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Background: COPD is a major cause of death and morbidity worldwide, and is characterized 

by persistent airflow obstruction. The evaluation of obstruction is critically dependent on 

sensitive methods for lung-function testing. A wide body of knowledge has been accumulated 

in recent years showing that these methods have been significantly refined and seems promising 

for detection of early disease.

Objectives: This review focuses on research on pulmonary function analysis in COPD per-

formed in Brazil during this century.

Materials and methods: The literature was searched using a systematic search strategy 

limited to English language studies that were carried out in Brazil from the year 2000 onward, 

with study objectives that included a focus on lung function.

Results: After we applied our inclusion and exclusion criteria, 94 articles addressed our stated 

objectives. Among the new methods reviewed are the forced-oscillation technique and the 

nitrogen-washout test, which may provide information on small-airway abnormalities. Studies 

investigating the respiratory muscles and thoracoabdominal motion are also discussed, as well 

as studies on automatic clinical decision-support systems and complexity measurements. We 

also examined important gaps in the present knowledge and suggested future directions for the 

cited research fields.

Conclusion: There is clear evidence that improvements in lung-function methods allowed us to 

obtain new pathophysiological information, contributing to improvement in our understanding 

of COPD. In addition, they may also assist in the diagnosis and prevention of COPD. Further 

investigations using prospective and longitudinal design may be of interest to elucidate the use 

of these new methods in the diagnosis and prevention of COPD.

Keywords: COPD, dynamic lung hyperinflation, thoracoabdominal motion, oscillation mechan-

ics, automatic clinical decision-support systems, complexity measurements

Introduction
COPD is a major worldwide public health problem that affects the quality of life of 

patients and causes physical disability and great socioeconomic impact.1 Worldwide, 

210 million people suffer from COPD,2 which has been estimated to be the third-

leading cause of death.3 Unlike ischemic heart disease and cerebrovascular disease, 

which are decreasing in prevalence, deaths from COPD are increasing.4,5 Studies and 

interventions related to COPD diagnosis are necessary for early detection and better 

disease control. Data from studies published in various regions of the world show that 

COPD is underdiagnosed.1

In Brazil, Queiroz et al6 reported 71.4% COPD underdiagnosis in individuals with 

risk factors who were treated in public primary care facilities, while Santos et al7 

found that among patients with COPD, 80% had not received a prior diagnosis of the 
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disease from their doctor. Another study showed that COPD 

prevalence in the Brazilian population varies between 6% 

and 15.8% in those aged $40 years, which is equivalent to 

2.8–6.9 million individuals.8 It was observed that the rate of 

diagnosing new cases in the city of São Paulo at the end of a 

9-year follow-up period was similar to the percentages found 

in European, Asian, and North American countries, with a 

range from 1.4% to 4%, depending on the spirometric crite-

rion used for diagnosing the disease.9 Moreira et al reported 

that the functional and clinical changes coherent with COPD 

in individuals exposed to smoke from woodburning stoves, 

which are a domestic appliance that is widely used in the 

Brazilian rural environment, were less pronounced than those 

in patients exposed to tobacco. These authors also observed 

that in cases of exposure to woodburning smoke, the disease 

was predominantly seen in females.10

Pulmonary function tests (PFTs), in addition to being 

essential tools for the diagnosis and evaluation of the 

severity of COPD patients, are also of critical importance 

in a variety of clinical settings, including in prognosis 

determination and evaluation of the therapeutic response. 

Spirometry is generally the first functional test performed 

and is the most important in clinical practice for most 

patients. However, in recent decades, tremendous techno-

logical advancements have been made in the tools used to 

measure lung function. In addition to the increased tech-

nological sophistication of the old functional evaluation 

methods, new PFTs have been progressively incorporated 

into clinical practice. All of these developments can have an 

immediate, positive impact on both early COPD diagnosis 

and evaluation and the monitoring of the disease. In this 

regard, many Brazilian researchers have evaluated the use 

of PFTs on COPD patients using a wide variety of study 

designs and evaluation techniques.

This paper describes a literature review in which we 

critically appraise and synthesize the current research on 

pulmonary function in COPD conducted in Brazil. Based 

on this analysis, we also discuss gaps in the knowledge that 

a new study would seek to address.

Materials and methods
The literature was searched using different keywords (Brazil, 

COPD, emphysema, chronic bronchitis, pulmonary function, 

spirometry, lung volumes, and respiratory muscles) and data-

base sources (MEDLINE, Scopus, and Web of Science).

Inclusion criteria were research produced by Brazilian 

researchers, studies in the Brazilian population, studies 

published since the beginning of this century, and studies 

reported in English. Exclusion criteria were research where 

lung function was not included in the study objectives and 

studies performed outside Brazil.

These processes enabled the researchers to identify 

94 appropriate studies for inclusion in the review. The 

presentation was organized into themes, describing the 

main areas of research observed in the reviewed literature. 

A simplified schematic representation of the main themes 

discussed and the flow of the review is shown in Figure 1.

Results
Pulmonary function based on spirometry 
to evaluate bronchodilator response
Spirometry is the most often used diagnostic tool in the 

evaluation of lung function in COPD patients and is an 

examination with broad applicability and reproducibility 

in most patients. In a compatible clinical situation, spirom-

etry is needed for COPD diagnosis and is characterized 

by persistent obstruction based on a forced expiratory 

volume in 1  second (FEV
1
):forced vital capacity (FVC) 

ratio of ,70% after bronchodilator use.1 In a Brazilian 

study, however, Lundgren et al investigated the use of the 

FEV
1
:FEV

6
 ratio as an alternative to the FEV

1
:FVC ratio in 

Figure 1 Schematic representation of the scope of the current review.
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screening for COPD. This analysis may be more comfort-

able for patients and permit the use of simpler interpretation 

algorithms. The diagnostic criterion of airway obstruction 

(defined as an FEV
1
:FVC ratio ,70%) showed sensitivity 

(Se) of 92% and specificity (Sp) of 99%. The positive pre-

dictive value was 100%, and the negative predictive value 

was 98%. The Kendall correlation calculation resulted in 

a correlation coefficient of 0.99 (P,0.0001). The authors 

concluded that evaluation of the FEV
1
:FEV

6
 ratio is accu-

rate in screening for COPD.11 Another (more recent) study 

involving Brazilian researchers sought to determine the 

factors associated with a change in the interpretation of 

spirometry for COPD diagnosis. These authors followed a 

cohort over a period ranging between 5 and 9 years after 

initial examination using different criteria to diagnose 

COPD. In that study, the rate of inconsistent mild COPD 

diagnosis was 11.7% using an FEV
1
:FVC ratio ,70%, 

5.9% using an FEV
1
:FEV

6
 ratio below the lower limit of 

normal (LLN) and 4.1% using Global Initiative for Chronic 

Obstructive Lung Disease (GOLD) stages II–IV criteria. 

