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Background: The forced oscillation technique (FOT) is a
noninvasive method with which to measure respiratory system
resistance (Rrs) and reactance (Xrs) at a wide range of
frequencies during breathing at rest in a short time. The
purpose of this study was to assess the differences in Rrs and
Xrs between patients with chronic obstructive pulmonary
disease (COPD) and asthma using a new method of FOT with
colored 3-dimensional visualization. Methods: Fifty-one
patients with stable COPD and 49 patients with controlled or
partly controlled asthma were enrolled. Whole-breath or
within-breath changes of Rrs and Xrs were measured and
compared between the diseases. Results: The colored
3-dimensional images clarified the complex oscillatory
properties of the respiratory system. Whole-breath resistance
(the difference in Rrs at 5 and 20 Hz) and reactance (Xrs at 5 Hz
and resonant frequency), and within-breath changes in
reactance (Xrs at 5 Hz and resonant frequency) discriminated
between patients with COPD and asthma. In multivariate
regression analyses, inspiratory-expiratory differences in Xrs at
5 Hz contributed significantly to the differentiation between
COPD and asthma, independent of age, gender, body weight,
and pulmonary function. Conclusion: This new method of FOT is
useful in the differential diagnosis of COPD and asthma.

Keywords: Forced oscillation technique, Frequency,
Noninvasive, Whole-breath, Within-breath

INTRODUCTION

The forced oscillation technique (FOT) is a noninvasive
method with which to measure respiratory impedance, the
spectral relationship between pressure and airflow (1). The
real part of impedance is called respiratory system resistance
(Rrs), whereas the imaginary part is called respiratory sys-

Abbreviations: AIC: Akaike’s information criteria; COPD: chronic obstructive pulmonary disease; �: the differences between inspiratory and
expiratory phases; FEF25–75%: forced expiratory flow between 25% and 75% of FVC; FEV1: forced expiratory volume in 1 second; FOT: forced
oscillation technique; FVC: forced vital capacity; GINA: Global Initiative for Asthma; GOLD: Global Initiative for Chronic Obstructive Lung
Disease; Rrs: respiratory system resistance; R5: Rrs at 5 Hz; R20: Rrs at 20 Hz; R5–R20: the difference between R5 and R20; TV: tidal volume; VC:
vital capacity; Xrs: respiratory system reactance; X5: Xrs at 5 Hz; Fres: resonant frequency.
Correspondence to: Toshihiro Shirai, Shizuoka General Hospital, 4-27-1 Kita-ando, Aoi, Shizuoka, 420-0881 Japan, phone: 81-54-247-6111, fax:
81-54-247-6159. email: tmjkshi@general-hosp.pref.shizuoka.jp

tem reactance (Xrs), which is supposed to reflect elastic and
inertial properties of the lung. Forced oscillations are super-
imposed on tidal breathing, avoiding the need for any special
breathing maneuver or noticeable interference with respira-
tion. The impulse oscillation system has been introduced as
a commercially available version of FOT, which offers respi-
ratory impedance at a wide range of frequencies (2).

Oscillatory properties of the respiratory system are gen-
erally expressed by a single curve of Rrs and Xrs versus fre-
quency; however, technical advances in the impulse oscilla-
tion system enabled excellent time resolution, sufficient to
draw variances with respiratory cycles. Increasing numbers
of reports have examined the usefulness of the impulse os-
cillation system in the evaluation or management of obstruc-
tive diseases, including, chronic obstructive pulmonary dis-
ease (COPD) or asthma (3–7).

Recently, Kurosawa et al. developed a new method of FOT
with 3-dimensional color images with an added time axis to
visualize the respiratory cycle dependence; that is, Rrs was
higher and Xrs changed to shift more negative in the expira-
tory phase compared to the inspiratory phase (8–10). Also,
this apparatus clearly showed the frequency dependence of
Rrs during expiration and inspiration; that is, Rrs increased
at lower frequencies and fell with increasing frequencies in
COPD. Three-dimensional colored images are potentially a
tool with which to understand the complex oscillatory prop-
erties of the respiratory system.

