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Computed tomographic emphysema
distribution: relationship to clinical features
In a cohort of smokers

G. Mair*, J.J. Miller*, D. McAllister*, J. Maclay*, M. Connell”,
J.T. Murchison’ and W. MacNee*

ABSTRACT: Computed tomography (CT) scanning allows precise assessment of both the extent
and distribution of emphysema. There has been little work on the relationship between the
distribution of emphysema and clinical features of the disease. The current study investigated the
association between clinical features and distribution of emphysema.

A total of 129 patients with smoking-related chronic obstructive pulmonary disease underwent
CT assessment of the extent and distribution of their emphysema (core/rind and upper/lower zone
predominance).

Emphysema was found predominantly in the upper/core zone and this distribution was related
to the extent of disease. Core predominance was associated with lower forced expiratory volume
in one second (FEV1), FEV1/forced vital capacity ratio and body mass index (BMI); and with higher
BODE (BMI, airflow obstruction, dyspnoea and exercise capacity) index and Medical Research
Council dyspnoea score. Upper-zone predominance was associated with female sex and an
increased total St George’s Respiratory Questionnaire score. Using multiple linear regression
age, sex and whole lung emphysema severity were independently associated with core/rind
distribution, while sex and whole lung emphysema severity were independently related to upper/
lower distribution.

Distribution of emphysema related best to clinical features when divided into core/rind
predominance. However, the effects were not independent of the extent of emphysema. Increased
age and female sex were related to disease distribution independent of emphysema severity.
These findings may be related to differences in development of emphysema.

KEYWORDS: Chronic obstructive pulmonary disease, distribution, emphysema, low attenuation
areas, multi-slice computed tomography

chronic obstructive pulmonary disease

(COPD) through destruction of the alveo-
lar walls, resulting in decreased lung elastic recoil
and airway collapse [1]. Emphysema leads to a
marked decrease in lung tissue volume and an
increase in airspace volume. These changes can
be demonstrated by computed tomography (CT)
scanning as regions of reduced lung density [2].

E mphysema causes airflow limitation in

Advances in CT scanning and specifically
designed software now allow precise assessment
of the extent of emphysema. Areas of the lung
with a density below a given threshold (com-
monly -950 Hounsfield units (HU)) are desig-
nated as emphysematous. This technique has
been validated against pathology [3, 4] and
pulmonary function [5, 6]. In addition, the
technology can be used to assess the distribution
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of emphysematous disease, an approach that has
been utilised in assessing patients for (and in the
outcomes of) lung volume reduction surgery [7,
8] and also in monitoring changes in emphysema
longitudinally in a;-antitrypsin-deficient patients
[9]. The distribution of the parenchymal damage
varies between individuals, but the reasons for
this are not known. This heterogeneity is
reflected in the wide variation in clinical features
seen. Despite this, there is a paucity of studies
investigating how differences in the distribution
of emphysema relate to different clinical features
among patients with COPD [10, 11].

In the present study, patients were categorised
according to the distribution of their emphysema.
It was hypothesised that clinical features vary
between patients with different distributions. It
was hoped that by using CT, patterns of disease
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correlating with clinical severity could be identified. To the
current authors” knowledge, other than with spirometry, such
comparisons have not previously been made.

METHODS

Study patients

Current and ex-smokers with a clinical history consistent with
COPD, defined by: symptoms of cough; sputum production
and/or breathlessness; and a >10-pack-yr smoking history
were recruited from primary care and through a respiratory
outpatient clinic at the Royal Infirmary of Edinburgh
(Edinburgh, UK). Diagnosis was confirmed with a post-
bronchodilator forced expiratory volume in one second
(FEV1)/forced vital capacity (FVC) ratio <70% [1]. Patients
were studied when clinically stable, >6 weeks post-exacerba-
tion. Subjects with other respiratory conditions, systematic
inflammatory diseases or prescribed regular oral cortico-
steroids were excluded. In total, 129 patients were recruited.
All studies were performed with the approval of Lothian
Regional Ethics Committee (Edinburgh, UK) and written
informed consent was obtained from all subjects.

