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Background: Obstructive ventilatory disturbances occur in both chronic obstructive pul-

monary disease (COPD), a typical disease representative of peripheral airway obstruction,

and central airway obstruction (CAO). Pulmonary function tests (PFTs), which depend on

patient effort, are traditionally used to evaluate lung function. The forced oscillation techni-

que (FOT) is an effort-independent method for examining lung function during tidal breath-

ing. The FOT is used universally to assess respiratory function in patients with COPD.

Several studies have measured FOT to assess ventilatory disturbances in CAO. The results

showed that FOT measurements in patients with CAO were similar to those reported in

patients with COPD. However, no studies have compared FOT measurements directly

between CAO and COPD. The aim of this study was to identify differences in ventilatory

disturbances between peripheral and central airway obstructions in COPD and CAO, before

patients received pharmacological therapy or bronchoscopic interventions, respectively.

Patients and Methods: We retrospectively included 16 patients with CAO (10 cases of

tracheal obstruction and 6 cases of bronchial obstruction) and 75 treatment-naïve patients

with COPD (60 cases in Global Initiative for Chronic Obstructive Lung Disease [GOLD]

stage II and 15 cases in GOLD stage III) that were admitted from December 2013 to

May 2017. Prior to treatment, patients were examined with the FOT and PFTs.

Results: All parameters measured with the FOT in the inspiratory phase were significantly

worse in patients with CAO than in patients with COPD. The PFTs showed that the CAO

group had a significantly lower peak expiratory flow rate. In the airway wall thickening

phenotype of COPD, a difference between the inspiratory and expiratory phases of the

resonance frequency (ΔFres) was the best indicator for distinguishing between peripheral

and central airway obstructions.

Conclusion: This study compared differences betweenCAOandCOPD (mainlyGOLDstage II).

We found that the FOTmeasurement,ΔFres,was the optimal indicator of the difference between the

airway wall thickening COPD phenotype and CAO. Thus, the difference might be due to mechan-

ical changes that occur in COPD with airway wall thickening.

Keywords: forced oscillation technique, pulmonary function test, quality of life, central

airway obstruction, COPD

Introduction
Pulmonary function tests (PFTs) are essential for the diagnosis of chronic obstruc-

tive pulmonary disease (COPD).1 PFTs are also used to detect central airway

obstruction (CAO) and assess treatment effects. However, PFTs are not suitable

for patients with severe tracheobronchial CAO, due to the dependence of these tests
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on patient effort. The cause of tracheobronchial CAO

might be benign or malignant. CAO symptoms resemble

those of COPD, including cough, shortness of breath, and

stridor. Both diseases also show obstructive ventilatory

disturbances.

In 1956, DuBois et al first described the forced oscilla-

tion technique (FOT) for evaluating lung function;2 since

then, the broadband frequency FOT has been used to

evaluate pulmonary function. Recently, broadband fre-

quency FOT was applied to measure lung function and

evaluate pulmonary disease status, particularly in COPD

and asthma, due to its independence from patient effort.

Indeed, the FOT demanded minimal cooperation from

subjects.3 The FOT is performed with a small loudspeaker

mounted in series with a pneumotachograph. The loud-

speaker generates random pressure pulses of 5–35 Hz,

which are applied to subjects during tidal breathing. Real-

time recordings of pressure-flow oscillations are superim-

posed on the subject’s tidal breathing to estimate the total

respiratory system impedance, including resistance and

reactance. The different frequencies of impedance might

provide a way to differentiate between central and periph-

eral airway obstructions.4

Several researchers previously applied the FOT to

assess CAO5–7 with the use of impulse oscillometry

(MasterScreen IOS; Jaeger, Hoechberg, Germany). This

procedure can be used to assess the degree4 and type7 of

stenosis in tracheal or upper airway obstruction in the

diagnosis stage. In addition, it can be used to estimate

the therapeutic effects of treatment by assessing correla-

tions between measurements and symptom improvements,

in the therapeutic or follow-up stage.5 We previously

reported the usefulness of FOT in evaluating therapeutic

effects of interventional bronchoscopy on CAO. In that

study, airway resistance was measured in patients with

CAO; the FOT was applied with the MostGraph-01

(Chest Co., Ltd., Tokyo, Japan) before and after interven-

tional bronchoscopy.8 We found that the resistance mea-

sured at 20 Hz (R20) with the FOT was significantly

correlated with the amount of airway dilation achieved

with interventional bronchoscopy.8

To date, no study has directly compared FOT measure-

ments between patients with CAO and those with peripheral

airway obstruction, such as COPD. In the current study, we

applied the FOT to evaluate airway resistance in patients

with CAO prior to interventional bronchoscopy and treat-

ment-naïve patients with COPD. This retrospective study

aimed to identify differences in obstructive ventilatory dis-

turbances between these two diseases.

