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Purpose: Chronic obstructive pulmonary disease (COPD) phenotypes may introduce different characteristics that need to be known to
improve treatment. Respiratory oscillometry provides a detailed analysis and may offer insight into the pathophysiology of COPD. In
this paper, we used this method to evaluate the differences in respiratory mechanics of COPD phenotypes.

Patients and Methods: This study investigated a sample of 83 volunteers, being divided into control group (CG = 20), emphysema
(n = 23), CB (n = 20) and asthma-COPD overlap syndrome (ACOS, n = 20). These analyses were performed before and after
bronchodilator (BD) use. Functional capacity was evaluated using the Glittre-ADL test, handgrip strength and respiratory pressures.
Results: Initially it was observed that oscillometry provided a detailed description of the COPD phenotypes, which was consistent
with the involved pathophysiology. A correlation between oscillometry and functional capacity was observed (r=—0.541; p = 0.0001),
particularly in the emphysema phenotype (r = —0.496, p = 0.031). BD response was different among the studied phenotypes. This
resulted in an accurate discrimination of ACOS from CB [area under the receiver operating curve (AUC) = 0.84] and emphysema
(AUC = 0.82).

Conclusion: These results offer evidence that oscillatory indices may enhance the comprehension and identification of COPD
phenotypes, thereby potentially improving the support provided to these patients.

Keywords: asthma-COPD overlap, emphysema, chronic bronchitis, respiratory impedance, handgrip analysis, Glittre-ADL test,
forced oscillation technique, bronchodilator response

Introduction

Chronic obstructive pulmonary disease (COPD) is a heterogeneous lung condition." A phenotype is generally considered
to be the physical appearance or biochemical characteristic resulting from an interaction between your genotype and the
environment. In COPD, where the underlying genes are mostly unknown or poorly characterized, phenotype has become
almost synonymous with clinical subgroup.?

Phenotyping allows selecting a uniform group of patients and evaluating the most important outcome measures in this
group for therapeutic clinical trials.> The Spanish guide to chronic obstructive pulmonary disease (GESEPOC) recognizes
3 phenotypes: emphysema, chronic bronchitis and asthma associated with COPD.* The differences between the three
phenotypes are not precisely known.

The forced oscillation technique (FOT), also referred to as respiratory oscillometry, is a non-invasive method able to
provide a detailed analysis of the respiratory system resistance and reactance.’ This method has high potential to increase
our understanding of the differences between phenotypes, as well as in their differential diagnosis.

Individuals with COPD exhibit multiple systemic manifestations, including a direct association between the decline in
respiratory and peripheral muscle strength and their physical performance and overall functionality. The measurement of
the respiratory pressures represent an important procedure for the functional evaluation of the respiratory muscles.® In
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addition, peripheral muscle strength may be evaluated by the handgrip test. It is recognized for its cost-effectiveness,
simplicity, and a robust correlation with morbidity in chronic diseases.” '

Exercise intolerance is a common feature in patients with COPD, contributing to reduce the ability to perform
activities of daily living.'? These abnormalities may be evaluated by the ADL-Glittre test, which proved to be valid,
reliable and capable of reflecting the perception of functional limitation.'?

In this context, the current study has two main objectives (1) use respiratory oscillometry to investigate the
differences among the COPD phenotypes, and (2) evaluate the association between these abnormalities and the decrease

in the functional performance of these patients.

Materials and Methods

Study Design

The present work was developed at the Biomedical Instrumentation Laboratory of the State University of Rio de Janeiro.
This research is a cross-sectional study that was approved by the Ethics Committee of the Pedro Ernesto University
Hospital (protocol 456 - CEP/2018/HUPE). All individuals signed an informed consent form before performing the tests.
The study was carried out in accordance with the Declaration of Helsinki and all measurements were performed on the
same day. The subjects carried out respiratory oscillometry and spirometry measurements before and after using the BD.
Manovacuometry test, palmar grip and ADL—Glittre, were also performed, in that order.

Subjects

The number of volunteers was calculated using the MedCalc version 12 using preliminary results.'* It were assumed type
I and type II errors of 5%, which are usual values in the literature. For the control group, individuals with normal
spirometry, non-smokers, without previous pulmonary diseases, and with BMI within the normal range were included.
Our study involved individuals who were diagnosed in accordance with the Global Initiative for Chronic Obstructive
Lung Disease (GOLD)' criteria and were aged 40 years or older. All studied subjects had no recent history of respiratory
infections within the preceding thirty days at the time of the examinations, and they also had no past history of
cardiovascular, orthopedic diseases or COVID-19.