Study design

A structured questionnaire was administered by trained
healthcare staff to record baseline characteristics, including
past medical history and smoking status. Medical Research
Council (MRC) chronic bronchitis score, MRC dyspnoea score
and the results of the St George’s Respiratory Questionnaire
(SGRQ) were recorded. Exacerbation frequency was assessed
by patient recall over a 1-yr period. An exacerbation was
defined as an increase in symptoms requiring a course of
corticosteroids or antibiotics. Corroboration was obtained in
most cases by review of the patient’s hospital and/or general
practitioner (GP) notes.

Patients performed a 6-min walk according to American
Thoracic Society guidelines [12]. Spirometry was performed
in triplicate (Vitalograph®, Ennis, Ireland) with reversibility to
salbutamol (2.5 mg nebulised). Height and weight were
measured to calculate body mass index (BMI). BMI, airflow
obstruction, dyspnoea and exercise capacity (BODE) index was
calculated as described by CELLI et al. [13].

CT protocol

Study subjects underwent a low-dose quantitative thoracic CT
scan at full inspiration. Patients were coached to achieve total
lung capacity. No intravenous contrast was administered. A
Toshiba Aquilion 16-slice CT scanner (Toshiba Medical
Systems, Tokyo, Japan), was used with the following para-
meters: 135 kV, 40 mA, rotation time 0.5 s, 16 x 1 mm collima-
tion, pitch 1.45, reconstructed at 2.5-mm intervals with 5-mm
thick slices and at 1-mm intervals with 1-mm slices, and FC-03
filter. Slices were reconstructed to maximise the data available
for analysis. All slices were used in the quantitative analysis.
The HU for air was recalibrated using a method similar to that
described by STOEL and STOLK [14] to correct for the air offset in
Toshiba CT scanners (about -985 HU instead of the nominal
-1,000 HU with the filter used). All CT scans were reviewed by
an experienced chest radiologist (J.T. Murchison). On visual
assessment, any CT scans with other lung conditions (e.g.
bronchiectasis and interstitial lung disease) resulted in exclu-
sion of the patient from the study. Incidental lung nodules
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were followed with interval CT scans according to the
Fleischner Society recommendations [15]. None of these
nodules were subsequently thought to represent a cancer.

CT measurements

The number of pixels below -950 HU was used to quantify
low-attenuation areas (LAA) as a measure of emphysema.
Software was developed to calculate the percentage of pixels
below this threshold (LAA-950) from the total number in each
CT scan. To estimate the distribution of LAA, total lung
volume was divided equally into upper and lower, and also
core and rind regions. The boundary between the upper and
lower regions was the CT slice that divided total lung volume
into two equal regions, while the peripheral 50% of lung area
on each CT slice was defined as the rind region (fig. 1). This
process was automated using an erosion algorithm originally
described by HARALICK et al. [16]: in each cycle, one layer of
pixels at the outer boundary of the lung is removed until 50%
of the initial lung area remains. The percentage of LAA in each
region (core/rind and upper/lower) was then calculated from
the total. This created two continuous variables for the

a)

m ‘n

FIGURE 1. Defining emphysema distribution. All patients were classified both

as core or rind predominant and as upper- or lower-zone predominant. White lines
show the definition of the a) core versus rind and b) upper versus lower zones. The
percentage of low-attenuation areas below -950 Hounsfield Units (LAA-950; shaded
in black) in each zone was calculated from the total number of LAA-950. Where
>50% LAA-950 occurred in any zone, this was considered to indicate
predominance. The patient illustrated has upper/core predominance.
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distribution: i.e. 0-100% of LAAs in the upper zone and 0-
100% of LAAs in the core zone. Each patient was then
categorised as upper- or lower-zone predominant, and also as
core or rind predominant, when >50% of LAAs were in any
distribution region. This allowed classification into one of four
groups: upper/rind, upper/core, lower/rind and lower/core
predominant.

