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Abstract

Background—Low  attenuation areas
(LAA) on computed tomographic (CT)
scans have been shown to represent em-
physematous changes in patients with
chronic obstructive pulmonary disease
(COPD). However, the significance of
LAA is still controversial in patients with
asthma. This study was undertaken to
assess the usefulness of lung CT densit-
ometry in the detection of airspace en-
largement in association with asthma
severity.

Methods—Forty five asthmatic subjects
and 15 non-smoking controls were studied
to determine the influence of age, pulmo-
nary function, and asthma severity on
mean lung density (MLD) and the relative
area of the lung showing attenuation
values less than -950 HU (RA,,,) on high
resolution CT (HRCT) scans.

Results—In asthmatic patients both MLD
and RA,,, correlated with parameters of
airflow limitation (%FEV,, FEV,/FVC,
%FEF,, ) and lung volume (%TLC,
%FRC, %RV), but not with lung transfer
factor (%TLco, %TLCO/VA). The results of
HRCT lung densitometry also correlated
with patient age and severity of asthma.
Conclusions—Decreased CT lung density
in non-smoking asthmatics is related to
airflow limitation, hyperinflation and
aging, but not with lung transfer factor.
(Thorax 2001;56:851-856)
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Asthma is a disease characterised by airflow
limitation that reverses spontaneously or in
response to treatment.' The nature of asthma
as a chronic inflammatory disease of the
airways is well recognised.” This inflammation
process leads to irreversible changes in the
airway.”” Frequent airway and lung parenchy-
mal changes associated with asthma are
considered to be responsible for the irrevers-
ibility of airway obstruction, an outcome that is
observed in many severe asthmatics. Emphy-
sema, on the other hand, is defined pathologi-
cally as a process that results in the increase of
distal airspaces with destruction of their walls
without obvious fibrosis.® The evidence for the
presence of emphysema in asthmatic patients is
controversial.

Numerous studies have demonstrated the
usefulness of computed tomographic (CT)
scanning and high resolution CT (HRCT)
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scanning to detect and quantify pulmonary
emphysema in patients with chronic obstruc-
tive pulmonary disease (COPD),”" and a
quantitative method using digital data as well
as visual assessment of the scan are used to
analyse the CT images. Low attenuation areas
(LAA) on CT scans in vivo have been shown to
represent macroscopic and/or microscopic
emphysematous changes in the lungs of
patients with COPD.”"? However, one report
has suggested that mean lung density (MLD)
gives a good indication of hyperinflation rather
than of emphysema.”

Some studies have investigated the use of CT
lung densitometry in non-smoking asthmatic
patients.”** One study suggested that the per-
centage of pixels below —900 Hounsfield Units
(HU) at full expiration reflects air trapping in
asthmatic patients and correlates with pulmo-
nary function.” Gevenois et al showed that
acute expiratory airflow limitation and chronic
hyperinflation did not influence the MLD or
the relative area of the lungs showing attenua-
tion values less than —950 HU (RA,,,) in non-
smoking asthmatic patients.” They also found
that CT lung densitometry was influenced by
the total lung capacity (TLC) and age in
healthy subjects. Biernacki ez al observed that
some patients with chronic stable asthma
develop a reduction in CT lung density.”” In a
previous study we reported that the MLD and
RA,,, correlated significantly with the forced
expiratory volume in 1 second (FEV,), but not
with the transfer factor for carbon monoxide
(TrLco) in 10 non-smoking asthmatic sub-
jects.”* However, to our knowledge, the rela-
tionship between the findings of CT lung den-
sitometry and asthma severity has not been
studied.

The purpose of this study was to evaluate the
use of HRCT lung densitometry in detecting
distal airspace enlargement in asthma. We
investigated the influence of age, pulmonary
function tests, and asthma severity on the
results of HRCT lung densitometry. We exam-
ined MLD and RA,,, by HRCT scanning and
correlated the findings with lung function in 45
asthmatics and 15 healthy non-smoking con-
trols.

