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Background: Airway hyperreactivity (AHR) has been described in patients with chronic
obstructive pulmonary disease (COPD). However, the nature and characteris-
tics of AHR in this disease have not been fully investigated.

Methods: AHR was examined in a sample of 33 patients with COPD and 25 with asth-
ma and compared during continuous inhalation of stepwise increased con-
centrations of methacholine. Respiratory resistance (Rrs) was measured by
the forced oscillation technique and the dose-response curves were recorded.

Results: The mean values for both forced vital capacity (FVC) and forced expiratory
volume in 1s (FEV1) were well-preserved in subjects with asthma. In con-
trast, there was an obstructive ventilatory defect in patients with COPD, as
evidenced by the FEV1/FVC ratio, which fell below 70%. Upon metha-
choline challenge, only 54.5% (18/33) of the patients with COPD had AHR,
compared with 100% (25/25) of those with asthma. Analysis of the dose-
response curves revealed that the patients with COPD had a significantly
higher baseline Rrs, and thus lower baseline respiratory conductance (Grs),
than those with asthma. The cumulative dose of methacholine capable of
provoking a positive reaction was significantly higher in patients with
COPD. The slope of the Grs was also less steep in responders with COPD.
There was good correlation between the severity of AHR and the initial level
of airway narrowing in patients with COPD (r = 0.623, p < 0.01), but not in
those with asthma.

Conclusion: AHR is not uncommon in COPD, and it has different characteristics from
that occurring in asthma.
(Chang Gung Med J 2010;33:515-23)
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Symptomatic chronic obstructive pulmonary dis-
ease (COPD) is frequently associated with

impaired ventilatory capacity which may result from
airflow limitation, hyperinflation, ventilation-perfu-
sion maldistribution, and increased dead space.(1) The

pathologic basis of the largely irreversible airway
obstruction is inflammatory with fibrotic changes in
the peripheral airways and loss of elastic lung recoil.
Airway hyperreactivity (AHR) has been described in
COPD,(2,3) and it has been suggested that this
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increased response to provocative stimuli may be
involved in the deterioration of lung function.(4)

Unlike asthma patients, however, not all patients
with COPD present with AHR.(5,6) In addition, char-
acteristics of the AHR in COPD are not fully under-
stood because of differences in methods and dose
schedules of the provoking agent used by various
investigators.

Bronchial provocation with stimulants or aller-
gens is a valuable and widely used technique to
examine the hyperreactivity of airways, particularly
for the diagnosis of bronchial asthma. The test is
conventionally assessed by maximally forced
spirograms.(7) Since the bronchial reactivity apparent-
ly may not be determined by a single dose-response
relationship, multiple expiratory efforts are required
following serial inhalations of increasing doses of
the challenging agent. Repeated forced inspirations
and expirations might induce bronchoconstriction.
Although a rapid method for measurement of
bronchial responsiveness has been described,(8) it
requires a modification of the dose schedule to short-
en the procedure. Moreover, the change in forced
expiratory volume in 1s (FEV1) still remains to be
determined following each dose.

It has been advocated that the total respiratory
resistance (Rrs) measured by the forced oscillation
technique might be a sensitive indicator of airway
narrowing.(9,10) The measurement is made during con-
tinuous tidal breathing without intermittent maximal
exhalations by the subjects. In fact, dose-response
curves of Rrs during inhalation challenge have been
obtained and analyzed by several investigators to
examine bronchial responsiveness.(11,12) In the present
study, we applied this method to evaluate the inci-
dence, nature and characteristics of AHR in patients
with COPD or asthma. The purpose of this study was
to explore the similarities and differences in
bronchial responses to methacholine challenge
between patients with COPD and those with asthma.