The most important factor associated with diagnosis incon-

sistency was the closeness of the FEV
1
:FVC or FEV

1
:FEV

6
 

ratio to the LLN during the first examination. The authors 

concluded that using an FEV
1
:FEV

6
 ratio , LLN or GOLD 

stages II–IV as airflow-obstruction criteria reduced incon-

sistencies in the diagnosis of mild COPD.12 In addition, 

using the GOLD classification, Moreira et al determined 

which of the two GOLD ratings (BCD or II–IV) better 

reflected the functionality of patients with moderate-to-very 

severe COPD using 6-minute walking distance (6MWD), 

activities of daily living (ADLs), and the variables activity/

inactivity of daily living evaluated by monitoring activity. 

These researchers observed that despite the low correlation 

coefficients, both GOLD ratings showed better association 

with 6MWD than ADLs evaluated subjectively or objective-

ly.13 In another Brazilian study, Menezes et al showed that 

the diagnosis of COPD was itself associated with overall 

mortality (hazard ratio 1.43 for FEV
1
:FVC , LLN, 2.01 

for GOLD stages II–IV, 1.46 for GOLD stages I–IV, and 

1.5 for FEV
1
:FEV

6
 , LLN).14

The diagnostic and therapeutic approach in COPD 

patients should take into account the reversibility of airway 

obstruction determined by a pharmacodynamic test. Tavares 

et al investigated bronchoconstriction reversibility associated 

with the use of 400 μg of fenoterol in a sample of 64 patients. 

The authors evaluated the frequency of responses presented 

in FVC, slow VC, inspiratory capacity (IC), residual 

volume (RV), airway resistance (R
aw

), and specific airway 

conductance. Several parameters showed clear changes due 

to bronchodilator use in COPD. The clinical impression 

reported was that patients may experience alleviation of 

dyspnea and present clinical progress even without an FEV
1
 

response.15

Usually, the severity of COPD is classified by FEV
1
 

after bronchodilator use, and improvement in FEV
1
 and 

decrease in its rate of decline are the most generally used 

outcomes in clinical research directed at evaluating treatment 

response and preventing disease progression.1 However, the 

most important outcomes for COPD patients are symptoms 

and quality of life, and the correlation between FEV
1
 and 

the degree of dyspnea, health status, exercise tolerance, 

and frequency of exacerbation appears to be poor, which 

has also been demonstrated by some Brazilian studies.16–18 

Pereira et al found a weak association of FEV
1
 with both 

total score on the St George’s Respiratory Questionnaire and 

the activity domain score (r=-0.32, P=0.04, and r=-0.34, 

P=0.03, respectively).18 Several Brazilian researchers have 

shown that use of the BODE (body mass index, airway 

obstruction, dyspnea, and exercise capacity) index, rather 

than exclusively FEV
1
, seems to improve the association with 

quality-of-life markers.19–21 Camargo and Pereira observed 

that among spirometric variables, only the IC was selected 

by the multivariate model for 6MWD, with a 32% coefficient 

of determination.22 Corroborating this finding, another study 

showed that the IC obtained after bronchodilator use was 

the better functional predictor of 6MWD and significantly 

related with GOLD score and BODE index.23 Interestingly, 

these authors proposed a cutoff IC value after bronchodila-

tion of 70% of that predicted for the Brazilian population as 

a method to classify COPD patients, as static lung-volume 

measurement is not always available. Santos et al observed 

that 59% of the variation in 6MWD could be explained 

by postbronchodilator IC, prolonged use of home oxygen 

therapy, and number of medications used in the handling 

of COPD.7 Another study explored the association between 

energy expenditure and lung function in COPD patients 

undergoing indirect calorimetry measures while performing 

five ADLs. In this study, maximal voluntary ventilation was 

the only lung-function parameter associated with energy 

expenditure. Therefore, the authors emphasized the limited 

extent to which FEV
1
 is related to the functional performance 

of COPD patients.24 Interestingly, Mendes et al investigated 

the influence of the FVC maneuver on the cardiovascular 

system in COPD patients. They observed that at the beginning 

of spirometry, the heart rate (HR) decreased (P,0.001) and 

then gradually increased until the end of the test (P,0.001). 
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After the end of the maneuver, the HR continued to increase 

to a peak (P,0.001), and then fell rapidly to a value below 

resting values (P,0.001) before returning to baseline. In that 

study, blood pressure and HR variability (HRV) did not 

change during the FVC maneuver.25

Pulmonary function tests in analysis 
of lung volume and dynamic lung 
hyperinflation
The measurement of lung volume can provide important 

information for evaluating the lung function of COPD 

patients, as it reflects the mechanical behavior of the lung 

and its elastic properties. In one study conducted in Brazil, 

Coertjens et al evaluated total lung capacity (TLC) and 

RV values obtained by the single-breath helium-dilution 

(SBHD) method and whole-body plethysmography (WBP) 