Statistical analysis

The % LAA-950 variable had a skewed distribution and thus
was log-transformed. Other non-normally distributed variables
were analysed using nonparametric tests.

Pearson’s correlation coefficient was used to determine
relationships between normally distributed or log-transformed
variables; otherwise, Spearman’s rank test was used.
Independent-sample t-tests were utilised in comparing means
between groups with dichotomous data. One-way ANOVA
was used to compare the four distribution groups, with
Tukey’s post hoc testing used to identify significant differences.
Only comparisons with one consistent variable were analysed,
as these would provide useful information. For example,
upper/core compared with lower/core was analysed, while
upper/core compared to lower/rind was not.

Multiple linear regression modelling was used to test for
independent associations between clinical features and both
the extent and distribution of emphysema. Variables found to
be significant on univariate analysis, and potential confounders,

11.\:18 55 Demographic data, clinical features and
computed tomography results

Patients n 129
Sex male 85 (66%)
Age yrs 67+8
FEV1 % pred 52+19
FVC % pred 82+20
FEV1/FVC % 49412
Sa,0 % 96+1.9
Smoking history pack-yrs 45420
BMI kg-m2 26+6
6-min walk distance m 361+118
SGRAQ total 47+20
BODE index 4+2
Exacerbation frequency yr™’ 2 (1-3)
MRC dyspnoea score 3+1

MRC bronchitis score 1 = 63/129 (53%)

Current smoker n 40 (31%)
% LAA-950 5.5 (1.6-17.5)
Upper % below -950 HU* 57423
Core % below -950 HU* 54+15

Data are presented as n (%), mean +sb or median (interquartile range), unless
otherwise stated. FEV1: forced expiratory volume in one second; % pred: %
predicted; FVC: forced vital capacity; Sa0,: arterial oxygen saturation; BMI:
body mass index; SGRQ: St George's Respiratory Questionnaire; BODE: BMI,
airflow obstruction, dyspnoea and exercise capacity; MRC: Medical Research
Council; LAA-950: low-attenuation areas below -950 Hounsfield Units (HU). *:
calculated as 100 x (number of pixels below -950 HU in relevant zone)/(total
number of pixels below -950 HU).
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were included in these multiple regression models. Some
collinearity was found between FEV1, BODE index and MRC
dyspnoea score, but this had little effect on the results and so
these variables have been left in the analysis for completeness.

In all statistical analyses, a p-value <0.05 was regarded as
statistically significant.

RESULTS

The patient characteristics demonstrate a wide range of airflow
limitation, 6-min walking distance, total SGRQ score and
BODE index, reflecting the spectrum of disease encountered in
clinical practice (table 1). Table 1 also shows the extent of
emphysema, given as the total percentage LAAs (% LAA-950),
and how these are distributed as continuous variables. The
means for both core/rind and upper/lower distributions were
each a little more than 50%.

Emphysema distribution

For most patients, there was a predominance of LAAs in
upper, core regions (64% had LA As in the upper region, 66% in
the core and 48% both). The severity of emphysema in the
whole lung (log % LAA-950) was associated with a higher
percentage of emphysema in the upper (r=0.23, p=0.008) and
core (r=0.69, p<<0.001) regions. When the two distributions of
emphysema were correlated, percentage upper-zone distribu-
tion was significantly related to percentage core distribution
(r=0.28, p=0.001), as shown in figure 2.

