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Abstract

Background: Recent studies suggested that the bronchodi-
lator response depends on airway obstruction. The forced
oscillation technique (FOT) may help improve our under-
standing of the changes in respiratory mechanics that occur
after the application of a bronchodilator. Objectives: We
aimed to (1) assess the response to salbutamol and to com-
pare the impedance changes in healthy individuals and
COPD patients, (2) investigate the effects of airway obstruc-
tion on this response and (3) evaluate the utility of the FOT
as a complementary measurement to assess the response to
the bronchodilator. Methods: Twenty-five healthy individu-
als and 82 patients with COPD were assessed with the FOT
followed by spirometry before and after the use of salbuta-
mol. Results: The changes exhibited by the COPD subgroups
were greater than in the healthy individuals (p < 0.05). In-
creased obstruction resulted in decreased reductions in
mean resistance and increased improvements in mean reac-
tance (p < 0.001). In addition, the bronchodilation reduced

the ventilation heterogeneity and the impedance modulus
in all COPD stages (p < 0.05). The correlation coefficients for
the spirometric and FOT changes were low (0.21-0.38). Con-
clusions: In the initial phases of COPD (stage ), the effects of
bronchodilation are greater than in healthy volunteers. The
bronchodilator use improved the oscillatory mechanicsin all
of the studied groups of COPD patients. These improve-
ments are reduced in more advanced phases of airway ob-
struction (I, Il and V). The FOT provides information that
complements the data supplied by spirometry, contributing
to an improvement in the evaluation of the bronchodilator
response in COPD. ©2014 5. Karger AG, Basel

Introduction

Previous studies suggested that the bronchodilator re-
sponse in COPD depends on airway obstruction [1, 2].
This difference may arise from changes in lung volume
that occur secondary to the pathophysiological altera-
tions associated with the progression of the disease [3, 4].
Little is known about the effect of airway obstruction on
the bronchodilator response.
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The forced oscillation technique (FOT) [5, 6] is a com-
plementary method that measures the total resistance (Rrs)
and reactance (Xrs) of the respiratory system. It is able to
provide a detailed analysis of respiratory mechanics, sup-
plying new information on airway obstruction, respiratory
compliance and ventilation homogeneity. This method
may thus contribute to increasing our understanding of the
effect ofairway obstruction on the bronchodilator response
in COPD. However, to our knowledge, there are no studies
in the literature exclusively dedicated to this analysis.

In this context, the aim of our study was to investigate
the effect of airway obstruction on the bronchodilator re-
sponse, analyzing the changes of respiratory impedance
to salbutamol in healthy individuals and COPD patients.

Methods

Participants and Ethical Approval

Between November 2010 and November 2012, the study as-
sessed individuals of 40-80 years of age of both genders who were
assisted at the Newton Bethlem Polyclinics of the Rio de Janeiro City
Council. The sample included 25 healthy individuals without his-
tory of smoking and 82 patients with stable COPD [7] who were
classified as having a mild (I), moderate (II), severe (III) or very se-
vere (IV) obstruction. The eligibility criteria for COPD included a
history of smoking of >10 packs of cigarettes per year, an FEV,/FVC
ratio of <0.7, no respiratory infections in the previous 3 weeks and
an absence of other respiratory diseases or extrathoracic comorbid-
ities including cardiovascular disease, malignant disease and chest
deformities. All patients were stable at study entry. Before the study,
all patients were taking their usual medication as recommended by
the Global Initiative for Chronic Obstructive Lung Disease (GOLD)
[7], but medication that could interfere with the assessment of the
BD response was suspended [as established by the American Tho-
racic Society/European Respiratory Society (ATS/ERS)] [8].

The research protocol was approved by the Ethics Committee
of the State University of Rio de Janeiro and registered at
ClinicalTrials.gov [ClinicalTrials.gov; Identifier: NCT01521572].
All the participants signed an informed consent form.

