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Abstract

Pharmacological lung volume reduction in COPD is an important goal in treatment 

with long-acting bronchodilators because in addition to airfl ow limitation, lung 

hyperinfl ation considerably affects COPD symptoms. Quantitative computed 

tomography (CT) simultaneously provides structural information about airway 

dimensions, emphysematous changes, and lung volumes, some of which are diffi cult 

to be evaluated by pulmonary function. Here, we evaluated changes in CT parameters 

and pulmonary function in 30 patients with COPD who underwent CT scans before 

and one year after starting tiotropium treatment and in 12 patients with COPD who 

were not treated with long-acting bronchodilators. Baseline pulmonary function 

and CT parameters did not differ between the two groups. One-year tiotropium 

therapy improved physiological-indices including residual volume (RV) and ratio 

of RV to total lung capacity (RV/TLC) (–235 mL, p = 0.005, and –2.9%, p = 0.0001, 

respectively), and CT-indices including wall area percent (WA%) and inner luminal 

area in right upper lobe apical and lower lobe basal segmental bronchi (–1.59%, 

p = 0.01, 2.27 mm2, p = 0.0005; and –1.33%, p = 0.0008, 3.42 mm2, p < 0.0001, 

respectively), low attenuation volume (LAV) and total lung volume (CT-TLV) (–92 mL, 

p = 0.0003, and –211 mL, p = 0.002, respectively). Changes in LAV, CT-TLV, RV, and 

RV/TLC were signifi cantly greater in the tiotropium, than the non-bronchodilator 

group. The tiotropium-induced reduction in LAV correlated with the decrease in RV 

(ρ = 0.45, p = 0.01). Our fi ndings not only indicate the value of the comprehensive CT 

measurements in assessing the effects of bronchodilators, including pharmacological 

lung volume reduction, but also further understanding of the structural changes 

underlying physiological improvements induced by bronchodilators.

COPD, 9:401–408, 2012
ISSN: 1541-2555 print / 1541-2563 online
Copyright © Informa Healthcare USA, Inc.
DOI: 10.3109/15412555.2012.674986

Introduction

Chronic obstructive pulmonary disease (COPD) is characterised by airfl ow 
limitation due to a mixture of airway narrowing and loss of lung elastic 
recoil caused by parenchymal destruction. Decreased lung elastic recoil and 
worsened expiratory airfl ow increase air trapping and lung hyperinfl ation 
(1). Bronchodilators are typically used in the symptomatic management of 
COPD because they improve airway narrowing (2), and then promote lung 
emptying leading to relief in lung hyperinfl ation, which is a major determi-
nant of COPD symptoms (3, 4). 

Change in forced expiratory volume in 1 second (FEV
1
) is a gold stand-

ard to assess the bronchodilating eff ects. However, lung defl ation assessed 
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by physiological-indices such as inspiratory capacity 
(IC) and residual volume (RV) refl ects improvement 
in patient-reported outcomes more sensitively than 
FEV

1
(4, 5). Th us, in addition to the relief in airway 

narrowing, the pharmacological lung volume reduc-
tion should be an important goal in treatments with 
bronchodilators. 

Quantitative computed tomography (CT) has been 
widely applied to explore the mechanism of disease 
progression (6-8) and to clinically assess patients with 
COPD (8–11). Th e dimensions of the proximal airway 
measured in CT images can predict the peripheral 
airway pathology (12), and correlated with airfl ow 
limitation (13) as well as clinical assessments such as 
respiratory symptoms (14), exacerbation frequency, 
and a poor quality of life (15). Percent low attenuation 
volume (LAV%), which is a standard index of emphyse-
matous change, refl ects pathological lung destruction 
(16, 17) and lung hyperinfl ation (13). Th e cumulative 
size distribution of low attenuation clusters follows a 
power law characterised by an exponent D, which is a 
sensitive marker of emphysema-related lung destruc-
tion and is less infl uenced by lung hyperinfl ation than 
LAV% (6, 8, 18). 