415717 the chronic bronchitis phenotype18 and the ACOS phenotypelg were diagnosed

The emphysema phenotype,
according to previous studies. Before conducting the tests, all patients continued their regular medications, excluding
bronchodilators, in order to prevent any interference in the evaluation, as recommended by the American Thoracic

Society/European Respiratory Society (ATS/ERS).?

Spirometry

For spirometry, a computerized system (nSpire Health, Inc., 1830 Left hand Circle, Longmont, CO 80501) was used
according to standard protocols.?>*' The parameters analyzed were forced expiratory volume in one second (FEV1), forced
vital capacity (FVC), FEV1/FVC ratio, and the ratio between forced expiratory flow (FEF) between 25% and 75% and FVC
(FEF/FVC). These parameters were quantified in both absolute values and as a percentage of predicted values, with
reference values derived from Pereira et al.>* Lung function data were acquired following post-bronchodilator testing.

Respiratory Oscillometry

The used instrument has been previously described” and was employed in accordance with current recommendations.’
Pressure oscillations were applied in the frequency range of 4 to 32 Hz, with an amplitude of 2 cmH,0 produced by
a loudspeaker coupled to the respiratory system through a mouthpiece. The resulting flow and pressure signals were
measured near the mouth by a pneumotachograph and a pressure transducer, respectively. During the exams, the
volunteers remain seated, with their heads in a neutral position, use a nose clip, maintain spontaneous breathing
through the mouthpiece and firmly supporting their cheeks and chin to minimize the shunt. A total of three acceptable
tests, each comprising 16 seconds, were carried out, and the outcome considered was the average score. To eliminate
any outlier values, only measurements with a coefficient of variation of respiratory resistance at the lowest frequency
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(4 Hz) equal to or less than 10% for all three tests were retained. Additionally, only examinations with a coherence
function of 0.9 or greater across the entire frequency range were accepted, aiming to minimize the impact of
spontaneous breathing.

The resistive properties were interpreted through the resistances at 4 Hz (R4), 12 Hz (R12), 20 Hz (R20) and the
difference between R4 and R20 (R4-R20). The reactance results were interpreted using the mean (Xm), dynamic
compliance (Cdyn), resonance frequency (fr) and area under the reactance curve (Ax). Cdyn is directly associated
with the overall compliance of the respiratory system, and was computed using the reactance at 4 Hz (Cdyn=1/2nfX4).
The resonance frequency, where respiratory reactance becomes zero, is an indicator of the homogeneity of the respiratory
system. The parameter Ax was assessed by the area under the curve formed by the lowest frequency (4 Hz), the
corresponding reactance (X4), and the resonance frequency (fr). To analyze the total mechanical load of the respiratory
system, the impedance module at 4 Hz (Z4) was investigated, encompassing both the resistive and elastic components of
the respiratory load.?

Manovacuometry

The maximum inspiratory pressure (MIP) and the maximum expiratory pressure (MEP) were measured. Measurements
were performed five times, until three values were obtained with a variation of less than 5%, the highest value being
considered for analysis. Predicted values were calculated using the formulas described in Black & Hyatt.®

Handgrip Test

The handgrip test was conducted using a handheld hydraulic dynamometer (Saehan, SH 5001). Participants were
evaluated seated, with their elbows flexed at a 90° angle, holding the dynamometer in their hand in a neutral position.
Three trials were performed with each hand, with a one-minute interval between measurements, and the highest value
was used for analysis.>* Predicted values were derived from Novaes et al, 2009.%

ADL-Glittre
The ADL-Glittre test was performed as described in Skumlien et al 2006.°° Heart rate (HR), peripheral oxygen

saturation (SpO,) and dyspnea index (Modified Borg Scale)?’ were measured at the beginning, at each lap and at the
end of the test. No verbal stimulus was offered throughout the test. The results obtained from patients with COPD were

compared to reference values.”

Statistical Analysis

Data were initially tested for normality using the Shapiro—Wilk test (OriginLab® 8.0, Microcal Software, Inc. Ostend,
Belgium), and when the sample showed a normal distribution behavior, the Two-Sample #-Test was used to analyze the
groups. On the other hand, when the distribution presented a non-normal characteristic, the Mann—Whitney test was used
to analyze the groups. The value of p < 0.05 was used to consider the statistically significant differences.

Correlation analyses were conducted using Pearson correlations for data that exhibited a normal distribution and
Spearman correlations for data that did not adhere to a normal distribution. This analysis was carried out using Prism
5.03 (GraphPad Software, La Jolla CA, USA). The classification of these associations followed the guidelines proposed
by Dawson and Trapp.’