Study Design

The patients were subjected first to the FOT and then to spirom-
etry to avoid bronchomotor tone alterations and the effect of the
forced expiratory maneuver on the airways. Next, a short-acting
B,-agonist was administered to assess the bronchodilator response.

Spirometry

The flow-volume curves were obtained by means of a bellows
spirometer (Vitatrace VT 130 SL model; Pro Médico Ind Ltd., Rio
de Janeiro, Brazil) to assess FEV| and FVC expressed in liters and
as a percentage of the predicted values. These exams were per-
formed according to the ATS/ERS guidelines for spirometry [8].
To make sure that the increase in FVC in COPD patients was not
associated with a longer expiratory time, we only considered pa-
tients in which the expiratory time after bronchodilation did not
exceed 10% of that before bronchodilation [9].
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Bronchodilator Action

Bronchodilation was induced by inhalation of 400 pg of salbu-
tamol spray in four 100-pg puffs using a spacer with a mouthpiece.
After a gentle and incomplete expiration, each dose of salbutamol
was inhaled in one breath to total lung capacity. The breath was
then held for 5-10 s before the subject exhaled [8]. The doses were
delivered at 1-min intervals. The FOT and spirometry readings
were repeated 15 min after the administration of the bronchodila-
tor. The ATS/ERS criteria [10] were used to define a positive bron-
chodilator response.

Forced Oscillation

The respiratory impedance was measured using a multifrequen-
cy impedance analyzer described previously in detail [11]. The mea-
surements were obtained using the ERS Taskforce recommendations
[5]. This FOT analysis is performed by superposing sinusoidal pres-
sure signals at frequencies that are whole multiples of 2 Hz within
the 4-32 Hz range on the individual’s spontaneous breathing. Mea-
suring the pressure applied and the resulting flow allows the estima-
tion of the respiratory impedance by subjecting the signals to a Fou-
rier analysis. Three consecutive assays were performed (each for
16 s) and their average was considered as the final result. A minimal
coherence function of 0.9 was considered adequate. Any time that
the coherence computed for any of the frequencies was smaller than
this threshold, the maneuver was considered not valid, and the ex-
amination was repeated. The individuals were examined seated with
their heads in a neutral position and they wore a nasal clip during
the tests. The volunteers were asked to breathe calmly and to hold
their cheeks with their hands to minimize the shunt effect [5, 11].

Analysis

The resistance data were subjected to linear regression over a
frequency range of 4-16 Hz [12, 13]. The intercept resistance (R0)
was obtained from this analysis. This parameter estimates how the
cited properties work at low frequencies, and is usually used as an
indicator of airway obstruction. The mean resistance (Rm) is
mainly associated with the caliber of the central airways and it was
also calculated at the abovementioned frequency range. The slope
of the resistive component of respiratory impedance (S), which
indicates the homogeneity of the respiratory system, was also ob-
tained from this analysis. S reflects the frequency-dependent al-
teration in the distribution of gas flow within the system, i.e. both
spatial and temporal inhomogeneity.

The imaginary component of the respiratory impedance was
characterized by the mean reactance (Xm), a parameter related to
the nonhomogeneity of the respiratory system [14]. This param-
eter was calculated over a frequency range of 4-32 Hz. The dy-
namic compliance of the respiratory system (Crs,dyn) was esti-
mated using the reactance of the respiratory system at 4 Hz (Xrs4)
[Crs,dyn = -1/(2nf Xrs4)]. This same frequency was used to assess
the absolute value of the respiratory impedance (Z4Hz). This vari-
able represents the total mechanical load of the respiratory system
and is associated with respiratory work. In this study, Z4Hz main-
ly describes the effect resulting from the total resistance and com-
pliance of the respiratory system [15].