Methods

SUBJECTS

Forty five asthmatic subjects (27 women) of
mean (SD) age 60.0 (12.1) years (range
24-80) and 15 normal subjects (10 women) of
mean (SD) age 64.2 (10.4) years (range
44-79) were recruited from Misasa Medical
Branch. Asthma was diagnosed according to
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the definition proposed by the American Tho-
racic Society.”” All subjects with asthma had
episodic symptoms of wheezing and coughing
and experienced symptomatic relief and revers-
ible airway response with an accompanying
increase in FEV, exceeding 20% following
treatment with 3, adrenergic agonists. None of
the asthmatics had a history of clinically
demonstrable tuberculosis or allergic bron-
chopulmonary aspergillosis as defined by the
criteria of Rosenberg et al.”* The asthmatic
subjects were stable with no changes in asthma
symptoms and medication for at least 1 month,
except for the use of short acting inhaled J3,
agonists. Normal subjects had no chest symp-
toms with FEV, >90% predicted. All subjects
were lifelong non-smokers. No subjects had a
history of upper respiratory tract infection
within the month prior to entry to the study.
Subjects underwent a chest HRCT scan and
pulmonary function tests on the same day.

Patients were classified into three groups
based on severity of asthma according to the
guidelines of the National Institutes of Health/
World Health Organization (NIH/WHO).”
Mild asthma was defined as symptoms occur-
ring less than once a day, night-time symptoms
less than once a week, and FEV, =80%
predicted; moderate asthma was defined as
patients having daily symptoms, requiring daily
use of inhaled short acting 3, agonists, and pre-
treatment FEV, of 60-80% predicted; severe
asthma was defined as patients having continu-
ous symptoms, frequent exacerbations, limited
physical activity, frequent night-time symptoms,
and pretreatment FEV, <60% predicted.

All the asthmatic patients were considered to
be stable within the above classification; stabil-
ity was defined as follows: subjects with mild
asthma maintained on a short acting inhaled f3,
agonist on an “as needed” basis; those with
moderate asthma maintained with scheduled
medium dose inhaled corticosteroids (beclom-
ethasone dipropionate (BDP) 400-1000 pg
daily) and short acting [, agonist on an as
needed basis for daily breakthrough symptoms;
and subjects with severe asthma on oral
prednisolone and high dose inhaled cortico-
steroids (BDP 1000-2000 pg daily).

The onset and duration of asthma were
established by careful review of patient history
and complete physical examination. Atopy was
evaluated by a combination of history of aller-
gies, skin tests, and the presence of serum IgE
antibodies specific to 12 common aeroaller-
gens including house dust mite, pollens,
moulds, and animal danders. Serum specific
IgE was measured using the Pharmacia CAP
system (Pharmacia Diagnostics AB, Uppsala,
Sweden). Atopic patients were defined as those
who had a positive skin test and/or the presence
of allergen specific IgE.

Informed consent was obtained from all
subjects and the study protocol was approved
by the ethics committee of our institution.

PULMONARY FUNCTION TESTS

Spirometric tests were performed using a
Chestac 33 (Chest Co, Tokyo, Japan). The fol-
lowing measurements were performed on all
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Figure 1 (A) Representative HRCT image of a middle
lung section in an asthmatic patient. The mean lung density
(MLD) is —906.0 HU and the relative area of the lung
showing attenuation values less than —950 HU (RA,,,) is
15.6%. (B) The same image as in (A) but with the
addition of white highlighting of areas with attenuation
values less than —950 HU.

subjects: forced vital capacity (FVC), FEV,,
FEV /FVC, and mean forced expiratory flow
(FEF,, ,5). Total lung capacity (TLC), func-
tional residual capacity (FRC), residual vol-
ume (RV), and RV/TLC were measured using
body plethysmography (Autobox 2800, Chest
Co, Tokyo, Japan). The carbon monoxide
transfer factor (Trco) and TLco/alveolar
volume (VA) were measured according to the
single breath technique using Chestac 33.
FVC, FEV,, FEF,, .., TLC, FRC, RV, TLco,
and TrLco/VA measurements for each patient
were expressed as a percentage of their
predicted values according to the prediction
equations of the Japanese Society of Chest
Diseases.”

