order Respiratory Modeling
Multifrequency impedance analyses using models with
equivalent electrical circuits enable a detailed description
of the respiratory system. In addition to being useful for
improving our understanding of respiratory biomechanics,
these parameters can improve the detection, diagnosis and,
consequently, the treatment of lung diseases.

In the particular case of the extended RIC model
(eRIC, Figure 1), the peripheral resistance (Rp) enables
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which includes the effects of central and peripheral
Airway airways.'’
opening R |

O——gA—

Figure | Two-compartment integer-order modeling used to describe the respira-
tory system. The resistance (R), inductance (I) and capacitance (C), reflects respira-
tory resistance, inertance and compliance, respectively. The small airways
(peripheral) resistance is represented by Rp.

observing the frequency dependence of the typical data of
the real impedance component, which are beyond the
capacity of the traditional RIC model.

This additional component describes the resistance pre-
sented by the small airways in the respiratory system. In
this study, we also assessed total resistance (Rt = R + Rp),

Fractional-Order Respiratory Modeling
(FrOr) (Figure 2) is
described in Equation 1. This model was the one that

The fractional-order model

performed better in a previous comparative study
investigating the use of several fractional models in
asthma.”® Tt includes a frequency-dependent inertia
(FrL), which takes into account the ability of fractional
terms to approximate resistive properties (0<o<l1) and a
tissue-related component described as a constant-phase
impedance in the form of a fractional compliance (FrC)
associated with a fractional coefficient (0<B<I1).

1

Zrror(jo) = FrL(jo)* + —;
FO(] ) (/ ) FrC(ja))ﬂ

(1)

These results were interpreted physiologically using the

damping factor (G, equation 2), elastance (H, equation 3)

A Central  More peripheral
Airway airway airway
opening
O———+wmh—
CPL CPC ——
B
O<a—->1
Z oy = Fro(Jw)* ) T
C
g 1 0<pB—>1
CFC Fre(jw)P —{_

Figure 2 Fractional-order two compartment model used (A), including a constant phase inertance (CPL) and a constant phase compliance (CPC) composed by a fractional
inertance (FrL) and a fractional compliance (FrC). The ability of the fractional elements FrL and FrC to describe the resistive and reactive respiratory properties, depending

of o and B values, is described in (B) and (C), respectively.
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and the hysteresis coefficient (1, equation 4), as described

below:
H= ésin (g /3) )
G = %cos(%ﬂ) 3)
"=y @)

The damping factor is associated with energy dissipation
in the respiratory system, while H reflects the potential
storage of elastic

energy (elastance). Hysteresivity

describes the heterogeneity of pulmonary ventilation.'®>

The parameters of the eRIC and FrOr models were
estimated using the ModeLIB program, developed at
LIB/UERJ wusing the LABVIEW™ 2018 (National
Instruments, Austin, TX) environment. This program
uses the Levenberg-Marquardt algorithm to determine the
set of parameters of the model that best represents the
input data established in terms of least squares. Together
with the model estimates, this analysis also provides the
calculation of the error value, defined as the square root of
the sum of the quadratic errors (MSE) in the impedance
adjustments in the real and imaginary curves.'” A further
error analysis was performed using the mean relative dis-
tance from the model and measured resistance and reac-
tance values (Rd), according to the procedure used by

Oostveen et al.>*

Statistical Analysis

To obtain the sample size necessary for this research, the
MedCalc® 13 software (MedCalc Software, Mariakerke,
Belgium) was used. The average value used for calculation
was based on a previous study'® and preliminary results
from the present study, with type I and type II errors of
2.5% being assumed. These analyses resulted in a mini-
mum number of 45 volunteers in the control group, and 45
patients with mild cases, 26 moderate, 16 severe and 11
Very severe.

The distribution characteristics of the samples were
evaluated using the Shapiro—Wilk normality test. When
the sample showed a normal distribution behavior (para-
metric), the One-Way ANOVA test was used. On the other
hand, when the distribution showed a non-normal (non-
parametric) characteristic, the Kruskal-Wallis ANOVA
test was used. For analysis between groups with para-
metric distribution, the independent Student's ¢-test was

used, and for non-parametric, Mann Whitney was used.
Statistical analyses were performed using the OriginLab
Origin® 8.0  program
Northampton, USA).

