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Abstract

Chronic obstructive pulmonary disease (COPD) is associated with an abnormal inflammatory 
response of the lungs to noxious particles or gases. The inflammatory response appears not 
to be restricted to the lungs solely, but also affects extra-pulmonary tissues. In addition, the 
majority of patients with COPD demonstrates airway hyperresponsiveness (AHR), which is 
associated with accelerated lung function decline. The exact pathophysiological mechanism 
underlying AHR is as yet unclear. We investigated whether the severity of AHR in COPD 
is associated with airway and systemic inflammation. We therefore included 114 patients 
with COPD, performed a methacholine provocation test and determined differential cell 
counts in induced sputum and peripheral blood. A complete dataset was available for 102 
patients (postbronchodilator FEV1 63 ± 9 % predicted (mean ± SD), FEV1/IVC 49 ± 9 %). 
In a multiple linear regression analysis, more severe AHR was independently associated 
with higher numbers of sputum inflammatory cells (p=0.004), female gender (p<0.001), 
and lower postbronchodilator FEV1/IVC (p=0.002). No significant associations were found 
with the number or percentage of inflammatory cells in blood. This study demonstrates 
for the first time that the severity of AHR in COPD is positively associated with airway 
inflammation in induced sputum, thereby giving more insight in the pathophysiological 
mechanism underlying hyperresponsiveness in COPD.
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Introduction

Chronic obstructive pulmonary disease (COPD) is characterised by progressive airflow 
limitation and associated with an abnormal inflammatory response of the lungs to noxious 
particles or gases (1). The inflammatory response in the airways and parenchyma is domi-
nated by neutrophils, macrophages, T lymphocytes (mainly CD8+ cells), and B lymphocytes 
(2-4). 

Up to two thirds of patients with Chronic Obstructive Pulmonary Disease (COPD) 
demonstrate airway hyperresponsiveness (AHR) (5), even patients with mild airway ob-
struction. AHR, the exaggerated bronchoconstrictive response of the airways to non-spe-
cific stimuli, is important in COPD given its association with an increased risk of developing 
respiratory symptoms, accelerated lung function loss, as well as mortality due to COPD in a 
general adult population (6-8). Moreover, the severity of AHR is associated with accelerated 
decline of forced expiratory volume in one second (FEV1) in established COPD (9).

The exact pathophysiologic mechanism of AHR is unclear, but it is thought to result from 
an inflammatory process in the airways in addition to geometric changes of the airways due 
to airway smooth muscle hypertrophy, mucus hypersecretion, and loss of alveolar attach-
ments. Nevertheless, in a population of 33 smokers with COPD, Willemse et al. did not find 
a significant association between inflammation in sputum and AHR to both methacholine 
and adenosine-5-monophosphate (AMP) (10). The limited number of patients and the rath-
er mild disease of the included patients does not rule out such a relationship however. 

Nowadays, it is widely accepted that the inflammatory process in COPD is not re-
stricted to the lungs solely (11-14). It also affects extra-pulmonary tissues either by a direct 
effect of released cytokines and chemokines in the blood compartment, or indirectly via 
(pre)activation of peripheral inflammatory cells. Epidemiological studies demonstrated that 
higher levels of C-reactive protein and haptoglobin, both markers of systemic inflamma-
tion, are positively associated with the presence of AHR in a general population (15;16). 
To our knowledge, the relation between AHR and systemic inflammation in patients with 
COPD has not been investigated previously. This study investigated whether severity of 
AHR in COPD is associated with airway and systemic inflammation. We performed a cross-
sectional study of our cohort of 114 well characterised patients with moderate to severe 
COPD (17). 