COMPUTED TOMOGRAPHY
Each patient underwent a non-contrast HRCT
scan using a Toshiba Xpeed scanner (Toshiba,
Tokyo, Japan) with 2 mm collimation, scanning
time of 2.7 seconds, voltage of 120 kVp, and
current of 200 mA. All HRCT scans were per-
formed in supine patients following maximal
inspiration. The images were reconstructed on
a 30 cm field of view (FOV) using a standard
algorithm (FC 1). Three HRCT scans were
performed for determination of MLD and
LLAA; an upper section was obtained at the top
of the aortic arch, a middle section was taken at
the origin of the lower lobe bronchus, and a
lower section was taken 3 cm above the top of
the diaphragm, as described by Miniati et al.”’

A preliminary study revealed that the density
of the lung area was less than -750 HU
whereas the density of the chest wall and medi-
astinum was greater than —-750 HU. Using
these results, the areas with a density less than
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Table 1  Clinical characteristics and pulmonary function tests of study subjects

Controls (n=15)

Mild asthma (n=15)

Moderate asthma (n=15) Severe asthma (n=15)

Sex (F/M) 10/5 10/5 9/6 8/7
Age (vears)* 64.2 (10.4) 57.2 (13.0) 58.2 (13.3) 66.3 (7.8)
Duration of asthma (years)t NA 8.0 (3-22) 10.0 (4-25) 15.5 (5-36)
Atopic/non-atopic 0/15 8/7 8/7 8/7
FVC (% pred)* 111.5 (8.3) 106.2 (13.7) 102.5 (19.3) 94.6 (12.6)
FEV, (% pred)*} 107.8 (11.4) 98.6 (10.2) 71.3 (3.9) 52.6 (6.2)
FEV,/FVC (%)*§ 79.5 (4.2) 76.6 (9.4) 61.5 (7.5) 52.4 (8.5)
TLC (% pred)* 103.8 (6.1) 108.3 (9.9) 112.2 (15.0) 117.5 (13.9)
FRC (% pred)* 97.0 (11.3) 96.6 (14.9) 101.5 (20.1) 107.9 (18.2)
RV (% pred)*| 100.7 (11.6) 108.0 (16.1) 121.7 (34.7) 143.8 (23.9)
Trco (% pred)* 102.4 (8.2) 101.8 (12.7) 102.6 (12.6) 105.1 (13.4)
TLCO/VA (% pred)* 105.5 (6.0) 108.6 (15.8) 111.6 (16.2) 113.1 (13.7)
Medication
Inhaled BDP (mg/day)* NA 0 706 (103) 1120 (101)
Systemic corticosteroids (n) NA 0 0 15

FVC = forced vital capacity; % pred = percentage of the predicted value; FEV, = forced expiratory volume in 1 second; TLC = total
lung capacity; FRC = forced residual capacity; RV = residual volume; Tr.co = lung transfer factor for carbon monoxide; VA = alveo-
lar volume; BDP = beclomethasone dipropionate; NA = not available.

*Values are expressed as mean (SD).
1Values are expressed as median (range).

FControls and patients with mild asthma were significantly higher than those with either moderate (p<0.001) or severe (p<0.001)
asthma, and those with moderate asthma were significantly higher than severe asthma (p<0.001).

§Controls and patients with mild asthma were significantly higher than those with either moderate (p<0.05) or severe (p<0.001)
asthma, and those with moderate asthma were significantly higher than severe asthma (p<0.05).

YPatients with severe asthma were significantly higher than either controls or those with mild asthma (p<0.01).

—750 HU inside the body were considered to
be lung areas. The cut off level between the
normal lung density area and LAA was defined
as —950 HU because we found that 1 SD below
the mean density of the lungs from 15
non-smoking control subjects was —949 HU.
An HRCT image and LAA (less than
—950 HU) of a representative asthmatic patient
are shown in fig 1. The MLD and RA,,, were
calculated at all three anatomical levels and
averaged.

STATISTICAL ANALYSIS

The results are expressed as mean (SD). Pear-
son’s correlation coefficients were calculated to
determine the relationship between each vari-
able. Stepwise multiple regression analysis was
used to evaluate the relationship between the
HRCT parameters, lung function, and age.
The Mann-Whitney U test and analysis of
variance (ANOVA) with Bonferroni/Dunn cor-
rection were used to compare groups. A p value
of <0.05 was regarded as statistically signifi-
cant.