Patients and Methods
This study was approved by the Ethics Review Board of

Shinshu University (Permission number: 3886, Date of

approval: December 5, 2017) and written informed con-

sent was obtained from all patients. The study protocols

were performed in accordance with the principles outlined

in the Declaration of Helsinki of the World Medical

Association.

Patients with CAO
Our institute is the major medical facility in Nagano prefec-

ture, Japan, for the treatment of patients with CAO with

interventional bronchoscopy. Generally, the causes of tracheo-

bronchial CAO include benign or malignant tumors and

obstructions caused by secretions or bleeding, a foreign

body, or airway collapse due to cartilaginous disorders, such

as tracheobronchomalacia, etc. In this study, tracheobronchial

CAOwas defined as an airway obstruction in the tracheobron-

chial segment due to various conditions (ie, benign, malignant,

iatrogenic, inflammatory, etc.). Tracheobronchial CAO was

diagnosed with chest computed tomography (CT) and

bronchoscopy. FromDecember 2013 toMay 2017, 30 patients

with CAO were treated with interventional bronchoscopy in

our institute. Among these, 16 patients (10 males, 6 females)

with CAO completed a series of systematic examinations

within 5 days prior to interventional bronchoscopy, including

the FOT, spirometry, PFTs, and chest CT. Of these 16 patients,

11 had CAO caused by a malignant obstruction, and five had

CAO caused by benign conditions. All types of obstruction

were included, namely: extra-luminal, mixed, and intra-

luminal. Ten patients showed airway obstruction in the tra-

cheal segment, and six patients showed obstruction in themain

bronchial segment (Supplemental Table 1). All patients com-

plained of respiratory symptoms, including cough, dyspnea,

and stridor. In this study, the central airway was defined as the

segment from the trachea to the left main bronchus and to the

bronchus intermedius in the right main bronchus.

Patients with COPD
Clinical data were retrospectively reviewed regarding the

age, gender, body weight, body height, smoking history,

and PFTs for patients treated in Shinshu University

Hospital from December 2013 to May 2017. We identified

125 patients that were newly diagnosed with stable COPD.

COPD was diagnosed with the following criteria: the
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forced expiratory volume in 1 second (FEV1) was <70%

of the forced vital capacity (FVC) (ie, the FEV1/FVC) and

the FEV1 was <80% of the predicted value after inhaling

a short-acting β2-agonist (for moderate-to-very severe

COPD), in accordance with the Global Initiative for

Chronic Obstructive Lung Disease (GOLD) guidelines.

Among these 125 patients, 75 completed a series of exam-

inations, including a chest CT, PFTs, and the FOT, before

the COPD was managed. All patients had a smoking his-

tory of more than 10 pack-years. No patients had a history

of asthma.

Forced Oscillation Technique
Measurements were performed with a commercially avail-

able multi-frequency FOT device (MostGraph-01, Chest

Co., Ltd., Tokyo, Japan), according to standard

recommendations,9 as described previously.10 The FOT

measurements were performed before the PFTs. Briefly,

the patient sat in an upright position with a neutral head

position. During the examination, the patient wore a nose

clip and a support, which stabilized the cheek, tongue

position, and chin, to minimize upper airway shunting.

