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ABSTRACT: This study evaluated small airway dysfunction and emphysematous
destruction of lung parenchyma in cigarette smokers, using chest expiratory high-
resolution computed tomography (HRCT) and pulmonary function tests (PFT).

The degree of emphysematous destruction was classified by visual scoring (VS) and
the average HRCT number at full expiration/full inspiration (E/I ratio) calculated in
63 male smokers and 10 male nonsmokers (group A). The Brinkman smoking index
(BI), defined as cigarettes.day-1 6 yrs, was estimated. Sixty-three smokers were di-
vided into three groups by PFT: group B1 (n=7), with normal PFT; group B2 (n=21),
with diffusing capacity of the lung for carbon monoxide (DL,CO) $80% predicted,
forced expiratory volume in one second (FEV1) <80% pred and/or residual volume
(RV) >120% pred; and group B3 (n=35), with DL,CO <80% pred, FEV1 <80% pred
and/or RV >120% pred.

Heavy smokers (BI $600) (n=48) showed a significant increase in emphysema by
both VS and E/I. E/I was significantly elevated in both group B2 (mean�SD 0.95�0.05)
and B3 (0.96�0.06) compared with group B1 (0.89�0.03). VS could not differentiate
group B2 (3.9�5.0) from B1 (1.1�1.6).

These findings suggest that the expiration/inspiration ratio reflects hyperinflation
and airway obstruction, regardless of the functional characteristics of emphysema, in
cigarette smokers.
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Cigarette smoking is the main cause of emphysema [1±
3]. Emphysema is classified into three main subtypes,
centrilobular, panlobular and paraseptal, on the basis of the
predominant location of the lung destruction [1, 2]. In
Japan panlobular emphysema, associated with a1-prot-
ease inhibitor deficiency, is rare [4] and centrilobular
emphysema, associated with cigarette smoking, is the most
common form. Cigarette smoking produces inflammatory
changes in the smallest airways [5, 6], especially respi-
ratory bronchioles (respiratory bronchiolitis). This patho-
logical process leads to dilatation and destruction of the
small airways, characterized as emphysema of centrilob-
ular type [7]. Pulmonary function tests (PFT) [8] and chest
radiological examination, including plain chest radio-
graphs and chest computed tomography (CT) [9±11], are
the principal methods used to detect emphysema. How-
ever, these conventional methods are not sensitive enough
to detect earlier morphological and functional abnormal-
ities of the small airways.

Some recent reports have indicated that CT scans
obtained at full expiration show areas of emphysema and
air trapping with great clarity and may, therefore, allow the
early detection of chronic obstructive pulmonary disease
(COPD) or emphysema [7, 12±15]. A previous study by

the authors [16] demonstrated that the average ratio of
high-resolution CT (HRCT) at full expiration to that at full
inspiration (E/I ratio) reflects the air trapping in the small
airways in emphysema, whereas the degree of emphysema
estimated by visual observation on HRCT scanned at full
inspiration visual score (VS) may reflect the emphysema-
tous destruction of lung parenchyma. E/I is easy to obtain
in a single breath-hold using a helical (spiral) CT scan and
is quantitative. To determine whether the ratio is useful in
detecting earlier changes in small airway dysfunction and
emphysematous destruction of lung parenchyma in
cigarette smoking, E/I was compared with VS and the
results of PFT in cigarette smokers and normal, non-
smoking volunteers.

Materials and methods

Study subjects

Sixty-three consecutive male current smokers or ex-
smokers who consulted the Shinshu University Hospital
between April 1994 and September 1997, with complaints
of cough, sputum or shortness of breath were studied,
along with 10 normal nonsmoking volunteers (table 1).
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Evaluation included medical history, physical examina-
tion, routine laboratory tests, serum a1-antitrypsin level,
electrocardiogram (ECG), chest radiograph and CT.

Patients with lung diseases other than COPD were
excluded. Subjects who clearly satisfied the definition of
chronic bronchitis [1, 2] and showed dilation of the bronchi
on CT images were also excluded.

After the purpose of the study had been explained, each
subject gave signed informed consent.