Table 2 Correlation (r values) berween lung function and HRCT parameters in asthmatic

patients (n = 45)

MLD (HU) RA,s, (%)

r value p value r value p value
Age (years) ~0.456 0.0018 0.405 0.0062
FVC (% pred) 0.116 NS —-0.278 NS
FEV, (% pred) 0.666 <0.0001 —0.746 <0.0001
FEV,/FVC (%) 0.556 <0.0001 -0.574 <0.0001
FEF,; .5 (% pred) 0.441 0.0032 —-0.495 0.0006
TLC (% pred) -0.379 0.0126 0.332 0.0358
FRC (% pred) ~0.312 0.0448 0.345 0.0246
RV (% pred) -0.381 0.0120 0.511 0.0004
RV/TLC (%) -0.239 NS 0.341 0.0251
Trco (% pred) -0.115 NS 0.096 NS
Trco/VA (% pred) —-0.056 NS -0.008 NS

HRCT = high resolution computed tomography; MLD = mean lung density; HU = Hounsfield
units; RA,;, = relative area of the lung with attenuation values lower than -950 HU; FEF,, ., =
mean forced expiratory flow during the middle half of the FVC; NS = not significant. Other
abbreviations as in footnote to table 1.
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Results

PATIENT CHARACTERISTICS

Patient characteristics, lung function tests, and
current medications are shown in table 1.
There were no statistically significant differ-
ences in age or sex distribution between
patients with mild, moderate, or severe asthma
and control subjects. The duration of asthma
and the prevalence of atopy did not differ
between the three asthmatic subgroups. There
were significant differences in %FEV, and
%FEV /FVC among the three asthmatic sub-
groups. The %RV values were significantly
higher in those with severe asthma than in con-
trol subjects or those with mild asthma. There
were no statistically significant differences in
%FVC, %TLC, %FRC, %TLco, or
% TLCcO/VA between the groups. All asthmatic
patients were treated with inhaled 3, agonists.
The mean dose of inhaled BDP was 706 ug/day
for patients with moderate asthma and 1120
ng/day for those with severe asthma. The mean
dose of oral prednisolone, used only in patients
with severe asthma, was 6.8 mg/day. Oral theo-
phylline was administrated to patients with
moderate and severe asthma.

RELATIONSHIP BETWEEN HRCT LUNG
DENSITOMETRY AND PHYSIOLOGICAL FACTORS
The relationships between MLD and RA,,, and
age and pulmonary function tests in the 45
asthmatic patients examined are shown in table
2. MLD correlated significantly with patient
age, %FEV,, FEV /FVC, %FEF,, .., %TLC,
%FRC, and %RV but not with %FVC,
RV/TLC, %TrLco, or %TLco/VA. We also
found that RA,,, correlated significantly with
patient age, %FEV,, FEV /FVC, %FEF,. ..,
%TLC, %FRC, %RV, and RV/TLC but not
with %FVC, %TLco, or %TLco/VA. However,
there was no statistically significant correlation
between HRCT findings and %FEV,, FEV//
FVC, or %FEF,, ., in the 15 healthy controls
(data not shown). These data suggest that
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Table 3 Multiple regression analysis of HRCT parameters using age and pulmonary function tests in asthmatic subjects

(n=45)

MLD (HU) (R’ = 0.0524) RA,,, (%) (R*=0.611)

Regression Regression
Predictor variable coefficient 95% CI p value coefficient 95% CI p value
Age (years) -0.410 —0.773 to -0.047 0.0279 0.159 0.007 to 0.310 0.0411
FVC (% pred) - - - - - -
FEV, (% pred) 0.503 0.289 10 0.717 <0.0001 —0.272 —0.361 t0 —0.183 <0.0001
FEV,/FVC (%) - - - - - -
FEF,, , (% pred) - - - - - -
TLC (% pred) —0.366 —0.673 to —0.059 0.0207 - - -
FRC (% pred) - - - 0.126 0.030 to 0.221 0.0112

RV (% pred) - - -
RV/TLC (%) - - -
Trco (% pred) - - -
TrLco/VA (% pred) - - -

R? = coefficient of determination.

Missing values indicate that independent variables were not statistically significant.

Abbreviations as in footnote to tables 1 and 2.