The accuracy of oscillometry in distinguishing COPD phenotypes was assessed using receiver operating characteristic
(ROC) analysis. Optimal prediction cut points were identified based on the optimal trade-off between specificity and
sensitivity. The area under the curve (AUC) was computed to quantify the diagnostic accuracy, and AUC values greater
than 0.80 were deemed suitable for diagnostic purposes.® These results were presented as mean + 95% of the confidence
interval (CI). We evaluated oscillometry parameters pre and post bronchodilator, as well as the variations associated with
the use of this drug (A=values post BD-values pre BD).
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Results
The study included a cohort of 83 participants, comprising 20 control subjects and 63 patients with COPD (Table 1).
Among these groups, no significant alterations were observed in terms of height, body mass, and body mass index (BMI).
However, there was an increase in both age and pack-years within the COPD group.

Spirometric pre-bronchodilator (pre-BD) parameters exhibited significant reductions in individuals with COPD compared
to the control group, as indicated in Table 1. Considering the BD effect, we observed a significantly higher change in ACOS in
comparison with EMP and CB groups and that the EMP and CB groups presented similar modifications.

Oscillometric Parameters

Figure 1 depicts changes in resistive parameters. The values of R4 and R12 (Figures 1A and B, respectively) before BD
use were significantly higher than those observed in the control group in all studied phenotypes. The use of the
bronchodilator resulted in a significant reduction of R4 and R12 in patients with emphysema and ACOS, but not in
patients with CB.

R4-R20 values (Figure 1C) before BD use were significantly higher than those observed in the control group in all
studied phenotypes. Bronchodilator use resulted in a significant reduction of R4-R20 in patients with ACOS, but not in
patients with emphysema or CB.

Considering the comparisons among the phenotypes, higher values of R4 before BD were observed in the ACOS
group in comparison with the group with emphysema (Figure 1A). The ACOS group showed significantly higher values
of R4-R20 before using BD than that observed in EMP and CB groups (Figure 1C).

Figure 2A-D, shows that fr, Cdyn, Ax, and Z4 (respectively) values were significantly different from that observed in
the control group before BD use. These parameters showed no observable differences following bronchodilator admin-
istration in patients with CB. In contrast, patients with emphysema and ACOS exhibited significant changes following
bronchodilator administration.

Table | Biometric and Spirometric Parameters of the Studied Groups

Control Emphysema Chronic Bronchitis ACOS P
(Group A, n=20) | (Group B, n=23) (Group C, n=20) (Group D, n=20)

Age (years) 620 £ 64 64.1 £59 632 %75 67.1 £73 AB,C,D-A,C,B,.D
Weight (kg) 725+ 96 65.9 +21.7 716 £ 174 63.5 % 15.0 AB,C,D-A,C,B,.D
Height (cm) 163.4 + 6.1 164.1 + 123 160.5 + 8.7 158.6 + 9.0 AB,C,DA,CB,D
BMI (kg/m?) 27.1 £26 242 %+ 62 278 £ 6.6 25.1 £5.1 AB,C,DACB,D
Pack-years 0 66.7 + 354 68.8 + 483 653 £ 37.6 A-B,C,D-A-C,B,D
Gender (F/M) 12/8 10/13 /9 10/10 -
FVC (L) 3210 28 I.1 22 %07 2609 AB,C,DA-C,B,D
FVC (%) 889+ 119 75.5 £ 204 674 % 187 79.1 £188 A-B,C,DA-C,B,D
FEV, (L) 2507 1.5+£09 1.3+£05 1.4 +07 A-B,C,D-A-C,B,D
FEV, (%) 875+99 525 +21.0 499 + 198 54.1 £ 19.6 A-B,C,D-A-C,B,D
FEV,/FVC (%) 992+ 7.1 69.7 = 163 718 £ 127 66.8 £ 16.9 A-B,C,D-A-C,B,D
FEF35.75 (L) 2408 0.7 £ 05 0.6 + 0.4 0707 A-B,C,D-A-C,B,D
FEFy5.75 (%) 95.2 +29.1 28.1 = 167 274 % 15.1 27.7 £ 197 A-B,C,D-A-C,B,D
FEF5.75/FVC (L) 0803 02 0.1 03 0.1 0302 A-B,C,D-A-C,B,D
FEF,5.75/FVC (%) 109.2 + 37.8 258 + 103 269119 256 163 A-B,C,D-A-C,B,D
Response to BD
AFEV, (%) - 49 +59 20+ 103 22.8 £204 B,C-D-B
AFEV, (mL) 63.5 £81.6 23.5 £166.9 2635 £291.4 B,C-D-B
BDR+ / BDR- 0/23 2/18 179 -
BDR (%) 0 10 55 -

Notes: Comparisons of the four groups: dashes indicate significant difference, and comma indicates no significant differences.
Abbreviations: BMI, body mass index; FEV1, forced expiratory volume in | second; FVC, forced vital capacity; FEF25-75, forced expiratory flow between
25% and 75%; BD, bronchodilator test; BDR+, BD response positive; BDR-, negative BD response; n, number of patients evaluated.
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Xm values before BD use were more negative in all studied phenotypes than in the control group (Figure 2E).
Bronchodilator administration resulted in significant increases in Xm in groups of patients with emphysema and ACOS.
Patients with CB, however, do not present significant changes.