Pulmonary function tests

Spirometry was performed with a water spirometer
(Godart Expirograph; Godart-Statham, Bilthoven, the
Netherlands). Vital capacity (VC) and forced expiratory
volume in one second (FEV1) were calculated and expres-
sed as a percentage of the predicted value. Functional
residual capacity (FRC) was measured by He dilution and
total lung capacity (TLC) and residual volume (RV) were
calculated from the lung volume. VC, FEV1 and RV were
expressed as a percentage of the predicted values using
methods described previously [17±19]. The diffusing capa-
city of the lung for carbon monoxide (DL,CO) was meas-
ured by the single-breath method (Pulmorecorder, model
R1551S; Anima, Tokyo, Japan). The ratio of DL,CO to
alveolar volume (VA) was also calculated and expressed as
a percentage of the predicted values. The predicted values
for DL,CO and DL,CO/VA were determined as described
previously [20, 21].

Chest high-resolution computed tomography

A helical CT scanner (HiSpeed Advantage; GE Medical
Systems, Milwaukee, USA) was used. After standard 10-
mm-thick contiguous scanning at full inspiration for
screening of chest abnormalities, scanning with 3-mm
collimation (scan time of 1 s) was performed at both full
inspiration and full expiration at the carina (the levels of
the upper lung fields) and orifice of the pulmonary veins

(the levels of the lower lung fields). HRCT images were
reconstructed with the ultra-high-density display kernels.
Hard-copy images were photographed using the window
setting appropriate for the lungs (level -700 Hounsfield
unit (HU); width 1,000 HU).

VS was assessed by the method of GODDARD et al. [22]
by inspection of four HRCT hemislices obtained at full
inspiration. Emphysematous destruction was identified as
areas of low attenuation and hypovascular regions in the
lungs [22±24]. By using a five-point scale, the percentage
of the lung involved in emphysematous change was det-
ermined as follows: 0, no emphysema; 1, 1±25% involve-
ment; 2, 26±50%; 3, 51±75%; and 4, 76±100%. The total
score for each individual was calculated by adding together
the points (0±16) for the four hemislices. For E/I the
average HRCT number in each lung field was calculated at
full inspiratory (TLC level) and expiratory (RV level)
positions. The ratio was obtained by dividing the CT
number at RV level by that at TLC level. All radiographs,
especially VS, were interpreted by an experienced chest
radiologist (F. Sakai) who had no knowledge of the
clinical, functional or chest radiographic data, because
previous studies have shown good intra- and interobserver
correlations for the subjective estimation of emphysema
[23, 25].

Classification of subjects

Ten nonsmokers (group A) and 63 cigarette smokers
were classified according to their cumulative smoking,
using the Brinkman smoking index (BI) [16], defined as
the number of cigarettes smoked.day-1 6 number of years
smoked (to convert to pack-yrs, divide by 20) (table 2) and
according to PFT results (table 3). The subjects with BI
<600 (n=15) and $BI 600 (n=48) are defined arbitrarily
as mild and heavy smokers, respectively (table 2). By
PFT (table 3), the 63 cigarette smokers were divided into
three groups: group B1 (n=7), with normal PFT; group B2
(n=21), with (all values as % predicted) DL,CO $80%,
FEV1 <80% and/or RV >120%; and group B3 (n=35),
with DL,CO <80%, FEV1 <80% and/or RV >120%.

Table 1. ± Profiles of subjects

Nonsmokers
(group A)

Cigarette
smokers

n 10 63
Age yrs 60.8�10.9 63.0�10.9
Body height cm 165�2 165�7
Body weight kg 63.3�7.1 59.0�9.1
BI 0 1010�661*
VC % pred 108.4�23.9 101.4�22.0
FEV1 % pred 109.5�19.0 67.2�36.0*
FEV1/FEV % 85.4�5.7 53.5�18.6*
RV/TLC % 42.6�14.5 53.0�12.4*
RV % pred 116.1�34.5 153.1�43.4*
DL,CO % pred 106.8�16.7 74.9�33.6*
DL,CO/VA % pred 120.1�27.4 70.3�33.0*

Values are expressed as means�SD. BI: Brinkman smoking in-
dex, the number of cigarettes smoked.day-1 6 number of years
smoked (to convert to pack-yrs, divide by 20); VC: vital capa-
city; FEV1: forced expiratory volume in one second; FEV:
forced expiratory volume; RV: residual volume; TLC: total lung
capacit; DL,CO: diffusing capacity of the lung for carbon mono-
xide; VA: alveolar volume. *: p<0.05 compared with nonsmokers.