Methods

Patients
One-hundred-and-fourteen patients with COPD participating in the GLUCOLD study 
(17) were included. Patient characteristics have been described in detail before (17). In 
brief, all patients had irreversible airflow limitation and chronic respiratory symptoms, and 
were current or ex-smokers with at least 10 pack-years of smoking. Patients did not use 
a course of inhaled or oral corticosteroids within 3 months, or maintenance treatment with 
these drugs within 6 months prior to randomisation. None of the patients had a history of 
asthma. The study was approved by the local university medical centre ethics committees 
and all participants gave their written informed consent.
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study design
The present study had a cross-sectional design, consisting of baseline measurements of the 
GLUCOLD study (17). At visit 1, spirometry was performed before and after inhalation of 
salbutamol and blood was collected. At visit 2, a provocation test with methacholine was 
performed. Finally, at the third visit, hypertonic saline-induced sputum was collected. Inhaled 
bronchodilator use was withheld for at least 8 hrs prior to visit 1 and 2. All visits were per-
formed within six weeks.

Pulmonary function tests
Pulmonary function tests have been described in detail previously (17). Spirometry and 
reversibility to salbutamol were measured. Methacholine challenge tests were performed 
according to the 2-minute tidal breathing method (18). The response was expressed as the 
provocative concentration of methacholine causing a 20% fall in FEV1 (PC20). 

sputum induction and processing
Sputum induction and processing were performed according to a validated technique (19) 
and have been described in detail previously (17).

Peripheral blood measurements
Blood measurements included the total numbers of leukocytes, cell differential counts, and 
total serum IgE concentrations by fluoroimmunoassay (FEIA) using the Pharmacia CAP 
system (Pharmacia Diagnostics, Uppsula, Sweden). 

statistical analysis
Calculations of PC20 were performed with the base-2 logarithm (2log), as this reflects dou-
bling concentrations and normalises the distribution. Patients responding with more than 
20% fall in FEV1 after inhalation of the first dose of methacholine were assigned a PC20 value 
of 0.019, being half the lowest concentration applied. Patients responding with more than a 
20% fall in FEV1 after inhalation of saline were assigned a PC20 value of 0.01, being a quarter 
of the lowest concentration applied. Finally, patients not responding to the highest concen-
tration of methacholine were assigned a value of 78.4, being twice the highest concentration 
applied. Means and standard deviations or medians with interquartile ranges (IQR) of vari-
ables were calculated. When appropriate, variables were normalised by logarithmical trans-
formation before statistical analysis. We performed univariate analyses of PC20 with baseline 
characteristics, and the number of inflammatory cells (and their subsets) in both blood and 
sputum by Mann-Whitney U tests and Spearman’s rank correlation tests. Subsequently, 
multiple linear regression analysis was performed with 2log PC20 as dependent variable and 
inflammatory cells (and their subsets) in both blood and sputum as independent variables, 
and adjusted for age, gender, current smoking, and lung function.
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Results

Clinical findings
A complete dataset was available from 102 out of 114 patients with COPD. Twelve patients 
did not have a complete dataset: a methacholine provocation test was not performed 
because of baseline FEV1< 1.2 litre in 3 patients, in 8 patients the sputum sample had to be 
disregarded since it contained > 80% squamous cells, and the serum IgE level was missing in 
1 patient. Results from the remaining 102 patients were included in the presented analyses. 
Based on their postbronchodilator (postbd.) FEV1 % predicted (pred.) and postbd. FEV1/
inspiratory vital capacity (IVC)(%), all patients were classified as having moderate to severe 
COPD according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) 
criteria (GOLD stage II and III) (1). Baseline characteristics are summarised in table 1. Table 
2 shows the number and percentage of inflammatory cells in sputum and peripheral blood 
of the 102 patients included in the present study.