The assessment of sensitivity and specificity through

(Microcal ~ Software Inc,

the elaboration of the ROC (Receiver Operating Curve)
was carried out to identify the potential diagnosis among
patients with mild COPD and smokers through the para-
meters of respiratory oscillometry. The software used for
this calculation was the program MedCalc® 14.12.0
(MedCalc Software, Mariakerke, Belgium). ROCs with
AUC > 0.80 were considered suitable for diagnostic use,
while AUC between 0.90 and 1.00 were considered indi-
cative of high diagnostic accuracy.>

The relationships among the model and spirometric
parameters were analyzed using Spearman correlation
coefficients. These analyses were performed using
GraphPad Prism 7, and the interpretation of these results
was based on the classification proposed by Dawson and
collaborators.*® To reduce the chances of making a Type I
error, the significance level was corrected using the mod-
ified Bonferroni method, that considers the computation of
several correlations.’” This was conducted dividing the
p-value by an estimate of the number of independent
correlations used. In general, four independent variables
are usually observed in traditional pulmonary function
analysis, while two independent variables are related
with the resistive and reactive characteristics of the FOT.
As a result, we used a corrected significance level related
with eight independent correlations (0.0063=0.05/8).

Results

The anthropometric and spirometric characteristics of the
groups studied are described in Table 1. We can see that
there was an increase in age and smoking load (SL), and a
decrease in body mass and body mass index (BMI). There
was no change in height between the groups studied. All
spirometric parameters were significantly reduced in indi-
viduals with COPD.

Respiratory Impedance Curves and

Associated Traditional Parameters

Figure 3 describes the results of the mean respiratory
resistance (A) and reactance (B) curves in controls and
patients with COPD. The worsening of the disease
increased the resistance values (Figure 3A) and introduced
more negative reactance values (Figure 3B).
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Table | Anthropometric and Spirometric Measurements of the Groups Studied

Control Mild Moderate Severe Very Severe ANOVA
(n = 45) (n = 45) (n = 42) (n =36) (n=18)
Age (years) 53.6 £ 159 61.04+ 118 63.7 £ 82 66.4 £ 9.9 64.7 £ 8.9 < 0.0001
Weight (kg) 693+ 11.7 65.6 £15.9 673+ 17.6 62.3 + 16.05 58.6 £13.8 < 0.05
Height (cm) 165.7 + 8.8 163.6 = 9.06 161.9 £9.2 163.4 £+ |1.2 162.2 £ 10.1 ns
BMI (kg/m?) 25.1 £2.7 243 £ 44 25.7 £ 6.7 232 +£53 223 £ 49 < 0.05
Pack-years 0 64.6 £ 422 63.8 £ 37.8 74.9 £ 56.04 54.5 + 42.7 < 0.0001
Spirometry
FVC (L) 3.7+ 1.04 34+08 28+ 06 26 +08 1.9 £04 < 0.0001
FVC (%) 104.1 £ 17.8 101.7 £ 11.6 85.6 + 14.1 768 £ 184 578 +99 < 0.0001
FEV, (L) 3.1 £08 22+05 1.6 £ 0.4 I.1 £03 0.6 0.1 < 0.0001
FEV, (%) 106.1 £ 17.2 839 £ 10.1 629 + 84 41.8+£5.9 259 £ 3.6 < 0.0001
FEV,/FVC (%) 848 +7.38 683 +73 592 +74 45.1 £ 11.3 36.1 £7.1 < 0.0001
FEF;s.75 (L) 35213 12 +04 07 +£02 0.3 +0.1 0.2 £ 0.05 < 0.0001
FEF,5.75 (%) 1172 £ 32.4 465+ 1.4 29.7 £ 10.05 155+ 63 92+ 1.7 < 0.0001
FEF,5.75/FVC (%) 984 + 31.8 386 + 11.02 36.1 + 143 223 £ 132 16.6 £ 5.03 < 0.0001

Abbreviations: BMI, body mass index; FEV, forced expiratory volume in | second; FVC, forced vital capacity; FEV,/FVC, Tiffeneau index; FEF,s_7s, forced expiratory flow
between 25% e 75%; n, number of evaluated patients; ns, not significant; (%), percentile of the predicted values.