Table 2. ± Classification of cigarette smokersby theBrink-
man smoking index (BI)

Mild smokers
(BI <600)

Heavy smokers
(BI $600)

n 15 48
Age yrs 56.2�13.1 64.8�9.6
Body height cm 166�8 165�7
Body weight kg 64.6�8.6 58.0�9.1
BI 350�141 1212�628*
VC % pred 118.2�18.2 96.8�21.2
FEV1 % pred 95.1�32.2 60.8�34.2*
FEV1/FEV % 69.7�16.5 48.9�16.9*
RV/TLC % 47.1�11.3 55.2�11.8
RV % pred 134.5�24.3 159.4�45.4
DL,CO % pred 92.5�22.5 70.4�34.9*
DL,CO/VA % pred 82.2�19.5 67.0�34.9*

Values are expressed as means�SD. For definitions see legend to
table 1. *: p< 0.05 compared with mild smokers.
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Statistical analysis

The data in the text, tables and figures are presented
as means�SD. One-way analysis of variance (ANOVA) and
Student's t-test were used to examine the significance of
differences between groups. A p-value <0.05 was consi-
dered statistically significant.

Results

Subject profiles

There were no significant differences in age, body hei-
ght and weight between cigarette smokers and nonsmokers
(table 1). As shown in tables 1 and 2, PFT results revealed
significant abnormalities in cigarette smokers and heavy
smokers compared with nonsmokers and mild smokers,
respectively. The BI of group B1 was 697�285, which was
not significantly different from cigarette smokers in groups
B2 and B3 (table 3).

Relationships between expiration/inspiration ratio, vis-
ual score smoking and pulmonary function tests

Figures 1 and 2 show the E/I ratio and VS, respectively,
of nonsmokers (group A), mild and heavy smokers. Both
E/I ratio and VS were significantly higher in heavy
smokers than in nonsmokers and mild smokers, although
not significantly different between nonsmokers and mild
smokers. Two mild smokers showed high VS (fig. 2).
Their medical history and laboratory data were checked,
including serum levels of a1-antitrypsin, but these scores
could not be explained. It seems likely that these subjects
were particularly susceptible to smoking for the devel-
opment of emphysema.

Figures 3 and 4 show the difference in the E/I and VS,
respectively, between groups A, B1, B2 and B3. For the
E/I ratio, both group B2 (0.95�0.05) and group B3
(0.96�0.06) had significantly higher values than group A
(0.85�0.03) and group B1 (0.89�0.03). For VS there was
no significant difference between group B1 (1.1�1.6) and
group B2 (3.9�5.0). The value of VS in group B3 (9.3�
4.1) was significantly higher than that in group B2.

Discussion

The aim of the present study was to evaluate the changes
in small airway dysfunction and emphysematous destruc-
tion of lung parenchyma in cigarette smokers using VS of
emphysematous destruction and the E/I ratio. Mild smok-
ers (BI <600) could not be discriminated from nonsmokers
by either method, E/I or VS. However, heavy smokers (BI

Table 3. ± Classification of cigarette smokers by pulmo-
nary function tests (PFT)

Group B1 Group B2 Group B3

n 7 21 35
Age yrs 58.0�11.5 60.1�14.4 65.4�7.6
Body height cm 164�12 165�8 165�7
Body weight kg 62.4�12.8 60.5�8.9 57.5�8.6
BI 697�285 915�876 1130�538*
VC % pred 110.8�6.6 109.1�20.9 95.1�22.6
FEV1 % pred 122.2�17.5 60.3�29.6* 53.1�32.3*
FEV1/FEV % 79.0�1.8 61.1�16.7* 44.5�15.0*
RV/TLC % 35.1�4.8 51.2�10.7* 56.6�11.7*
RV % pred 89.8�7.3 156.7�40.9* 159.9�41.1*
DL,CO % pred 101.0�20.1 105.2�19.2 53.0�24.0*,+