Table 1. Baseline characteristics (n=102)*

Gender (M/F) 88/14

Age (years) 61.2 ± 7.9

Current smokers (y/N) 64/38

Packyears ‡ 41.5 (31.4-53.8)

Fev1 (L/s) 1.8 ± 0.4

Postbd. FEV1 (L/s) 2.0 ± 0.5

Fev1 (% predicted) 56.1 ± 10.0

Postbd. FEV1 (% predicted) 63.2 ± 8.8

Reversibility (% predicted) 7.0 ± 4.8

Fev1/IVC (%) 46.6 ± 8.7

Postbd. FEV1/IVC (%) 48.6 ± 8.6

pc20 methacholine (mg/ml) ** 0.59 (0.01-78.4)

Serum IgE (IU/ml) ‡ 37.0 (11.0-128.8)

*  Data are presented as mean ± standard deviation, unless stated otherwise; ‡ median (25th-75th percentile); 
** geometric mean (range). Definition of abbreviations: FEV1 = forced expiratory volume in one second; 
% predicted = percentage of predicted value; Postbd. = postbronchodilator; FEV1/IVC = forced expiratory 
volume in one second/inspiratory vital capacity; PC20 methacholine = the provocative concentration of 
methacholine causing a decrease in FEV1 of 20%.
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Table 2: Inflammatory cells in induced sputum and peripheral blood (n=102)* 

Absolute numbers (104/ml) Percentage

induced sputum

Total cell count ‡ 150.4 (77.9-313.1) -

Neutrophils 109.9 (46.7-232.1) 73.1 (59.5-80.7)

Macrophages 34.6 (19.3-62.4) 23.0 (15.9-33.3)

Lymphocytes 2.7 (1.1-6.9) 1.8 (1.2-2.4)

Eosinophils 1.7 (0.3-4.5) 1.1 (0.3-2.2)

Epithelial cells 1.5 (0.6-3.8) 1.0 (0.3-2.3)

Absolute numbers (109/L) Percentage

Peripheral blood

Leukocytes 7.1 (6.0-7.9) -

Neutrophils 4.2 (3.7-4.7 59.4 (52.3-66.7)

Lymphocytes 2.1 (1.6-2.4 29.1 (22.5-34.5)

Monocytes 0.6 (0.5-0.7) 8.8 (7.4-10.2)

Eosinophils 0.15 (0.1-0.2) 2.2 (1.1-3.3)

Basophils 0.04 (0.02-0.06) 0.5 (0.3-0.8)

*  Data are presented as median (25th-75th percentile); ‡ total cell count refers to the total number of non-
squamous cells in sputum

Relation between inflammatory cells and PC20 methacholine
A lower PC20 was significantly associated with higher numbers of inflammatory cells per ml 
sputum (total cell count rs= -0.35, p<0.001; neutrophils rs= -0.37, p<0.001; macrophages 
rs= -0.25, p=0.01; lymphocytes rs= -0.29, p=0.003; eosinophils rs= -0.26, p=0.01; figure 1 
and table 3), as well as a lower percentage of sputum macrophages (rs= 0.23, p<0.05) and 
a higher percentage of sputum neutrophils (rs= -0.31, p<0.05). We did not find a significant 
association between PC20 and any of the inflammatory cells in blood (table 3). In addition, 
women had a significantly lower PC20 than men (geometric mean 0.17 mg/ml versus 0.73 
mg/ml, p=0.005; figure 2) and a lower PC20 was significantly associated with older age (rs= 
-0.27, p =0.01; table 3) and lower lung function (postbd. FEV1 (% pred) rs=0.19, p=0.05; 
postbd. FEV1/IVC (%) rs=0.37, p<0.001; table 3). We found no significant association be-
tween PC20 and smoking status, pack-years, or total serum IgE. 
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Figure 1:
The relation between the total number of inflammatory cells in sputum and the severity of airway 
hyperresponsiveness 

Figure 2:
The level of airway hyperresponsiveness for females and males. Horizontal bars represent the median.  
pc20 methacholine = the provocative concentration of methacholine causing a decrease in FEV1 of 20%. 
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Table 3: Univariate correlations with PC20 methacholine (n=102)* 

induced sputum (104/ml)

Total cell count ‡ rs = -0.35, p < 0.001

Neutrophils rs = -0.37, p < 0.001

Macrophages rs = -0.25, p = 0.01

Lymphocytes rs = -0.29, p = 0.003

Eosinophils rs = -0.26, p = 0.01

Epithelial cells rs = -0.17, p = 0.08

Peripheral blood (109/L)