Statistical Methods

The statistical analysis was performed using Microcal Origin
8.0 software. The results are presented as the mean + standard de-
viation. The impact of the B,-agonist on pulmonary mechanics was
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Table 1. Anthropometric and smoking characteristics of the group of healthy individuals and the patient subgroups classified according

to COPD severity®

GOLD Control (n = 25) I(n=22) II (n = 24) III (n = 21) IV (n = 15) ANOVA
Sex, male/female 10/15 15/7 18/6 18/3 6/9 -

Age, years 65.9 (10.3) 62.9 (10.8) 67.7 (11.4) 65.5 (7.7) 66.4 (9.6) n.s.
Height, cm 162.0 (9.7) 161.0 (7.2) 162.5 (8.1) 166.7 (9.8) 163.2 (7.8) n.s.
Weight, kg 63.6 (12.3) 58.1(8.0) 60.7 (13.0) 59.6 (13.0) 62.5(12.4) n.s.
BMLI, kg/m? 24.1(3.2) 22.5(3.4) 23.0 (4.6) 21.3(3.7) 23.4(3.8) n.s.
Current/former smoker - 7/15 8/16 11/10 4/10P -

Data are presented as mean (SD) unless otherwise indicated. n.s. = Not significant.
? Defined according to the 2010 GOLD classification stages I (mild), IT (moderate), III (severe) and IV (very severe).

® One of these patients never smoked.

assessed as the difference of the after-before use of bronchodilator
values (A) and the percentage variation [(A%) = 100 x (postbron-
chodilator - prebronchodilator)/prebronchodilator]. The per-
centage variations were derived from the average values of the
sample. The paired Student t test was used when the data exhibited
a normal distribution and a nonparametric test (Wilcoxon) was
used when the distribution was not normal. A one-way ANOVA
was used to compare the percentage of variation among the sub-
groups of individuals with COPD when the data exhibited a nor-
mal distribution, and a nonparametric test (Kruskal-Wallis) was
used when the distribution was not normal. The Tukey test was
used for the between-group analysis when the data exhibited a nor-
mal distribution; otherwise, a nonparametric Mann-Whitney test
was used. The Spearman correlation was used to investigate the
correlation between the salbutamol-induced changes in the FOT
and spirometry measurements. p < 0.05 was considered statisti-
cally significant.

Results

Study Population

The anthropometric characteristics of the subjects are
described in table 1. The proportion of women was higher
in the control group. Although some small differences in
age, body mass, height and body mass index were found
between the groups, these were not significant (p > 0.05).

Spirometry

Table 2 describes the results of the spirometric param-
eters recorded before and after bronchodilator use. As ex-
pected, these values gradually decreased with the progres-
sion of COPD both before and after the use of the medi-
cation (ANOVA, p < 0.0001).

The healthy individuals exhibited nonsignificant
changes after using the bronchodilator. The bronchodi-
lator significantly decreased airway obstruction in all

Response to Salbutamol in Healthy
Individuals and COPD Patients

stages of COPD. Using the ATS criteria, GOLD I pa-
tients did not have evidence of reversibility by either
FEV, or FVC. For GOLD II patients, there was revers-
ibility by FEV; but not FVC. For GOLD III and IV pa-
tients, there was evidence of reversibility for FVC but
not for FEV,.

Forced Oscillation Technique

Figure 1a—d shows the resistance curves as a function
of the frequency of the control group and the patients
with COPD before and after the use of salbutamol. The
average Rrs values for the COPD subgroups increased
with airway obstruction. The Rrs values decreased over
the entire frequency range after the administration of the
bronchodilator. Such events were more pronounced at
the 4-16 Hz range.

Figure 1e-h depicts the reactance curves as a function
of the frequency of all of the investigated groups. A com-
parison of the COPD groups showed that the Xrs values
became increasingly negative as the severity of the dis-
ease increased. In these patients, the short-acting B,-
agonist influenced the average Xrs values over the entire
frequency range. The changes induced by the broncho-
dilator became more pronounced with increasing dis-
ease severity.