in patients with COPD. The study showed that the TLC and 

RV values were higher in the WBP than the SBHD method, 

and the difference was related to airway obstruction. The 

authors described linear equations that allowed adjustment 

of the TLC and RV values for airflow to predict the lung 

volume as measured by WBP. This correction can increase 

the accuracy of the SBHD method for assessing lung volume, 

and may contribute to the expansion of the use of the SBHD 

method, which is relatively simple, faster, and more widely 

available.26

Albuquerque et al showed that the IC:TLC ratio was 

functionally more representative than traditional airflow-

limitation and lung-hyperinflation indices in COPD patients, 

and was a strong predictor of marked reduction in maximum 

oxygen consumption. These authors found that IC:TLC 

values of #28% were associated with reduced exercise 

tolerance, and that increased values were observed in patients 

with lower loss of functional exercise capacity.27 Interest-

ingly, the IC:TLC ratio also is an independent predictor 

of mortality in COPD patients.28 Mazzuco et al evaluated 

16 sedentary males with COPD to assess the effect of lung 

function on HRV levels. They observed that HRV-index 

responses were more prominent during a respiratory sinus 

arrhythmia maneuver in moderate-to-severe COPD patients, 

and a worse HR dynamic was related to a greater decline in 

lung function. Moreover, these authors observed a strong 

correlation between the diffusing capacity for carbon mon-

oxide and the RR interval during parasympathetic stimulation 

in these patients (r=-0.77, P,0.05).29

Lung dynamic hyperinflation (DH) is a contributing factor 

to reduced physical capacity and a pulmonary adaptation to 

hyperpnea and the high metabolic requirement that occurs 

during exercise. In this regard, Castro et al investigated DH 

resulting from ADLs in COPD patients. They observed a 

reduction in IC after ADLs compared to IC values measured 

at rest (P=0.04) and a significant correlation between the 

degree of dyspnea and variation in IC between resting and 

ADLs (r=0.85).30 Similarly, Silva et al found that patients 

with moderate-to-severe COPD developed DH after per-

forming common ADLs involving the upper and lower 

limbs. These researchers observed a significant reduction 

in IC after all six tested activities, including walking on a 

treadmill, storing pots, walking 56 m carrying a 5 kg weight, 

climbing stairs, simulating taking a shower, and putting 

on shoes.31 Similarly, Cordoni et al studied patients with 

moderate-to-severe COPD using serial IC measurements 

during cardiopulmonary exercise testing with a treadmill at 

a constant speed, and found a DH frequency of 63.3%. The 

authors also observed greater impairment of resting lung 

function in patients with DH than in those without DH.32 

In  another Brazilian study, a randomized work including 

30 COPD volunteers without severe hypoxemia, Scuarcialupi 

et al found that improvement in resting IC after bronchodila-

tor use was associated with increased tolerance to effort, even 

in patients with COPD without DH. However, patients who 

showed no increase in resting IC were still able to obtain a 

functional benefit from bronchodilator use, provided they 

presented with DH during exercise.33

Lung DH caused by expiratory flow limitation during 

a reduced expiratory time markedly increases the end- 

expiratory lung volume (functional residual capacity) in 

many COPD patients. In this regard, Lopes et al investi-

gated the immediate effect of the application of continuous 

positive airway pressure (PAP) on hyperinflation and R
aw

 in 

severe stable COPD patients. They observed that continu-

ous PAP reduced lung volume and R
aw

 for 15 minutes, but 

lung volume returned to baseline values within 30 minutes.34 

Monteiro et al evaluated the effects of expiratory PAP on 

operating lung volume during exercise in COPD patients. 

These authors observed that the application of expiratory 

PAP reduced DH, as demonstrated by lower operating lung 

volume after submaximal exercise in patients with COPD 

who had previously exhibited DH during exercise.35

Pulmonary function analysis of small 
airways and ventilation distribution
Although first described approximately 60 years ago, an 

increasing interest in recent years has been developed in the 

use of the nitrogen-washout test (NWT). The NWT is increas-

ingly incorporated in day-to-day pulmonology practice, as it 

can detect heterogeneity in the distribution of ventilation and 

small-airway disease when other PFTs still present normal 
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values. In addition to its importance in the pathophysiological 

understanding of various clinical conditions, the evolution 

of its technical apparatus justifies the use of the NWT.36 The 

NWT can facilitate the search for COPD patients whose 

phenotype consists of an abnormality of the small airways, 

and this knowledge can be used to facilitate the develop-

ment of new drug therapies geared specifically toward the 

small airways. In Brazil, Lopes and Mafort conducted a 

cross-sectional study evaluating the relationship between 

the parameters obtained through the nitrogen single-breath 

washout (N
2
SBW) test and 6MWD, degree of dyspnea, and 

quality of life in COPD patients. These authors found a 

strong correlation between 6MWD and the phase III slope 

of the N
2
SBW (r=-0796, P=0.0001) and between 6MWD 

and RV (r=-0651, P=0.0001). Using multivariate analysis, 

the authors demonstrated that the N
2
SBW Phase III slope 

was the only independent predictor of 6MWD (R2=0703, 

P=0.0001), COPD Assessment Test (R2=0.586; P=0.0001), 

and the modified Medical Research Council Scale score 

(relative risk 1.14, P=0.0001).37

Heterogeneity of ventilation and small-airway disease 

can also be identified by an increase in the alveolar pla-

teau slope of the exhalation curve of gases, such as CO
2
, 

measured during tidal volume breathing using volumetric 

capnography. Using this tool, Veronez et al measured the 

normalized Phase  III slopes in patients with non cystic 

fibrosis bronchiectasis and in COPD patients to compare 

the slopes obtained in both groups. They observed that 

while COPD patients had worse spirometry and 6MWD 

values, the mean capnographic variables Phase II slope, 

Phase III slope normalized by mean EV, and Phase III slope 

normalized by end-tidal CO
2
 concentration were similar. 

The authors concluded that gas-elimination curves were not 

sufficiently sensitive to monitor the severity of structural 

abnormalities, although the normalized Phase  III slope 

needed to be studied further as a sensitive index for detect-

ing small-airway diseases in COPD patients.38 In another 

study conducted in Brazil, Masiero et al evaluated perfused 

lung fraction in COPD patients using single-photon emis-

sion computed tomography. They observed that the lung-

volume fraction that receives blood from the pulmonary 

artery was reduced in these patients and that the degree 

of underperfusion correlated with the FEV
1
:FVC value 

(r=0597; P,0.001).39

Pulmonary function in evaluation of 
respiratory muscles and chest wall
Respiratory muscle weakness may be related to both an 

