
Letter to the Editor

Forced oscillation technique may identify asthma-COPD overlap

Dear Editor,

As some patients have clinical features of both asthma and
chronic obstructive pulmonary disease (COPD), asthma-COPD over-
lap (ACO) has recently been proposed as a diagnosis.1,2 Clinically, it
can be difficult to distinguish asthma from COPD, especially in
smokers and older adults. ACO is heterogeneous and includes
different phenotypes, including asthma with irreversible airway
obstruction due to smoking and COPD with eosinophilic airway
inflammation. In our previous report,3 we showed that the com-
bined assessment of serum periostin, a biomarker of type 2 inflam-
mation in asthma, and serum YKL-40, a useful biomarker of COPD,
may be beneficial for identifying ACO. To explore another useful
biomarker, we focused on the forced oscillation technique (FOT).
The FOT is used to measure respiratory system resistance (Rrs) and
reactance (Xrs) during tidal breathing and provides information
that cannot be obtained by spirometry.4 We hypothesized that FOT
could differentiate ACO from asthma and COPD and assessed the
usefulness of FOT for diagnosing ACO in this cross-sectional study.

The study subjects included 344 adult patients who visited
outpatient clinics at Shizuoka General Hospital or Nihon University
Itabashi Hospital for routine check-ups between February 2013 and
August 2016. The participants were classified into three groups:
asthma (n ¼ 170), COPD (n ¼ 60), and ACO (n ¼ 114). The asthma
and COPD patients fulfilled the definition of the Global Initiative
for Asthma (GINA)1 and the Global Initiative for Chronic Obstruc-
tive Lung Disease (GOLD) guidelines,2 respectively. According to
our previous report,3 ACO was diagnosed as shown in
Supplementary Figure 1. The syndromic diagnosis of ACO1,2 was
not used because it is less objective.

On the examination day, the study subjects underwent FOT and
spirometry in that order. The details are shown in Supplementary
Methods.

The flow and clinical characteristics of the subjects are shown in
Supplementary Figure 1 and Table 1. Of the 114 patientswith ACO, 85
were derived from asthma and 29 were derived from COPD. These
patients differed from the simple overlap of both disease criteria:
asthma patients with FEV1/FVC <0.7 and � 10 pack-years (n ¼ 63),
and COPD patients with a history of asthma alone (n ¼ 8). The
ACO patients were older and male-dominant, had more pack-
years, lower FEV1, FEV1/FVC, and X5, and higher R5eR20, DX5,
Fres, DFres, ALX, and DALX than the asthma patients. The ACO pa-
tients were younger, had higher body mass index and FEV1/FVC,
and fewer pack-years than the COPD patients. Typical colored 3-
dimensional images of Rrs and Xrs for each representative patient
are shown in Supplementary Figure 2. Recursive partitioning

analysis to create a classification tree revealed that DX5, R20, ALX,
and Fres were the significant parameters (Supplementary Fig. 3,
Table 2). Classes 3 and 4 consisted predominantly of ACO patients.
The accuracy of the diagnosis of ACO (class 3 and class 4) was as fol-
lows: diagnostic odds ratio, 3.47 (95% confidence interval, 1.98 to
6.09); sensitivity, 32%; and specificity, 88%.

To ensure the reliability of the definition of ACO in this study and
to confirm the utility of FOT for its identification, we re-evaluated
patients if they met the “asthma criteria” used in the definition of
ACO for asthma patients and the “COPD criteria” for COPD patients.
With this re-evaluation, 42 patients were excluded (Supplementary
Fig. 4), but reanalysis of the remaining 302 patients (140 with
asthma, 59 with COPD, and 103 (74 þ 29) with ACO) yielded com-
parable results (Supplementary Fig. 5, Supplementary Table 1).