Leukocytes rs = 0.07, p = 0.48

Neutrophils rs = 0.01, p = 0.90

Lymphocytes rs = 0.15, p = 0.13

Monocytes rs = -0.003, p = 0.97

Eosinophils rs =0.01, p = 0.90

Basophils rs = -0.004, p = 0.97

Baseline characteristics 

Age rs = -0.27, p = 0.01

Postbd. FEV1 (% predicted) rs = 0.19, p = 0.05

Postbd. FEV1/VC (%) rs = 0.37, p < 0.001

Pack-years rs = 0.05, p = 0.59

Serum IgE (IE/ml) rs = 0.10, p = 0.32

*    Total cell count refers to the total number of non-squamous cells in sputum. Definition of abbreviations: rs = 
Spearman’s rank correlation coefficient; Postbd. = postbronchodilator; FEV1 = forced expiratory volume in one 
second; % predicted = percentage of predicted value; FEV1/IVC = FEV1/inspiratory vital capacity 
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Multiple linear regression analysis on the relation between inflammatory cells and PC20 
methacholine 
Multiple linear regression analysis confirmed the association of a lower PC20 with a higher 
total cell count per ml sputum. We found that gender and lung function were also signifi-
cantly associated with PC20 (table 4). When we replaced total cell count one by one by 
absolute values of differential counts, we found that higher numbers of sputum neutrophils 
and lymphocytes contributed significantly to a lower PC20 (regression coefficient (B) (95% 
confidence interval (CI)) = -1.38 (-2.35 to -0.42), p=0.005 and B = -1. 03 (-1.81 to -0.25), 
p = 0.01, respectively). Moreover, sputum macrophages tended to contribute to the model 
(B = -1.10 (-2.23 to -0.03), p=0.06). When we expressed sputum cell counts as a percent-
age of the total cell count, none of the sputum cell subsets contributed significantly to the 
model. 

Table 4: Multiple linear regression analysis with 2 log PC20 methacholine (n=102)*

B (95% Ci) p-value  
Female gender -2.68 (-4.08 to -1.28) p < 0.001
Age -0.03 (-0.10 to 0.03) p = 0.33
Current smoking 0.29 (-0.75 to 1.33) p = 0.58
Postbd. FEV1/VC (%) 0.10 (0.04 to 0.15) p = 0.002
Total sputum cell count (104/ml) -1.62 (-2.71 to -0.53) p = 0.004

 *  Data are presented as regression coefficient (95% confidence interval)

discussion

In the present study, we demonstrate that higher numbers of sputum inflammatory cells 
are associated with more severe airway hyperresponsiveness in patients with moderate to 
severe COPD. We found no relation between the number or percentage of inflammatory 
cells in blood and severity of hyperresponsiveness. Finally, we confirm previous findings that 
female gender and more severe airflow limitation are independently associated with more 
severe hyperresponsiveness in COPD (5;10;20). These results indicate that local airway 
inflammation, but not systemic inflammation, is associated with more severe AHR. 

To our knowledge, this is the first study to demonstrate that more severe AHR to 
methacholine in COPD is associated with increased numbers of inflammatory cells in spu-
tum. Our current findings are not in keeping with previous observations in 33 smokers 
with COPD, showing no significant association between cell (differential) counts in sputum 
and AHR to both methacholine and AMP (10). These seemingly discordant findings may be 
caused by a lack of power in the former study or by the fact that the subjects studied by 
Willemse et al. were younger and had milder disease, i.e. less severe airway obstruction and 
hyperresponsiveness to methacholine (geometric mean and range of PC20 methacholine in 
their and our population respectively 2.5 (0.018-78.2) and 0.59 (0.01-78.4) mg/ml). In con-
trast to the positive association of AHR severity with inflammatory cell counts in sputum, 
we did not find such an association in blood. As far as we know, no study regarding the 
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relation of inflammatory cells in blood with AHR in a population of patients with COPD has 
been published before. We confirm findings from previous studies in that more severe AHR 
in COPD is associated with female gender and more severe airflow limitation (5;10;20). 
Thus, the present study establishes that the severity of AHR in patients with COPD is as-
sociated with female gender and level of airway obstruction and extends these findings by 
demonstrating an independent relationship of severity of AHR with higher inflammatory 
cell counts in sputum, but not in peripheral blood. 