Table 2 presents the traditional parameters of respiratory
oscillometry. All parameters showed significant changes (p
<0.0001), with increases in resistive parameters (RO, Rm,
R4, R12, R20, R4-R20), and more negative values of S.

In terms of reactive parameters, progressively more
negative values were observed in Xm, lower in Cdyn and
progressively higher in terms of fr, Ax and Z4 with the
severity of COPD.

Respiratory Modeling

Figure 4 describes the results obtained using the eRIC model in
the groups under study. The values of R, Rp and Rt increased
with the progression of COPD, while progressive reductions in
I and C were observed with the progression of COPD.

Significant increases were observed in G and 1
(Figure 5). H showed significant reductions in patients
with mild and moderate COPD, showing significant eleva-
tion in very severe patients.

The error values in the adjustments in the real and
imaginary parts of the impedance and the mean relative
distances for the studied models are described in Figure 6.
The interested reader may find a detailed description of
these values in Table S1. In general, the MSE errors
increased with disease severity, and FrOr model presented
(Figure 6A). The
(Figure 6B) was approximately constant in the eRIC

smaller errors relative distance

model, while in the FrOr model this distance decreased
with disease severity.

Correlation of eRIC and FrOr Model
Parameters with Spirometry and Smoking
Load

The correlation analyses between the eRIC and FrOr model
with spirometry are described in Tables 3 and 4, respectively.
Considering the eRIC model, the strongest correlations were
presented by Rp and Rt, showing a good and inverse correla-
tion with FEV,% and FEV (L), respectively. In FrOr model-
ing, the strongest correlation was between G and FEV; (%),
showing a good and inverse correlation.

No evidence was found for the associations between
the eRIC and FrOr model parameters and smoking load in
patients with COPD. The interested reader may find a
detailed description of these values in Tables S2 and S3.

Diagnostic Accuracy of Traditional FOT,

eRIC and FrOr Parameters

Figure 7 shows the AUC values and the associated con-
fidence interval, as well as the comparison between the
groups studied in the eRIC model. A detailed description
of the results, in the form of tables, can be found in
Table S4, traditional FOT parameters and Table S5, eRIC
parameters.
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Figure 8 shows a similar analysis for the FrOr model.
The interested reader can find a detailed description of
these results in Table S6.

Figure 9 compares the best parameters observed in the
traditional analysis, eRIC and FrOr models in each of the
COPD groups investigated.

Discussion

Recommendations for research in COPD*® include the need
for improved noninvasive mechanical tests of lung function.
The present study was conducted as an effort to contribute in
this direction, and five major findings were obtained: 1) the
studied parameters provided a physiologically adequate

A 6 ‘ ‘
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Figure 3 Mean respiratory resistance (A) and reactance (B) curves obtained in the five studied groups, showing progressively increased values of resistance and more

negative reactance with COPD severity.
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Table 2 Measurements of Traditional Respiratory Oscillometry of the Groups Under Study

Control Mild Moderate Severe Very Severe ANOVA

(n = 45) (n = 45) (n = 42) (n =36) (n=18)
RO (cmH,O/L/s) 23+06 33+ 14 3915 48+ 1.6 56+ 19 < 0.0001
Rm (cmH,O/L/s) 22+ 0.6 . x12 3313 38+ 1.2 46+ 1.7 < 0.0001
S (cmH,O/LIs?) -92+ 183 —27.9 + 40.1 —53.2 £ 39.1 —94.0 £ 95.9 -99.4 + 107.0 < 0.0001
R4 (cmH,O/L/s) 23 +0.6 3.0 +£1.3 3513 41 %15 47+ 1.7 < 0.0001
R12 (emH,Ol/L/s) 1.9£0.5 28+ 1.0 3. +£1.3 3612 44+ 1.8 < 0.0001
R20 (cmH,O/L/s) 2.1 £06 28 £ I.1 29+ 1.1 29+09 3414 < 0.0001
R4-R20 (cmH,O/L/s) 0.1 £03 04 +05 0.7 £ 06 12+13 1314 < 0.0001
Xm (cmH,O/L/s) 03+04 0.1 06 -05+0.7 -1.1 £09 -24+09 < 0.0001
Cdyn (mL/cmH,0) 257 £ 10.7 167 £ 7.1 157 £ 114 104 £9.0 44+ 13 < 0.0001
fr (Hz) 123 £ 4.1 I5.1 £ 6.1 212+£72 237 £ 63 275 + 44 < 0.0001
Ax (cmH,O/Lss) 78 £ 5.1 189 £ 19.2 34.1 £293 53.5+ 356 1148 + 43.7 < 0.0001
Z4 (cmH,OlL/s) 29+038 43+ 1.8 51 %24 6.8 2.6 11.08 + 3.8 < 0.0001