increased respiratory system workload and a reduction or 

interruption in neural stimulation. Reduced function of 

the respiratory muscles represents increased physical and 

functional limitations, as it can cause health conditions that 

limit normal ADLs. In females with COPD, Mangueira et al 

found that both maximal inspiratory pressure (MIP) and 

maximal expiratory pressure were below the normal values 

for the Brazilian population (P=0.0001). Interestingly, 

these authors also showed that health-related quality of 

life had a negative linear correlation with MIP (r=-0.34, 

P=0.034). The reduced MIP in these females reflects exces-

sive inspiratory effort caused by an abnormally high lung 

volume, while the reduced maximal expiratory pressure 

results in changes in expiratory muscle length and loss of 

exhalation strength.40 Another Brazilian study in this area 

showed that overweight or obese severe COPD patients had 

increased inspiratory muscle strength compared to patients 

with the same degree of airflow obstruction but who were 

of normal weight or were underweight. The authors con-

cluded that excess weight or obesity can counteract the 

disadvantages of being overweight and lead to a better 

prognosis in COPD patients.41 Reis et al observed that the 

sympathetic–vagal balance is damaged at rest, and addi-

tionally that cardiac autonomic HR control is associated 

with respiratory muscle weakness.42 In another Brazilian 

study, Donária et al evaluated the relationship between 

sniff nasal inspiratory pressure and COPD severity. They 

found that sniff nasal inspiratory pressure had a significant 

correlation (r=-0.62, P,0.001) with COPD severity, as 

evaluated by the BODE index, and that the cutoff point 

of 63 cmH
2
O showed a better combination of Se and Sp 

for predicting worse scores on the BODE index for these 

patients.43

In recent years, interest has increased in the use of 

ultrasonography (US) to evaluate the diaphragm because it is a 

noninvasive, radiation-free method that can be repeated often 

over a short time. Yamaguti et al prospectively evaluated the 

diaphragmatic mobility of 42 COPD patients over 48 months 

using US, classifying them as patients with low mobility 

(#33.99 mm) or high mobility ($34 mm). These researchers 

observed that the group of COPD patients with low dia-

phragmatic mobility had higher BODE index scores and 

at the end of the 4-year period had a higher mortality rate 

than the group of patients with high mobility (15.8%, 

P=0.02).44 In addition, Paulin et al used US to evaluate 

the effect of diaphragmatic mobility on exercise tolerance 

and the degree of dyspnea in COPD patients. They found 

a significant correlation between diaphragmatic mobility 

and 6MWD (r=0.38, P=0.005) and the degree of dyspnea 

(r=-0.36, P=0.007).45
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Pulmonary function based on evaluation 
of thoracoabdominal motion and 
breathing pattern
Most of the abnormalities suggest malfunction of respiratory 

muscles, particularly paradoxical motion of the diaphragm.46 

In this context, optoelectronic plethysmography (OEP) is a 

noninvasive tool for indirect measurement of pulmonary 

ventilation that can evaluate in a three-dimensional, real-time 

manner breath-to-breath changes in total chest-wall volume 

and its various compartments, including the pulmonary rib 

cage, abdominal rib cage, and abdomen. Using OEP, Borges-

Santos et al analyzed the thoracoabdominal kinematics of 

54 COPD patients at rest and during exercise. They found that 

anxiety and depression affected the sensation of dyspnea and 

the clinical management of the disease, although these symp-

toms did not have any effect on thoracoabdominal mobility 

or breathing pattern in COPD patients.47 Another Brazilian 

study used OEP to show increased tidal volume in a sitting 

position without back support compared to a sitting position 

with back support in COPD patients (P=0.01). These authors 

also observed an increase in abdominal contribution to tidal 

volume in the supine position compared to the sitting position 

without back support (P,0.01) and the sitting position with 

back support (P,0.001).48

In order to allow remote evaluation of abnormalities in 

thoracoabdominal motion (TM), Junior et al developed a 

telemedicine system for Internet-based home monitoring 

of TM. Results in patients with COPD showed that the 

acquisition and analysis of TM motion signals can be accu-

rately performed. The user can also receive medical recom-

mendations, and thus the proposed system may help in a 

wide range of telemedicine scenarios, including follow-ups 

and rehabilitation programs. This method may contribute to 

reducing costs and improving assistance offered to patients 

with COPD.49

Breathing-pattern and TM abnormalities may con-

tribute to exercise limitation in COPD. Alves et al investigated 

these changes during exercise in 22 males with stable COPD. 

The asynchrony was analyzed at rest and during three levels 

of exercise (30%–50%, 70%–80%, and 100% maximal work-

load). It was observed that asynchrony increased with exercise 

level (phase angle 11.95°±7.24° at rest vs 22.2°±15° [P=0.002], 

22.6°±9° [P,0.001], and 22.7°±8° [P,0.001], respectively). 

The authors concluded that the increase in ventilation during 

exercise in COPD patients was associated with the major 

motion of the abdominal compartment and with an increase 

in asynchrony independent of exercise intensity.50

Diaphragmatic breathing (DB) is largely applied in pul-

monary rehabilitation of patients with COPD; however, it has 

been little studied. Yamaguti et al investigated the influence of 

a DB training program (DBTP) on TM and functional capac-

ity in patients with COPD. Thirty subjects (FEV
1
 42%±13% 

predicted) were randomly allocated to either a training 

group (TG) or a control group (CG). The subjects in the TG 

performed a 4-week supervised DBTP (three individual-

ized weekly sessions), while those in the CG received their 

usual care. The 4-week DBTP resulted in greater abdominal 

motion in the TG group during natural breathing when com-

pared with the CG (F=8.66, P,0.001), as well as increased 

abdominal motion during voluntary DB (F=4.11, P,0.05) 

and greater diaphragmatic mobility (F=15.08, P,0.001). An 

improvement in 6MWD and health-related quality of life was 

also observed in the TG (F=4.9, P,0.05). It was concluded 

that DBTP induced increased diaphragm participation during 

natural breathing, resulting in an improvement in functional 

capacity of patients with COPD.51

Fernandes et al studied the efficacy of DB in 29 patients 

with moderate and severe COPD. The protocol started with 

4 minutes of tidal breathing, followed by 2 minutes of DB 

and 4 minutes of natural breathing. The authors observed that 

five moderate and five severe patients with COPD performed 

DB with asynchronous TM, which resulted in the worsen-

ing of the dyspnea. Effective DB was related to increased 

diaphragmatic mobility and inspiratory muscular strength, 

lower scores for dyspnea and hypoxemia, and coordinated 

TM. This provides evidence that DB can improve breathing 

pattern and ventilatory efficiency without causing dyspnea in 

patients whose respiratory muscular system is preserved.52

Cancelliero-Gaiad et al compared the respiratory pattern 

during natural breathing, DB, and Pilates breathing methods 

in 15 COPD patients and 15 healthy subjects. DB increased 

respiratory volumes, times, and SpO
2
 and reduced respira-

tory rate in the two studied groups. Pilates breathing resulted 

in an increase in respiratory volumes in healthy group. No 

additional improvements in respiratory pattern were observed 

in the COPD patients. The two groups showed increased 

thoracoabdominal asynchrony under DB, with a greatest 

increment in the group composed by healthy volunteers.53

Fernandes et al evaluated breathing pattern, TM, and 

ventilation in controls and patients with moderate and severe 

COPD. The volunteers were studied in a semirecumbent 

position at rest. COPD patients showed increased dead-

space ventilation and lower diaphragmatic motion, which 

are associated with impairment of ventilatory function and 

changes in breathing patterns. This is initially seen as rapid 
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and shallow breathing with no changes in TM. These findings 