In this cross-sectional study we measured respiratory re-
sistance and reactance using a new method of FOT capa-
ble of colored 3-dimensional data visualization in patients
with COPD and with asthma, and examined whether there
were any differences between COPD and asthma and which
oscillometric indices were useful in differentiating these
diseases.
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Colored 3D Analyses of Respiratory Impedance 

METHODS

Subjects
Fifty-one patients with COPD and 49 patients with bronchial
asthma who attended outpatient clinics at Shizuoka General
Hospital for routine check-ups between October 2009 and
September 2010 were enrolled in this study.

The patients with COPD satisfied the definition of the
Global Initiative for Chronic Obstructive Lung Disease
(GOLD) (11) and the severity was classified accordingly.
They were clinically stable and had no exacerbations, defined
as increased dyspnea associated with a change in the qual-
ity and quantity of sputum, for at least one month before
the study. They were excluded from the study if they (1) had
any history of asthma; (2) had atopy, defined by positive spe-
cific IgE antibodies to at least 1 inhalant allergen, including
house dust mites, grass pollens, molds, cockroaches, cats, or
dogs; (3) had had any acute viral infections within at least one
month before the study; and, (4) were receiving home oxygen
therapy.

The patients with asthma satisfied the definition of asthma
of the Global Initiative for Asthma (GINA) (12) and were re-
ceiving inhaled corticosteroids with or without other medica-
tions, including long-acting β2-agonists, leukotriene recep-
tor antagonists, or sustained release theophylline for at least
3 months. Patients were excluded from the study if they (1)
had had any acute viral infections within at least 1 month be-
fore the study; (2) were current smokers or had a smoking
history of >10 pack-years; and (3) had COPD.

Thirteen healthy control subjects without pulmonary dis-
eases were recruited from our hospital staff. The protocols
were approved by the local ethics committee and informed
consent was obtained from all subjects prior to the study.

Measurement of respiratory impedance and spirometry
In the same examination day, when their clinical symptoms
were stable, measurements of respiratory impedance using
FOT and spirometry were performed. To avoid any influence
of forced breathing, spirometry was performed after FOT.
Short-acting β2-agonists were not used for more than 12
hours before these tests in every case. Respiratory impedance
was measured with FOT using a commercially available ma-
chine (MostGraph-01; Chest M.I., Co. Ltd., Tokyo, Japan),
which was developed by Kurosawa et al. (8–10) and met stan-
dard recommendations (1).

Using this machine, both random noise and Hanning im-
pulse were available as oscillation signals. Impulse oscilla-
tory signals generated by a loud speaker at intervals of 0.25
seconds were applied to the respiratory system through the
mouthpiece during tidal breathing at rest. The mouth pres-
sure and flow signals were measured and calculated to obtain
Rrs and Xrs properties against oscillatory frequency ranging
from 5 to 35 Hz. During measurements, the subjects sup-
ported their cheeks firmly to reduce upper airway shunting
while sitting with their neck in a comfortable neutral posture.
Since the curves of Rrs and Xrs versus frequency could be ob-
tained every 0.25 seconds, they were serially lined up against
the time axis with assigned color gradients, resulting in col-

ored 3-dimensional imaging patterns. The results of measur-
ing oscillatory properties were available as the mean values
of inspiration or expiration phases, or mean changes during
a respiratory cycle, thereby enabling whole-breath or within-
breath (inspiratory-expiratory) analyses.

In the present study, 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,
which is supposed to reflect inhomogeneous ventilatory me-
chanics, especially in COPD (13). We also used Xrs at 5 Hz
(X5), which reflects elastic or inertial properties of the lung
and resonant frequency (Fres) where Xrs crosses zero and the
elastic and inertial forces are equal in magnitude and opposite
(1). Each oscillatory index was expressed as whole-breath, in-
spiratory and expiratory phases, and the differences between
inspiratory and expiratory phases (�).

A Chestac-8800 spirometer (Chest M.I., Co. Ltd.) was
used to measure spirometry according to the standards of
the American Thoracic Society (14). Subjects’ backgrounds,
including age, gender, height, body weight, and smoking
history, were collected retrospectively from their medical
records.