Abbreviations: R0, intercept resistance; Rm, mean resistance; R4, resistance at 4Hz; R12, resistance at |2Hz; R20, resistance at 20Hz; S, respiratory resistance slope; Xm, mean
reactance; Cdin, dynamic complacency; fr, resonance frequency; Ax, area under the reactance curve; Z4, respiratory impedance module; n, number of patients evaluated.

description of the respiratory abnormalities along the course of
increasing COPD severity; 2) significant associations were
observed among these parameters and spirometric measure-
ments; 3) the diagnostic accuracy increased with COPD sever-
ity; 4) FrOr modeling provided the most accurate approach in
the identification of mild changes; and 5) the eRIC model
provided the most accurate parameters in groups of moderate
and severe patients, while traditional, eRIC and FrOr para-
meters reached high diagnostic accuracy in severe patients.

In the present study, age increased with the severity of
COPD (Table 1). This is an expected result, since the
evolution of the disease takes time. Although the number
of pack-years consumed was similar among COPD groups,
Table 1 shows a significant increase in the number of
pack-years consumed. This can be attributed to the inclu-
sion of the control group.

Weight and BMI decreased with the severity of COPD.
These patients have an obstructive disorder, which confers
a marked degree of oxidative stress, protease-antiprotease
imbalance, inflammation and consequent reduction in
body weight.** The heights of the groups studied are
similar; this is the parameter of greatest importance for
the definition of impedance values.”” The reductions
observed in the spirometric parameters were consistent

with the classification values for the severity of COPD.?

The measurements of traditional respiratory oscillome-
try are described in Table 2. Smooth muscle hypertrophy
and bronchial wall fibrosis are factors that can contribute
to increases in airway and tissue resistance. The increases
observed in resistive parameters are associated with
inflammation of the mucous glands due to high levels of
tobacco consumption, which results in airway obstruction.-
4041 Similar results have been reported for silicosis.""

S and R4-R20 reflects the heterogeneity of the respira-
tory system.*> Recent studies have shown associations
between resistance variations and the degree of morpholo-
gic abnormalities of small airways assessed with endo-
bronchial optical coherence tomography in COPD and
heavy smokers.* It should be noted that these parameters
are also influenced by the shunt impedance from the upper
airway, as well as by the tissue resistance. The changes
observed indicate increasing heterogeneity of the respira-
tory system with the progression of the disease. Similar
results were obtained in previous studies in Cystic
Fibrosis'® and Silicosis."!

The more negative reactance (Xm) found in the patient
groups reflects the reduction in homogeneity of the
respiratory system and in dynamic compliance of the sub-
jects under study.’ Table 2 also showed a significant
reduction in dynamic compliance (Cdin), which is related
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to the elastic properties of the respiratory system. This

decrease may be associated with changes in

lung tissue,

chest wall, increased resistance and changes in airway

distensibility.®’ Thus, the reduction in value between

groups could be associated with the progressive increase
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in airway resistance and the reduction of apparent com-
pliance of the respiratory system.*!

Similarly, the increase observed in Ax is related to the
elastic properties of the respiratory system. It also reflects

increases in the degree of obstruction of the peripheral
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Figure 4 Effect of increasing COPD severity on the parameters estimated in the extended RIC model. Central airway resistance (R; A), peripheral resistance (Rp; B), total
resistance (Rt; C), pulmonary inertance (I; D), and alveolar compliance (C; E).
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Dove

airways,'” and the consequent reductions in apparent
compliance.