METHODS

Patients
A total of 33 patients, 8 women and 25 men,

with COPD, and 25 patients, 11 women and 14 men,
with bronchial asthma were selected consecutively
from our pulmonary clinic. All patients were fol-
lowed up regularly by a chest physician, and were

recruited on the basis of clinical and roentgenologic
assessment in addition to pulmonary function test
results. The diagnosis of pulmonary emphysema
and/or chronic bronchitis fulfilled the criteria estab-
lished by the American Thoracic Society.(13) The
duration of COPD ranged from 3 to 8 years. All
COPD patients were symptomatic and used bron-
chodilators including inhaled anticholinergic agents,
and/or mucolytics. However, none of them used
antibiotics, oral or inhaled corticosteroids, or domi-
ciliary oxygen. We did not include those patients
with clinical evidence of bronchiectasis, pulmonary
tuberculosis, pneumoconiosis, unstable cardiovascu-
lar disease, or those with FEV1 values less than 50%
of predicted.

Patients in the asthma group had a history of
breathlessness, cough, and recurrent attacks of
wheezing. The onset of the disease was before the
age of 35 years, and airway obstruction was largely
reversible after medication. All of them had been
diagnosed by a doctor as having asthma before entry
into the study. The duration of asthma ranged from 5
to 23 years, and the severity was classified as mild to
moderate because they had between 2 and 8 attacks
of wheezing per year.

All subjects were in stable condition. None of
them had been admitted to the hospital in the past 2
months because of secondary infections or acute
exacerbations. This project was approved by the
local Human Research Committee and informed con-
sent was obtained from each subject.

Each subject underwent a physical examination.
Health information such as respiratory symptoms,
occupational histories, smoking habits and past his-
tories of hypertension, diabetes, chronic lung and
cardiac disease, and neuromuscular disorders were
obtained from a questionnaire modified from those
cited in the Epidemiology Standardization Project.(14)

Laboratory investigations including determination of
the blood eosinophil count and total serum
immunoglobulin E (IgE) level were also conducted
in each subject.

Pulmonary function tests
Subjects were not allowed to take bronchodila-

tors for at least 12 hours prior to testing. Vital capaci-
ty (VC) and each forced expiratory spirogram were
recorded with an automated plethysmograph (CS-
828 FC, CHEST Inc., Tokyo, Japan). VC was mea-
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sured by having each subject exhale completely, fol-
lowed by a slow and maximal inhalation. Forced
vital capacity (FVC), FEV1 and the FEV1/ FVC
ratio were determined from the maximal expiratory
flow volume curves. Inspiratory capacity (IC) was
calculated as the sum of the tidal volume and inspira-
tory reserve volume. The thoracic gas volume was
measured by the panting technique with the same
body box to derive the residual volume (RV), total
lung capacity (TLC) and RV/TLC ratio.

Methacholine challenge
Bronchial responsiveness was examined by a

methacholine challenge and continuous measurement
of total respiratory resistance (Rrs) during tidal
breathing.(10) An astograph (TCK-6000, CHEST M.I.
Inc., Japan), which employed the forced oscillation
principle to record dose-response curves for
bronchial provocation tests, was used in this study. In
this apparatus, rapid oscillations of flow at the mouth
were produced with a loudspeaker system driven by
a low frequency sine-wave generator and power
amplifier. Pressure oscillations at the frequencies of
5 Hz were then generated and applied to the mouth.
The air flow at the mouth was measured with a
Fleish No. 2 pneumotachometer (Hewlett-Parkard,
Cupertino, CA, U.S.A.) and the mouth pressure was
measured with a differential pressure transducer (MP
45-1, Validyne, Northridge, CA, U.S.A.). Spectral
analysis of the resulting pressure and flow signals
was performed by a computer. It yielded calculations
of the Rrs and respiratory conductance (Grs), the rec-
iprocal of Rrs.