Moreover, quantitative CT provides information 
about lung volumes. Assessing lung volumes have been 
used for estimating inspiration levels during CT scans 
(8, 14, 19), and evaluating volume reductions achieved 
by surgery and bronchial valve treatment (20, 21). 
However, the pharmacological lung volume reduction 
induced by bronchodilators has not been evaluated by 
CT images. CT assessments can quantify not only the 
total lung volume but also volumes of lung regions dam-
aged by emphysema-related parenchymal destruction, 
which cannot be evaluated by physiological assessments. 
Th erefore, we postulated that comprehensive CT assess-
ments including lung volumes as well as emphysema-
tous change and airway lesions could provide additional 
information about the eff ect of bronchodilators.

Tiotropium is a an anti-cholinergic drug that is 
inhaled daily and can provide sustained improvements 
in airfl ow limitation, health-related quality of life and 
frequency of COPD exacerbations over the long term 
(22). Hyperinfl ation assessed as pulmonary function 
(3, 23, 24) and airway dimensions assessed by CT (2) 
are also improved over the short term. However, the 
long-term eff ect on hyperinfl ation and airway dimen-
sions is unclear. In addition, the infl uence of long-acting 
bronchodilators on CT parameters of emphysematous 
changes or lung volume has not been reported.

Th e present study explores whether CT can detect 
pharmacological lung volume reduction and improve-
ment in airway diseases after one year of tiotropium 
therapy. Furthermore, we investigated the associa-
tion between improved CT parameters and improved 
pulmonary function to clarify the structural changes 
underlying physiological improvements induced by 
bronchodilators.

Methods

Patients. Th is historical cohort study comprised sub-
jects selected from our prospective observational study 
investigating COPD exacerbation (25–27), based on a 
dataset of high resolution CT and pulmonary function 
tests performed at one-year intervals. From May 2006 
to May 2009, we recruited 121 COPD patients who 
agreed to prospectively record exacerbations. Among 
them, 92 patients were classifi ed as having moderate to 
very severe COPD (confi rmed by a post-bronchodilator 
forced expiratory volume in 1 second [FEV

1
] ≤ 80% of 

the predicted value), and their regular treatment did 
not include tiotropium or a salmeterol/fl uticasone 
combination (SFC). According to the GOLD guideline 
(1), patients with moderate to very severe COPD were 
recommended to inhale long-acting bronchodilators. Of 
the 92 recruited patients with moderate to very severe 
COPD, 45 started tiotropium therapy after the fi rst 
evaluation upon entry to the study. 

Among them, 30 underwent high resolution CT scans 
and pulmonary function tests before and one year of tio-
tropium treatment. Th us, we assigned these 30 patients 
to the tiotropium group. On the other hand, 12 patients 
declined treatment with long-acting bronchodilators 
despite their physicians’ recommendations because they 
felt that their breathlessness was minimal or modest. 
Alternatively, all of them were treated with inhaled cor-
ticosteroid to prevent acute exacerbation. We assigned 
these 12 patients to the non-bronchodilator group. 

Dyspnea was assessed by the modifi ed Medical 
Research Council (mMRC) Dyspnea Scale. Any regular 
COPD medications were not changed in the two groups 
from 6 months before entry to the end of the one-year 
follow-up, except for the initiation of tiotropium treat-
ment in the tiotropium group. Smoking status did not 
change in any of the patients during the one-year follow-
up. Th e ethics committee of Kyoto University approved 
the study (approval No. E182), and all patients provided 
written informed consent prior to their participation.

Pulmonary function tests, CT acquisition, and the 
calibration of CT numbers
After inhaling short-acting bronchodilators, pulmo-
nary function tests (Chestac-65V; Chest MI Corp.; 
Tokyo, Japan) and CT scans (Aquilion 64; Toshiba; 
Tokyo, Japan,slice thickness, 0.5 mm) were performed 
as described (8, 10). Spirometry was also performed 6 
months after patients’ entry into the study. Lung vol-
umes and diff usion capacity were measured by helium 
dilation and the single-breath method, respectively. 
Inter-scanner variability was avoided by using one CT 
scanner, as in our previous longitudinal studies (8, 28).