were more pronounced in severe COPD, but still without 

changes in TM.54

Pulmonary function tests based on 
oscillation mechanics
The forced-oscillation technique (FOT) characterizes respira-

tory impedance and its two components: respiratory system 

resistance and reactance. The method requires only passive 

cooperation and no forced expiratory maneuvers. Another 

important advantage, particularly in pathophysiological 

research, is that the FOT can be used to provide informa-

tion on the mechanical characteristics of the respiratory 

system that is complementary to the information provided 

by spirometry.55 At the beginning of this century, Melo 

et al56 reviewed the literature, describing several applications 

and the high potential of clinical use of this method. As an 

example, Figure 2 shows typical results obtained in controls 

and patients with COPD classified according to GOLD.57

The FOT was subsequently used in a series of studies 

concerning COPD. In these studies, the following parameters 

were used in the interpretation of the resistance curves: resis-

tance at the intercept (R
0
), associated with the total resistance 

of the respiratory system; mean resistance (R
m
), related to 

the airway caliber; and the slope of resistance (S), which is 

associated with the homogeneity of the resistive properties of 

the respiratory system. The results presented in the reactance 

curves were interpreted using mean reactance (X
m
), which is 

associated with the homogeneity of the reactive properties 

of the respiratory system, and dynamic compliance (C
dyn

). 

The absolute value of respiratory impedance (Z
4Hz

), which is 

related to the work performed by the respiratory muscles to 

overcome resistive and elastic loads, promoting the move-

ment of air in the respiratory system, was also evaluated.

Contribution in pathophysiological studies and 
evaluation of diagnostic capacity
Di Mango et al58 evaluated the diagnostic potential of the 

FOT in detecting changes in the respiratory mechanics in 

patients with COPD, comparing healthy subjects (n=21) 

with groups of patients with COPD (mild airway obstruc-

tion, n=16; moderate, n=23; and severe, n=40). Similar to 

the behavior observed in Figure 2A, COPD resistance was 

higher than observed for healthy volunteers. Increasing 

COPD severity resulted in an increase in total respiratory 

resistance, especially at lower frequencies, which introduced 

a frequency dependence of the resistance. Also similar to the 

example in Figure 2B, respiratory system reactance became 

more negative with obstruction. The highest changes were 

observed in the lower frequencies. All of the parameters used 

to describe resistance changes showed highly significant 

changes with the degree of airway obstruction (P,0.0001). 

Considering specifically the comparisons between controls 

and patients with mild obstruction, R
0
 and R

m
 increased 

significantly, while S did not present significant changes. Sim-

ilarly to resistive parameters, all reactive parameters showed 

significant changes with airway obstruction (P,0.006). It is 

interesting to observe that in the initial condition of obstruc-

tion, resistance parameters and curves showed higher changes 

than reactance. On the other hand, in the later stages, the 

Figure 2 Examples of results for the resistance (Rrs; A) and reactance (Xrs; B) obtained in normal subjects and patients with COPD classified according to the GOLD criteria.
Abbreviation: GOLD, Global Initiative for Chronic Obstructive Lung Disease.
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reactive parameters and curves were the most sensitive. These 

changes clearly describe the mixed pattern usually presented 

in the more advanced stages of COPD.

Aiming to contribute to preventing COPD development, 

Faria et al59 investigated if the FOT would be able to identify 

the initial abnormal mechanical changes associated with 

the smoking habit. The study included FOT and spirometry 

measurements in groups of nonsmokers (n=28) and smokers 

(n=28). While the spirometric parameters were still at normal 

levels, showing small, nonsignificant reductions, the FOT 

parameters presented higher changes. It was observed that R
0
, 

resonance frequency, and Z
4Hz

 presented significant increases. 

Significantly more negative values in X
m
 and more reduced 

C
dyn

 values were also observed. The analysis of the area under 

the receiver-operating characteristic (ROC) curve (AUC)60 

showed that R
0
, C

dyn
, and Z

4Hz
 presented diagnostic accura-

cies equal to or greater than 75%, providing evidence that 

these parameters can be useful in the clinical diagnosis of 

early abnormalities due to the smoking habit. In addition, the 

comparison of the AUCs obtained among oscillometric and 

spirometric parameters revealed significantly higher accura-

cies for FOT parameters, as described in Figure 3.

These findings provide evidence of two important points: 

1) the FOT may be more sensitive than spirometry in the 

identification of the precocious abnormalities associated with 

smoking and 2) this method may help in screening smokers 

who may develop COPD. Further studies are necessary 

to investigate these two hypotheses in a wider number of 

subjects. If they are confirmed, FOT pulmonary function 

analysis may help in detecting initial changes during a stage 

at which pathological abnormalities are still potentially 

reversible. This may contribute significantly to preclusion 

of the development of COPD.

In the next step of this research, Faria et al61 performed a 

comparative analysis of the diagnostic accuracy of the FOT 

and spirometric parameters in volunteers presenting different 

number of pack-years smoked: a control group and smokers 

classified as ,20, 20–39, 40–59, and  .60 pack-years. 