In agreement with progressively more negative reac-
tance values (Figure 3), the resonance frequency (fr)
showed higher values in patients. These changes are
related to the worsening of ventilation homogeneity and
reduced lung compliance.*'

There was a significant increase in Z4 in the sick
groups. This parameter assesses the absolute value of the
respiratory impedance, being associated with the work
performed by the respiratory muscles to overcome the
resistive and elastic loads, in order to promote airflow in
the respiratory system.'? The increase observed in Zrs is
consistent with the clinical changes usually seen in COPD,
which include increasing dyspnea with the evolution of the

disease.

>

Il c<RIC
. Fror

N
N
1 n

N
o
1

S
©
1

o
)
1

MSE (cmH,O/L/s)

o
»
1

o
N
1 n

o
o
L

Control Mild

Moderate  Severe Very severe

| Il <RIC
7. [ FrOor

Control Mild Moderate  Severe Very severe

Figure 6 Adjustment errors in the integer and fractional-order models in the
studied groups comparing the mean square errors fitting the resistance curves
(MSE, figure A) and the relative distance (Rd, figure (B).
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Figure 5 Fractional-order model parameters changes with increasing degree of
severity in COPD, damping factor (G, figure A); respiratory elastance (H, B) and
hysteresivity (n, C).

Abbreviation: ns, not significant.

Figure 4 describes the results of the eRIC model
between the groups studied. R showed increases in all
groups of patients studied when compared to the con-
trol group (Figure 4A). This increase is related to the
presence of secretion in the central airways, typical of
COPD, resulting in changes in the lung parenchyma.’
These related to increased

changes are also

submit your manuscript

3282

Dove

International Journal of Chronic Obstructive Pulmonary Disease 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Ribeiro et al

Table 3 Analysis of the Correlation Between the Parameters of the eRIC Model and the Spirometric Results. The Two Strongest

Correlations for Each Parameter are Indicated in Bold

FVC (L) FvC FEV, FEV, (%) FEV,/FVC FEF5.75 FEF5.75 FEF/IFVC
(%) O (L) %)
R r —0.34 —0.14 -0.27 —0.18 —0.14 —0.20 —0.19 —0.16
p 0.0001 ns 0.0001 ns ns ns ns ns
Rp r —-0.49 —-0.51 —0.65 -0.70 —0.64 —0.56 —0.59 —0.53
p 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Rt r -0.55 —-0.46 —0.63 —0.62 —0.56 —-0.52 —0.55 —0.48
p 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
[ r 0.21 0.11 0.28 0.21 0.23 0.21 0.18 0.16
p 0.0031 ns 0.0001 0.0032 0.0001 0.0029 ns ns
C r 0.51 0.44 0.60 0.56 0.52 0.51 0.51 0.44
p 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

Abbreviations: FEVI, forced expiratory volume in | second; FVC, forced vital capacity; FEVI/FVC, Tiffeneau index; FEF25-75, forced expiratory flow between 25% e 75%;
n, number of evaluated patients; (%), percentile of the predicted values; R, central resistance; Rp, peripheral resistance; Rt, total resistance; |, respiratory system inertance; C,

respiratory compliance; ns, non-significant.

inflammation and decreased radial traction in the
airways.*® The most significant correlation of R with
spirometric parameters was with FVC (Table 3), which
indicates that this parameter may reflect the presence
of lower mobilized lung volumes.

Rp is theoretically associated with peripheral air-
ways. In agreement with this hypothesis, there was an
inverse and significant correlation between Rp and
descriptive spirometric parameters of peripheral
obstruction (Table 3). The increase in Rp observed in
all stages of COPD (Figure 4B) is associated with the
fact that the effects of smoking start in the most per-
ipheral airways, causing inflammation and narrowing
of these airways, which causes an increase in resis-
tance in this region.'” Previous work by our group on
asthma and asbestosis has shown similar results.'*?
Recently, there has been a re-emergence of the interest
in the study of small airways from a pathophysiological
viewpoint and even for clinical management.** The
results presented in (Figure 4B) indicate that this meth-
odology could be useful in identifying changes in this
“silent zone”.