HRCT lung densitometry in asthmatic sub-
jects has significant correlations with patient
age and pulmonary function parameters re-
garding flow limitation and lung volume, but
dose not correlate with lung transfer factor.

MULTIPLE REGRESSION ANALYSIS

The results of stepwise multiple regression
analysis using MLD and RA,,, as dependent
variables are shown in table 3. The MLD was
predicted by the combination of patient age
(p=0.0279), %FEV, (p<0.0001), and %TLC
(p=0.0207). The RA,,, was also predicted by
the combination of patient age (p=0.0411),
%FEV, (p<0.0001), and %FRC (p= 0.0112).

RELATIONSHIP BETWEEN HRCT LUNG
DENSITOMETRY AND ASTHMA SEVERITY

The MLD values for control subjects and
patients with mild, moderate, and severe
asthma were -867.3 (20.7) HU, -874.8
(17.2) HU, -893.8 (8.1) HU, and -910.5
(11.5) HU. The RA,, was 3.1 (3.2)% in
control subjects, 5.1 (2.3)% in patients with
mild asthma, 10.2 (3.7)% in those with
moderate asthma, and 22.9 (6.6)% in those
with severe asthma. Both MLD and RA,,, were
significantly different between the groups
(p<0.001 by ANOVA). There was a significant
correlation between asthma severity and MLD
or RA,,, (p<0.001). However, no significant

difference in MLD or RA,,, was found between
atopic and non-atopic asthmatic subjects with
the same asthma severity (fig 2A, B).

Discussion

We have examined the relationship between the
results of HRCT lung densitometry (MLD and
RA,,,) at maximal inspiration and pulmonary
function, patient age, and asthma severity. Our
study showed that at least some patients with
asthma have decreased attenuation of HRCT
lung density which was influenced by age, lung
volumes, airflow limitation, and asthma sever-
ity, but not by lung transfer factor.

Increases in the LAA of patients with COPD
have been reported to reflect the pathological
changes of pulmonary emphysema.”"” The CT
measurement of LAA correlates well with
transfer factor, a sensitive index of pulmonary
emphysema, and measurements of airway
obstruction.'”” * On the other hand, MLD
may be linearly related to the fraction of air in
the lungs and therefore may not represent the
pathological changes of emphysema, given its
non-homogenous distribution. Heremans ez al
found that, in patients with COPD, MLD cor-
relates with pulmonary function indices of air-
way obstruction and hyperinflation but not
with indices that are considered more specific
for emphysema (TrLco and static lung compli-
ance).” It is likely that the relationship between

A B
-940 40
_ L 35
920 . % $ .
__-900 O&.. Je 30 o .~
2 oot | X 25 ©
I 880 ' ] o = Q
S :7 520 ¢ o
~860 <
= s ) o 15+ o [ ] OO.
e}
-840 : 10 ; 9 Ogm
o e %o
820 = e S
5 ° ”
-800 | | | 0 | | | |
Control Mild Moderate Severe Control Mild Moderate Severe
asthma asthma

Figure 2 Relationship berween (A) mean lung density (MLD) and (B) relative area of the lung showing attenuation
values less than —950 HU (RA,,,) and the severity and type of asthma. The difference between the four groups was
significant by analysis of variance (ANOVA, p<0.001). Open circles = atopic subjects, closed circles = non-atopic subjects.

Solid horizontal line = mean.
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MLD and lung function differs from that
between RA,,, and lung function.

In efforts to minimise radiation exposure we
calculated both MLD and RA,,, using three
cross sections of the lung (upper, middle, and
lower). This was considered adequate as
Mishima er al described an accurate correlation
between the percentage of LAA detected from
10 sections (from apex to base of the lung) ver-
sus three sections in patients with COPD."

We used -950 HU as the cut off level
between the normal lung density area and
LAA. Previous studies have used variable levels
ranging from —900 to —960 HU.*'' 12 1* 171929 30
This discrepancy may be attributed to varia-
tions between the CT scanning techniques
(equipment and reconstruction of images) as
well as CT images (conventional v high resolu-
tion). Using HRCT scans of 15 healthy
controls, we found the mean MLD —1SD to be
-949 HU.