Figure 3 Differences in the diagnostic performance of FOT and spirometric parameters, calculated by the difference between AUCs.
Notes: Note the higher AUC values in the FOT parameters. The significance is shown at the top of the bars: 5, P,0.05; 1, P,0.01. Adapted from Faria et al,59 under creative 
commons license: http://creativecommons.org/licenses/by/2.0/.
Abbreviations: FOT, forced-oscillation technique; AUCs, areas under the curve; Z4Hz, absolute value of respiratory impedance; Cdyn, dynamic compliance; Xm, mean 
reactance; Rm, mean resistance; R0, resistance at the intercept; FEF, forced expiratory flow; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second; S, slope 
of resistance; Fr, resonance frequency.
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The precocious abnormal changes due to smoking were 

adequately identified in the volunteers presenting ,20 pack-

years by the FOT. The ROC analysis showed significantly 

higher accuracy for the FOT (P,0.01). Comparisons in 

groups with higher tobacco consumption (20–39, 40–59, 

and .60 pack-years) revealed similar diagnostic accuracies 

for the FOT and spirometry. This work provided additional 

evidence that the FOT may help in the diagnosis of precocious 

smoking-related respiratory abnormalities (,20 pack-years). 

In addition, there is also evidence that the FOT has similar 

accuracy to spirometry in the diagnostic of more advanced 

abnormalities (20–39, 40–59, and .60 pack-years).

In recent work from our group, Silva et al62,63 evaluated 

the diagnostic accuracy of monofrequency oscillometric 

pulmonary function in smokers and patients with COPD. 

These studies evaluated mean within-breath respiratory 

impedance (Z
rs
) during inspiration (Z

i
), expiration (Z

e
), and 

respiratory cycle dependence (∆Z
rs
 = Z

e
 – Z

i
). Impedance at 

the beginning of inspiration (Z
bi
) and expiration (Z

be
), as well 

as peak-to-peak impedance (Z
pp

; = Z
be

 – Z
bi
), were also ana-

lyzed. In general, the within-breath Z
rs
 parameters presented 

significant moderate-to-good correlations with spirometric 

indices of airway obstruction. In contrast to the control 

subjects and the smokers, the patients with COPD presented 

significant expiratory–inspiratory differences (Figure 4).

The adverse effects of moderate airway obstruction 

were adequately identified by the Z
pp

 (AUC =0.83). In addi-

tion, mean impedance, Z
i
, Z

e
, Z

be
, Z

pp
, and ∆Z

rs
 identified 

mechanical abnormalities in severe and very severe patients 

with high accuracy (AUC .0.9). These results indicate 

that COPD induces respiratory cycle dependence, which is 

proportional to the degree of airflow obstruction. Another 

important finding of these studies62,63 is that the Z
rs
 observed 

in different phases of the respiratory cycle may be useful in 

the detection of COPD.

Oscillatory pulmonary function tests in bronchial 
hyperresponsiveness
The additional information provided by the FOT may help 

improve our understanding of the changes in respiratory 

mechanics that occur after the application of a bron-

chodilator. Based on this hypothesis, Di Mango et al64 

compared the changes in R
0
, S, and R

m
 measured with the 

FOT to those in FEV
1
 in 12 normal subjects, 22 patients 

with COPD, and eleven asthmatics after salbutamol inha-

lation. Percentile variations of the difference between 

postbronchodilator and prebronchodilator values were 

used to express reversibility of airway obstruction. The 

inhalation of salbutamol resulted in nonsignificant changes 

in R
0
 and S and a reduction in R

m
 in the control group. 

Higher changes and significant reductions in R
0
, R

m
, and 

S were observed in COPD and asthmatic patients. In the 

COPD group, the variations were smaller than observed 

in asthmatics.

In a later study,65 the effect of albuterol on respira-

tory resistance and reactance was evaluated in 70 patients 

divided into two groups based on spirometry findings: 

bronchodilator-negative (n=39) and bronchodilator-positive 

(n=31). It observed significantly smaller values in R
0
 

(P,0.00002) and R
m
 (P,0.0002). Increased values were 

observed in S (P,0.0001), as well as in C
dyn

 (P,0.0001) 

and X
m
 (P,0.00004). The cited changes occurred in the two 

studied groups, and the changes in FOT parameters were 

higher than those found for spirometric parameters. The 

authors concluded that the use of albuterol may improve 

respiratory resistance and reactance in COPD patients, in 

spite of the FEV
1
-based classification. Therefore, these 

results provide evidence that the use of FEV
1
 alone may not 

be sufficient to adequately detect all of the physiological 

changes involved.

Continuing this research, da Costa et al66 investigated 

the effects of airway obstruction on bronchodilator response 

and evaluated the utility of the FOT as a complementary 

measurement in this analysis. This study was conducted in 

Figure 4 Mean Zrs values during the ventilatory cycle in the studied groups.
Notes: *P,0.002; **P,0.0001. Groups were healthy subjects, smokers with 
normal spirometry, and patients with mild, moderate, severe, or very severe COPD. 
Adapted with permission from Silva KK, Faria AC, Lopes AJ, de Melo PL. Within-
breath respiratory impedance and airway obstruction in patients with chronic 
obstructive pulmonary disease. Clinics (Sao Paulo). 2015;70(7):461–469.63

Abbreviations: Zrs, respiratory impedance; GOLD, Global Initiative for Chronic 
Obstructive Lung Disease; ns, not significant; Zbi, impedance at beginning of inspira
tion; Zi, impedance during inspiration; Zbe, impedance at beginning of expiration;  
Ze, impedance during expiration.
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25 healthy individuals and 82 patients with COPD assessed 

with the FOT followed by spirometry before and after the 

use of salbutamol. The changes exhibited by the COPD sub-

groups were greater than in the healthy individuals (P,0.05). 

Increased obstruction resulted in decreased reductions in R
m
 

and increased improvements in X
m
 (P,0.001). In addition, 

bronchodilation reduced ventilation heterogeneity and the 

impedance modulus in all COPD stages (P,0.05). The cor-

relation coefficients for the spirometric and FOT changes 

were low (0.21–0.38). The authors concluded that in the 

initial phases of COPD (stage I), the effects of bronchodila-

tion were greater than in healthy volunteers. Bronchodilator 

use improved the oscillatory mechanics in all of the studied 

groups of COPD patients. These improvements are reduced 

in more advanced phases of airway obstruction (II–IV). 

Pulmonary function analysis based on the FOT provides 

information that complements the data supplied by spirom-

etry, contributing to an improvement in the evaluation of 

bronchodilator response in COPD.

Improvement of diagnostic accuracy of pulmonary 
function tests using clinical decision-support systems
Interpretation of the FOT results, resistance and reactance 

curves, and the associated indices requires adequate exper-

tise. In diagnostic use, it may be a difficult task for the pul-

monologist that is not familiar with this method. In addition, 

the GOLD consensus1 recently noted that diagnostic simplic-

ity is a key feature for the busy nonspecialist clinician.