Correlation of emphysema with clinical features

On univariate analysis (table 2), several clinical features were
associated with the extent of emphysema measured by CT. In
nearly all cases, those same clinical features were significantly
related to an increased percentage of core disease. Increased
core distribution was associated with lower FEV1 (r=-0.35,
p<<0.001), FEV1/FVC ratio (r=-0.52, p<<0.001) and BMI (r=-0.24,
p=0.006); and with higher BODE index (r=0.30, p=0.003)
and MRC dyspnoea score (r=0.27, p=0.002). An increase in
the upper-zone distribution of emphysema was associated
with female sex (mean 11.4% greater, p=0.006) and a higher
total SGRQ score (r=0.18, p=0.039).
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FIGURE 2. Distribution of low-attenuation areas (LAAs) on computed
tomography when divided into core/rind and upper/lower zones.
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1\ 18308 Relationship between extent and distribution of computed tomography-measured emphysema and clinical features

Correlation of extent of emphysema
with log % LAA-950

Distribution of emphysema

Correlation with % core zone

Correlation with % upper zone

Age yrs

Sex*

FEV1 % pred

FVC % pred

FEV1/FVC %

Smoking history pack-yrs
BMI kg-m2

6-min walking distance m
SGRQ total

BODE index
Exacerbation frequency”
MRC dyspnoea score
MRC bronchitis score’
Sa,0, %

0.05
0.32
~0\52%%*
-0.04
0.70%**
-0.06
-0.48%**
0.04
0.20
0.35
0.09
0.24
0.18
-0.34**

0.07
-5.01
D aF=
0.11
L
-0.03
-0.24*
-0.15
017
0.30%%#
0.04
0.2771
210
-0.16

-0.09
-11.4%
-0.01
0.03
-0.03
-0.08
-0.03
-0.07
0.18°
0.08
-0.10
0.10
1.43
0.09

LAA-950: low-attenuation areas below -950 Hounsfield Units; FEV1: forced expiratory volume in one second; % pred: % predicted; FVC: forced vital capacity; BMI: body

mass index; SGRQ: St George’s Respiratory Questionnaire; BODE: BMI, airflow obstruction, dyspnoea and exercise capacity; MRC: Medical Research Council; Sa,0,:

arterial oxygen saturation; *: nonparametric test used; ¥: independent-sample t-test used (difference in means given). *: p=0.006; ***: p<0.001; *: p=0.039; /: p=0.022;
## 0=0.003; 'Y: p=0.002; **: p=0.011. Only statistically significant p-values are given.
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FIGURE 3. Results of ANOVA. Histograms
represent: a) mean % predicted (% pred) forced
expiratory volume in one second (FEV1); b) FEV1/
forced vital capacity (FVC) ratio; c) arterial oxygen
saturations; d) Medical Research Council (MRC)
dyspnoea score; and e) body mass index, airflow
obstruction, dyspnoea and exercise capacity
(BODE) index. *: p=0.007; ': p=0.027; *:
p=0.014; % p=0.010; /: p=0.012; ***: p<0.001.
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).\ B Sl Multiple linear regression model of emphysema extent on clinical variables

Model Beta coefficient (95% CI) Partial correlations p-value

Age -0.02 (-0.05-0.02) -0.09 0.380

Sex 0.46 (-0.17-1.01) 0.15 0.152

BMI -0.09 (-0.15- -0.04) -0.33 0.002

FEV1 % pred -0.04 (-0.06- -0.02) -0.35 0.001

BODE index -0.08 (-0.25-0.10) -0.09 0.387

Sa,0, -0.05 (-0.22-0.11) -0.07 0.524

Overall result for the model: log percentage of low-attenuation areas below -950 Hounsfield Units (°=0.33, p<0.001). Cl: confidence interval; BMI: body mass index;
FEV1: forced expiratory volume in one second; % pred: % predicted; BODE: BMI, airflow obstruction, dyspnoea and exercise capacity; Sa,0,: arterial oxygen saturation.

On comparing patients with predominantly upper/rind,
lower/rind, upper/core or lower/core emphysema, % pre-
dicted FEV1, FEV1/FVC ratio, arterial oxygen saturation (Sa,0,),
MRC dyspnoea score and BODE index were found to be
significantly different. Post hoc testing revealed that in all cases,
lower-zone core-to-rind differences were significant, while
only Sa,0, differed between upper and lower zones (fig. 3).