We connected an anti-bacterial/viral filter (Spirofilter

999S®) just behind the mouthpiece, with a filter resistance

of 0.93 hPa/L/s at an airflow of 0–14 L/s, and dead space

of 63 mL (CHEST M.I. Inc., Tokyo, Japan). Before the

FOT measurement, the frequency responses to the trans-

ducer and pneumotachograph were automatically cali-

brated. Additionally, a quick visual check was performed

to detect any leaks around the mouthpiece during a stable

period of tidal breathing (with a functional level of resi-

dual capacity). The volume history of the subject was

monitored for at least 30 s. The measurements were

repeated at least 3 times. When artifacts (swallowing,

irregular breathing, glottis closure, leaking around the

mouthpiece, etc.) were found during the tests, the results

were discarded. Results were acceptable when the coeffi-

cient of variation was less than 10% in at least two data

sets. The essential information is shown in Supplemental

Table 2. We recorded five measurements: the resistance at

5 Hz (R5), the resistance at 20 Hz (R20), the reactance at

5 Hz (X5), the resonant frequency (Fres), and the low-

frequency reactance area (ALX). These oscillatory para-

meters were measured during the whole breath cycle,

during the inspiratory phase, and during the expiratory

phase. We also calculated the difference between the

inspiratory and expiratory phases (Δ) for each oscillatory

parameter.

Pulmonary Function Tests
The PFTs were performed by two technicians, according

to American Thoracic Society criteria. As described

previously,11 a PFT system (Chestac-8800; Chest Co., Ltd.)

was applied for measuring spirometry, the capacity of the

lung for diffusing carbon monoxide (DLco), the closing

volume, and a global measurement of ventilation heteroge-

neity (the slope of Phase III in the single breath nitrogen

washout test [ΔN2]). The percent of the predicted values for

the forced expiratory volume in 1 second (%FEV1) and vital

capacity (%VC) were derived, according to standard data

published by the Japanese Respiratory Society.12

The percent of predicted values for DLco (%DLco), the

DLco/alveolar volume (VA), and the percent of the predicted

value for the total lung volumes (ie, the residual volume

[%RV] and total lung capacity [%TLC]) were determined

with the formulas described by Nishida et al13 and Boren

et al.14 These measurements were performed in duplicate or

triplicate to evaluate the repeatability.

Phenotypes of COPD
In this study, COPD was divided into two phenotypes,

according to the presence or absence of airway wall thick-

ening. Wall thickness was expressed in terms of

a standardized measurement (AWT-Pi10), as previously

reported.15 Briefly, the chest CT images were analyzed

with image-analyzing software (ZioCube®; Ziosoft, Inc.,

Tokyo, Japan). The AWT-Pi10 is the standardized airway

wall thickness at an internal perimeter of 10 mm. It is

calculated with a linear regression analysis, in which the

square root of the wall area of each measured segment is

plotted against its internal perimeter. This standardized

parameter obviates potential biasing issues due to the dif-

ferent distributions of airway sizes among subjects.15,16 The

cross-sections (short to long axis >2:3) of all bronchial

images up to the sixth generation bronchi (the segmental,

subsegmental, and subsubsegmental) that could be detected

on an inspiratory CTwere identified in whole lung fields for

each patient. Only the segments with an internal perimeter

of 6–20 mm were selected to estimate the AWT-Pi10.15,16

We defined a threshold for the AWT-Pi10 that served as the

cutoff for determining the thickened airway wall phenotype,

as described in our previous study.15 The COPD phenotype

with airway wall thickening was defined as an AWT-Pi10

>4.30. The COPD phenotype without airway wall thicken-

ing was defined as an AWT-Pi10 ≤4.30.
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Statistical Analysis
Statistical analyses were performed with SPSS for Windows

software (version 14.0, SPSS Inc., Chicago, IL, USA).

Quantitative values are presented as the mean ± standard

error of the mean (SEM). The distribution of the data for

variables in the two groups was first assessed with Bartlett’s

test. Data with a normal distribution were compared with

a one-way analysis of variance, followed by the multiple

comparisons correction, according to the Tukey–Kramer

method. Data that did not show a normal distribution were

compared with the Kruskal–Wallis test, followed by

a multiple comparisons correction, according to the nonpara-

metric Tukey–Kramer method. Correlations between vari-

ables were examined by calculating Pearson correlation

coefficients for parametric data or Spearman correlation

coefficients for nonparametric data. We performed

a receiver operating characteristic (ROC) curve analysis

and calculated the area under the curve (AUC) to determine

the importance of each parameter in distinguishing between

the two groups. P-values <0.05 were considered significant

in all statistical analyses.