Figure 2a depicts the changes in RO as a function of the
COPD severity. The changes following bronchodilation
were significant in the control and COPD groups (p <
0.05). On average, the COPD patients exhibited greater
reductions in RO percentage values. However, statistical
analysis showed that the reduction in RO in the patients
was only greater than the reduction in the control group
in patient group I (p < 0.02). The increase in airway ob-
struction significantly reduced the percentage of the re-
ductions in RO (ANOVA, p = 0.0001).
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Table 2. FEV, and FVC at baseline, after salbutamol and the resulting change

GOLD Control I II 111 IV ANOVA ANOVA
all only COPD

Flow
FEV, before BD, 1 2.71 (0.9) 2.14 (0.4)* 1.41 (0.3) 1.07 (0.2) 0.58 (0.1) <0.0001  <0.0001
FEV after BD, 1 2.74(0.9) 2.24(0.5) 1.62 (0.4) 1.18 (0.2) 0.67 (0.2) <0.0001  <0.0001
AFEV,, 1 0.03 (0.1)n.s.  0.10 (0.3)* 021 (0.2)t  o.11 (0.1t 0.08 (0.1)* <0.0001  <0.0001
AFEV,, % 1.06 (2.9) 5.47 (15.6) 15.87 (14.9) 11.63 (11.7) 14.56 (14.3) <0.0001  <0.0001
FEV, before BD, %p  106.6 (21.5) 84.6 (10.3) 58.3(12.2)  38.5(7.87) 24.5 (4.83) <0.0001  <0.0001
FEV) after BD, %p 107.5 (20.4) 89.3 (10.7) 66.3(10.1)  42.4 (6.15) 28.0 (6.92) <0.0001  <0.0001
FEV,, A%p 0.9 (3.45)n.s. 4.7 (10.2)* 8.0 (6.33)F 3.9 (4.18)% 3.5(4.12)F  <0.0001  <0.0001

Volume
FVC before BD, 1 3.27 (1.1) 3.41(0.6) 2.75 (0.6) 2.66 (0.6) 1.67 (0.4) <0.0001  <0.0001
FVC after BD, | 3.24 (1.1) 3.36 (0.7) 3.02 (0.6) 3.04 (0.7) 1.93 (0.6) <0.0001  <0.0001
AFVC, 1 -0.03 (0.1)n.s.  -0.05(0.3)n.s.  0.26 (0.3)T  0.38 (0.3)f 0.26 (0.2)" <0.0001  <0.0001
AFVC, % -1.17 (4.7) -1.47 (8.6) 10.46 (11.6) 14.73 (13.3) 15.27 (12.9) <0.0001  <0.0001
FVC before BD, %p  104.5 (20.6) 107.5 (11.1) 90.0 (14.8)  77.2(14.2) 57.2 (10.6) <0.0001  <0.0001
FVC after BD, %p 103.1 (21.8) 106.5 (12.3) 98.6 (15.1)  87.8(15.5) 63.6 (13.8) <0.0001  <0.0001
FVC, A%p -1.4 (42)ns.  -0.95 (6.60)n.s.  8.65(9.50)%  10.7 (9.36)" 6.42 (9.82)*  <0.0001  <0.0001
FEV,/FVC before BD  81.8 (6.60) 62.9 (5.89) 52.1(10.7)  40.1(8.80) 35.7 (6.24) <0.0001  <0.0001
FEV/FVC after BD 83.8 (6.43) 66.74 (4.54) 54.4(10.3)  39.1(8.23) 35.8 (8.33) <0.0001  <0.0001
AFEV,/FVC 2.03 (3.12)n.s.  3.79 (5.23)* 2.29 (4.32)* -1.01(2.85)n.s.  0.09 (4.18)n.s. <0.0001  <0.0001

Data are presented as mean (SD). The far right column is the comparisons including only groups of patients with COPD. BD = Bron-
chodilator; n.s. = not significant; A = absolute change (post-BD - pre-BD); A% = percentage change (post-BD - pre-BD/pre-BD)-100;
%p = percent predicted; A%p = %p post-BD — %p pre-BD.