Using multiple linear regression modelling, only BMI and
FEV1 were significant and therefore independently related to
the extent of emphysema (log % LAA-950). In assessing
distribution, age, sex and extent of emphysema were independ-
ently associated with core/rind, while only sex and extent of
emphysema were independently related to upper/lower
(tables 3-5).

DISCUSSION

CT assessment of COPD patients allows accurate measurement
of emphysema extent and distribution. In a large cohort of 129
patients with COPD, the present authors have examined
whether the extent and distribution of CT-measured emphy-
sema relates to clinical features. This is the first time such
comparisons have been made to clinical parameters other than
spirometry.

As expected, several clinical features of COPD were signifi-
cantly related to total lung emphysema severity (% LAA-950)
as measured using CT. Interestingly, when the distribution of

emphysema is related to clinical features, core-to-rind differ-
ences in distribution are more significantly associated than
upper-to-lower ones. Nearly all clinical features that correlate
to total lung emphysema severity show significant relation-
ships when distribution of emphysema is divided into core
and rind. (Most notably, core emphysema is associated with a
significant decrease in FEV1 % pred, a higher BODE index, a
higher MRC dyspnoea score and a lower BMIL) Two clinical
features (SGRQ score and sex) were related to upper/lower
emphysema predominance (upper zone predominance of
emphysema is associated with an increased total SGRQ score,
i.e. worse health status) and is more common in females. When
viewed in a one-way ANOVA, it is apparent that differences in
lower-zone core/rind distribution are most related to changes
in clinical outcome. This finding is rather surprising, given that
the majority of the current patients have upper/core disease
and that the extent of emphysema is correlated with both
upper-zone and core predominance. In other words, more
severe upper-zone, core-predominant emphysema is found in
the majority of the current patients, yet the more subtle lower-
zone disease shows the best correlation with clinical features.

This does, however, agree with other work published on
emphysema distribution. GURNEY et al. [17] found in a study of
59 smokers that severe upper-zone emphysema was less
related to spirometry than milder lower-zone disease.
Similarly, the current findings are in agreement with the only

=B Multiple linear regression model of core/rind emphysema distribution on clinical variables

Model Beta coefficient (95% CI) Partial correlations p-value
Age 0.35 (0.11-0.59) 0.29 0.005
Sex -9.52 (-13.9- -5.16) -0.41 <0.001
Log % LAA-950 7.18 (5.73-8.62) 0.72 <0.001
BMI 0.15 (-0.24-0.54) 0.08 0.455
FEV1 % pred 1.10 (-0.08-0.29) 0.12 0.258
BODE index 0.33 (-1.79-2.46) 0.03 0.758
MRC dyspnoea score 1.52 (-2.15-5.19) 0.09 0.412

Overall result for the model: core/rind distribution of emphysema (*=0.62, p<0.001). Cl: confidence interval; LAA-950: low-attenuation areas below -950 Hounsfield
Units; BMI: body mass index; FEV1: forced expiratory volume in one second; % pred: % predicted; BODE: BMI, airflow obstruction, dyspnoea and exercise capacity;

MRC: Medical Research Council.
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=B Multiple linear regression model of upper/lower emphysema distribution on clinical variables

Model Beta coefficient (95% CI) Partial correlations p-value
Age -0.03 (-0.54-0.47) -0.01 0.904
Sex -11.3 (-19.8- -2.73) -0.23 0.010
Log % LAA-950 3.47 (0.92-6.03) 0.24 0.008
SGRQ total 0.14 (-0.05-0.34) 0.13 0.147

Overall result for the model: upper/lower distribution of emphysema (=0.13, p=0.002). Cl: confidence interval; LAA-950: low-attenuation areas below -950 Hounsfield

Units; SGRQ: St George’s Respiratory Questionnaire.

two published papers that describe smoking-related emphy-
sema (as distinct from oy-antitrypsin deficiency-related
emphysema) distribution in terms of upper/lower and core/
rind predominance. NAKANO et al. [11] also found that core
disease was related to disease severity (as measured by
pulmonary function tests), with lower/core disease more
related to spirometry, and upper/core to carbon monoxide
transfer factor. HARAGUCHI ef al. [10] found that centrally
distributed emphysema had the strongest relationship to
pulmonary function, and also that lower-zone disease related
better than upper.