This study found that the FOT, the combined assessment of Rrs
and Xrs, may be useful for identifying ACO. Recursive partitioning
analysis revealed that DX5, R20, ALX, and Fres were the significant
parameters. Previous studies indicated that DX5 best reflects the
expiratory flow limitation (EFL), a major determinant of dynamic hy-
perinflation and exercise limitation in COPD patients.5 DX5 is
referred to as the EFL index and is useful for the differentiation be-
tween COPD and asthma.6 A significantly higher value of DX5 in
ACO and COPD patients suggests the presence of EFL compared to
asthma patients. ACO patients showed the medium value of R20 be-
tween asthma and COPD patients. A previous study found that R20
had clinical significance, including severity, impaired control, quality
of life, and frequent exacerbation of asthma.7 R20 seems to reflect
the characteristics of asthma rather than those of COPD. Previous
studies indicated that Xrs values, including Fres and ALX, were
higher in COPD patients than in asthma patients.4,6 Comparable
levels of Fres and ALX between ACO and COPD patients, but higher
than in asthma patients, suggest the presence of COPD components
in ACO patients. Overall, the combined assessment of Rs and Xrs led
to the identification of ACO with high specificity despite low sensi-
tivity. The diagnostic accuracy of this study was comparable to that
of the combined assessment of serum periostin and YKL-40 (both
high levels): diagnostic odds ratio, 2.59 (95% confidence interval,
1.58 to 4.25); sensitivity, 38%; and specificity, 81%.3 One of the limi-
tations of our study was the definition of ACO. Since there is
currently no consensus on the definition of ACO, we gave weight
to the heavy smoking history or the presence of emphysema for
asthma patients. For patients with COPD, we set a past history of
asthma, atopy, blood eosinophil counts, and FeNO levels to capture
allergic and non-allergic eosinophilic asthma. However, the reli-
ability of this definition was not perfect, especially for asthma fea-
tures in COPD patients. The uncertainty may be related to the
ambiguity of the primary diagnosis of asthma or COPD because of
the heterogenous nature and subsequent difficulty in distinguishingPeer review under responsibility of Japanese Society of Allergology.
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between the two diseases. This uncertainty may be the reason for
inconsistency in the results of previously published studies. Further,
there are two pathways to ACO: it may be derived from asthma or
from COPD. However, this study alone did not determine whether
ACO is a simple mixture of the two diseases or a more complex con-
dition. Further studies are warranted to define ACO and to validate
the role of FOT in identifying ACO in clinical practice.
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Table 1
Characteristics of the subjects.

Asthma (n ¼ 170) ACO (n ¼ 114) COPD (n ¼ 60) P value*

Age (years) 59 (42, 70)yz 69 (61, 75)x 74 (69, 78) <0.001
Gender (male/female) 51/119yz 89/25 48/12 <0.001
Body mass index (kg/m2) 23 (21, 26)z 23 (21, 25)x 21 (19, 23) <0.001
Pack-years 0 (0, 1)yz 30 (12, 48)x 44 (26, 68) <0.001
FEV1 (% predicted) 92.4 (80.1, 103.0)yz 71.3 (52.1, 85.3) 66.9 (48.7, 85.6) <0.001
FEV1/FVC (%) 73.8 (67.8, 79.7)yz 58.9 (45.9, 65.6)x 50.8 (43.2, 59.1) <0.001
R5 (cmH2O/L/s)
Whole-breath 3.58 (2.87, 4.34) 3.56 (2.92, 4.47) 3.30 (2.62, 4.03) 0.372
DR5 0.51 (0.24, 1.05) 0.47 (0.19, 0.86) 0.45 (0.21, 1.05) 0.627
R20 (cmH2O/L/s)
Whole-breath 2.98 (2.43, 3.49)z 2.83 (2.25, 3.37) 2.54 (1.97, 3.07) 0.011
DR20 0.21 (0.06, 0.54) 0.20 (0.05, 0.48) 0.18 (�0.01, 0.44) 0.512
R5-R20 (cmH2O/L/s)
Whole-breath 0.60 (0.30, 1.00)y 0.81 (0.48, 1.12) 0.81 (0.153, 1.08) 0.008
D (R5-R20) 0.28 (0.14, 0.54) 0.30 (0.09, 0.55) 0.28 (0.06, 0.58) 0.828
X5 (cmH2O/L/s)
Whole-breath �0.63 (�1.30, �0.33)yz �1.06 (�1.85, �0.39) �1.04 (�2.45, �0.61) 0.001
DX5 0.04 (�0.13, 0.30)yz 0.30 (�0.04, 1.02) 0.45 (0.08, 1.00) <0.001
Fres (Hz)
Whole-breath 8.50 (6.93, 12.96)yz 11.93 (7.42, 15.44) 12.72 (8.69, 17.40) <0.001
DFres 0.19 (�0.62, 1.89)yz 1.19 (�0.24, 3.54) 1.95 (0.49, 4.15) <0.001
ALX (cmH2O/L/s x Hz)
Whole-breath 2.40 (1.07, 6.59)yz 5.35 (1.37, 12.23) 5.50 (2.22, 17.33) <0.001
DALX 0.19 (�0.41, 1.87)yz 1.88 (�0.13, 8.72) 2.78 (0.52, 8.94) <0.001