Functional Analysis Tests

Figure 3 describes predicted and measured values of handgrip test in each one of the studied subgroups of patients.
Significant reductions were observed in all groups, both considering the dominant hand (Figure 3A) and the non-
dominant hands (Figure 3B).

Similar comparisons considering the respiratory pressures are showed in Figure 4. Significant changes were observed in
all groups, both in MIP (Figure 4A) and MEP values (Figure 4B). Considering the comparisons among the phenotypes,
higher values of MIP after BD were observed in the CB group in comparison with the group with emphysema (Figure 4A).

Figure 5 depicts the results of the AVD-Glittre test. The performed time significantly increased in all studied
subgroups of patients when compared to predicted values.

Correlation Analysis

Considering all COPD patients subgroups, almost all studied oscillometric parameters were associated with ADL-Glittre
test time and handgrip analysis (Table 2). The exception was due to R4-R20. As can be seen in Table 2, no associations
were observed among oscillometric parameters and respiratory pressures.
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Considering only the emphysema phenotype (Table 3), Cdyn and Z4 showed significant inverse or direct associations,
respectively (p < 0.05) with the ADL-Glittre test. There was no relationship between oscillometry and the palmar grip
test in the dominant hand. With respect to the non-dominant hand, significant inverse correlations (p < 0.05) were
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Table 2 Correlation Analysis Between Total Glittre-ADL Test Time, Handgrip Analysis, Respiratory Pressures and
Oscillometric Parameters in the Whole Group of Patients with COPD

R4 R12 R4-R20 fr Cdyn Ax Z4

ADL-Glittre test
Test time (s) r 0.323 0.368 0.171 0324 | —0.541 0.433 0.448
p 0.029 0.012 0.254 0.028 | 0.0001 | 0.003 | 0.002

Handgrip
Dominant hand (kgf) r —0411 | —0439 | —0.215 | —0.346 | 0.346 | —0.396 | —0.386
p 0.001 0.001 0.114 0.009 | 0.009 | 0.003 | 0.004
Non-dominant hand (kgf) r —0.441 | —0478 | —0.198 | —0.356 | 0.319 | —0.377 | —0.382
p 0.0008 | 0.0002 0.146 0.008 | 0.017 | 0.004 | 0.004
Manovacuometry

Maximum Inspiratory Pressure (cmH,O) r 0.136 0.055 0.101 0.147 | —0.143 0.160 0.147
p 0.313 0.685 0.453 0.274 0.289 0.234 0.274
Maximum Expiratory Pressure (cmH,O) r -0.208 | —0.189 | —0.139 | —0.190 | 0.210 | —0.216 | —0.213
p 0.121 0.159 0.301 0.156 0.116 0.107 0.111

Note: Significant p-values (<0.05) are described in bold.
Abbreviations: R4, resistance at 4Hz; R12, resistance at 12Hz; R20 resistance at 20 Hz; R4-R20, frequency dependence of the resistance; Cdyn,
dynamic compliance; fr resonance frequency; Ax, area under the reactance curve; Z4, impedance module in 4Hz.

Table 3 Correlation Analysis Between Total Glittre-ADL Test Time, Handgrip Analysis, Respiratory Pressures and
Oscillometric Parameters in the Emphysema Group

R4 R12 R4-R20 fr Cdyn Ax Z4

ADL-Glittre test
Test time (s) r 0.287 0.268 0.248 0.382 | -0.496 | 0.379 0.464
p 0.234 0.266 0.305 0.106 | 0.031 0.109 | 0.045
Handgrip
Dominant hand (kgf) r —0.436 | —0.406 | —0.234 | —0.422 | 0356 | —0.266 | —0.359
p 0.054 0.075 0.321 0.064 0.123 0.256 0.119
Non-dominant hand (kgf) r —0479 | —0.444 | —0237 | —0.446 | 0.335 | —0.245 | —0.358
p 0.032 | 0.050 0.313 0.049 | 0.149 0.297 0.121
Manovacuometry
Maximum Inspiratory Pressure (cmH,O) r —0.069 | —0.002 | —0.248 | —0.107 | 0.030 | —0.I91 | —0.119
p 0.767 0.991 0.279 0.643 0.897 0.407 0.605
Maximum Expiratory Pressure (cmH,O) r —0.191 | —0.234 | —0.011 —0.129 | 0.023 | —0.009 | —0.114
p 0.406 0.308 0.963 0.577 0.922 0.970 0.624