Statistical analysis
Comparisons among 3 subject groups were made using
the Kruskal-Wallis test, followed by multiple comparisons
among groups using the Mann–Whitney U-test. P values in
multiple comparisons were adjusted using Holm’s method.
The chi-square or Fisher’s exact test was used to test signifi-
cance in group differences with respect to the percentage of
patients in various categories. Correlations between variables
were performed using the Spearman rank correlation coef-
ficient. The Wilcoxon signed rank test was used to analyze
inspiratory-expiratory changes in the same subjects. Since
Rrs and Xrs are predictable by age, gender, height, and body
weight (1), and are known to have moderate correlations with
FEV1 (3, 4), we performed subgroup analyses comparing pa-
tients with COPD and those with asthma: aged over 60 years
old, FEV1 < 80% predicted, and matching age and FEV1.

Following these, we performed multivariate logistic re-
gression analyses to adjust effects among multiple variables
for the diagnosis of COPD. Model selection was made by the
best subset selection procedure using Akaike’s information
criteria (AIC). All statistical analyses were performed using R
version 2.11.1 (The R Foundation for Statistical Computing,
Vienna, Austria, 2010). A value of p < 0.05 was considered
significant for the results of all statistical analyses, and all tests
were 2-sided.

RESULTS

Characteristics of the subjects
The characteristics of the study subjects are shown in Table 1.
Patients with COPD were staged according to the GOLD cri-
teria (11 stage 1, 18 stage 2, 19 stage 3, and 3 stage 4 COPD).
Patients with asthma included 39 atopic patients, had a dis-
ease duration of 15 ± 10 (years, mean ± SD), and were clas-
sified according to the GINA criteria of asthma control (21

Copyright C© 2011 Informa Healthcare USA, Inc.
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 K. Mori et al.

Table 1. Characteristics of the Study Patients

COPD n = 51 Asthma n = 49 Controls n = 13

Age (years) 70 ± 9∗,† 53 ± 15∗ 42 ± 16
Gender (male/female) 46/5† 21/28 9/4
Height (cm) 163 ± 7 161 ± 9∗ 167 ± 9
Body weight (kg) 56 ± 10 62 ± 18 60 ± 13
Body mass index (kg/m2) 20.7 ± 3.1† 23.9 ± 6.3 21.2 ± 3.3
Smoking history:
Current/ex-/never smoker 10/41/0∗,† 0/24/25 1/2/10

Pack-years 54.5 ± 26.4∗,† 3.1 ± 5.0 3.3 ± 7.6
Spirometry:

VC (% predicted) 88.0 ± 18.8∗ 89.9 ± 17.9∗ 113.2 ± 18.1
FEV1 (% predicted) 58.2 ± 22.0∗,† 80.5 ± 20.2∗ 105.4 ± 17.8
FEV1/FVC (%) 52.7 ± 12.1∗,† 73.0 ± 14.3 82.3 ± 5.1
FEF25–75% (% predicted) 23.7 ± 13.7∗,† 49.9 ± 27.7∗ 88.9 ± 22.1
TV (L) 0.84 ± 0.31 0.86 ± 0.37 0.84 ± 0.31

Values are the means ± SD or numbers.
Abbreviations: FEF25–75%, forced expiratory flow between 25% and 75% of FVC; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; TV, tidal volume; VC,
vital capacity.
∗p < 0.05 versus controls.
†p < 0.05 COPD versus asthma.

controlled and 28 partly controlled). Overall, the patients
with COPD were older and had more impaired pulmonary
functions than those with asthma.

Colored 3-dimensional visualization of oscillatory
properties
Figure 1 shows typical colored 3-dimensional images of Rrs
and Xrs in each representative subject. Respiratory cycle de-
pendence; Rrs was higher and Xrs shifted more negative in
the expiratory phases compared to the inspiratory phases,
and negative frequency dependence; Rrs increased at lower
frequencies and fell with increasing frequencies, which was
marked in patients with COPD. In contrast, Rrs was moder-
ately high over the entire frequency and respiratory cycle, and
Xrs shifted slightly negative in patients with asthma. There
were few within-breath changes or frequency dependence in
the control subjects. Figure 2 shows colored 3-dimensional
visualization of the arithmetic means of oscillatory proper-
ties in a respiratory cycle in each subject.