Results
Clinical Characteristics, Symptoms, and

Health-Related Quality of Life
The characteristics of patients are shown in Table 1.

Briefly, patients with COPD were significantly older, pre-

dominantly male, and had a heavier smoking history than

patients with CAO. The causes, locations, and therapeutic

choices for CAO are shown in Supplemental Table 1.

Pulmonary Function Tests
The PFT results for the CAO and COPD groups are shown

in Table 2. Only the peak expiratory flow rate (PEFR) was

significantly worse in the CAO group than in the COPD

group. The forced expiratory flow rate at 25% of vital

capacity (%V25) was significantly worse in the COPD

group than the CAO group. Because some patients with

CAO could not complete some PFT measurements, due to

disease severity, the measurements of RV, TLC, DLco, and

ΔN2 in the PFTs could only be obtained for 12 patients

with CAO. The %RV, %DLco/VA, and %ΔN2 were sig-

nificantly worse in patients with COPD (n=75) than in

patients with CAO (n=12; Supplemental Table 3).

Forced Oscillation Technique
As shown in Table 3, the FOT measurements (R5, R20,

R5-R20, X5, Fres, and ALX), particularly in the inspira-

tory phase, were significantly higher in patients with CAO

(n=16) than in patients with COPD (n=75).

CAO and COPD Phenotypes Based on

PFTs and FOT
To focus on airway resistance, in the present study, we

divided the COPD group into patients with and patients

without airway wall thickening. These two phenotypes

were defined previously. We found no significant differ-

ences in the PFT results between the CAO group and the

COPD group with airway wall thickening (Table 2).

However, in the FOT results, the difference between the

inspiratory and expiratory phases of the Fres (ΔFres) was

significantly greater in the COPD with airway wall thick-

ening group than in the CAO group (Table 3). In addition,

the differences between the inspiratory and expiratory

phases of the X5 (ΔX5) and ALX (ΔALX) tended to be

greater in the COPD with airway wall thickening group

than in the CAO group (Table 3).

Table 1 Information of the Patients

CAO(n=16) COPD (n=75) COPD with Airway Wall

Thickening (n=31)

COPDWithout Airway Wall

Thickening (n=44)

Age 64.8±2.2 72.4±0.9*** 73.0±1.4** 72.0±1.1**

Gender (M/F) 11/5 73/2*** 31/0** 42/2*

Body mass index 22.3±1.1 22.5±0.4 23.5±0.7 21.9±0.4

Smoking history (Pack-Year) 33.0±8.1 60.6±4.4** 57.5±4.9** 65.2±4.0***

Location of stenosis (Trachea to

carina/Main bronchus)

10/6 NA NA NA

GOLD stage (1/2/3/4) NA 0/60/15/0 0/25/6/0 0/35/9/0

Notes: Values are mean ± standard error of the mean. ***P<0.001; **P<0.005; *P<0.05 vs CAO.

Abbreviations: M, male; F, female; CAO, central airway stenosis; COPD, chronic obstructive pulmonary disease.
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Table 2 Difference of the Pulmonary Function Tests

CAO(n=16) COPD (n=75) COPD with Airway

Wall Thickening

(n=31)

COPD Without

Airway Wall

Thickening (n=44)

SVC, % predicted 80.29±6.43 92.72±1.52 89.37±2.22 95.08±2.02*

FVC, % predicted 80.44±6.76 90.00±1.65 85.65±2.19 93.04±2.27

FEV1, % predicted 57.88±5.86 63.31±1.50 60.00±2.42 65.65±1.86

FEV1/FVC, % 60.26±4.35 56.52±1.11 56.00±1.86 56.89±1.39

MMF, % predicted 32.34±5.46 22.27±0.92 20.24±1.54* 23.69±1.10

PEFR, % predicted 43.86±5.22 64.89±2.06 *** 62.56±3.00 ** 66.54±2.80 ***

V50, % predicted 36.46±5.40 27.81±1.37 25.43±1.93 29.49±1.87

V25, % predicted 35.64±6.22 21.97±0.95* 19.28±1.27* 23.87±1.29

Notes: Values are mean ± standard error of the mean. ***P<0.001; **P<0.005; *P<0.05 vs CAO.

Abbreviations: VC, vital capacity; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second; MMF, maximum mid-expiratory flow rate; PEFR, peak expiratory

flow rate.