*p <0.05,%p <0.006, T p <0.0001 (baseline comparisons).
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Fig. 1. Respiratory resistance (a-d) and reactance (e-h) as a function of frequency before and after bronchodilator application (BD) in
the control group and the COPD subgroups according to the degree of airway obstruction.

(For figure 1c-h see next page.)
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Fig. 2. Total respiratory resistance (a), mean resistance (b) and
slope of the resistance values (c) before (dense column) and after
(white column) salbutamol administration in the control group
(C) and in the COPD subgroups. % = Average value of percentage
change in each studied subgroup. * p < 0.05, ** p < 0.005, *** p <
0.0001 show significant differences. n.s. = Not significant.
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Fig. 3. Mean respiratory reactance (a) and dynamic compliance (b) before (dense column) and after (white column) salbutamol admin-
istration in the control group (C) and in the COPD subgroups. % = Average value of percentage change in each studied subgroup. * p <
0.05 show significant differences. n.s. = Not significant.
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Table 3. Absolutes value of the difference in resistive and reactive parameters

Control II 111 1A% ANOVA ANOVA Adjacent

only all, p groups
COPD, p

ARO (cm H,0/1/s) -0.21(0.4) -0.89(0.9) -0.89(1.7) -0.87(1.1) -0.77(1.4) <0.0001 <0.0001 C-LIL I, IV

ARm (cm H,0//s) ~0.23(0.3) -0.65(0.8) -0.57(1.0) -0.41(0.5) -0.33(0.6) <0.001  <0.0001 C-L IL IIL, IV

AS (cm H,0/1/s2) 1.76 (16.1)  25.22 (40.9) 48.87 (54.5) 50.31(67.2) 63.38 (64.5) <0.0001 <0.0001 C-I,IL IIL, IV

AXm (cm H,0/1/s) 0.02(0.1)  0.03(0.5)  0.44(0.7)  052(0.7)  0.56(0.8) <0.0001 <0.0001 C,I-IL, III, IV

ACrs,dyn (ml/cm H,0) 2.1(153)  3.3(43) 1.5 (3.8) 1.4 (2.4) 0.7 (0.8) <0.0001 <0.0001 C,1IILIIIL IV

AZ4Hz (cm H,O/1/s) -0.22(0.3) -0.99(1.3) -1.25(1.7) -1.38(1.6) -1.95(2.3) <0.0001 <0.0001 C-LILIILIV

Data are presented as mean (SD). A = absolute change (postbronchodilator - prebronchodilator). p < 0.05 is significant. The far right
column is the comparison between adjacent groups: a dash indicates a significant difference.

Z4Hz (cm H,0/1/s)

p < 0.0001

ANOVA p < 0.0001

p < 0.0001

p < 0.0007

~18.7%
p < 0.04

—
-17.9%
*

-14.7%

1
-13.8%
*

Fig. 4. Respiratory impedance modulus in 4 Hz (Z4Hz) before
(dense column) and after (white column) salbutamol administra-
tion in the control group (C) and in the COPD subgroups. % =
Average value of percentage change in each studied subgroup.
* p < 0.005, significant difference.

Salbutamol administration significantly reduced Rm
in all groups (fig. 2b; p < 0.05), with the exception of pa-
tients with very severe obstruction (group IV). The
changes in the percentage values were not significantly
different between the patients and the controls. The per-
centage variation in Rm decreased significantly as the re-
spiratory obstruction increased (ANOVA, p < 0.002).

While the control group did not exhibit significant
changes in S, all the COPD groups exhibited a significant
reduction (fig. 2¢; p < 0.05). The percentage reduction in
S was, on average, larger in the patients with COPD.
Groups I, ITand IV exhibited statistically (p < 0.02) great-
er changes than the control group.

Response to Salbutamol in Healthy
Individuals and COPD Patients

Following bronchodilation, Xm became less negative
in all groups (p < 0.05) except for the control group
(fig. 3a). On average, the percentage changes were greater
in the patients; these changes were significantly different
from the control group in groups IL, III and IV. The per-
centage variation in Xm decreased significantly (ANOVA,
p < 0.0001) with the progression of airway obstruction in
COPD patients.