Data are shown as median (interquartile range) or frequency. *KruskaleWallis test. yP value < 0.017 asthma vs ACO (ManneWhitney U test with Bonferroni adjustment, with a
level of significance of alpha ¼ 0.017 ¼ 0.05/3). zP value < 0.017 asthma vs COPD. xP value < 0.017 ACO vs COPD. ACO, asthma-COPD overlap; ALX, low-frequency reactance
area; COPD, chronic obstructive pulmonary disease; D, difference between inspiratory and expiratory phases; FEV1, forced expiratory volume in 1 s; Fres, resonant frequency;
FVC, forced vital capacity; R5 and R20, respiratory system resistance at 5 Hz and 20 Hz, respectively; X5, respiratory system reactance at 5 Hz.

Table 2
Diagnostic accuracy of asthma, ACO, and COPD using the recursive partitioning algorithm.

Class Diagnosis Diagnostic odds
ratio (95% CI)

Sensitivity (%)
(95% CI)

Specificity (%)
(95% CI)

Positive likelihood
ratio (95% CI)

Negative likelihood
ratio (95% CI)

1 Asthma 3.52 (2.24, 5.51) 72 (64, 78) 58 (50, 66) 1.71 (1.40, 2.09) 0.49 (0.37, 0.64)
2 Asthma 1.78 (0.95, 3.35) 17 (12, 24) 90 (84, 94) 1.65 (0.95, 2.86) 0.93 (0.85, 1.01)
3 ACO 3.59 (1.57, 8.20) 14 (8, 22) 96 (92, 98) 3.23 (1.51, 6.89) 0.90 (0.83, 0.97)
4 ACO 2.67 (1.34, 5.32) 18 (11, 26) 93 (88, 96) 2.37 (1.29, 4.35) 0.89 (0.81, 0.98)
5 COPD 8.45 (3.42, 20.88) 22 (12, 34)E 97 (94, 99) 6.84 (3.06, 15.26) 0.81 (0.71, 0.93)
6 COPD 19.36 (6.05, 61.91) 22 (12, 34) 99 (96, 100) 15.38 (5.20, 45.55) 0.79 (0.70, 0.91)
1 þ 2 Asthma 7.25 (4.13, 12.72) 89 (83, 93) 48 (40, 55) 1.70 (1.46, 1.98) 0.23 (0.15, 0.37)
3 þ 4 ACO 3.47 (1.98, 6.09) 32 (23, 41) 88 (83, 92) 2.69 (1.72, 4.20) 0.78 (0.68, 0.89)
5 þ 6 COPD 15.94 (7.49, 33.93) 43 (31, 57) 95 (92, 98) 9.47 (5.17, 17.33) 0.59 (0.48, 0.74)

ACO, asthma-COPD overlap; CI, confidence interval; COPD, chronic obstructive pulmonary disease.
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Supplementary Methods

Broadband frequency FOT and spirometry were performed using MostGraph-01

and CHESTAC-33 (Chest M.I. Co. Ltd., Tokyo, Japan), respectively. We used Rrs at 5

and 20 Hz (R5 and R20, respectively) and the difference between R5 and R20

(R5−R20) as an indicator of the frequency dependence of Rrs. We also used Xrs at 5 Hz

(X5), which reflects the elastic and inertial properties of the lungs; resonant frequency

(Fres) where Xrs crosses 0 and the elastic and inertial forces are equal in magnitude and

opposite; and a low-frequency reactance area (ALX), which is an integral of X5 to Fres.

The oscillatory indices were expressed as mean values during a respiratory cycle and

the difference between the inspiratory and expiratory phases (Δ). The study protocols

were approved by the ethics committee of each institution (SGH 15-01-55 and

RK-130111) and written informed consent was obtained from the patients. Recursive

partitioning analysis was performed using the rpart R package. Tree pruning was

performed based on the minimum value of cross-validation error. All of the analyses

were performed with R software (version 3.5.0, R Foundation for Statistical Computing,

Vienna, Austria). A two-tailed P value of < 0.05 was considered statistically significant.