Table 3 Difference of the Forced Oscillation Technique

CAO(n=16) COPD (n=75) COPD with Airway Wall

Thickening (n=31)

COPDWithout Airway Wall

Thickening (n=44)

Whole breath

R5 6.45±0.57 3.65±0.17**** 4.41±0.27**** 3.11±0.18****

R20 4.80±0.33 2.85±0.14**** 3.45±0.24** 2.42±0.12****

R5-R20 1.65±0.28 0.83±0.07* 0.96±0.14* 0.73±0.07***

X5 −3.34±0.75 −1.50±0.15* −2.21±0.28 −1.00±0.13**

Fres 19.11±2.16 14.26±0.68* 16.98±1.04 12.34±0.78****

ALX 32.50±8.38 11.60±1.63* 18.69±3.14 6.60±1.26***

Expiratory phase

R5 6.97±0.58 4.05±0.20**** 4.91±0.33** 3.45±0.21****

R20 5.06±0.33 3.04±0.16**** 3.71±0.29** 2.57±0.14****

R5-R20 1.91±0.29 1.01±0.08** 1.20±0.15* 0.88±0.09***

X5 −3.69±0.91 −2.08±0.25 −3.22±0.48 −1.26±0.19*

Fres 19.94±2.32 16.17±0.84 19.78±1.29 13.62±0.95*

ALX 37.00±9.76 17.61±2.75 29.48±5.42 9.26±1.95*

Inspiratory phase

R5 5.93±0.59 3.24±0.15**** 3.91±0.24**** 2.77±0.16****

R20 4.54±0.35 2.64±0.11**** 3.19±0.20**** 2.26±0.11****

R5-R20 1.39±0.27 0.60±0.07* 0.72±0.14* 0.51±0.07**

X5 −2.94±0.66 −0.92±0.07** −1.18±0.12** −0.73±0.07***

Fres 18.27±2.11 12.34±0.56* 14.17±0.89 11.06±0.65***

ALX 28.00±7.48 5.57±0.66** 7.90±1.22* 3.94±0.64**

Difference between inspiratory and expiratory phase

R5 −1.04±0.15 −0.81±0.10 −1.00±0.19 −0.68±0.09

R20 −0.52±0.13 −0.40±0.07 −0.52±0.14 −0.31±0.05

R5-R20 −0.52±0.12 −0.41±0.04 −0.48±0.08 −0.37±0.05

X5 0.75±0.53 1.16±0.21 2.04±0.41 0.53±0.13

Fres −1.68±1.00 −3.82±0.46 −5.61±0.75* −2.55±0.50

ALX −9.00±4.66 −12.04±2.30 −21.58±4.71 −5.32±1.45

Notes: Values are mean ± standard error of the mean. ****P<0.001; ***P<0.005; **P<0.01; *P<0.05 vs CAO.

Abbreviations: R5 and R20, respiratory resistances at 5 Hz and 20 Hz frequencies, respectively; X5, respiratory reactance at 5 Hz frequency; Fres, resonant frequency;

ALX, low-frequency reactance area.
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Relationship Between PFTs and FOT
The patients with CAO showed a significant reduction in

the PEFR (%) and an increase in most FOT measurements,

particularly the R5, R20, and R5-R20, compared to the

COPD group. The regression analyses revealed that, in the

CAO group, the PEFR (%) was significantly correlated

with most of the FOT parameters (Table 4).

The patients with COPD showed a significant reduction

in the %V25 compared to the CAO group in the PFTs. The

regression analysis revealed that, in the COPD group, the %

V25 in the PFTs was significantly correlated with most of

the FOT parameters, despite the low correlation coefficient

values (<0.40, data not shown). Patients in the COPD with

airway wall thickening group (n=31) showed a significant

increase in the %RV and reductions in the percent of the

predicted value for maximal mid-expiratory flow (%MMF)