DL,CO/VA % pred 125.0�23.5 94.0�18.8 49.8�22.5*,+

Values are expressed as means�SD. Group B1: smokers with
normal PFT; group B2: smokers with diffusing capacity for
carbon monoxide (DL,CO) $80% pred, forced expiratory vol-
ume in one second (FEV1) <80% pred and/or residual volume
(RV) >120% pred; group B3: smokers with DL,CO <80% pred,
FEV1 <80% pred and/or RV >120% pred. BI: Brinkman
smoking index, the number of cigarettes smoked.day-1 6 num-
ber of years smoked (to convert to pack-yrs, divide by 20); VC:
vital capacity; FEV: forced expiratory volume; TLC: total lung
capacity; VA: alveolar volume. *: p<0.05 compared with group
B1; +: p<0.05 compared with group B2.
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Fig. 1. ± Expiration/inspiration (E/I) ratio in nonsmokers (n=10) and
mild (Brinkman smoking index (BI) <600; n=15) and heavy smokers
(BI $600; n=48). E/I ratio: average number of chest high-resolution
computed tomography (HRCT) scanning at full E/full I; BI: number of
cigarettes smoked.day-1 6 number of years smoked (to convert to
pack-yrs, divide by 20). The horizontal bars show mean values of
each group. NS: nonsignificant; *: p<0.05; +: p<0.005.
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Fig. 2. ± Visual score in nonsmokers (n=10) and mild (Brinkman
smoking index (BI) <600; n=15) and heavy smokers (BI $600; n=48).
Visual score: visual scoring of emphysematous changes in chest high-
resolution computed tomography scanning. The horizontal bars show
mean values of each group. NS: nonsignificant; +: p< 0.005; #: p<0.0005.
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$600) showed significantly higher values of E/I as well as
VS compared with those of nonsmokers and mild smokers.

Several studies have focused on emphysematous chan-
ges using chest CT scanning in cigarette smokers. KONDOH

et al. [26] studied 35 patients with chronic asthma and
found that 18 smokers (36.7�15.4 pack-yrs) had signif-
icantly higher visual emphysematous scores on CT scan
than did 17 nonsmokers, and that this VS significantly
correlated with pack-yrs of cigarette consumption. REMY-
JARDIN et al. [27] reported that HRCT revealed emphy-
sematous change in 20 (21%) out of 98 smokers with
12.8�10.41 pack-yrs, despite normal PFT, and in two (8%)
out of 26 exsmokers with 11.7�7.03 pack-yrs, and no sign
of emphysema in 51 nonsmokers. BETSUYAKU et al. [28]
found that in 49 asymptomatic smokers, HRCT detected a
low attenuation area (LAA) in 20 (41%) subjects and that

these 20 subjects showed significantly lower values of
FEV1, DL,CO and DL,CO/VA compared with 29 subjects
without LAA, although all mean values were within nor-
mal limits. In the present study there were no significant
differences in E/I or VS among nonsmokers, mild smokers
and smokers with normal PFT (group B1). Furthermore,
no other study of CT or HRCT at full expiration has
focused on cigarette smokers.

The classification of subjects by PFT results into groups
B2 and B3 in the present study was almost identical to that
employed by HEREMANS et al. [13], who defined a sub-
group of cigarette smokers with DL,CO $80% pred consis-
ting of subjects with airway obstruction and hyperinflation
and without functional emphysema, and a subgroup with
DL,CO <80% pred consisting of those with functional
emphysema. The former and the latter subgroups are
equivalent to the present groups B2 and B3, respectively.
E/I was significantly higher in both groups B2 and B3 than
in nonsmokers (group A) and group B1. However, VS did
not differentiate group B2 from groups A and B1. These
findings suggest that the E/I ratio may detect the airway
obstruction and hyperinflation as well as the emphysema-
tous destruction of the lung parenchyma, whereas VS does
not detect the airway obstruction and hyperinflation.