Similarly, Rt (Figure 4C) increased according to the
severity of the disease. This resistance corresponds to the
obstruction in the entire respiratory system, considering
the central and peripheral components.*® The inverse cor-
relations observed with the descriptive spirometric para-
meters of central and peripheral obstructions (Table 3) are

consistent with this interpretation.

Respiratory inertance integrates the inertial properties of
the whole respiratory system,” including the mass of gas that
is moved during tidal breathing. In the present study, I
showed a significant reduction (Figure 4D). This can be
explained by the concepts of choke points* and apparent
inertance.*® The oscillatory signal used by FOT to assess the
impedance is prevented from passing through the choke
points. It precludes FOT from considering the lung beyond
the choke point so that the measured inertance reflects the
airways that are proximal to the choke points. Thus, the
increase in respiratory obstruction introduces a reduction in
the apparent mass of the gas measured by the FOT, in the
associated pressure necessary for the acceleration of the gas,
and consequently, in the measured inertance. This proposi-
tion is consistent with the direct associations observed
between inertance and spirometric indexes of central and
peripheral airway obstruction (Table 3).

C showed reduced values in the COPD groups when
compared to the control group (Figure 4E). This beha-
vior may be associated with changes in the architecture
and bronchial wall, which results in a decrease in the
compliance of the respiratory system or an increase in
the resistance of the peripheral airways.*’ It may also
be explained, at least in part, by the concept of appar-
ent compliance, which is similar to that discussed pre-
viously in relation to I. Table 3 shows a direct
association of C and spirometric indexes of central
and peripheral airway obstruction. These results are in
line with this proposition.
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Table 4 Analysis of the Correlation Between the Parameters of the FrOr Model and the Spirometric Results. The Two Strongest

Correlations for Each Parameter are Indicated in Bold

FVC FVC FEV, FEV, (%) FEV,/[FVC FEF5.75 FEF5.75 FEF/FVC
L (%) L L) (%)
G r -0.53 -0.52 -0.59 —0.61 -0.55 -0.45 -0.48 —0.44
p 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
H r 037 —0.40 -0.38 -0.41 -0.36 -0.23 -0.25 -0.23
p 0.0001 0.0001 0.0001 0.0001 0.0001 0.00128 0.0004 0.0013
n r -0.25 022 -0.39 -0.39 -0.37 -0.46 -0.48 -0.43
p 0.0004 0.0024 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

Abbreviations: FEVI,

forced expiratory volume in | second; FVC, forced vital capacity; FEV |/FVC, Tiffeneau index; FEF25-75, forced expiratory flow between 25% e 75%;
n, number of evaluated patients; ns, not significant; (%), percentile of the predicted values; G, respiratory damping; H, respiratory elastance; 1, respiratory hysteresivity.

Considering the FrOr parameters, G showed a signifi-
cant increase in the comparison between groups
(Figure 5A). This result is consistent with the pathophy-
siology of COPD since, during the course of the disease,
airway resistance increases due to increased secretion and
changes in the lung parenchyma.'®*® In agreement with
this interpretation, Table 4 shows that G presented signifi-
cant correlations with all spirometric parameters, including
those that describe peripheral airways, but mainly with the
central airway descriptors (FEV1).

Elastance presented an interesting behavior,
decreasing in groups of mild and moderate patients
and posteriorly increasing in severe and very severe
patients (Figure 5B). The reduction observed in mild
and moderate patients may be explained, at least in
part, by a predominant effect of tissue destruction
(emphysema) in these groups of patients. In these
stages, lung volume increases resulting in air trapping.
In more severe stages of the disease, with increased
airflow limitation and air trapping, hyperinflation
begins to occur. In the presence of hyperinflation, at
higher pulmonary volumes, the interaction between the
lung tissue and the chest wall results in an increased
respiratory elastance. This increase in severe groups
may also reflect heterogeneity, which can be explained
by the increase in structural changes in the lungs.>>*’
These changes are related with increased airway
inflammation, destruction of the lung parenchyma and
inhomogeneous ventilation.”>>® The inverse associa-
tions observed with FVC and the spirometric para-
meters related with respiratory obstruction (Table 4)
are consistent with the aforementioned hypotheses.