The instrumentation also consisted of 12 nebu-
lizers capable of generating aerosols with a particle
size of less than 5 µm. Nebulizer 1 contained 0.9%
normal saline; nebulizers 2-11 contained 0.05, 0.1,
0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8, and 25.6 mg/ml of
methacholine, respectively; nebulizer 12 contained
2.5 mg/ml of terbutaline as a bronchodilator. Rrs was
directly recorded with an X-Y recorder (Graphtec
WX-2400). Aerosols were delivered from each nebu-
lizer for 1 min in sequence beginning with no. 1, and
inhaled by the subject until the Rrs reached twice the
baseline values. In that case, the methacholine chal-
lenge was terminated and terbutaline was adminis-
tered immediately. The cumulative dose of metha-
choline (Dc) at the point where the Rrs started to
increase prominently was calculated and expressed

as a methacholine unit. We defined the unit in a way
similar to the method of Chai et al.,(15) i.e., 1 unit
equals 1 min inhalation of 1 mg/ml methacholine.
We also defined Dc as the indicator for bronchial
sensitivity. Another calculated parameter was the
Grs. Therefore, as the linear slope of the Grs (SGrs)
decreased, the SGrs was used to represent bronchial
reactivity.

Statistical analysis
Results were expressed as the mean SD.

Values for lung function variables were corrected for
age and body size using previously established refer-
ence equations,(16,17) and were expressed as the per-
cent predicted (%p). All data were coded, entered
into a DEC10-Cyber 175 computer system, and ana-
lyzed using Statistical Analysis System (SAS
Institute, Cary, NC, U.S.A.) software. The differ-
ences in lung function data and bronchial response
between patients with COPD and asthma were exam-
ined by unpaired t-test. Pearson’s correlation coeffi-
cient was calculated to examine the association
between the FEV1 and severity of AHR in respon-
ders. The chi-square test was performed to compare
the percentages of responders between groups. The
level of statistical significance was set at p = 0.05.

RESULTS

Table 1 shows the physical and clinical charac-
teristics, and smoking habits of the subjects accord-
ing to their disease grouping. Patients with COPD
and asthma were similar in terms of body size and
gender. Although the former group was slightly older
than the latter, the difference was statistically
insignificant (p = 0.08). In addition, more subjects
with COPD had associated respiratory symptoms and
there were more smokers in the COPD group than
the asthma group. In both groups, the most common
symptoms encountered were cough and chest tight-
ness. Enhanced IgE synthesis, as reflected by a total
serum IgE level of > 100 IU/ml, was found in 84%
(21/25) of asthmatic subjects. In contrast, only 9%
(3/33) of patients with COPD had an abnormally
increased IgE level. The eosinophil count in the
peripheral blood was much higher in asthma patients
than COPD patients.

The pulmonary function level of both study
groups before bronchial provocation is summarized
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in Table 2. The mean values of the FEV1 and the
FEV1/ FVC ratio in COPD patients were consistent-
ly lower than those of asthma patients. An obstruc-
tive ventilatory defect was present in the COPD
group because the mean ratio of the FEV1/ FVC was
< 70%. In addition, although the IC was not different,
the RV/TLC ratio was significantly higher among
patients with COPD. Thus, the pulmonary function
in asthma patients was well-preserved and better than
that found in patients with COPD.

As shown in Table 3, the baseline Rrs in COPD
patients was significantly higher than that in those
with asthma. However, a more prominent difference
in the Grs between groups was noted. Only 54.5% of
COPD patients had a Rrs increased by twice or more
by the highest dose of methacholine, compared to
100% of the asthma patients. Although both baseline
Rrs and Grs were measured in all subjects, Dc and
SGrs, by definition, were only able to be recorded in
responders. In the methacholine provocation, the
mean values for Dc in responders who had COPD
were significantly higher (6.5 5.2 units) than in
those who had asthma (1.2 0.9 units), suggesting

relatively less severe AHR in patients with COPD in
terms of methacholine dose. We did not find a partic-
ularly significant relationship between SGrs and
FEV1 in either the COPD or asthma group (r =
– 0.125 and 0.094, 95% confidence interval [CI],
– 0.172 to – 0.068 and 0.039 to 0.147, respectively; p
> 0.1).