Supplementary Table 1. Diagnostic accuracy of asthma, ACO, and COPD using the recursive partitioning algorithm

Class Diagnosis
Diagnostic odds

ratio (95% CI)

Sensitivity (%)

(95% CI)

Specificity (%)

(95% CI)

Positive likelihood

ratio (95% CI)

Negative likelihood

ratio (95% CI)

1 Asthma
3.64

(2.24, 5.89)

71

(63, 79)

59

(51, 67)

1.75

(1.42, 2.17)

0.48

(0.36, 0.65)

2 Asthma
1.79

(0.91, 3.55)

16

(11, 24)

90

(84, 94)

1.66

(0.92, 3.02)

0.93

(0.85, 1.01)

3 ACO
2.97

(1.27, 6.95)

14

(8, 22)

95

(91, 98)

2.70

(1.25, 5.88)

0.91

(0.84, 0.99)

4 ACO
2.59

(1.27, 5.28)

18

(11, 27)

92

(87, 95)

2.29

(1.23, 4.27)

0.89

(0.80, 0.98)

5 COPD
8.30

(3.26, 21.16)

22

(12, 35)

97

(94, 99)

6.69

(2.91, 15.40)

0.81

(0.70, 0.93)

6 COPD 16.89 22 98 13.39 0.79



Abbreviations: ACO, asthma-COPD overlap; CI, confidence interval; COPD, chronic obstructive pulmonary disease.

(5.27, 54.09) (12, 35) (96, 100) (4.53, 39.57) (0.69, 0.91)

1 + 2 Asthma
7.06

(3.90, 12.78)

88

(81, 93)

49

(41, 57)

1.74

(1.47, 2.05)

0.25

(0.15, 0.39)

3 + 4 ACO
3.14

(1.75, 5.63)

32

(23, 42)

87

(81, 91)

2.45

(1.55, 3.87)

0.78

(0.68, 0.90)

5 + 6 COPD
15.17

(6.99, 32.93)

44

(31, 58)

95

(92, 97)

8.92

(4.79, 16.62)

0.59

(0.47, 0.74)



Supplementary Fig.1. The flow of the subjects.
Abbreviations: ACO, asthma-COPD overlap; COPD, chronic obstructive pulmonary disease; DLco,
diffusing capacity of the lung for carbon monoxide; FeNO, fractional exhaled nitric oxide; FEV1, forced
expiratory volume in 1 second; FVC, forced vital capacity; HRCT, high-resolution computed tomography;
LAA, low attenuation area; VA, alveolar volume.



Respiratory resistance [cmH2O/L/s]

Time
(breathing cycle)

Oscillatory frequency

Rrs

Time
(breathing
cycle)

Oscillatory frequency

Respiratory reactance [cmH2O/L/s]

Xrs

Asthma ACO COPD

Supplementary Fig.2. Typical colored 3-dimensional images of Rrs and Xrs in each representative
patient. In general, ACO patients showed a middle pattern between those of asthma and COPD patients.
Abbreviations: ACO, asthma-COPD overlap; COPD, chronic obstructive pulmonary disease; Rrs,
respiratory system resistance; Xrs, respiratory system reactance.



Supplementary Fig.3. Recursive partitioning analysis using FOT data for the classification of patients
into those with asthma, ACO, or COPD. Rounded squares and squares represent the internal and
terminal nodes, respectively. Values represent the number of patients with asthma, ACO, or COPD and
the percentage of patients in each node. Abbreviations: ACO, asthma-COPD overlap; ALX, low-
frequency reactance area; COPD, chronic obstructive pulmonary disease; ΔX5, difference between
inspiratory and expiratory phases of respiratory system reactance; Fres, resonant frequency; Rrs,
respiratory system resistance; R20, Rrs at 20 Hz.



Supplementary Fig.4. The flow of the subjects. Re-evaluation of patients if they met the “asthma
criteria” used in the definition of ACO for asthma patients and “COPD criteria” for COPD patients. With
this re-evaluation, 42 patients were excluded. Abbreviations: ACO, asthma-COPD overlap; COPD,
chronic obstructive pulmonary disease; DLco, diffusing capacity of the lung for carbon monoxide; FeNO,
fractional exhaled nitric oxide; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity;
HRCT, high-resolution computed tomography; LAA, low attenuation area; VA, alveolar volume.



Supplementary Fig.5. Re-evaluation of recursive partitioning analysis to create a classification tree
yielded comparable results with the Supplementary Figure 3. Abbreviations: ACO, asthma-COPD
overlap; ALX, low-frequency reactance area; COPD, chronic obstructive pulmonary disease; ΔX5,
difference between inspiratory and expiratory phases of respiratory system reactance; Fres, resonant
frequency; Rrs, respiratory system resistance; R20, Rrs at 20 Hz.
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