Figure 3b shows that the changes in Crs,dyn in the
control group were not significant. Conversely, Crs,dyn
increased significantly in the individuals with COPD at
all levels of bronchial obstruction (p < 0.01). The percent-
age changes did not differ between the COPD groups and
the control group, and such changes decreased with the
airway obstruction (ANOVA, p = 0.0001).

Figure 4 shows a significant reduction in Z4Hz in the
control group after bronchodilation (p < 0.005). This ef-
fect was also significant in the patients (p < 0.005). The
reduction in Z4Hz was greater in the patients in all stages
of COPD than in the control group (p < 0.04). The per-
centage variation in this parameter was reduced by the
severity of bronchial obstruction (ANOVA, p = 0.0001).

Table 3 shows the absolute values for the differences in
the measurements taken before and after salbutamol ad-
ministration in the healthy individuals and the COPD pa-
tients. In general, the changes were greater in the patients
than in the healthy subjects in R0, Rm, S, Xm, and Z4Hz.
The change in the absolute value of Crs,dyn was greater
in controls than in groups II, III and IV. The magnitude
of the changes in these parameters due to bronchodila-
tion was influenced by the severity of the disease. The
changes in RO, Rm and Crs,dyn decreased whereas the
changes in S, Xm and Z4Hz increased with airway ob-
struction (p < 0.0001).
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Correlations between Changes due to Bronchodilator

Use in Forced Oscillation and Spirometric Parameters

These correlations were mainly not significant, and the
statistically significant ones were weak. The changes in RO
and Rm did not correlate with spirometric parameters.
Conversely, AS exhibited a weak, albeit significant, inverse
correlation with AFVC (r =-0.24; p = 0.02), AFEV| % (r =
-0.28; p=0.003) and AFEV/FVC % (r=-0.31; p = 0.002).
AXm was associated with AFEV] (r = 0.23; p = 0.02) and
AFVC (r = 0.38; p = 0.0001), while ACrs,dyn was corre-
lated with AFVC % (r = 0.21; p = 0.03). AZ4Hz was associ-
ated with AFVC (r = -0.27; p = 0.01).

Discussion

In healthy individuals, the bronchodilator response
was associated with slight changes in the respiratory im-
pedance. In the initial phases of COPD (stageI), the bron-
chodilation effects in the respiratory impedance were
greater than in the healthy volunteers. These effects are
related mainly to an increase in central airway broncho-
dilation, and improvements in ventilation homogeneity
and total mechanical load. The bronchodilator use im-
proved the respiratory impedance in all of the COPD pa-
tients; these improvements were reduced in the more ad-
vanced phases of airway obstruction (II, IIT and IV).

The individuals with stage I COPD did not exhibit a
significant change after the use of the bronchodilator (ta-
ble 2). In contrast, those with more advanced obstruc-
tions (stages II-1V; table 2) exhibited statistically signifi-
cant bronchodilator responses. These results are in agree-
ment with Schermer et al. [1], who suggest that the
response measured as FVC is greater at the most severe
stages of disease; the results in table 2 are also in agree-
ment with this. According to O’Donnell [16], the airway
becomes even narrower and is associated with remodel-
ing, the loss of elastic recoil and airway collapse during
the more advanced stages of COPD (stages II-IV). These
changes promote air trapping. This description is coher-
ent with the FVC reduction described in table 2.

Resistance and Reactance Curves before and after
Bronchodilation

Figure la shows that after the administration of the
bronchodilator, Rrs exhibited a proportional reduction of
between 4 and 32 Hz in the control group, confirming
previous results [17]. This reduction may be associated
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with the reduction in peripheral airway resistance caused
by smooth muscle relaxation.