Whole-breath analyses: comparison between COPD,
asthma, and controls
The results of whole-breath analyses of Rrs and Xrs are shown
in Tables 2 and 3. There were weak or moderate correlations
between Rrs and Xrs values and FEV1 and FEV1 /FVC. Over-
all, Rrs and Xrs values showed greater values in the more
severe patients with COPD or asthma. R5 was significantly
higher in patients with COPD than in controls, but not in
those with asthma. There was no difference in R20 among
patients with COPD, asthma, and controls. R5–R20 and Fres
were significantly higher and X5 was significantly lower in
patients with COPD than in those with asthma and the con-
trols.

Within-breath analyses: comparison between inspiratory
and expiratory phases
The R5, R20, and R5–R20 values were significantly higher in
the expiratory phase than in the inspiratory phase in all sub-
ject groups (Table 3). In contrast, X5 values were significantly
lower in the expiratory phase than in the inspiratory phase

Figure 1. Colored 3 dimensional images of respiratory system resistance (Rrs) and reactance (Xrs) in each representative subject. Exp, expiratory;
insp, inspiratory.

COPD: Journal of Chronic Obstructive Pulmonary Disease
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Colored 3D Analyses of Respiratory Impedance 

Figure 2. Colored 3 dimensional visualization of arithmetic means of oscillatory properties in a respiratory cycle in each representative subject.

only in patients with COPD, whereas Fres values were signif-
icantly higher in the expiratory phase in both patients with
COPD and asthma than in controls (Figure 3).

Within-breath analyses: comparison between COPD,
asthma, and controls
There was no significant difference in inspiratory, expiratory,
and the difference between inspiratory and expiratory phases
(�) of R5 and R20 among patients with COPD, asthma, and
controls (Table 3). Inspiratory and expiratory R5–R20 were
significantly higher in patients with COPD than in those with
asthma and controls; however, there was no difference in
�(R5–R20) between patients with COPD and asthma. Inspi-
ratory, expiratory, and � of X5 and Fres were significantly
lower or higher, respectively, in patients with COPD than in
those with asthma or controls, except for inspiratory X5.

Comparison between COPD and asthma: patients aged over
60 years old or with FEV1 < 80% predicted and patients
with matching age and FEV1 (% predicted)
In patients aged over 60 years old, whole-breath and � of
R5–R20, X5, and Fres significantly discriminated between
the 45 patients with COPD and the 20 patients with asthma.
In patients with FEV1 < 80% predicted, however, �X5 only
was significantly lower in the 40 patients with COPD than
in the 23 patients with asthma, but not whole-breath or
within-breath oscillometric properties. Further, in patients
with matching age and FEV1 (% predicted), �X5 only dis-
criminated between 26 patients with COPD and 26 patients
with asthma.

Multivariate analyses
The models consisted of patients’ backgrounds, pulmonary
function, and oscillometric indices. The selected model

Table 2. Correlations between Pulmonary Function and Rrs or Xrs in Whole-breath Analyses

COPD Asthma Controls

rho∗ p-value rho∗ p -value rho∗ p –value

FEV1 (% predicted)
R5 −0.401 0.004 −0.446 0.001 0.484 NS
R20 −0.266 NS −0.347 0.015 0.456 NS
R5–R20 −0.499 <0.001 −0.513 <0.001 0.401 NS
X5 0.570 <0.001 0.422 0.003 −0.181 NS
Fres −0.676 <0.001 −0.501 <0.001 0.179 NS

FEV1/FVC
R5 −0.282 0.045 −0.275 NS −0.390 NS
R20 −0.209 NS −0.188 NS −0.423 NS
R5–R20 −0.319 0.022 −0.342 0.016 −0.346 NS
X5 0.394 0.004 0.275 NS 0.220 NS
Fres −0.466 <0.001 −0.356 0.012 −0.212 NS

∗Spearman rank correlation coefficient.
Abbreviations: NS, not significant.

Copyright C© 2011 Informa Healthcare USA, Inc.
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 K. Mori et al.