and %V25 of the PFTs compared to patients in the CAO

group (Supplemental Table 3). Additionally, a large amount

of the difference in FOT results between the COPD and

CAO groups could be attributed to the COPD with wall

thickening phenotype (ie, the ΔFres, the ΔX5, and the

ΔALX; Table 3). To determine the accuracy of FOT mea-

surements in distinguishing the differences between CAO

and COPD, we performed a binomial logistic regression

analysis and calculated the area under the curve (AUC) for

the parameters: ΔFres, ΔX5, and ΔALX. The results

showed that the AUCs of ΔFres, ΔX5, and ΔALX were

0.78, 0.71, and 0.68, respectively. The analysis of relation-

ships between the PFT parameters (%RV, %MMF, %V25)

and the FOT parameters (ΔX5, ΔFres, and ΔALX) showed
that the ΔX5 and ΔALX were significantly correlated with

the %RV, and the ΔALX was significantly correlated with

the %MMF, in the COPD with airway wall thickening

group (Supplemental Table 4).

Discussion
The present study described and compared the features of

PFTs and the FOT for the two airway obstructive dis-

eases, CAO and COPD. The comparison between these

two diseases showed the differences between central and

peripheral airway obstructions in terms of PFTs and FOT

parameters. Several previous studies have suggested that

the FOT results in patients with CAO were similar to

those reported in patients with COPD.6,7,17 Previous

studies2,8 also showed and discussed the notion that

CAO was associated with increases in the R5, a marked

frequency dependence in the resistance, more negative

reactance at 5 Hz, and increased Fres, compared to

COPD. The features of FOT measurements in lung func-

tion tests for COPD have been studied for decades. In

1975, Michaelson et al demonstrated that patients with

COPD exhibited frequency-dependent resistance and

higher Fres values than healthy subjects.18 Later, Di

Mango et al revealed alterations in FOT measurements

for different degrees of airway obstruction in COPD.19

For example, the FOT could detect changes in respiratory

mechanics with increasing degrees of airway obstruction

in COPD.19,20 Moreover, the FOT was applied to evalu-

ate the therapeutic effects of bronchodilator treatment21

and pulmonary rehabilitation22 in patients with COPD. To

date, the FOT has been well documented regarding eva-

luations of disease severity and therapeutic effects in

patients with COPD. On the other hand, the present

study aimed to identify features of FOT measurements

in both COPD and CAO that could distinguish the sites

of obstruction along the airway.

Table 4 Regression Analyses Between PEFR and FOT

Parameters

PEFR(%) in CAO

r

R5Ave. −0.64**

R5 In −0.58*

R5 Ex −0.69**

R20 Ave. −0.51*

R20 In −0.44

R20 Ex −0.56*

R5-R20 Ave −0.71**

R5-R20 In −0.65**

R5-R20 Ex −0.73**

X5 Ave. 0.74**

X5 In 0.72**

X5 Ex 0.71**

Fres Ave. −0.83***

Fres In −0.80***

Fres Ex −0.81***

ALX Ave. −0.73**

ALX In −0.70**

ALX Ex −0.71**

R5 In-Ex 0.30

R20 In-Ex 0.19

R5-R20 In-Ex 0.31

X5 In-Ex −0.32

Fres In-Ex 0.20

ALX In-Ex 0.35

Notes: ***P<0.001; **P<0.01; *P<0.05.
Abbreviations: PEFR, peak expiratory flow rate; R5 and R20, respiratory resis-

tances at 5 Hz and 20 Hz frequencies, respectively; X5, respiratory reactance at

5 Hz frequency; Fres, resonant frequency; ALX, low-frequency reactance area.
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The current findings on applying FOT to evaluate CAO

status are less thorough than the collection of findings on

applying the FOT to evaluate COPD. In 2000, Beraldo

et al evaluated a case of CAO due to spinal cord injury.

They compared FOT measurements taken before and after

dilation treatment for postintubation tracheal stenosis.23

Then, in 2001, Horan and collogues reported the applica-

tion of FOT for evaluating tracheostenosis in patients with

neurologic injuries.5 Verbanck et al demonstrated that the

FOT showed high resistance values in 10 patients with

CAO.6 They also investigated 10 healthy individuals and

10 patients with COPD; however, they did not directly

compare FOT measurements between the CAO, COPD,

and healthy groups in that study.6 Recently, our previous

study revealed that patients with CAO exhibited relatively

high values of R5 and R20, Fres, and ALX, and a negative

reactance at 5 Hz.8 In the present study, we first demon-

strated the similarities and differences between CAO and

COPD, in terms of FOT and PFT parameters. These

groups were analyzed with the FOT and PFTs in parallel

at one respiratory institute.