The changes became more pronounced as airway ob-
struction increased in the COPD patients (fig. 1a-d), con-
sistent with structural alterations observed in this disease
[18]. After the use of the short-acting {3,-agonist, Rrs de-
creased in all of the COPD patient subgroups. A reduction
in the negative dependence of the Rrs curve with frequency
was also evident. Previous studies investigating adults with
asthma and COPD have reported similar results [19-21].

After the use of the bronchodilator in the control
group (fig. 1e), Xrs exhibited small changes at the inves-
tigated frequency range, confirming previous findings
[17]. In agreement with a study by Dellaca et al. [21], the
reactance values decreased following bronchodilator use
in the COPD patients; the reduction of Xrs was propor-
tional to the increase in bronchial obstruction (fig. 1e-h).
Such changes occur mainly at the lower frequencies.

It was demonstrated that COPD progression is related
to distal airway impairment due to luminal obstruction
and wall thickening in its early stages [22]. These changes
would result in more pronounced changes in resistance
than in reactance (fig. 1a vs. fig. le). Loss of elastic recoil
due to the disruptions of alveolar attaches is supposed to
occur afterwards [22]. These changes are clearly illustrat-
ed by the increases in reactance (fig. 1f-h) and indicate
that the FOT may contribute to better monitoring of the
progression of COPD.

Resistive Properties of the Respiratory System

In agreement with previous studies [23-26], we found
a slight reduction in the total respiratory resistance of
healthy individuals following the use of salbutamol (fig. 1,
2a,b). Salbutamol did not have a significant impact on the
homogeneity of their respiratory system (fig. 2c). This re-
sult might be explained by the fact that the respiratory
system of healthy individuals is considered to be a homo-
geneous system.

The percentage reductions in RO (fig. 2a) agree with
the studies performed by Lorino et al. [27] and Zerah et
al. [20] that examined moderately ill patients and those
with severe obstructions, respectively. Table 3 shows that
the variation in RO tends to decrease as obstruction in-
creases. The observed decrease may be probably ex-
plained by the increasing effects of remodeling in respira-
tory resistance along with COPD stage.

Figure 2b shows that Rm decreased in almost all of the
investigated groups, and that the reduction in Rm variation
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that occurs as airway obstruction increases. Such a reduc-
tion was also observed for the average Rm values described
in table 3. According to Jeffery [28], airway remodeling oc-
curs at the more advanced stages of COPD. This finding
could explain the reduced central airway bronchodilation
(measured by Rm) observed in the advanced stages.

Our results for severe COPD (fig. 2c; table 3) agree
with the findings by Zerah et al. [20]. The decrease in S
might reflect an improvement in ventilation homogene-
ity [20] that could explain the improvement of dyspnea in
COPD patients after bronchodilator use. It is worth em-
phasizing that the percentage variation in S decreased as
airway obstruction decreased (fig. 2¢), indicating a lesser
effect in patients at the more severe stages.

Reactive Properties of the Respiratory System

Houghton et al. [24, 25] and Singh et al. [26] did not
find significant changes in reactance at 5 Hz following the
use of short- and long-acting bronchodilators in healthy
individuals. These results agree with our findings (fig. 3a;
table 3) and indicate that the reactive properties of the
respiratory system of healthy individuals do not change
following bronchodilation.

The abnormalities in Xm decreased following the use
of bronchodilators (fig. 3a; table 3). These findings agree
with previous results [19, 29] and reflect an improve-
ment in pulmonary ventilation. According to Wouters et
al. [29], the inhalation of 400 pg of salbutamol increases
the absolute value of reactance variation at all frequen-
cies. In agreement with our results, Van Noord et al. [19]
found more pronounced absolute and percentage varia-
tion at low frequencies. Studies by Dellaca et al. [30-32]
indicate that changes in Xrs5Hz may reflect the number
and distribution of choke points along the bronchial tree.
Based on this concept, we hypothesize that the broncho-
dilator reduced the number of choke points and conse-
quently reduced the airflow limitations in our patients
[33].