Table 3. Data on AHR in Subjects with COPD and Asthma

Subjects with Asthmatics
p value*

COPD (n = 33) (n = 25)

Baseline Rrs, cmH2O/L/s 5.2 1.4 4.3 1.2 0.02

Baseline Grs, L/s/cmH2O 0.18 0.05 0.24 0.06 < 0.001

No. (%) of responders 18 (54.5) 25 (100) < 0.001†

Dc in responders, unit 6.5 5.2 1.2 0.9 < 0.001

SGrs in responders, 

L/s/ cmH2O /min 0.045 0.021 0.062 0.027 0.008

Abbreviations: Rrs: respiratory resistance; Grs: respiratory conduc-
tance; Dc: cumulative dose of methacholine at which Rrs began to rise in
a positive reaction; SGrs: the linear slope of Grs; *: From unpaired t-test;
†: From chi-square test.

Table 1. Physical and Clinical Characteristics of Subjects with COPD
and Asthmatics

Subjects with
Asthmatics p value

COPD

No., M/F 25/8 14/11 NS

Age, years 56.3 14.5 48.7 17.6 0.08

Height, cm 164.7 6.4 162.5 7.2 NS

BSA, m2 1.68 0.13 1.63 0.15 NS

Respiratory

symptoms, n (%) 33 (100)000 12 (48)000 p < 0.001* 

Cough 25 (76) 11 (44)

Chest tightness 18 (55) 12 (48)

Sputum 16 (49) 3 (12)

Breathlessness 13 (39) 8 (32)

Wheezing 10 (30) 9 (36)

No. (%) of smokers 26 (79)000 5 (20)000 p < 0.001*

Blood eosinophil 56 23 248 42 p < 0.001†

count, l/mm3

Total serum IgE, IU/ml 41.2 18.7 236.5 94.3 p < 0.001†

Abbreviations: COPD: chronic obstructive pulmonary disease; BSA:
body surface area; IgE: immunoglobulin E; NS: not significant; *: From
chi-square test; †: From unpaired t-test. 

Table 2. Pulmonary Function Data

Subjects with Asthmatics
p value*COPD (n = 33) (n = 25)

FVC, L 2.74 0.93 3.21 0.84 NS

FVC, %p 93.8 12.5 98.6 10.2 NS

FEV1, L 1.62 0.41 2.67 0.63 NS

FEV1, %p 69.8 14.5 88.6 13.3 p < 0.001

FEV1/ FVC, % 60.3 8.7 82.3 6.9 p < 0.001

IC, L 2.37 0.44 2.51 0.56 NS

RV/TLC, % 39.4 8.2 28.5 4.7 p < 0.001

n (%) of broncho-

dilator reversibility†

FEV1 11 14% 7 (21)

FEV1 6 10% 16 (49) –

FEV1 < 5% 10 (30)

Abbreviations: COPD: chronic obstructive pulmonary disease;
FVC: forced vital capacity; FEV1: forced expiratory volume in
1s; IC: inspiratory capacity; TLC: total lung capacity; RV: resid-
ual volume; %p: percent of predicted values; NS: not significant;
*: From unpaired t-test; †: Based upon the response to 250 µg
terbutaline and expressed in terms of prebronchodilator FEV1, as
a percentage of post bronchodilator FEV1.
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The dose-response curves of the airways to
methacholine challenge in two responders with asth-
ma and COPD are displayed in Figs. 1 and 2. In both
responders, the pronounced increase in Rrs by

methacholine inhalation produced a triangular curvi-
linear pattern. The shape and position of the curves
describe the sensitivity and reactivity of the airways
to the provoking agent. The SGrs (the bronchial
reactivity) during a positive reaction was also less
steep in patients with COPD than in those with asth-
ma (Table 3).