Typically, the PFT features for CAO showed that the

obstructive respiratory disturbances, particularly in the top

and bottom of the loop, were flattened. Thus, the flow-

volume loop configuration approached the shape of a -

rectangle.24 Consequently, the shape of the flow-volume

loop observed in CAO can be readily distinguished from

that observed in COPD. On the other hand, previous

studies showed that the FOT parameters were similar

between CAO and COPD.6,7,17

Clinically, the typical flow-volume loop cannot always

be observed in PFTs for patients with CAO, particularly

when stenosis is in the main bronchus. Moreover, patients

with serious airway symptoms in CAO were not able to

complete the PFTs. However, in the present study, we

could precisely determine significant differences in several

PFT parameters between the CAO and COPD groups. The

%PEFR in the PFTs was significantly worse in the CAO

group than in the COPD group. Conversely, the percent of

predicted values for the PFT parameters, V25, RV, DLco/

VA, and ΔN2, were significantly worse in the COPD group

than in the CAO group. However, the FOT results for the

COPD group were not worse than those for the CAO

group.

Despite the fact that, generally, the R5-R20 measured with

the FOT indicates a small airway caliper, it remains uncertain

whether the R5-R20 reflects a physiological condition.25 In

addition, bronchodilation reduces hyperinflation, which could

potentially result in an increase in resistance with a decrease in

reactance. Thus, the resistance and reactancemeasurements do

not provide a straightforward interpretation, and they might

lead to a disparate spirometry response.25 Moreover, our

results unexpectedly showed that the R5-R20 was not higher

in COPD than in CAO, rather it was correlated with the PEFR

in the CAO group. Nevertheless, our results revealed that the

difference between FOTexpiratory and inspiratory parameters

was an optimal indicator of peripheral airway physiology in

the COPD phenotype with airway thickening. We divided the

COPD group into two major phenotypes: the chronic bronchi-

tic phenotype (with airway wall thickening) and the emphyse-

matic phenotype (without airway wall thickening). Our results

showed that the magnitude of the FOT-determined ΔFres was
significantly higher in the COPD with airway wall thickening

group than in the CAO group. In addition, we observed a trend

of higher ΔX5 and ΔALX values in the COPD with airway

wall thickening group compared to the CAO group (Table 3).

The binomial logistic regression analysis showed that the

ΔFres had the best AUC value for distinguishing CAO from

COPD with the airway wall thickening phenotype (AUC =

0.78). Patients with the airway wall thickening COPD pheno-

type showed significantly worse PFT results for the MMF,

V25, and RV, compared to patients with CAO (Table 2 and

Supplemental Table 3). These features associated with the

COPD with airway wall thickening phenotype were also

observed in our previous study, which compared FOT results

between patients with bronchitic and patients with emphysema

COPD phenotypes.15

The FOT parameters, R5, R20, and R5-R20, measured

in all breath phases (average, inspiratory, and expiratory)

were significantly higher in patients with CAO than in

those with COPD. The regression analyses revealed that

the R5 and R5-R20 measured in all breath phases were

significantly negatively correlated with the PEFR of the

PFTs in the CAO group (Table 4). The R20 measurements

(except during the inspiratory phase) were also signifi-

cantly negatively correlated with the PEFR of the PFTs

(Table 4) in the CAO group. These results suggested that,

in patients with CAO, an increase in the respiratory resis-

tance measured with the FOT indicated a reduction in the

PEFR measured with the PFTs.

In patients of COPD phenotype with airway wall thicken-

ing, the regression analysis showed significant relationships

between the FOT-determined ΔX5 and the PFT-determined

RV (R=0.53, P<0.01) and between the FOT-determined

ΔALX and the PFT-determined RV (R=−0.59, P<0.001;

Supplemental Table 4). We also detected a significant
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correlation between the FOT-determined ΔALX and the PFT-

determined MMF (R=0.38, P<0.05; Supplemental Table 4).

No significant relationship was detected between the FOT-

determined ΔFres, ΔX5, or ΔALX and the PFT-determined

V25 (Supplemental Table 4). These results indicated that,

among patients with the COPD phenotype of airway wall

thickening, a higher FOT-determined ΔALX reflected

a higher PFT-determined RV and a lower PFT-determined

MMF. In addition, a higher FOT-determined ΔX5 reflected

a higher PFT-determined RV.