Several previous studies have shown that efficient clini-

cal decision-support systems may be developed based on 

machine-learning (ML) methods.67 After being optimized 

to perform adequate classifications by learning from well-

controlled examples, these programs can obtain information 

from different categories of signals.67 Therefore, an impor-

tant question is: may an ML-based system associated with 

FOT measurements provides an accurate method to identify 

COPD? Only a small number of recent studies have investi-

gated this question.68–70 These studies, however, were based on 

impulse-oscillation systems, which present differences from 

classical FOT. These differences are related to the measure-

ment method, data analysis, and related parameters.71–73

In this context, our group has developed and tested several 

clinical decision-support systems based on ML to simplify 

the diagnostic of COPD using FOT. The initial system was 

implemented using artificial neural networks (ANNs) and 

measurements performed in 15 normal volunteers and 15 

COPD patients.74 The system presented adequate accuracy 

(Se, Sp, and AUC .0.9). This initial result provided evidence 

that ANN-based clinical decision-support systems can facili-

tate the diagnosis of COPD by pulmonary function analysis 

based on the FOT.74

Based on these promising findings, a second study was 

performed using 25 normal volunteers and 25 patients with 

COPD. This work included the ANN used in the previous 

study74 and six other ML methods.75 The best classifiers 

reached very accurate performance (Se $0.87, Sp $0.94, 

and AUC $0.95). A perfect performance was obtained using 

one of these classifiers (Se, Sp, and accuracy =1). This proved 

the feasibility of developing an automatic system based on 

ML algorithms to support clinical decisions, simplifying the 

diagnosis of COPD by the FOT.75

There is general agreement in the literature that the detec-

tion of early smoking-induced respiratory changes while 

these pathologic changes are still potentially reversible is of 

utmost importance in the prevention of COPD.1 Therefore, 

the purpose of the next step of this line of research was the 

development of a clinical decision-support system to improve 

the accuracy of the FOT for detecting precocious respiratory 

abnormalities in smoking patients.76 The study was based on 

FOT measurements performed in 56 volunteers, 28 controls, 

and 28 light smokers (11.2±7.3 pack-years). The established 

baseline was the ROC curve of the most accurate FOT param-

eter. A tenfold cross-validation using the mean AUC was used 

to determine the best classifier. A significant improvement 

in accuracy (0.91) compared with the baseline (0.77) was 

observed, which allowed for high diagnostic accuracy. These 

results provide evidence that ML algorithms can improve the 

accuracy of pulmonary function analysis, contributing to clini-

cal diagnosis of early smoking-induced respiratory changes.

The majority of patients with COPD follow a path of 

disease progression that tracks the severity of airway obstruc-

tion. Therefore, the assessment of airway-obstruction severity 

is crucial to evaluate the risk of future exacerbations and to 

guide therapy.1,57 Automatic classifiers could contribute to 

the simplification of the clinical use and increase in the accu-

racy of the FOT in the categorization of airway-obstruction 

level in COPD.77 The study included 168 volunteers, 42 

healthy subjects, and 126 COPD subjects, who were classi-

fied according to the GOLD criteria as having mild (n=24), 

moderate (n=50), severe (n=37), or very severe (n=15) airway 

obstruction.1 Initially, it was showed that FOT parameters 

alone did not allow high accuracy (AUC $0.90) in diagnos-

ing COPD patients in the first levels of airway obstruction 

or in discrimination between close levels of obstruction. 

Therefore, ML algorithms were applied only in situations 

where high categorization accuracy (AUC $0.9) was not 
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achieved with the FOT parameter alone. These situations are 

illustrated in Figure 5.

It was observed that the use of ML techniques improved 

categorization accuracy (Figure 5). Noticeably, an AUC $0.9 

was obtained in four of the six studied conditions. A signifi-

cant improvement in categorization performance was even 

observed in conditions where high accuracy was not achieved 

(AUC increases from 0.80 to 0.87 and 0.74 to 0.83). These 

results show that decision-support systems based on ML 

classifiers can improve the categorization of COPD. These 

systems may help clinicians in the evaluation of disease 

progression, risk of exacerbations, and therapy management, 

contributing to an improvement in the medical services 

offered to patients with COPD.

Pulmonary function analysis based 
on systems medicine and complexity 
measurements
Historically, since Descartes and the Renaissance, reduction-

ism has been the main paradigm in medicine.78 Although 

this method has been responsible for tremendous successes 

in modern medicine, there are also limitations, mainly in 

the understanding of highly complex diseases like COPD. 

Complex biological systems cannot be understood only 

as a sum of their individual parts, and a complementary 

description must be developed. In this sense, the use of a 

systems perspective is presently part of an active debate 

in the respiratory medicine literature.79–81 This perspective 

investigates the integrative characteristics of a disease, rather 

than dividing a complex problem into its parts, as tradition-

ally performed in reductionist analysis. Considering the 

respiratory system’s highly complex structure and function, 

a systems perspective has been suggested to understanding 

the respiratory diseases.79 It is widely known that respira-

tory functions often present complex behavior.79–82 This is 

an important characteristic, since it may provide clinically 

relevant information, because complexity appears to be lost 

in the presence of an illness. Goldberger83,84 proposed that the 

increased regularity of signals represents a “decomplexifica-

tion” characteristic of illness. According to this hypothesis, 

health is characterized by “organized variability”, and disease 

is defined by “decomplexification”, increased regularity, and 

a reduction in variability. These methods have a rich literature 

in cardiovascular medicine, with important impact on clinical 

practice.85–87 However, they are just beginning to be used in 

respiratory physiology and pulmonary function analysis.88

Dames et al89 investigated the influence of airway 

obstruction in the complexity of the airflow pattern in COPD 

and its use as a marker of disease activity. It was observed 

that airflow patterns in COPD exhibited reduced complexity, 

measured by the sample entropy of the airflow, compared with 

healthy subjects. Interestingly, airway obstruction resulted in 

a reduction in complexity that was significantly correlated 

with spirometric indices of airway obstruction. Early changes 

due to mild airway obstruction were detected by the sample 

entropy of the airflow with an accuracy of 84%. Complemen-

tary studies investigating the change in respiratory imped-

ance entropy (results not published) showed a reduction in 

complexity significantly correlated with airway obstruction. 