Note: Significant p-values (<0.05) are described in bold.
Abbreviations: R4, resistance at 4Hz; R12, resistance at |2Hz; R20 resistance at 20 Hz; R4-R20, frequency dependence of the resistance; Cdyn,
dynamic compliance; fr resonance frequency; Ax, area under the reactance curve; Z4, impedance module in 4Hz.

observed between the resistive (R4) and reactive (fr) oscillometric parameters. There was no relationship between
oscillometric parameters and manovacuometry.

When the correlation analysis included only CB patients, there was no relationship between the oscillometric
parameters and the ADL-Glittre test (Table 4). No relationship was found with the palmar grip test in the dominant
hand, and an inverse correlation was observed with R12 (p < 0.05). There was no relationship between oscillometric
parameters and manovacuometry.

Similar analysis considering only patients with the ACOS phenotype showed no relationship between the oscillo-
metry and the ADL-Glittre test (Table 5). Concerning the palmar grip test, we do not observed associations with the
dominant hand, while, significant inverse correlations (p < 0.05) were observed between R4 and R12 with the non-

dominant hand. There was no relationship between oscillometric parameters and manovacuometry.
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Table 4 Correlation Analysis Between Total Glittre-ADL Test Time, Handgrip Analysis, Respiratory Pressures and
Oscillometric Parameters in the Chronic Bronchitis Group

R4 R12 R4-R20 fr Cdyn Ax Z4
ADL-Glittre test
Test time (s) r 0.274 0.434 —0.092 0.300 | —0.508 | 0.319 0.359
p 0.344 0.121 0.755 0.297 0.067 0.267 0.207
Handgrip
Dominant hand (kgf) r —0.385 | —0.435 | -0.146 | —0.323 | 0.339 | —0.378 | -0.318
p 0.114 0.071 0.562 0.191 0.169 0.122 0.198
Non-dominant hand (kgf) r —0.431 | —0496 | -0.124 | —0.303 | 0315 | —0.363 | —0.326
p 0.074 | 0.036 0.623 0.222 0.203 0.138 0.187
Manovacuometry
Maximum Inspiratory Pressure (cmH,O) r 0.066 | —0.023 0.037 0.051 —0.115 | 0.129 0.113
p 0.787 0.924 0.880 0.835 0.639 0.599 0.644
Maximum Expiratory Pressure (cmH,O) r —0.394 | —0.404 | —0.124 | —0.238 | 0.350 | —0.353 | —0.369
p 0.095 0.086 0.612 0.327 0.141 0.138 0.120

Note: Significant p-values (<0.05) are described in bold.
Abbreviations: R4, resistance at 4Hz; R12, resistance at |2Hz; R20 resistance at 20 Hz; R4-R20, frequency dependence of the resistance; Cdyn,
dynamic compliance; fr resonance frequency; Ax, area under the reactance curve; Z4, impedance module in 4Hz.

Table 5 Correlation Analysis Between Total Glittre-ADL Test Time, Handgrip Analysis, Respiratory Pressures and
Oscillometric Parameters in the ACOS Group

R4 R12 R4-R20 fr Cdyn Ax Z4

ADL-Glittre test
Test time (s) r 0.475 0.506 0.302 0214 | —0.382 | 0.443 0.532
p 0.101 0.078 0315 0.482 0.198 0.129 0.061

Handgrip
Dominant hand (kgf) r —0.445 | —0412 | -0.217 | -0294 | 0229 | -0.323 | —0.386
p 0.074 0.100 0.403 0.251 0.377 0.207 0.125
Non-dominant hand (kgf) r —0.489 | —0.491 | -0.199 | —0.361 | 0231 | —0.394 | —0.435
p 0.046 | 0.045 0.442 0.154 0.371 0.117 0.081
Manovacuometry

Maximum Inspiratory Pressure (cmH,O) r 0.251 0.174 0.288 0443 | —0.287 | 0.444 0.283
p 0.328 | 0.500 0.259 0.076 | 0262 | 0.075 0.268
Maximum Expiratory Pressure (cmH,O) r —0.276 | —0.192 | -0.343 | —0.397 | 0.269 | —0.416 | —0.263
p 0282 | 0456 0.177 0.115 0.293 0.098 | 0.305

Note: Significant p-values (<0.05) are described in bold.
Abbreviations: R4, resistance at 4Hz; R12, resistance at |2Hz; R20 resistance at 20 Hz; R4-R20, frequency dependence of the resistance; Cdyn,
dynamic compliance; fr resonance frequency; Ax, area under the reactance curve; Z4, impedance module in 4Hz.