In patients with CAO, our previous study revealed that

an alteration in the R20 was a useful parameter in estimat-

ing airway dilation in CAO after interventional

bronchoscopy.8 Thus, the R20 appeared to be the optimal

parameter for evaluating mechanical changes in CAO. On

the other hand, in patients with COPD, our group pre-

viously found that the R20 was weakly correlated with

airway reversibility.15 From the viewpoint of a technical

standard,25 despite the high R20 value in COPD, it was not

recommended for estimating the bronchodilation effect,

compared to an alteration in the FEV1 response.15,25

Moreover, we previously demonstrated that the R5, R20,

ΔX5, ΔALX, and ΔFres were significantly higher in the

COPD phenotype with airway wall thickening than in

other COPD phenotypes, including emphysema-dominant

COPD and COPD with normal chest CT findings.15 In

addition, the X5 was significantly lower in the COPD

phenotype with airway wall thickening than in the other

COPD phenotypes.15 The present results showed that the

ΔFres had the highest AUC among the FOT measure-

ments, consistent with results in a previous study.15,25

This finding suggested that the ΔFres was most likely the

optimal indicator of mechanical changes in the COPD

phenotype with airway wall thickening, rather than the

FOT parameters important in identifying mechanical

changes in CAO.

This study had several limitations. First, the size of the

CAO group was small. CAO is a relatively rare disease in the

clinical sitting, and it is difficult to find data on CAO among

the available data on FOT measurements and PFTs.

Moreover, before disease management (for example, airway

dilation) with interventional bronchoscopy, only a proportion

of patients in the CAO group could complete all the exam-

inations included in both the FOT and PFT, due to the effort-

dependency of these tests. Our current sample of 16 patients

with CAOwas the largest reported to date, and it represented

patients admitted over a 4-year period. Past data on CAO

were insufficient to support a power analysis for calculating

an appropriate sample size for the present study. However,

we performed strict and frequent calibrations of the equip-

ment to ensure precise measurements and reliable data.

Future studies should include a larger sample size to confirm

the results and conclusions found in the present study.

Second, some patients with CAO had relatively heavy smok-

ing histories, which suggested that some patients with CAO

might have co-existing COPD. This might have affected the

interpretation of PFT results. Lastly, our study design

included clinical data for patients with treatment-naïve

COPD. The majority of patients with COPD were in

GOLD stage II, consistent with the mostly moderate COPD

treated in clinical settings. Thus, the present results might not

be representative of other stages of COPD, for example,

GOLD stage IV, which showed considerably worse FOT

findings.21

Despite these limitations, the FOT findings showed

similar, but different features for CAO and COPD, includ-

ing the airway wall thickening COPD phenotype. Based

on our findings, we highly recommend performing the

FOT to evaluate lung function in patients with CAO

prior to an interventional bronchoscopy, because the FOT

examination is easier to complete than the PFTs for

patients with CAO.

Conclusions
This study showed that significantly high or low FOT para-

meters could differentiate between the characteristics of venti-

latory disturbances associated with CAO from those

associated with moderate COPD in GOLD stage II. From

the point of view of the airway obstruction site, we found

that the ΔFres was the best indicator for distinguishing

between the airway wall thickening phenotype of COPD

and CAO.

Abbreviations
ALX, the low-frequency reactance area; AUC, area under

the curve; CAO, central airway obstruction; COPD,

chronic obstructive pulmonary disease; CT, computed

tomography; ΔN2, the single breath nitrogen washout

test; DLco, capacity of the lung for diffusing carbon mon-

oxide; FEV1, forced expiratory volume in 1 second; FOT,

forced oscillation technique; Fres, resonance frequency;

FVC, forced vital capacity; GOLD, Global Initiative for

Chronic Obstructive Lung Disease; PEFR, peak expiratory

flow rate; PFTs, pulmonary function tests; R5, resistance at

5 Hz; R20, resistance measured at 20 Hz; ROC, receiver
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operating characteristic; RV, residual volume; TLC, total

lung capacity; X5, the reactance at 5 Hz.
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