These findings are in agreement with the loss-of-complexity 

hypothesis83,84 and previous studies in asthmatics90 and may 

be related to the increased inflammatory characteristics and 

remodeling process in these patients. These results, together 

with previous studies,29,91 provide strong evidence that the 

association of reductionism and complex systems methods 

constitutes a powerful integrative approach to scientific 

research and clinical practice in COPD.

What are the gaps? Possible future 
directions
The FEV

1
:FVC criterion for COPD functional diagnosis is 

simple, independent of reference values, and has been used 

in numerous clinical trials. However, new COPD functional 

diagnosis indices have been sought by many Brazilians 

researchers, and the use of the FEV
1
:FEV

6
 ratio has been 

intensely debated.7,8 Different from other screening exams 

that have high Se, the FEV
1
:FEV

6
 ratio may be useful to 

exclude patients with COPD, and not to identify them.92 

Validation of FEV
1
:FEV

6
 for other devices using larger 

Figure 5 Comparisons of the diagnostic accuracy (area under the ROC curve) 
obtained using the best FOT parameter (BFP) and FOT + best ML methods.
Note: All: all COPD patients; G1: mild airway obstruction; G2: moderate; 
G3: severe; G4: very severe airway obstruction.
Abbreviations: FOT, forced-oscillation technique; ML, machine learning; ROC, 
receiver-operating characteristic.
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samples and the evaluation of its correlation with clinical 

outcomes may be of great interest in future trials.

The pharmacodynamic test evaluates the immediate func-

tional changes resulting from a change in bronchial muscle 

tone, which is one of the elements responsible for the genesis 

of the obstructive process. Tavares et al15 demonstrated that 

there were responses in RV, specific airway conductance, IC, 

and slow VC among patients presenting no FEV
1
 response. 

The authors recognized that functional outcomes other than 

FEV
1
 are useful for determining the reversibility of COPD 

and must be used to assess more accurately the extent of bron-

chodilator response in COPD patients. Therefore, new studies 

should focus on the association between pharmacodynamic 

response with parameters obtained through plethysmography 

or oscillometry and clinical outcomes that reflect ADLs.

In Brazil, some researchers have used static lung volumes 

to seek new markers of COPD severity, progression, and 

prognosis.18,19,23 The IC, and in particular the IC:TLC ratio, 

was shown to be important markers of exercise intolerance, 

and possibly are prognostic indicators. However, additional 

research is necessary to estimate more accurately disease 

severity and prognosis in COPD patients. It is necessary to 

conduct longitudinal trials with large number of participants, 

in order to evaluate how the possible markers of COPD sever-

ity, as well as their respective cutoff points, predict disease 

progression and prognosis in a particular patient.28

The progression of COPD is associated with impaired 

quality of life, increased breathlessness, and exercise intoler-

ance. DH caused by expiratory flow limitation is markedly 

increased in many COPD patients. Indeed, the findings of 

several Brazilian studies support the concept that DH plays 

an important role as an etiological factor in exercise limita-

tion in COPD patients.28,29 However, these studies did not 

measure static lung volumes at rest, and changes in lung 

volumes were estimated exclusively by IC rather than by end-

expiratory lung volume. Therefore, new studies addressing 

this issue may be of interest to the advancement of current 

knowledge.

Ventilation inhomogeneity contributes to health status, 

degree of dyspnea, and functional exercise capacity in COPD 

patients. The N
2
SBW test is thought to be useful for strati-

fying patients and assessing COPD severity. In Brazil, the 

main merit of the Lopes and Mafort study was that it was the 

first to evaluate the association between N
2
SBW parameters 

and functional exercise capacity as measured by 6MWD in 

COPD patients. However, longitudinal studies are needed, 

especially in randomized cohorts and with a greater number 

of individuals, to confirm the importance of their findings.37 

Importantly, the N
2
SBW test should be used to evaluate 

patients with more severe COPD, as well as the relationship 

between the N
2
SBW Phase III slope and oxygen consumption 

during incremental testing.

A significant proportion of patients with COPD show 

abnormalities in TM and breathing pattern. The character-

ization of these changes at different COPD stages, and its 

association with ventilation and diaphragmatic function, 

may provide better pathophysiological understanding and 

adequate therapeutic planning. Furthermore, future studies 

are necessary to evaluate the effect of supplemental oxygen 

on breathing pattern in COPD patients.46

Exacerbations of COPD lead to significant deleterious 

effects on the patient’s health-related quality of life and 

can greatly increase resource utilization and cost to the 

health care system.93 Recently, the European Commission 

on Telemedicine94 emphasized the high clinical potential of 

telemedicine in COPD and the urgent demand for research 

in this area. The ability of the FOT to evaluate respiratory 

mechanics during tidal breathing could simplify unsupervised 

pulmonary function monitoring. However, this depends on 

the development of specialized systems and protocols.95,96 

FOT measurements associated with telemonitoring hold the 

promise of improving our comprehension and the administra-

tion of COPD, as well as its exacerbation. This method has 

the potential to provide risk predictors on a personal basis. 

This may contribute to evaluation of the efficacy of treatment 

and/or disease handling in COPD.

From a long-term perspective, future studies may 

improve the understanding and management of COPD and 

its exacerbations by integrating ML algorithms and home 

pulmonary function monitoring using the FOT and tele-

medicine services. Clinical decision-support systems may 

also contribute to increasing the accuracy in differential 

diagnoses between COPD and asthma, which may prevent 

substantial morbidity.97,98

Conclusion
Since the beginning of this millennium, research on lung 

function in COPD patients has been gradually increasing in 

Brazil. These studies used not only traditional methods but 

also new techniques recently incorporated in the evaluation 

of pulmonary function. The authors propose new COPD func-

tional diagnosis indices, as well as new functional markers 

of disease severity, that are associated with quality of life, 

exercise tolerance, and prognosis. Some Brazilian research-

ers have assessed the impact of ADLs on the DH in COPD 

patients, while others have studied the relationship between 
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the N
2
SBW test and 6MWD in these patients. Interestingly, 

the FOT was used in a series of studies in COPD patients 

and showed promising results. Finally, some research has 

focused on automatic clinical decision-support systems and 

complexity measurements. Further investigations using 

prospective and longitudinal design may be of interest to 

elucidate the use of these new methods in the diagnosis and 

prevention of COPD.
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