Table 3. Whole-Breath and Within-Breath Analyses of Respiratory System Resistance and Reactance

COPD Asthma Controls

R5 (cmH2O/L/s)
Whole breath 4.27 ± 1.39∗ 4.20 ± 1.43 3.29 ± 1.17
Inspiratory 3.78 ± 1.32 3.78 ± 1.31 2.98 ± 1.06
Expiratory 4.82 ± 1.78‡ 4.63 ± 1.61‡ 3.59 ± 1.30‡
�R5 −1.05 ± 1.50 −0.85 ± 0.64 −0.61 ± 0.40

R20 (cmH2O/L/s)
Whole breath 3.09 ± 0.95 3.35 ± 0.91 2.97 ± 0.83
Inspiratory 2.85 ± 9.38 3.16 ± 9.14 2.79 ± 8.25
Expiratory 3.32 ± 1.12‡ 3.52 ± 9.58‡ 3.15 ± 8.53‡
�R20 −0.47 ± 0.82 −0.35 ± 0.40 −0.36 ± 0.29

R5–R20(cmH2O/L/s)
Whole-breath 1.19 ± 0.59∗,† 0.86 ± 0.62∗ 0.32 ± 0.44
Inspiratory 0.93 ± 0.68∗,† 0.62 ± 0.52∗ 0.19 ± 0.37
Expiratory 1.50 ± 0.78∗,†,‡ 1.11 ± 0.75∗,‡ 0.45 ± 0.53‡
�(R5–R20) 0.58 ± 0.84∗ 0.49 ± 0.37∗ 0.25 ± 0.23

X5 (cmH2O/L/s)
Whole breath −1.62 ± 1.36∗,† −0.94 ± 1.03∗ −0.05 ± 0.27
Inspiratory −0.99 ± 0.84∗ −0.86 ± 0.74∗ −0.11 ± 0.34
Expiratory −2.25 ± 2.11∗,†,‡ −1.09 ± 1.48∗ −0.002 ± 0.23
�X5 1.26 ± 1.72∗,† 0.23 ± 1.10 −0.11 ± 0.25

Fres (Hz)
Whole-breath 13.47 ± 5.55∗,† 9.97 ± 4.65∗ 4.69 ± 2.27
Inspiratory 11.52 ± 5.00∗,† 9.23 ± 3.93∗ 5.17 ± 1.96
Expiratory 15.43 ± 6.87∗,†,‡ 10.55 ± 5.89∗,‡ 4.22 ± 2.52
�Fres −3.91 ± 4.58∗,† −1.32 ± 3.11 0.95 ± 1.85

Values are the means ± SD.
Abbreviations: �, difference between inspiratory and expiratory phases; X5, respiratory system reactance at 5Hz; R5 and R20, respiratory system resistance at 5Hz and 20Hz;
Fres, resonant frequency.
∗p < 0.05 versus controls
†p < 0.05 versus asthma.
‡p < 0.05 versus inspiratory phase.

included six variables as follows: age, male gender, body
weight, VC, FEV1, and �X5 (AIC = 79.9, Table 4). The ad-
justed odds ratio of �X5 was 2.142, indicating that the greater
differences in X5 within the breathing cycles significantly

contributed to the diagnosis of COPD, independent of age,
gender, body weight, and pulmonary functions. If �X5 was
replaced by whole-breath R5–R20, X5, and Fres, �(R5–R20),
or �Fres, they were not significant.

Figure 3. Within-breath changes of respiratory system reactance. Exp, expiratory; X5, reactance at 5 Hz; Fres, resonant frequency; insp, inspiratory.

COPD: Journal of Chronic Obstructive Pulmonary Disease
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Colored 3D Analyses of Respiratory Impedance 

Table 4. Multivariate Logistic Regression Analyses

Adjusted Odds 95% confidence
Variables ratio interval p –value

Age (years) 1.070 1.015 − 1.143 0.0254
Male 11.781 1.754 − 102.1 0.0155
Body weight (kg) 0.913 0.842 − 0.977 0.0149
VC (% predicted) 1.073 1.004 − 1.162 0.0557
FEV1 (% predicted) 0.952 0.895 − 1.003 0.0860
�X5 2.142 1.146 – 4.965 0.0403

Abbreviations: �X5, difference between inspiratory X5 and expiratory X5; X5, res-
piratory system reactance at 5Hz; FEV1, forced expiratory volume in 1 second; VC,
vital capacity.

DISCUSSION

We assessed the differences in Rrs and Xrs between patients
with COPD and asthma using a new method of FOT
capable of colored 3-dimensional data visualization. We
demonstrated that whole-breath R5–R20, X5, and Fres and
within-breath changes in Xrs (�X5 and �Fres) discrimi-
nated between patients with COPD and those with asthma.
In multivariate regression analyses, �X5 contributed sig-
nificantly to the differentiation between COPD and asthma,
independent of age, gender, body weight, and pulmonary
function (VC and FEV1).