The increase in Crs,dyn (fig. 3b) may be explained by
the fact that bronchodilators improve the compliance of
the airway walls and relax the bronchial smooth muscle
[34]. The percentage (fig. 3b) and the absolute value (ta-
ble 3) of the Crs,dyn variation were reduced with the se-
verity of COPD. Changes in compliance mainly reflect
events occurring in the peripheral airways. Therefore, in-
creased compliance most likely reflects an improvement
in lung expansion that is associated with the dilation of
the peripheral airways.

Response to Salbutamol in Healthy
Individuals and COPD Patients

Impedance Modulus

The total mechanical load, described by Z4Hz, may be
related to the increase in respiratory work, fatigue and
shortness of breath typical in COPD patients [15, 35, 36].
The control group exhibited little variation (fig. 4); this
was most likely associated with a physiological response
involving the airway epithelium, nerves, mediators and
bronchial smooth muscle [6, 10, 37]. The greater (fig. 4)
and increasing (table 3) reductions exhibited in COPD
patients may be explained by the increased bronchial re-
activity that occurs at the more severe stages of the dis-
ease; this is usually attributed to an excessive reduction in
airway caliber that amplifies the effect of the bronchodila-
tor on the expiratory flow. Changes in the radial traction
favoring airway narrowing may be found at any stage of
severity because these changes are associated with the
COPD phenotype [22, 38]. Our data (fig. 1-4; table 3)
lend further support to the hypothesis that COPD is not
a fully irreversible disease, recently suggested in 2 large
clinical trials [39, 40].

Impulse oscillometry (IOS) is a relatively new method
that is able to measure respiratory impedance. This differs
from the classic FOT with regard to excitation, data pro-
cessing and the parameters used to interpret the raw data
[41,42]. It has been used to evaluate the response to bron-
chodilators in asthma. Park et al. [43] suggested that IOS
may complement the estimation of obstruction and bron-
chodilation in asthmatic adults, and that its discrimina-
tive power for airway obstruction and sensitivities for
bronchodilation are comparable to FEV. Nair et al. [44]
compared spirometry and IOS in the ongoing broncho-
dilator response, showing that R5Hz and FEV correlate
in patients with asthma and healthy subjects. Short et al.
[45] observed that IOS has a more sensitive response out-
come than spirometry with respect to bronchoconstric-
tion to oral propranolol and bronchodilation after salbu-
tamol in patients with mild to moderate asthma.

Correlation of the Bronchodilator Response with
Volume and Impedance

These results are in agreement with what has been de-
scribed previously in chronic bronchitis [46] and asthma
[44], suggesting that the FOT assessment supplies infor-
mation that is different from the information obtained on
spirometry. AXm and AFVC exhibited the strongest cor-
relation, indicating that AXm is related to the reduction
of hyperinflation.
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Limitations of the Study

The presence of a shunt can induce changes in respira-
tory impedance that may mask physiological and patho-
physiological information [5, 6]. To minimize these er-
rors, the participants were asked to hold their cheeks
firmly with their hands during the tests. Another source
of error is the noise signal associated with spontaneous
ventilation. We reduced this by adopting a minimal co-
herence function of 0.9, which ensures an error of <5%.

The impact of the bronchodilator on the reduction of
ventilation heterogeneity and its relationship with dys-
pnea, exercise capacity and hyperinflation at the different
stages of COPD can also influence the bronchodilator re-
sponse, but we did not address these issues.

Study guidelines [7, 47] and clinical trials [48, 49] do
not insist on the determination of the predominant
COPD phenotype in individual patients. However, we be-
lieve that studies focusing on groups of COPD patients
with clearly characterized pulmonary emphysema or
chronic bronchitis could contribute to a more detailed
examination of the effects of salbutamol and should
therefore be addressed in future research.

The weak correlations between changes in the FOT and
spirometric parameters indicate that the FOT may provide
new information concerning bronchodilator response.
The use of clinical criteria as a gold standard may contrib-
ute to indicate the added value of the FOT over conven-
tional spirometry. This hypothesis warrants further study.
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