In this study, the relationship between the initial
airway caliber and the magnitude of bronchial
responsiveness in responders was examined.
PD35Grs is the cumulative dose of methacholine
which results in a 35% decrease in Grs and its posi-
tion is affected both by the Dc and SGrs, so we chose
PD35Grs as the indicator to estimate the magnitude
of a response. It is evident from Fig. 3 that there was
a good correlation between the percent of predicted
values of the initial FEV1 and PD35Grs values in the
patients with COPD (r = 0.623, 95% CI, 0.785 to
0.472, p < 0.01), while no significant correlation (r =
0.157, 95% CI, 0.083 to 0.229, p > 0.1) was found
between these two variables in asthma patients.
Thus, the level of airway obstruction could modify
the dose-response curves in COPD, but not in asth-
ma. The configuration of the curves during AHR to
methacholine in patients with COPD is a function of
their initial level of airway narrowing.
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DISCUSSION

Although both COPD and asthma are character-
ized by similar respiratory symptoms such as airway
obstruction and inflammation, they are etiologically
distinct disease entities.(18,19) Association of an inherit-
ed allergic constitution (atopy) and the risk of devel-
oping reversible bronchospasm have been found in
asthma. By contrast, COPD is a disease of late adult
life associated with cigarette smoking, and is mani-
fested by irreversible reduction in expiratory flow
rates, although there may be a limited improvement
in FEV1 in response to bronchodilator therapy. Since
full understanding and prevention of both asthma
and COPD are not satisfactory at present, methods to
differentiate the diseases are required for better man-
agement and an improved prognosis.

Increased airway responsiveness to non-specific
stimuli such as histamine, methacholine and cold air
inhalation is generally regarded as a hallmark of
asthma. However, AHR also can be found in persons
with acute airway infections(20) or COPD.(2,3)

Moreover, the prevalence and nature of AHR in
COPD are somewhat different from those observed
in asthma.(2,21) Our study demonstrated that although
AHR is not uncommon in patients with COPD, the
incidence is much lower than that found in those
with asthma. This implies that the threshold to
induce responses to a methacholine challenge may
not be the same in the two groups. Impaired spiro-
metric function is also not a prerequisite for AHR
since all the subjects with asthma in this study had
normal ventilatory capacity. Therefore, the preva-
lence of AHR in subjects with airflow limitation is
not necessarily related to the level of resting airway
obstruction.

Bronchial challenge in subjects with severe air-
way obstruction may induce bronchospasmotic
attacks during the procedure, which requires imme-
diate management. For safety reasons, we excluded
patients with a FEV1 of < 50% of predicted.
Therefore, the characteristics of AHR in severe or
very severe COPD could not be delineated by our
study. Nevertheless, because AHR is now regarded
as an “early sign” of decline in ventilatory function
and aggravation of respiratory symptoms,(4) how the
AHR manifests itself in severe airway obstruction is
of relatively minor importance.

While inhalation challenge with antigens,
methacholine and histamine has been widely used to
assess AHR, the procedures have not yet been stan-
dardized. Investigators need to address the issue of
these varying methods, which may make it difficult
to compare data in different studies. For example,
different provoking agents may produce different
bronchial response patterns in subjects. Even when
the same agent is used, the dose range tested and the
number of points determined on the dose-response
curves can be different. Enarson and coworkers(7)

conducted methacholine inhalation tests with con-
centrations from 0.5 to 16 mg/ml to explore the asso-
ciation between bronchial hyperresponsiveness and
asthma, asthma-like symptoms and chronic bronchi-
tis in epidemiologic groups. In a report by Hodgins
and colleagues,(4) a single dose of methacholine
(either 5 mg/ml or 25 mg/ml) was employed to study
the relationship between nonspecific bronchial
responsiveness and the development of chronic air-
flow obstruction. Hospers et al. analyzed the inhala-
tion challenge data of Netherlands inhabitants,(22) in
which 5 sequential aerosol inhalations of histamine
(1 mg/ml, 4 mg/ml, 8 mg/ml, 16 mg/ml, 32 mg/ml)
were applied to observe whether airway hyperre-
sponsiveness is a risk factor for mortality from
COPD. In our study, both bronchial reactivity and
sensitivity were recorded continuously within the full
test range (0.05 mg/ml to 25.6 mg/ml) of the bron-
choconstrictor agent. Consequently, the shape and
position of the dose-response curves obtained were
more sharply and accurately delineated than what
would be obtained by an intermittent method.