Using FOT, Rrs was almost constant against the oscillation
frequency in healthy subjects; however, Rrs increased at lower
frequencies and fell with increasing frequencies in patients
with COPD. This phenomenon has been called the frequency
dependence of Rrs, which is explained on the basis of the me-
chanical inhomogeneity of the lungs (1). The method devel-
oped by Kurosawa et al. (8–10) and used in this study clearly
showed the negative frequency dependence of Rrs by colored
3-dimensional images. Further, this method clearly demon-
strated that Rrs was higher and Xrs shifted more negative
in the expiratory phase compared to the inspiratory phase.
These phenomena are called respiratory cycle dependence.
To the best of our knowledge, this is the first study to compare
respiratory Rrs and Xrs with colored 3-dimensional images
among patients with COPD, asthma, and healthy controls.

We consider the colored 3-dimensional analyses conve-
nient for the following reasons. First, respiratory resistance is
colored according to each approximate value (cmH2O/L/s):
1–2, green; 3, yellow; 5, red; and 8, blue, while reactance is
also colored: plus values, green; and minus values, from yel-
low to blue (Figure 1). Thus, colorimetric display enables us
to know the measured values: green means low or normal re-
sistance and blue means very high resistance, and so on. Sec-
ondly, colorimetric display shows disease-specific patterns.

Typical patients with COPD show green in the inspira-
tory phases and yellow-red-blue gradations in the expiratory
phases, reflecting the respiratory cycle dependence. COPD
patients also have the negative frequency dependence, that
is, blue at lower frequencies and yellow or red at higher fre-
quencies. In contrast, patients with asthma show overall yel-
low patterns. If duration of the disease is very long or patients
have uncontrolled asthma, the colorimetric display resembles
the COPD pattern. Thirdly, colorimetric analyses enable us

to detect slight changes in oscillatory indices. In comparison
before and after treatment in COPD, for example, disappear-
ance of blue at the top means the improvement in the course
of the disease.

In the present study, the measurement of whole-breath
R5 and R20 showed no significant difference among pa-
tients with COPD, asthma, and controls except for the dif-
ference in R5 between patients with COPD and controls;
however, whole–breath R5–R20 was significantly higher in
patients with COPD than in those with asthma and con-
trols. The measurement of whole-breath Xrs showed that
X5 was significantly more negative and Fres was more ele-
vated in patients with COPD than in those with asthma and
controls.

Previous studies have shown controversial results. Van
Noord et al. found that Rrs at 6 Hz was significantly in-
creased in patients with asthma compared to patients with
chronic bronchitis or emphysema, but the decrease in Xrs
was least pronounced in patients with emphysema (15),
whereas Paredi et al. reported that whole-breath analysis
of Rrs and Xrs failed to distinguish between patients with
asthma and COPD, even when patients with more severely
affected pulmonary function were compared (3).

Kanda et al. found that whole-breath R20 was significantly
increased in patients with asthma while Fres was elevated in
patients with COPD (4). Concerning R5–R20, Kanda et al.
also reported the highest values in patients with COPD com-
pared to those with asthma and controls, which was consis-
tent with the present study, but others did not analyze this
parameter in this regard. Possible explanations for the dis-
crepancy might be the age distribution of the studied sub-
jects, degree of pulmonary function impairment, or method
of FOT. These findings suggest the limitation of whole-breath
analysis and the need for within-breath, inspiratory and ex-
piratory, analysis of Rrs and Xrs.

Expiratory flow limitation (EFL) during tidal breathing is
a major determinant of dynamic hyperinflation and exercise
limitation in COPD (16). This dynamic airway narrowing has
been detected visually in a patient with severe COPD by a
high-speed electron-beam computed tomography (17). EFL
is common in patients with COPD and is caused by the loss
of pulmonary elastic recoil.

