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High resolution pulmonary computed tomography
scans quantified by analysis of density distribution:
application to asbestosis
Davor Eterovic, Zeljko Dujic, Jadranka Tocilj, Vesna Capkun

Abstract
A new method for quantitative evaluation for
high resolution computed tomography
(HRCT) of the lungs was developed by assess-
ment of the distribution of radiological densi-
ties within the lung slices. To enable effective
reduction of data and improve the sensitivity
of detection of abnormalities, the density
distributions were analysed by curve fitting
through the y variate model. The output of
two variables proved most representative: the
most frequent density (Hoansfield units; HU)
and width of distribution (HU). The method
was applied to seven patients with early
asbestosis (positive histological finding and
International Labour Office (ILO) profusion
score up to 0/1), 15 patients with advanced
stage of asbestosis (positive histological find-
ing and ILO score above 1/2), and 13 normal
controls. All patients with early asbestosis
had isolated reduction of diffusing lung capac-
ity to carbon monoxide (DLCO), whereas all
patients with advanced asbestosis had reduced
DLCO and restrictive disease; two of them also
had an obstruction pattern. The most frequent
densities were significandy greater in the
advanced asbestosis group (-567 HU) when
compared with both the early asbestosis group
(-719 HU; p = 2 x 10-6), and controls (-799
HU; p = 0), and they also discriminated signif-
icantly between the early asbestosis group and
controls (p = 0.0002). Significantly stronger
linear correlations were established between
DLCO and the most frequent densities (r =
0 86) than between DLCO and HRCT score (r =
0.57) or ILO score (r = 0.34). It is concluded
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that fitting the curve of the density distribu-
tion enables a more objective assessment of
HRCT pulmonary scans, especially in the
early stage of asbestosis.

(British J7ournal of Industrial Medicine 1993;50:5 14-519)

Lung parenchymal abnormalities on high resolution
computed tomography (HRCT) have been
described in subjects exposed to asbestos.'-5 It was
reported that advanced features of the HRCT tech-
nique (thin 1-1.5 mm sections, maximum x ray
energy levels, and high resolution reconstruction
algorithms) improved its sensitivity in comparison
with chest radiographs and conventional computed
tomography (CT).3 Staples et al found that in
asbestos exposed subjects with normal chest radio-
graphs, HRCT can identify a subgroup with
decreased lung function.5 We have also reported
that HRCT can detect early parenchymal changes
in subjects exposed to asbestos who had normal
chest radiographs and reduced diffusing lung
capacity to carbon monoxide (DLCO).6 The inter-
pretation of HRCT scans is usually based on a
qualitative assessment of changes in morphological
characteristics and attenuation by an experienced
thoracic radiologist. Qualitative HRCT still lacks
data on observer variability similar to the estab-
lished analysis of chest radiographs classified by the
Intemational Labour Offices method (1980). 8

In tomograms in which the diffuse aspect is
featured, as is possible in various interstitial lung
diseases, the distribution of radiological densities,
p (HU), in the particular slice, f (p), may show the
items that are not transparent on the tomograms
themselves. This is so because the subtle variations
in the proportion of densities may be more easily
seen on the graph, f (p), which displays explicitly
the number of cells in the successive density
intervals. Quantitative analysis of the CT scans
with respect to attenuation of an x ray beam by a
volume of lung tissue has been used in assessing
pulmonary emphysema,9 10 silicosis,"' sarcoidosis,'2
and lung damage related to bleomycin.13 The
evidence of the small changes, however as within
individual follow up, may be hindered by the arti-
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facts in the raw data. Therefore, to improve the
sensitivity of detection of abnormalities on HRCT,
we suggested the use of the fitted model, instead of
the raw f (p) data. The method is presented in
enough detail to enable straightforward implemen-
tation of the algorithm. It is shown that fitting the
curve of HRCT density data has definite advan-
tages in early detection of asbestosis.