How can the observed characteristics of AHR in
subjects with COPD and asthma be explained in
terms of the present knowledge of their pathologic
features? Data from previous studies suggest that the
degree of AHR is related to some extent to the sever-
ity of airway obstruction in COPD.(23) Indeed, the
pathologic processes present in COPD may include
bronchitis, bronchiolitis and pulmonary emphysema.
Inflammation of the bronchial tree, along with
increased secretions, causes a narrowed airway with
a thickened wall. It has been demonstrated that the
thickness of the airway wall can affect both the posi-
tion and shape of the dose-response curves during
challenge studies.(24,25) Moreover, loss of elastic recoil
reduces the load against which the bronchial muscle
contracts in a response to provoking stimuli. Thus,
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the airway disease in COPD can lead to or enhance
AHR. The present results also showed a close rela-
tionship between PD35Grs and the initial FEV1 val-
ues in responders with COPD. It seems possible that
the subjects who developed airflow limitation subse-
quently developed AHR.

The situation in asthma is somewhat different
from that observed in COPD.(26,27) The pathologic
changes in the respiratory tract of these two diseases
are different in nature and site. Airway obstruction,
thickening of the muscle layer and inflammation also
occur in asthma. However, there is little loss of elas-
tic recoil of the lung. The narrowing of bronchial air-
ways is usually reversible by administration of bron-
chodilator drugs. In this study, although the subjects
with asthma had normal values for the FVC and
FEV1, all had AHR and were extremely sensitive to
methacholine provocation. Therefore, the degree of
AHR in subjects with asthma is not correlated with
their initial airway caliber. This implies that AHR
may have already existed in the absence of airflow
limitation and may precede the development of air-
way obstruction. Since this observation is in contrast
to what is observed in COPD, the modes of action of
methacholine on the airways may not be the same
among subjects with COPD and asthma.

Does the presence of AHR also lead to an accel-
eration of airflow limitation and eventually cause air-
way obstruction? Vedal et al. reported that increased
AHR is associated with airway obstruction in work-
ing populations.(28) In a 5-year longitudinal study,
Hodgins et al. were able to demonstrate that the
development and persistence of AHR were strongly
associated with higher rates of FEV1 decline in a
group of miners and working nonminers.(4) Although
both smoking and mining were independently associ-
ated with FEV1 declines, these factors did not sub-
stantially modify the effect of AHR. Our results also
showed that in responders with COPD, the more
severe the airway obstruction, the more profound the
response to methacholine challenge. Consequently,
AHR may be a risk factor for airflow limitation in
chronic airway disorders.

It is well known that cigarette smoking can
cause chronic airway obstruction. Since our data
demonstrated an association between AHR and an
obstructed airway in COPD, it would be of interest to
recognize the role played by cigarette smoking in the
development of AHR. However, conflicting results

have been reported for nonspecific AHR to hista-
mine/methacholine in smokers. Jensen and cowork-
ers found a greater responsiveness among smokers
than nonsmokers.(29) On the contrary, Cockroft et al.
suggested that bronchial responsiveness is not
increased in asymptomatic smokers.(30) This study
was not intended to establish a causal model of the
relationship between cigarette smoking and AHR.
Our finding that the prevalence of AHR in the 33
patients with COPD (most of whom were smokers)
was 54.5% is insufficient to conclude that cigarette
smoking causes AHR. Further investigations are
required to resolve this question.

In conclusion, AHR is not uncommon and
occurs in a considerable proportion of patients with
COPD. Compared with asthma, the AHR in COPD is
less sensitive and less intense in terms of the
provocative dose of methacholine and the rate of
decrease in Grs during a positive reaction. There is
also a relationship between the severity of AHR and
the degree of airway obstruction in patients with
COPD. The differences in characteristics of AHR
between asthma and COPD suggest that the mecha-
nism and structural changes causing the abnormal
responses may not be the same in these two diseases.
Further investigations are required to determine the
need for treatment with medication and its effective-
ness on the responses.
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