Dellacà et al. reported that within-breath variations of Xrs
(�X5) measured with FOT allowed the detection of EFL
(13,16,18). They stated that, normally, the reactance reflected
the elastic and inertial properties of the respiratory system
but with flow limitation, oscillatory signals could not pass
through the choke points and reach the alveoli, producing a
marked reduction in the apparent compliance and a fall in
reactance. In the present study, we found that within-breath
changes in Xrs (�X5 and �Fres) discriminated between pa-
tients with COPD and asthma.

Previous investigators obtained similar results with the
impulse oscillation system, a slight different method of
FOT from the method in the present study. Paredi et al.
found that inspiratory-expiratory X5 analysis differentiated
patients with asthma from those with COPD (3). Kanda et
al. also demonstrated that within-breath changes in �X5

Copyright C© 2011 Informa Healthcare USA, Inc.
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 K. Mori et al.

were significantly greater, but not �R5, in patients with
COPD than in those with asthma or controls (4). Thus, these
results indicate that within-breath Xrs analyses are a useful
technique to differentiate between COPD and asthma and
possibly to detect EFL.

Using multivariate regression analyses, we found that only
�X5 contributed significantly to the differentiation between
COPD and asthma, independent of age, gender, body weight,
and pulmonary function (VC and FEV1). The patients with
COPD in this study were older, with male dominance, and
severely impaired pulmonary function compared to those
with asthma; however, we could exclude the effects of these
features in the differentiation between COPD and asthma.

Colored 3-dimensional images of representative patients
showed greater negative frequency dependence and higher
values of Rrs in COPD, while moderately high Rrs against en-
tire oscillation frequencies in asthma. The differences in vi-
sualized images were confirmed by the significant differences
in R5–R20 values of patients with COPD compared to those
with asthma in the present study. Studies using the difference
between Rrs at lower and higher frequencies as an index of
the frequency dependence of resistance are increasing.

Dellacà et al. found that mean difference in resistance at
5 and 19 Hz fell significantly after inhalation of bronchodila-
tors in COPD, suggesting that the pattern of airway obstruc-
tion became more monogeneous after bronchodilation (13).
The difference in R5–R20 between patients with COPD and
healthy controls or changes after medications have previously
been reported (5–7). The present study suggests that R5–R20
can be used in whole-breath analysis, whereas the lower sen-
sitivity of Rrs (R5 and R20) compared to Xrs in the discrim-
ination between patients with COPD and with asthma was
consistent with previous studies (3, 4).

The present study also evaluated the differences in Rrs and
Xrs between patients with COPD or asthma and control sub-
jects. Rrs failed to differentiate between patients with COPD
or asthma and controls, except for R5, between patients with
COPD and controls. Whole-breath, inspiratory, and expira-
tory Xrs could discriminate between patients with COPD or
asthma and controls, whereas within-breath changes in Xrs
failed to discriminate between patients with asthma and con-
trols. These results indicate that whole-breath Xrs, not Rrs,
analyses are useful in the differential diagnosis of COPD or
asthma from controls. Also, lack of significant differences be-
tween �X5 and �Fres in patients with asthma and controls
suggested that few patients had dynamic airway narrowing
during tidal breathing at rest.

The method used in the present study was different
from the classical forced oscillation technique using multi-
frequency oscillation signals such as random noise and im-
pulses, which enabled the detection of not only Rrs but also
Xrs in a short time. In this regard, the method used in the
present study resembles the impulse oscillation system (2);
however, the differences between these methods include the
type of pulse impulse (Hanning versus pyramidal), pulse
generation interval (0.25 versus 0.2 seconds), use of ran-
dom noise in addition to pulse impulse as oscillation signals
(present study), and the ability of colored 3-dimensional data

presentation and the analysis of mean changes during a res-
piratory cycle (present study). A strong correlation between
these 2 methods but slightly lower values of Xrs indices in the
present study compared to the impulse oscillation system has
been reported (19).

In conclusion, whole-breath analyses of resistance (the
difference in resistance at 5 and 20 Hz), and whole-breath and
within-breath changes of reactance (reactance at 5 Hz and
resonant frequency) discriminated between patients with
COPD and asthma. Inspiratory-expiratory changes in reac-
tance at 5 Hz significantly contributed to the differentia-
tion between COPD and asthma, independent of age, gender,
body weight, and pulmonary function. The new method of
FOT with colored 3-dimensional data visualization is useful
in the diagnosis of COPD and asthma.
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