The usefulness of E/I is explicable because several
studies have revealed that CT or HRCT at full expiration is
useful in identifying subtle airway abnormalities and air
trapping in the evaluation of emphysema and COPD [12±
15]. KNUDSON et al. [12] noted that CT scans taken at full
expiration revealed abnormal permanent enlargement of
small air spaces in emphysema. HEREMANS et al. [13]
demonstrated that lung CT densities at FRC reflected the
degree of hyperinflation, i.e. enlargement of distal airways.
LAMERS et al. [14] reported that lung CT densities scanned
at 10% of VC differentiated patients with chronic bron-
chitis from normal controls, but that CT densities at 90%
VC (full inspiration) did not. MINIATI et al. [15] revealed
that when the mean HRCT number and percentage area of
the lung with low attenuation values (< -900 HU) were
examined at full inspiration and full expiration in control
subjects and in patients with COPD, only at full expiration
was there a significant difference between two groups. The
E/I ratio used in the present study also reflects air trapping
or airflow obstruction [16].

Because the E/I ratio is a quantitative method which can
be easily obtained, it could be used to detect emphysema in
mass screening programmes and to estimate airflow obst-
ruction in diseases affecting small airways. A recent report
[29] revealed the usefulness of the E/I ratio in demonstrat-
ing that pulmonary infection with Mycobacterium avium-
intracellulare (MAI) is probably a small airway disease,
since the small nodules and ectasia of small airways caused
by MAI infection are located in centrilobular regions in
HRCT and the E/I ratio is significantly increased at the
level of affected lesions by MAI.

A previous study [16] showed that VS has a high
correlation with DL,CO or DL,CO/VA, which reflects the
degree of emphysematous destruction of the lungs, where-
as it shows a low correlation with RV/TLC or RV, which
reflects air trapping. Therefore, it seems that VS could
differentiate group B2 from group B1.

In summary, the expiration/inspiration ratio and visual
score were evaluated using high-resolution computed to-
mography in cigarette smokers. Smokers were divided by
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Fig. 3. ± Expiration/inspiration (E/I) ratio in nonsmokers (group A; n=
10), smokers with normal pulmonary function tests (group B1; n=7),
smokers with carbon monoxide diffusing capacity (DL,CO) $80% pred,
forced expiratory volume in one second (FEV1) <80% pred and/or
residual volume (RV) >120% pred (group B2; n=21), and smokers with
DL,CO <80% pred, FEV1 <80% pred and/or RV >120% pred (group B3;
n=35). The horizontal bars show mean values of each group. *: p<0.05;
+: p<0.005; #: p<0.0005.

-2
0
2
4

6
8

10
12

14
16

Vi
su

al
 s

co
re

Group A Group B1 Group B2 Group B3

1.1

3.9

9.3

NS NS #

*
#

#

Fig. 4. ± Visual score in groups A (n=10), B1 (n=7), B2 (n=21) and B3
(n=35). Visual score: visual scoring of emphysematous changes in chest
high-resolution computed tomography scanning. For definitions of
groups see legend to figure 3. The horizontal bars show mean values of
each group. *: p<0.05; #: p<0.0005.
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the Brinkman smoking index into mild and heavy smokers,
and by pulmonary function tests into smokers with normal
pulmonary function tests (group B1), smokers with high
carbon monoxide diffusing capacity and low forced
expiratory volume in one second (group B2) and smokers
with low carbon dioxide diffusing capacity and low forced
expiratory volume (group B3). Both values were sig-
nificantly higher in heavy smokers than in nonsmokers and
mild smokers. The expiration/inspiration ratio was signi-
ficantly higher in groups B2 and B3 than in group B1.
Visual scoring could not differentiate group B2 from B1,
but its value in group B3 was higher than that in group B2.
The expiration/inspiration ratio may reflect the hyperin-
flation and airway obstruction induced by lung emphyse-
matous changes, regardless of the functional characteristics
of emphysema, and may be useful in estimating the airflow
obstruction and emphysematous destruction of lung
parenchyma in cigarette smokers.
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