We included a large group of well-characterised patients with stable COPD. Since only 
a small proportion of our subjects was female, this could have diminished the ability to de-
tect gender differences. Nevertheless, we observed a significant association between more 
severe AHR and female gender. Methodological errors may affect the outcome of any study, 
and thus ours. To reduce this as much as possible, patients had to fulfil the following condi-
tions. Our patients were not using inhaled steroids for at least six months or oral steroids 
for at least three months prior to randomisation, and none of them had a clinical diagnosis 
of asthma. Patients were only allowed to use short-acting bronchodilators, which were 
withheld for at least 8 hrs prior to spirometry and methacholine provocation. Furthermore, 
spirometry, methacholine provocation test, sputum induction, and differential cell counts 
were performed by experienced technicians according to validated protocols (18;19) in the 
same order in each patient. Taken together, it seems unlikely that our results are affected by 
methodological errors.

How to interpret these data? It has been suggested that the presence and severity of 
hyperresponsiveness in COPD is a surrogate marker for the level of airway obstruction 
and of no pathophysiologic importance. Nevertheless, the Lung Health Study reported that 
approximately two-thirds of the patients with early or mild COPD, and therefore with only 
mild airway obstruction have increased AHR (5). The exact pathophysiologic mechanism 
underlying AHR is yet unknown. It is plausible that narrowing of the airway lumen and 
thickening of the airway wall contribute to the severity of AHR by an increase in airway 
resistance and loss of elastic recoil. Interestingly, in the present study we demonstrated an 
independent positive association between the severity of AHR and airway inflammation, a 
new finding. Our data show that not one specific cell type but the total load of inflammatory 
sputum cells is associated with the severity of AHR. This suggests that a cascade of cell 
mediators contributes to the severity of AHR, rather than the release of one particular cell 
product. The release of different cell mediators could thus lead to airway smooth muscle 
contraction and airway structural changes by airway oedema, mucus hyper secretion, and 
airway wall thickening. Alternatively, one may hypothesise that an underlying mechanism exists 
which is responsible for both the severity of AHR and the severity of airway inflammation. 
For instance, the degradation of decorin, an extracellular matrix component, into peptides 
may enhance airway obstruction and thereby AHR, and at the same time stimulate further 
airway inflammation (21). yet the latter is only speculative and further research is needed to 
elucidate the underlying pathologic mechanisms.

 Systemic inflammation is increasingly being recognised to play a role in COPD. Markers 
of inflammation, such as CRP, tumor necrosis factor-α, and adhesion molecules on neu-
trophils have been shown to be increased in patients with COPD compared to controls 
(11-14). This could be either due to a direct effect of cytokines and chemokines which are 
released from the lung into the blood compartment, or indirectly via activation of circulating 
inflammatory cells. We found no association between the severity of AHR and the number 
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of inflammatory cells in blood within our group of COPD patients. Several reasons could 
be responsible for the lack of such an association e.g. it may well be that inflammatory cells 
in blood do not contribute to the severity of AHR, or that the activation state of these cells 
is more important in AHR than the number of cells. In addition, one could argue that the 
range of the number of peripheral blood cells in this particular group of COPD patients is 
too small to detect such an association.

In conclusion, the results of this study show for the first time that the severity of airway 
hyperresponsiveness is positively associated with airway inflammation in induced sputum of 
patients with COPD, thereby giving more insight in the pathophysiological mechanism un-
derlying airway hyperresponsiveness in COPD. Future studies are needed to assess whether 
a reduction in airway inflammation is associated with improvement in airway hyperrespon-
siveness in patients with COPD.
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