In addition to routine calibration using an air and 
water phantom, CT numbers in all images were corrected 
using tracheal air densities to eliminate any infl uence of 
an aging X-ray tube according to our previous studies 
(8, 28). Th e tracheal lumen was fi rstly identifi ed using a 
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threshold of -800 Hounsfi eld units, and the luminal area 
(Atr) was measured. Th e mean radius (Rtr) of the lumen 
was calculated, and then the mean CT number (CTair) 
of the region within a circle of half mean radius (Rtr/2) 
from the gravity center of the lumen was calculated. 
Finally, the original CT numbers of all pixels for each 
patient were corrected using the formula: corrected CT 
number = (-1000 × original CT number)/CTair.

Evaluation of airway dimensions, emphysematous 
changes, and lung volumes
Airway dimensions of the apical segmental bronchus 
of right upper lobe and basal segmental bronchus of 
right lower lobe were measured using the full width at 
half-maximum principle (13, 28). Airway wall thickness 
and inner luminal area were measured, and wall area 
percent (WA%) was then calculated. According to our 
previous fi ndings (8), we defi ned the threshold between 
low attenuation voxel and normal density voxel as -960 
Hounsfi eld units and performed low attenuation cluster 
analysis. Th e cumulative frequency distribution of low 
attenuation cluster size, Y, can be described by a power 
law of the cluster size X with the formula Y = K × X-D. 
We calculated D, LAV%, CT-derived total lung volume 
(CT-TLV), and low attenuation volume (LAV) using all 
images obtained for the entire lung. 

Statistical analysis. Data were statistically analyzed 
using JMP 7 software (SAS Institute, Cary, NC, USA). 

Data are expressed as medians (25th and 75th percentiles) 
unless otherwise indicated. Baseline and follow-up fi nd-
ings were compared using the Wilcoxon signed-rank 
test. Relationships between changes in pulmonary func-
tion and CT parameters were assessed by Spearman’s 
rank correlation tests. A p-value < 0.05 was considered 
signifi cant.

Results

Patient characteristics
Tables 1 and 2 show the baseline characteristics and 
CT parameters of the tiotropium group (n = 30) and 
non-bronchodilator group (n = 12). Age, height, weight, 
smoking status, FEV

1
, residual volume (RV), total lung 

capacity (TLC), ratio of RV to TLC (RV/TLC), inspira-
tory capacity (IC), ratio of inspiratory capacity IC to 
TLC (IC/TLC), diff usion capacity of carbon monoxide 
(D

LCO
), all CT parameters including WA%, LAV%, D, 

CT-TLV, and LAV, and dyspnea assessed as mMRC dys-
pnea scale did not signifi cantly diff er between the two 
groups. 

In the tiotropium group, 12 patients received a treat-
ment with inhaled corticosteroid, and 8 received a treat-
ment with long-acting β2-agonist. All the patients in the 
non-bronchodilator group received a treatment with 
inhaled corticosteroid. Both groups were instructed for 
a rescue use of short-acting β2 and/or anti-cholinergic 
agonists. No patient was treated with SFC.

Table 1. Baseline characteristics of patients

Tiotropium  (n = 30) non-bronchodilator (n = 12) p-value

Age, year 75 (66, 78) 76 (66, 79) 0.80

Sex, Male:Female 27:3 11:1 0.87

Height, cm 162 (158, 166) 163 (158, 171) 0.51

Weight, kg 58 (49, 61) 59 (51, 61) 0.92

Smoking, Current:Former 6:24 3: 9 0.72

Smoking Index, pack-year 50 (40, 67) 59 (43, 106) 0.21

FEV1, L 1.01 (0.86, 1.54) 1.35 (1.13, 1.62) 0.13

FEV1, % predicted 45.3 (35.6, 57.1) 51.6 (45.4, 55.2) 0.35

RV, L 2.49 (2.15, 2.85) 2.42 (2.12, 2.91) 0.88

RV, % predicted 107 (88, 123) 98 (83, 124) 0.38

TLC, L 5.55 (4.74, 6.12) 5.59 (4.84, 6.68) 0.58

TLC, % predicted 88 (83, 99) 90 (86, 98) 0.88

RV/TLC, % 47 (40, 51) 45 (38, 49) 0.37

IC, L 1.81 (1.39, 2.31) 2.17 (1.97, 2.60) 0.07

IC/TLC, % 34 (30, 40) 37 (32, 42) 0.23

DLCO, mL/min/mmHg 9.9 (7.9, 16.5) 11.2 (8.5, 13.7) 0.97

mMRC scale, 0/1/2/3/4 4/15/9/2/0 5/6/1/0/0 0.06

Medication use, n(%)