The increase in hysteresis indicates an increase in

heterogeneity and changes in the pulmonary structure

in the different groups under study (Figure 5C). The
changes in bronchial architecture resulting from COPD
lead to an increase in hysteresis, causing an irregular
ventilation distribution, associated with imbalances in
the pulmonary time constants.'®*!>! In agreement with
this proposition, there was an inverse and significant
correlation between hysteresis and FEF,s5.75, which
indicates that this parameter is associated with changes
in airways of smaller calibers (Table 4).

The number of pack-years consumed was similar
among COPD groups (Table 1). This may explain the
absence of significant correlations between the eRIC and
FrOr model parameters and smoking load in these patients
(Tables S2 and S3). In contrast, the correlations between
the parameters derived from whole and fractional models
and the spirometric parameters were moderate to good
(Tables 3 and 4). These correlations are similar to the
results observed in previous studies.®'!'" 4324152 Thege
results indicate that these models provide complementary
data to spirometry. This confirms the importance of the
models studied in order to provide additional information
about the mechanical characteristics of the respiratory
system. It is also important to remember the marked meth-
odological differences between FOT and spirometry.
While FOT parameters are derived from normal breathing,
spirometric variables are derived from forced maneuvers.
This may explain, at least in part, the moderate associa-
tions between the FOT and spirometric parameters
described in Tables 3 and 4.

An accuracy >0.80 is usually considered adequate for
clinical use,*® and an AUC> 0.90 is considered a high
accuracy. In this sense, Figure 7B shows that Rp stands
out among the parameters of the eRIC model, presenting
adequate accuracy for clinical use in light and elevated
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Figure 7 Area under the ROC curve (AUC) and 95% confidence interval in the studied groups. ns, not significant. Central resistance (R; figure (A), peripheral resistance
(Rp; B), total resistance (Rt; C), pulmonary inertance (I; D), alveolar compliance (C; E). The dashed line describes the adequate value for clinical use (AUC=0.8) and high

diagnostic accuracy (AUC20.9).

individuals in groups in more advanced stages. These
results are consistent with the proposition that the lower
airways are the most affected in patients with COPD, and
that changes in them occur since the earliest stages of the
disease.

Considering the parameters of the FrOr model, n was
the one that obtained the highest diagnostic accuracy in the
identification of mild COPD, among all the parameters
studied (Figures 8 and 9). This finding is in line with
previous studies showing that n was the more sensitive
parameter in detecting an initial decline in lung function of
adult patients with sickle cell anemia.”® An explanatory
theory for this finding may be proposed observing
Figure 6. The FrOr model presented the smallest errors

in all of the groups under study. In the control group, this
result reflects the ability of this model to characterize the
positive frequency-dependence of the resistance observed
experimentally in some healthy subjects. In patients, the
underlying reason may be the ability of the FrOr models to
adjust to fractional values of 20 dB/dec, in contrast with
integer-order models, which are limited to integer multi-
ples of 20 dB/dec.

The evidence presented in Figures 8 and 9 supports the
notion that FrOr models may be useful in more advanced
COPD. Parameters from this model (1) presented adequate
diagnostic accuracy in moderate patients and high accu-
racy (G) in groups of severe and very severe patients.
studies

These results are consistent with previous
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Figure 8 Area under the ROC curve (AUC) and 95% confidence interval observed
in the fractional-order model. ns, not significant. Damping factor (G; figure A),
elastance (H; B), Hysteresivity (n; C). The dashed line describes the adequate value
for clinical use (AUC20.8) and high diagnostic accuracy (AUC20.9).

concerning the differentiation between malignant and

benign breast lesions detected on X-ray screening
mammography,”* cancer detection,®® screening for hemo-
dialysis patients,”® differentiation of low- and high-grade
pediatric brain tumors,’” and Parkinson’s Disease severity

assessment.58

- IHEFOT I eRIC

AUC

Mild

Moderate Severe Very severe

Figure 9 Comparisons of AUCs for the most accurate traditional FOT, eRIC and
FrOr parameters in mild, moderate, severe, and very severe patients.
Abbreviations: R12, resistance in 12 Hz; Rp, peripheral resistance; 1, hysteresiv-
ity; Fr, resonant frequency; Ax, reactance area; G, damping factor; Xm, mean
reactance.