Oscillometry Discriminating the Different Phenotypes

Oscillometric parameters pre and post bronchodilator do not present adequate values of AUC in discriminating the
studied phenotypes (AUC < 0.80). The variations of R4-R20 due to the use of BD, on the other hand, provided an
accurate discrimination of ACOS from emphysema (Figure 6A, AUC = 0.82, CI = 0.69+0.95) and chronic bronchitis
(Figure 6B, AUC = 0.84, CI = 0.71£0.97).

Discussion
In this study, four major findings were obtained: 1) initially, that oscillometry provided a detailed and consistent description of
the COPD phenotypes; 2) BD response was different among the studied phenotypes; 3) The study revealed an association
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Figure 6 Analysis of receiver operator characteristic (ROC) for the best parameter observed in the discrimination of ACOS from emphysema (A) and chronic bronchitis.
(B) AUC, the area under the ROC curve; Avariations of R4-R20 due to the use of bronchodilator; R4-R20, resistance at 4Hz minus at 20Hz.
Abbreviation: Cl, confidence interval.

between oscillometry and functional capacity, especially within the emphysema phenotype; and 4) ROC curve analysis
showed that AR4-R20 effectively discriminated ACOS from chronic bronchitis and emphysema phenotypes.

Table 1 displays the biometric parameters of the groups under investigation. Although there was a significant
difference in age and body mass between the control group and the ACOS group, the analysed groups can be considered
homogeneous, since height is the most important parameter for defining impedance values, age and BMI do not
significantly alter respiratory oscillometry parameters.>' This parameter did not exhibit statistically significant differences
among the studied groups (Table 1).

In general, the observed increases in R4 and R12 described in Figure 1 A and B may be associated with inflammation of the
mucous glands due to high tobacco consumption, which results in airway obstruction.**** Considering the specific char-
acteristics of the phenotypes, the increased values in emphysema in comparison with the control group may be explained by
the destruction of the small airways and loss of the parenchymal tissue that keeps the airways open.>® The increase in
resistance found in the CB group may be associated with the worsening of airflow obstruction, a result of the excess mucus
caused by the increase in goblet cells in the small airways in these individuals.** The similar increase observed in ACOS can
be explained by the typical increased bronchial secretion and, consequently, greater narrowing of the airways.

The comparisons among phenotypes showed that ACOS presented higher R4 values before BD use than the group
with emphysema predominance. This is in line with the results of Van Noord et al, which showed that airway resistance
was significantly higher in asthma and chronic bronchitis than in emphysema.*> Further support to this finding is
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provided by 3D CT analyses in the third to sixth generation central bronchus, which showed that the ACOS had greater
airway narrowing compared with COPD.*

R4-R20 is associated with the respiratory system homogeneity of ventilation.’” The results of the present study
provide evidence of reduced ventilation homogeneity in all studied phenotypes (Figure 1C). In close agreement with
these results, Su et al, showed associations between variations in resistance and the degree of morphological abnorm-
alities of the small airways evaluated with endobronchial optical coherence tomography in COPD and heavy smokers.*®

R4-R20 increased in ACOS in comparison with emphysema and CB (Figure 1C). This result agrees with that
obtained using 3D computed tomography analyses of the airways in COPD and ACOS in the study of Karayama et al.>®
This difference may be explained, at least in part, by the addition of the pathophysiological characteristics of asthma in
these patients. In this disease, bronchial obstruction may result from bronchospasm, mucosal oedema and
hypersecretion.® Thus, the presence of these additional factors seems to introduce greater non-homogeneities in the
ventilation of these patients than those caused in patients with predominance of emphysema or CB.

Some authors claim that bronchodilation in patients with COPD causes an increase in the diameter of the airways.***!

In line with previous studies,*!**?

we found a reduction in respiratory resistance (Figures 1A and B) in individuals
classified as having emphysema and ACOS after using a bronchodilator. It was interesting to observe that similar
alterations did not occur in the group with a preponderance of CB. This indicates that the smooth muscle relaxation
introduced by BD use do not result in significant changes in this group. Since the main mechanism of respiratory
obstruction in these patients refers to excessive mucus production, which is not influenced by BD use, this result seems to
be reasonable. Important structural changes in CB includes airway wall thickening due to remodeling. This phenomena
make airways difficult to “open”, reducing response to bronchodilator agents.*> Baldi et al suggested that airway
distensibility is reduced in COPD and that airway smooth muscle contributes to the increased airway stiffness in
COPD subjects with prevailing bronchitis,** but not in those with more emphysema.