SFC 0 (0) 0 (0) 1.00

Inhaled corticosteroid 12 (40) 12 (100) 0.83

Long-acting β2 agonist 8 (27) 0 (0) 0.88

FEV1, forced expiratory volume in one second; RV, residual volume; 
TLC, total lung capacity; RV/TLC, ratio of RV to TLC; IC, inspiratory capacity; 
IC/TLC, ratio of IC to TLC; DLCO, diffusion capacity of carbon monoxide; 
mMRC scale, Modifi ed Medical Research Council Dyspnea Scale;
SFC, salmeterol/fl uticasone combination. Non-bronchodilator was defi ned as patients who were treated with inhaled corticosteroid, but not with long-acting bronchodilators.
Data are expressed as medians (25th, 75th percentile).
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Longitudinal changes in pulmonary functions and CT 
parameters of the lung
Six months after tiotropium treatment, the FEV

1
 was 

signifi cantly increased whereas the FEV
1
 in the non-

bronchodilator group did not change at 6 months after 
the entry (Table 3). One year after tiotropium treatment, 
IC and IC/TLC were signifi cantly increased, RV and RV/
TLC were signifi cantly decreased, and FEV

1
, TLC, and 

D
LCO

 did not signifi cantly diff er. In the tiotropium group, 
signifi cant decreases in WA% at the right apical and basal 
bronchus, CT-TLV, and LAV were found (Table 4). 

Tiotropium signifi cantly increased inner luminal area 
both in the right apical and basal segmental bronchus 
(median changes; 2.27 mm2, p = 0.0005, and 3.42 mm2, 
p < 0.0001, respectively), but not airway wall thickness 

(median changes; -0.00 mm, p = 0.40, and 0.03 mm, 
p = 0.07, respectively). In the non-bronchodilator group, 
there were no signifi cant changes in pulmonary func-
tion or CT parameters. Among the signifi cantly changed 
factors in the tiotropium group, the changes in FEV

1
 6 

months after entry, as well as RV, RV/TLC, CT-TLV, 
and LAV, one year after entry were greater than those 
in the non-bronchodilator group (Tables 3 and 4). Th ese 
improvements were considered to be tiotropium-related 
improvements.

Among the tiotropium-related improvements in CT 
parameters and pulmonary functions, we found that the 
changes in LAV and RV were signifi cantly correlated 
(ρ = 0.45, p = 0.01; Figure 1), and the changes in LAV 
tended to be correlated with those in RV/TLC (ρ = 0.35, 
p = 0.05), whereas the changes in CT-TLV did not cor-
relate with any changes in lung function (Table 5).

Discussion

Measuring lung volume by CT, we found pharmacologi-
cal lung volume reduction 1 year after the initiation of 
tiotropium treatment. Moreover, we showed a signifi cant 

Table 3. One-year changes in pulmonary function

Tiotropium (n = 30)
p-value

(within group) non-bronchodilator (n = 12)
p-value

(within group)

p-value
(between 
groups)

At 6 months

FEV1, mL 65 (–35, 173) 0.02 –5 (–158, 20) 0.31 0.03

At 1 year 

FEV1, mL 15 (–63, 103) 0.25 –65 (–143, 27) 0.10 0.04

RV, mL –235 (–375, 23) 0.005 75 (–193, 248) 0.29 0.04

TLC, mL 15 (–163, 240) 0.67 75 (–45, 270) 0.13 0.88

RV/TLC, % –2.9 (–6.6, –0.5) 0.0001 0.3 (–2.4, 2.0) 0.81 0.02

IC, mL 105 (–83, 325) 0.008 30 (–270, 100) 0.95 0.20

IC/TLC, % 0.4 (–1.0, 5.5) 0.04 0.0 (-6.3, 2.5) 0.73 0.17

DLCO, mL/min/mmHg –0.08 (–2.08, 0.75) 0.06 0.52 (–0.77, 3.23) 0.18 0.12
FEV1, forced expiratory volume in one second; RV, residual volume; TLC, total lung capacity; RV/TLC, ratio of RV to TLC; IC, inspiratory capacity; IC/TLC, ratio of IC to TLC; DLCO, diffusion 
capacity of carbon monoxide. Non-bronchodilator was defi ned as patients who were treated with inhaled corticosteroid, but not with long-acting bronchodilators. Data are expressed as 
medians (25th, 75th percentile).