We obtained images after deep inspiration.
Gevenois er al reported that inspiratory CT
images were more accurate than expiratory
images for quantifying pulmonary emphy-
sema.'’ They speculated that abnormalities in
the expiratory CT scan are more reflective of
air trapping than of a reduction in terminal air-
space volume. Eda et al”’ found that helical CT
images acquired at maximal expiration re-
flected air trapping whereas CT visual scores at
full inspiration showed significant correlation
with emphysema. We therefore consider in-
spiratory CT scans to be more suitable than
expiratory CT scans for determining whether
emphysema is present in asthma.

We found that both RA,,, and MLD strongly
correlated with measurements of airflow limi-
tation (%FEV,, FEV/FVC) and also signifi-
cantly correlated with indices indicating hyper-
inflation (%TLC) and air trapping (%RV).
RA,;, and MLD did not correlate with TLcoO or
TrLco/VA, two values which have been shown
previously to correlate with emphysema.'* '* **>*
We also found no statistically significant differ-
ence in CT lung densitometry between pa-
tients with mild asthma and non-atopic con-
trols. However, RA,,, increased and MLD
decreased significantly with the severity of
asthma.

Biernacki er al observed that patients with
chronic stable asthma and COPD had a reduc-
tion in CT lung density, similar to our results.”
However, they also found that the lowest fifth
percentile CT numbers were similar before and
after treatment with nebulised f3, agonist, and
at the end of an exacerbation and 6 weeks later
in five patients with asthma. They concluded
that less restricted airflow and diminished
chronic overinflation did not affect the lowest
fifth percentile CT number. Gevenois et al
failed to find any significant changes in RA;,
during allergic challenge tests despite a de-
crease in FEV, and an increase in RV and
FRC.” The MLD and RA,,, of 10 asthmatics
with an increased TLC did not significantly
differ from those of healthy subjects. They
concluded that hyperinflation and airflow
obstruction without emphysematous lung de-
struction does not influence densitometric
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measurements obtained from inspiratory
scans. The difference between the findings of
their study and ours may be due to the fact that
our subjects are older than theirs.

By multiple regression analysis we have
shown that RA,,, correlates with age, %FRC,
and %FEV,, and that MLD correlates with
age, %TLC, and %FEV,. Both MLD and
RA,,, were found to be influenced by age, lung
volume, and chronic airflow limitation. Geven-
ois ez al reported that both MLD and RA,,, are
influenced by TLC and, to a lesser extent, by
age in healthy subjects.”” This was further sup-
ported by a longitudinal study by Soejima er a/
who showed that aging increased airspace
abnormalities on HRCT images of non-
smoking subjects over a study period of 5
years.”

We found a strong correlation between lung
CT density and airflow limitation, a weak cor-
relation with age and lung volumes, and no
correlation with transfer factor. The likely rea-
son is that airflow measurements have a wide
range whereas age and lung volume measure-
ments have a narrow range. We also speculate
that the decreased lung density in non-smoking
asthmatic subjects is related to simple gas trap-
ping rather than a significant change in the
recoil properties. Further study is needed to
examine whether there are significant changes
in the recoil properties of asthmatic lungs.

Paganin ez al reported a significant increase
in the extent of permanent HRCT scan abnor-
malities with increasing severity and duration
of symptoms, both in patients with allergic and
non-allergic asthma.” They further reported
that airway remodelling is more common in
patients with non-allergic than allergic asthma,
even when the duration of disease was similar.
They speculated that the anatomical changes in
patients with non-allergic asthma were related
to advanced age and mechanism of asthma. We
observed that RA,,, and MLD values were
associated with severity of asthma but not with
the type of asthma. Our findings may be
explained by the fact that our subjects are too
advanced in age to show differences between
the two groups. Further study is needed to
clarify the relationship between asthma type
and the results of CT lung densitometry in
younger subjects.

We conclude that decreased HRCT lung
density in non-smoking asthmatic patients is
related to airflow limitation, hyperinflation and
aging, but not to lung transfer factor. The
decreased HRCT lung density may represent
microscopic emphysema or chronic overinfla-
tion. We suggest that HRCT scanning may
provide useful information about the severity
of chronic asthma.

The authors thank Mr M Nakai for his technical assistance with
CT scanning.

No funding in the form of grants, gifts, equipment, or pharma-
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