Bronchodilator use decreased the value of R4-R20 in patients with emphysema and ACOS (Figure 1C), revealing an
improvement in the ventilation homogeneity.*> Although R4-R20 was reduced with the BD use, this parameter still
presented increased values compared to healthy individuals. This indicates that not all imbalances in the time constants
were eliminated with the BD use.*® In a similar way to what was observed in R4 (Figure 1A) and R20 (Figure 1B), the
R4-R20 values did not change with the use of the bronchodilator. We can speculate that the same reasons described
earlier for the lack of response in terms of R4 and R20 may also be involved in these results.*****

A comparative analysis of the reactive parameters before BD use with the control group showed significant changes in
all studied parameters and phenotypes (Figure 2). This can be explained by the increased ventilation non-homogeneity in
the respiratory system of these patients, which occurs due to the increase in imbalances in the time constants of the different
regions of the lungs of patients with COPD.*’ These changes may also be associated with abnormalities in lung tissue, chest
wall, airway distensibility and increased resistance,*’ as well as with the reduction in the apparent compliance.*®

The use of bronchodilator medication significantly improved almost all reactive parameters in the emphysema and
ACOS groups (Figure 2). The bronchodilator use relax the smooth muscles of the bronchi, improving the compliance of the
airway wall.** A previous study showed an increase in Cdyn after the use of salbutamol in patients with obstruction due to
asthma and COPD.® The increase in compliance reflects the improvement in lung expansion, associated with a reduction in
the peripheral airways resistance resulting in an improvement in lung homogeneity and a decrease in hyperinflation after
drug inhalation.>® The cited factors explain the improvements observed in Cdyn, AX, Z4 and Xm (Figure 2).

In contrast, the use of BD did not result in discernible changes in patients with CB (Figure 2). Although persistent
airflow limitation occurs in patients with COPD, ACOS and asthma, the flow limitation phenomena may have distinct
characteristics, resulting in different responsiveness to bronchodilators.”' Chronic bronchitis is caused by the hypersecre-
tion of mucus by the goblet cells, which leads to the worsening of resistance to airflow by obstructing the lumen of the
small airways. The presence of inflammation in the epithelium of the central airways is another important characteristic,
which may introduce epithelial remodelling.*>* On the other hand, the main characteristic of emphysema refers to the
destruction of the lung parenchyma, leading to loss of elastic recoil.** Previous works hypothesize that an inflamed and
thick airway may appear more rigid than an airway subjected to the devastation of proteases.’>>® This factor could
explain, at least in part, observed differences between CB and emphysema, since relaxation in the airways smooth
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muscles could have lesser effects in more rigid airways, such as those present in CB than in the airways of patients with
emphysema.

Asthma is characterized by bronchial muscle contraction and airway narrowing that is highly reversible using BD
medication.®> The greater response to BD observed in patients with ACOS compared to those with CB (Figure 2) is
probably related to this characteristic.

Respiratory abnormalities represent only one aspect of the multifaceted complications associated with this COPD. In
this context, muscle dysfunction emerges as a primary anomaly linked to diminished functionality.’” The evaluation of
peripheral muscle strength in COPD patients carries paramount importance due to its correlation with various factors,
including exercise intolerance, challenges in performing daily activities, and a diminished quality of life.’” This study
observed substantial reductions in manual grip strength for both the dominant (Figure 3A) and non-dominant hands
(Figure 3B) within the emphysema, chronic bronchitis, and ACOS groups when contrasted with predicted values for each
respective group. The etiology of muscle dysfunction and exercise impediments observed in COPD patients is explicable
through systemic inflammation originating from the pulmonary system and a reduction in the bulk of musculature within
the lower extremities.'® Musculoskeletal dysfunction, characterized by the loss of muscle strength and endurance, is
principally attributed to diminished muscle area, reduced lean body mass, compromised muscle stamina, and an
augmented susceptibility to fatigue.’®>® Holden et al described a relation between reduced handgrip strength and
diminished quality of life, heightened vulnerability to exacerbated COPD morbidity and increased risk of mortality.>®

Significant reductions in manometry were observed for PiMax (Figure 4A) and PeMax (Figure 4B) in the emphy-
sema, chronic bronchitis, and ACOS groups. Muscle fatigue resulting from the detrimental effects of COPD not only
affects peripheral muscles but can also compromise respiratory muscle function.®® Another explanation is associated with
airway obstruction and pulmonary hyperinflation, which position the diaphragm at a mechanical disadvantage, resulting
in a chronic decrease in contact area, leading to reduced respiratory muscle efficiency in these individuals.®!