Table 2. Baseline CT parameters of patients

Tiotropium 
(n = 30)

non-bronchodilator 
(n = 12) p-value

Airway 

WA%, %

Right apical 
bronchus

57.1 (53.5, 
63.4)

59.0 (56.0, 
63.9)

0.50

Right basal 
bronchus 

56.6 (53.2, 
63.7)

59.2 (53.4, 
62.6)

0.59

Emphysematous change

LAV%, % 34.5 (29.2, 
43.7)

36.4 (32.2, 
40.1)

0.67

D 1.39 (1.14, 
1.69)

1.38 (1.26, 
1.60)

0.86

Lung volumes

CT-TLV, L 5.5 (4.6, 
6.0)

5.5 (4.7, 
6.0)

0.99

LAV, L 1.9 (1.3, 
2.7)

2.0 (1.9, 
2.3)

0.86

WA%, ratio (%) of wall area; LAV%, percent low attenuation volume; 
D, index of low attenuation cluster analysis;
CT-TLV, total lung volume measured by computed tomography; 
LAV, low attenuation volume. Non-bronchodilator was defi ned as patients who were 
treated with inhaled corticosteroid, but not with long-acting bronchodilators.
Data are expressed as medians (25th, 75th percentile).

Figure 1. Relationship between changes in residual volume (RV) and low 
attenuation volume (LAV) in the tiotropium-treated patients. Changes in RV and LAV 
(ρ = 0.45, p = 0.01) were signifi cantly correlated.

ΔΔLAV, ml

ΔRV, ml

300

-600 600

-300

-600

ρ= 0.45
p = 0.01
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correlation between the reduction of LAV and RV. 
Although previous studies have shown that tiotropium 
improves hyperinfl ation assessed by IC, RV, slow vital 
capacity, functional residual capacity, RV and RV/TLC 
at rest and during exercise (3, 23), to our knowledge, this 
is the fi rst study to determine long-term improvements 
in lung hyperinfl ation using both physiological and 
structural means to evaluate volumes of both the whole 
lung and emphysematous lesions using CT indices.

Lung hyperinfl ation responds to bronchodilators 
more sensitively than FEV

1
(4, 5), which the present 

results support. We detected improvements in hyper-
infl ation assessed by RV and lung volume reduction 
measured by CT at one year after starting tiotropium 
therapy, even though FEV

1
 returned to the baseline value 

after temporary improvement at 6 months. 
Quantitative CT is important for understanding the 

mechanism of disease progression (6–8) and assessing 
treatment responses (29, 30) because it can provide 
information about airway dimensions, emphysema-
tous changes, and lung volumes (8, 13, 16, 17). Th e D 
value (index of the low attenuation cluster analysis) can 
provide additional information, although LAV% is a 
standard index of emphysema (6, 8, 18). As emphysema 
progresses, neighboring low attenuation clusters merge 
and become larger (6, 31). Th e coalescence of clusters 

refl ecting parenchymal destruction is required for a 
decrease in D. 

We also previously demonstrated that COPD exac-
erbation is associated with progressive emphysema 
because changes in LAV% and D were greater in patients 
with exacerbations than those without exacerbations 
(8). Our model simulation confi rmed that when LAV% 
increases, D cannot be decreased without coalescence 
of the clusters. Moreover, the changes in CT-TLV inde-
pendently correlated with those in LAV%, but not in D. 
Collectively, these fi ndings indicate that compared with 
LAV%, a change in D is more specifi c for emphysema-
related parenchymal destruction, and is less infl uenced 
by changes in lung volume, which can refl ect inspiration 
levels during CT scanning as well as hyperinfl ation. 