As expected, the diagnostic accuracy of the traditional,
eRIC and FrOr parameters increased in more advanced
stages of the COPD (Figure 9). Rp was the most accurate
in groups of patients with moderate and severe disease. This
finding probably describes the ability of this parameter to
adequately encapsulate the main physiological changes
observed in these two classes of patients. In very severe
patients, traditional, eRIC and FrOr parameters presented
similar high diagnostic accuracy.

In summary, 1 (associated with heterogeneity of pul-
monary ventilation)'®*> was the most accurate parameter
in the identification of mild COPD, while Rp (related with
peripheral resistance)'® was the most accurate in moderate
and severe disease. In very severe disease, Xm, Ax, Z4,
and Cdyn (all related with the homogeneity of the respira-
tory system)®' were the most accurate.

A growing body of evidence suggests that FOT may
play a pivotal role in the diagnostic and management
of COPD.*” Because the FOT is performed during tidal
volume breathing and requires minimal cooperation,
they appear highly suitable for these patients, mainly
in the geriatric stage, who have difficulties performing
traditional lung function tests.®® This method presents a
long history of contributions in smoking-induced
respiratory diseases,’’ and there is evidence that this
method allows a detailed analysis of respiratory
mechanics, which could be useful as a complement to
traditional methods.®'®%" Further studies in larger
groups of patients are required to confirm these evi-
dences in COPD.>® This paper provides additional
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evidence that changes in impedance parameters might
indicate early pathophysiological changes in the air-
ways of patients with mild COPD. A detailed evalua-
tion of the respiratory abnormalities in groups with
increased degrees of severity was also provided,
together with a diagnostic accuracy analysis that
demonstrated a high performance in moderate, severe
and very severe patients. These results confirm the high
potential of respiratory oscillometry in COPD.

The findings in this study are subject to at least three
limitations. First, COPD includes emphysema and chronic
bronchitis. These different phenotypes may introduce dif-
ferent characteristics. The groups under study did not
consider these particularities and further studies are
needed to assess these specific phenotypes.

Secondly, one could argue that there are numerous
respiratory models, that different models may be fitted by
the same impedance data, and that this introduces great
difficulties in comparing results from different studies. To
minimize this problem, a simple four-element compart-
mental model and a simple fractional-order model were
used for interpreting respiratory impedance measurements.
This reduction of model complexity enables the use of
these models by all interested researchers, as well as the
adequate interpretation of FOT data in physiological
terms, providing parameters that are able to provide a
detailed description of lung structure and function.

Third, the present study included a relatively small sam-
ple size, and future studies should include a larger number of
subjects. Interested readers may examine the biometric char-
acteristics and inclusion and exclusion criteria adopted in the
present study to evaluate if they are likely to obtain similar
outcomes in their own patient population.

The present study was based on airway obstruction.
The more recent “ABCD” Gold classification incorporated
patient-reported outcomes and highlights the importance
of exacerbations prevention.*®> A detailed evaluation using
respiratory oscillometry and model analysis could contri-
bute to elucidate the changes in respiratory mechanics in
this recent classification. We are planning to do these
analyses in the next steps of this research.

Conclusion

This study set out to contribute for improved noninvasive
mechanical tests of lung function in COPD. We examined
the use of respiratory oscillometry associated with integer
and fractional-order models in groups with increasing
COPD severity. This study has shown initially that the

course of increasing COPD severity was adequately
described by the traditional parameters, as well as by the
model parameters. This resulted in significant and consis-
tent correlations among these parameters and spirometric
indexes. Additionally, this evaluation enhanced our under-
standing of the respiratory abnormalities in different
COPD stages. The diagnostic accuracy analyses provided
evidence that FrOr modeling (1) allowed a highly accurate
identification in patients with mild changes. Similar ana-
lysis in groups of moderate and severe patients showed
that eRIC modeling provided the most accurate parameter
(Rp), while in very severe patients, traditional, eRIC and
FrOr parameters were able to reach high diagnostic accu-
racy. These exams require only tidal breathing and are
easy to perform. Taken together, these practical considera-
tions and the results of the present study suggest that
respiratory oscillometry associated with eRIC and FrOr
models may help to improve lung function tests in COPD.
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