On multiple linear regression, only FEV1 and BMI were
associated with the extent of emphysema (LAA-950), i.e. these
are the only two clinical factors that actually relate to the
CT-measured severity of emphysema in the current cohort. A
similar outcome was observed in the distribution analyses:
although a number of symptomatic features were associated
with an increased percentage of core or upper zone disease on
univariate analysis, after adjusting for confounding by
emphysema severity and FEV1, only age and sex remained
associated. Therefore, the current authors were unable to
demonstrate that clinical features were related to differing
distributions of emphysema in COPD.

The finding that upper-zone core disease was associated with
emphysema severity was interesting. One possible explanation
is that differences in mechanical forces in the lower and rind
zones provide some protection to lung parenchyma, such that
only those with more severe or advanced disease develop
emphysema at these sites. The distribution analyses also
demonstrate that females were most likely to have core disease
in the upper zones, while increasing age was likewise
associated with core predominance. These effects of age and
sex were found to be independent of disease severity. It is
possible then, that for most patients, smoking-related emphy-
sema predominates in the upper/core region with increasing
severity; while for females and those of increasing age, the
disease may begin with a predominantly core distribution
regardless of severity.

Such ideas point to differences in the development of
emphysema. It might be suggested that distribution patterns
are related to the underlying pathological phenotype.
Traditionally, centrilobular and paraseptal emphysema were
thought to have upper-lobe predominance and be more
common in smokers, while panlobular emphysema was

EUROPEAN RESPIRATORY JOURNAL

considered to predominate in the lower lobes in patients with
oy-antitrypsin deficiency [18, 19].

Until recently, information on sex-related differences in
emphysema has been limited. Results from the National
Emphysema Treatment Trial showed that there is a core
predominance of emphysematous disease in females: the
authors postulated that sex differences in emphysema may
be explained by an increased susceptibility of females to
comparable degrees of cigarette smoke exposure [20].

The association of core distribution with increasing age may in
some way be related to the normal age-related decline in lung
function [21]. It is possible that this occurs predominantly in
the core zones of the lung. However, pathological studies
would be required to determine whether CT assessment of
emphysema distribution in this way is related to disease
subtype, while issues of susceptibility and age-related decline
can only be resolved with longitudinal data.

Study limitations

The current study does have some limitations in design.
Patient selection was opportunistic: those referred from
primary care and attending a specialised clinic were recruited
sequentially. Ideally, a random selection of patients from a
COPD population would have been more appropriate, but the
current authors believe that the cohort is nevertheless
representative of the COPD population at large.

CT scanning was performed at maximal arrested inspiration
and there is still some debate in the literature over the need for
spirometric gating [14, 22-25]. A recent international work-
shop, however, concluded that this was unnecessary, particu-
larly if scans are not compared longitudinally, as in the current
study [26].

Assessment of exacerbation frequency was based on patient
recall. This clearly has implications for accuracy, but in most
patients, hospital and/or GP notes were used to corroborate.

In summary, a core predominant distribution of emphysema,
particularly in the lower zones, shows the best relationship
with clinical features. The current authors have demonstrated
that assessing emphysema in this way not only relates well to
spirometry, but also, as shown for the first time in the current
study, to measures of functional status. It was not, however,
possible to demonstrate that these associations are independ-
ent of the degree of emphysema, age or sex. Age and sex
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differences may be related to disease development but to
determine whether emphysema distribution is merely a
measure of severity or an independently related feature of

the

disease would require longitudinal studies.
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