Other studies showing that the low attenuation cluster 
analysis can help to discriminate emphysematous change 
and air trapping in patients with COPD support this notion 
(32), as well as in asthmatic smokers and non-smokers 
(33). Th e D value in the present study did not signifi cantly 
diff er over our observational period. We speculated that 
hyperinfl ation, rather than parenchymal destruction, 
contributes to the changes in LAV and LAV%. Th us, 
the eff ects of inhaled bronchodilators on hyperinfl ation 
should be considered when interpreting CT values.

Although LAV% did not change during the obser-
vational period, LAV and CT-TLV were signifi cantly 
decreased at 1 year after tiotropium treatment, and 
these changes signifi cantly diff ered from those in the 
non-bronchodilator group in whom LAV and CT-TLV 
were not reduced. Th e reduction in LAV was signifi -
cantly correlated with improvements in hyperinfl ation 
assessed by RV and tended to correlate with the decrease 
in RV/TLC. 

Our fi ndings are quite important because we discov-
ered that a pharmacological reduction in lung volume 
can be determined using both physiological indices and 
CT measures. In previous studies, CT assessment of 
volume reduction has been performed only for surgical 
lung resection (20) or bronchial valve treatment (21). In 

Table 4. One-year changes in CT parameters

Tiotropium 
(n = 30)

p-value
(within group)

non-bronchodilator
(n = 12)

p-value
(within group)

p-value
(between 
groups)

Airway

WA%, %

Right apical bronchus –1.59 (–3.94, 0.75) 0.01 –0.44 (–1.97, 2.07) 0.73 0.21

Right basal bronchus –1.33 (–3.14, 0.21) 0.0008 –0.24 (–3.09, 2.28) 0.73 0.20

Emphysematous change

LAV%, % –1.09 (–1.96, 0.89) 0.16 0.52 (–0.04, 1.63) 0.15 0.12

D 0.01 (–0.05, 0.05) 0.76 –0.03 (–0.10, 0.02) 0.15 0.16

Lung volumes

CT-TLV, mL –211 (–522, 17) 0.002 3 (–192, 211) 0.68 0.04

LAV, mL –92 (–265, –1) 0.0003 56.7 (–120, 188) 0.47 0.01

WA%, ratio (%) of wall area; LAV%, percent low attenuation volume; D, index of low attenuation cluster analysis; 
CT-TLV, total lung volume measured by computed tomography; LAV, low attenuation volume. Non-bronchodilator was defi ned as patients who were treated with inhaled corticosteroid, but 
not with long-acting bronchodilators. Data are expressed as medians (25th, 75th percentile).

Table 5. Spearman’s rank correlation coeffi cients between changes in 
pulmonary function and CT parameters 1 year after starting tiotropium 
treatment (n=30)

ΔFEV1
(6 months) ΔRV ΔRV/TLC

ρ p-value ρ p-value ρ p-value

ΔCT-TLV –0.30 0.11 0.14 0.47 –0.07 0.71

ΔLAV –0.26 0.16 0.45 0.01 0.35 0.05

FEV1, forced expiratory volume in one second; RV, residual volume; 
RV/TLC, ratio of RV to total lung capacity; CT-TLV, total lung volume measured by 
computed tomography; LAV, low attenuation volume.
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addition, although LAV% is considered to be associated 
with hyperinfl ation (34), we found that LAV is more 
sensitive to changes in hyperinfl ation than LAV%.

Th e WA% at the apical segmental bronchus of the 
right upper lobe and basal segmental bronchus of the 
right lower lobe signifi cantly decreased in the tiotro-
pium group. Moreover, the luminal areas increased and 
wall thickness did not change in both bronchi, indicat-
ing that the improvement in WA% refl ects airway dila-
tion, but not a decrease in wall thickness. Th ese changes 
were detected together with lung defl ation assessed as 
a decrease in CT-TLV, although previous studies using 
paired CT images at functional respiratory capacity 
and TLC showed that airway calibre can be increased 
with lung infl ation in healthy individuals and in many 
patients with COPD (35–37). 