Significant increases in the time taken to complete the Glittre-ADL test were observed in the emphysema, chronic
bronchitis, and ACOS groups compared to predicted values (Figure 5). These limitations are associated with several factors,
including gas exchange inefficiency, ventilatory limitation, peripheral muscle weakness, alterations in metabolism, and
peripheral muscle composition.®” Dynamic hyperinflation may contribute to these findings, potentially worsening when
respiratory demand increases during exercise and creating a sensation of dyspnea as respiratory work intensifies.®®

Table 2 shows that functional capacity was more sensitive to changes in airway obstruction (R4 and R12) and elastic properties
(fr, Cdyn, Ax and Z4) than changes in ventilation heterogeneity (R4-R20). The moderate to good correlations observed among
oscillometry with ADL-Glittre test and Handgrip analysis reinforce the notion that oscillatory indices are associated with physical
performance and are valuable for predicting reduced exercise tolerance in individuals with COPD.** The results are also consistent

6366 and during cycle ergometer tests.®” These associations agree

with that obtained recently using the 6-minute walking distance
with the involved physiology, describing an increase in ADL-Glittre test time with airway obstruction and Cdyn reduction. This
reflects the systemic effects due to lung abnormalities, including the presence of airflow limitation and dynamic hyperinflation.

Considering the analysis performed specifically in the studied COPD phenotypes, it was interesting to note significant
relationships in the emphysema group (Table 3) describing a decrease in ADL-Glittre test performance with reductions in
Cdyn and increases in Z4. These associations agree with the typical changes observed in COPD, describing abnormalities
in elastic properties (Cdyn), and respiratory work (Z4). The inverse associations observed among resistive properties
(R4) and ventilation heterogeneity (fr) with Handgrip analysis are also consistent with the cited principles.

A recent review points out that oscillometry adds insight into the pathophysiology of COPD, and that we still need
more data to assess how this method relates to clinical phenotypes of COPD.>” COPD phenotypes should be able to
classify patients into distinct subgroups that provide prognostic information and allow us to better determine the
appropriate therapy that alters clinically significant outcomes.>>’ In this sense, the current study provides evidence
that oscillometry may help to accurately discriminate ACOS from emphysema and chronic bronchitis (AUC>0.80). This
high performance probably reflects the higher impact of bronchodilator use in the ventilation heterogeneity of the ACOS
group due to the asthmatic component of this phenotype.

The differential diagnosis between groups of emphysema predominance and chronic bronchitis predominance are
likely to be complex, and their clarification needs further investigation. It is important to emphasize that promising values
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of AUC were observed in these analyses, with values around 0.65. Previous studies from our research group have
demonstrated that the application of artificial intelligence methods can enhance the accuracy of oscillometry parameters
in the early diagnosis of smoking-induced respiratory changes®® and in the diagnosis® and classification’® of COPD. In
this manner, the application of these methods for the proper discrimination between emphysema and chronic bronchitis is
one of the upcoming steps planned by our research group in this line of investigation.

A thorough examination of potential limitations of the current study is necessary. Firstly, the study concentrated on
whole-breath impedance measurements and did not evaluate within-breath analysis.”' In future research, it is advisable to
explore similar analyses focusing on within-breath impedance parameters. This avenue represents a promising research
direction. Another noteworthy point; plethismographic exams were not feasible in all patients due to their clinical
condition or inability to cooperate during the test. This resulted in the loss of important information that could have
helped to clarify the differences between the phenotypes. Lastly, this is a single-center study, thus the outcomes may lack
broad applicability to the entire patient demographic. This emphasizes the necessity for future investigations with
a higher number of volunteers. Despite these limitations, this preliminary analysis significantly contributes to a critical
discussion concerning the use of oscillometric parameters to evaluate COPD phenotypes.

Conclusion

In conclusion, this study set out to examine COPD phenotypes in-depth via respiratory oscillometry. It has been shown
initially that oscillometry provided a description of the COPD phenotypes consistent with the involved physiopathology.
The use of BD medication introduced clear changes in ACOS and Emphysema, but not in patients with predominance of
CB. The correlation analysis unveiled a clear relationship between oscillometry and functional capacity, notably within
the emphysema phenotype. ROC analysis further indicated that oscillometric parameters displayed sufficient accuracy in
discriminating ACOS from Emphysema and CB. These findings offer evidence that oscillatory indices have the potential
to enhance our understanding and identification of COPD phenotypes.
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