Several explanations could account for this fi nding. 
Firstly, the bronchodilatory eff ect of tiotropium could 
simply overcome the eff ect of the decreased lung vol-
ume. Second, since hyperinfl ation reduces airway calibre 
(35, 37), the improved hyperinfl ation further promoted 
the increase in luminal areas in addition to the direct 
airway dilation. Indeed, the change in WA% at the basal 
segmental bronchus of the right lower lobe correlated 
with the change in RV/TLC (ρ = 0.40, p = 0.03), while 
that at the right apical segmental bronchus did not (ρ = 
0.31, p = 0.09). Th ird, the increase in luminal areas with 
lung infl ation can be diminished along with emphysema 
severity due to impaired airway-parenchymal inter-
dependence, and lung infl ation paradoxically reduces 
luminal areas in some patients with COPD (35, 37). 
Th e tiotropium group in the present study might have 
included such patients.

We found that the changes in WA% were relatively 
small, and not signifi cantly diff erent from those in the 
non-bronchodilator group. Th is might have refl ected 
the fi nding that the improvement in FEV

1
 at 6 months 

was lost one year after starting tiotropium. We specu-
lated that tiotropium-induced improvements in airway 
dimensions promote lung emptying leading to pharma-
cological lung volume reduction, but the improvements 
in airway dimensions were diminished earlier than the 
decreases in lung volume.

We assessed total lung volume using TLC determined 
by helium dilution and CT-TLV. Th e CT-TLV decreased 
and TLC did not change in the tiotropium group, whereas 
neither of these indices changed in the non-bronchodi-
lator group. Studies have shown that CT-TLV is similar 
to TLC derived from helium dilution, but smaller than 
that derived from plethysmography (38, 39). 

Th e discrepancy between changes in CT-TLV and 
helium dilution-derived TLC might have been simply 
due to diff erences in the sensitivity and accuracy of the 
two methods. However, considering that unlike CT-
TLV, helium dilution-derived TLC might not include 
poorly ventilated regions (40), the decrease in CT-TLV 
and the lack of change in the helium dilution-derived 
TLC suggests that tiotropium reduces pharmacological 

volume mainly in poorly ventilated areas. Th is should be 
investigated in future studies.

Smoking cessation can aff ect lung density (41). How-
ever, no patient in the present study stopped or resumed 
smoking during follow-up. Our fi ndings were not con-
founded by smoking status.

Several limitations are associated with this study. 
First, because the present study was not a clinical trial, 
a selection bias might have been introduced. To mini-
mise the selection bias, we recruited subjects in this 
cohort from our previous prospective observational 
studies (25–27) based on strict criteria. As the control, 
we selected patients who were not treated with any 
long-acting bronchodilators. Th is strategy enhances the 
validity to investigate the eff ect of tiotropium as a bron-
chodilator on CT parameters. Second, although patients 
were asked to fully inspire during CT scanning, inappro-
priate inspiration might have infl uenced our fi ndings. 

However, because all the subjects were instructed to 
hold their breath in a same way during the CT scanning, 
it is unlikely that only the patients treated with tiotro-
pium held their breath inappropriately, leading to the 
CT-TLV reduction. Th ird, we assessed only proximal air-
ways, although lesions of small airways comprise a major 
feature in COPD (42). However, we postulated that the 
peripheral airway dimensions were changed in propor-
tion to proximal airway dimensions because larger airway 
dimensions refl ect peripheral airway pathology (12) and 
short-term tiotropium treatment improved peripheral 
airway dimensions as well as proximal airway dimensions 
(2). We believe that the infl uence of the location of the 
airways in which we measured WA% was quite small. 

Conclusion

In conclusion, by using CT images, we could detect long-
term pharmacological lung volume reduction induced by 
a bronchodilator even after the temporary improvement 
in FEV

1
 was lost. Our fi nding that tiotropium-induced 

improvement in hyperinfl ation is closely associated 
with the reduction of the lung volume of emphysema-
related regions can deepen understanding of the struc-
tural changes underlying physiological improvements 
induced by bronchodilators. Quantitative CT can be a 
useful tool for assessing the eff ects of bronchodilators 
because it simultaneously provides structural changes in 
airway dimensions, emphysema, and lung volumes cov-
ering not only whole-lung but also emphysema-related 
region, some of which are diffi  cult be determined by 
conventional physiological tests.
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