Subjects and methods
The study population consisted of seven non-
smoking subjects with early asbestosis, 15 non-
smoking subjects with advanced asbestosis, and
13 control non-smoking subjects. Exposure was
predominantly to chrysotile in an asbestos cement
factory. Diagnosis of asbestosis was verified by
histological examination of lung tissue specimens
(with transbronchial biopsy). Early asbestosis was
defined by positive histological findings and an ILO
score up to 0/1, whereas advanced asbestosis was
assumed when positive histological findings and an
ILO score above 1/2 were present. Data collected
included documented occupational exposure and
complete clinical evaluation including physical
examination, pulmonary function tests, histological
diagnosis of asbestosis, chest radiographs, and
HRCT.

Chest radiographs (posteroanterior, lateral) were
scored by two thoracic radiologists according to the
1980 ILO classification. 14 Functional pulmonary
testing was performed within one week of HRCT
scanning and included static and dynamic spirom-
etry (forced vital capacity (FVC), forced expiratory
volume in one second FEV,, FEV,/FVC, peak
expiratory flow (PEF), maximal expiratory flow at
50% of expiration (MEF 50%); Masterlab from
Jaeger, Germany) and single breath diffusion lung
capacity (DLCO) measurement. The last was car-
ried out with the patients in an upright seated posi-
tion (Morgan MK-4, UK) and the arithmetic mean
of two acceptable tests for each subject was used.
The concentrations of the gas components used
were 0.3% carbon monoxide, 9% helium, 21%
oxygen and balance nitrogen. The DLCO values
were adjusted for haemoglobin.'5 Reference values
for spirometry were from Cotes'6 and for DLCO,
and DLco/alveolar volume (VA) from Cotes and
Hall.'7 Stress testing was performed on a bicycle
ergometer (Jaeger, Germany). Arterial blood gases
and pH were analysed with an ABL-2 blood gas
analyser (Radiometer, Denmark).

According to the results of pulmonary function
tests the subjects were described to five physiologi-
cal groups. These groups were defined based on
criteria as follows: (1) normal group, FVC > 80%
predicted, FEVI/FVC ) 70%, and DLCO > 80%
predicted; (2) restrictive group, FVC < 80%

predicted and FEV,/FVC > 70%; (3) obstructive
group, FEVI/FVC < 70%; (4) mixed restrictive-
obstructive group, FVC < 80% predicted and
FEVI/FVC < 70%; and (5) isolated DLCO reduc-
tion group, DLCO < 80% predicted.
The HRCT was performed with a Siemens

SOMATOM DRG with scan characteristics: 2 mm
thickness, 7 s scan acquisition time, 720 projec-
tions, 125 kV, 780 mAs, a strong edge enhance-
ment algorithm with the total number of 10 scans
in five projections through the thorax.3 The
standard scan levels used were apical, tracheal
bifurcation, paracardial, 3 cm below the paracardial
line, and lung base. The subjects were scanned in a
prone and a supine position in each projection at
suspended maximal expiration. The HRCT scans
were all photographed at three window settings:
(1) for the pleura and mediastinum, (2) for the
lungs, and (3) for the lungs and pleura. These
scans were blindly interpreted by two experienced
thoracic radiologists. Probability scores (low, inter-
mediate, and high) used for HRCT scans were
according to Aberle et al.3
A quantitative analysis of the CT scans was

focused on f (pi) data from the prone level at 3 cm
below the paracardial line. This was because inter-
stitial asbestosis develops preferentially at the pos-
terior region around the lung base. The raw f (pi)
curve was y fitted (appendix) to produce the ideal
smooth curve, which was identified by the parame-
ters: the most frequent density lmax (HU), maximal
frequency f (.max) (N/HU), the curve width w
(HU), and the skewness, s (HU) (fig 1 and appen-
dix).

Values are expressed as mean (SD). Unpaired
student's t test for small samples was used to
evaluate the differences in various functional and

> (HU)
Figuire 1 Example of ionoial luniig HRCT density lhistograis
(enmpty squares) with fitted model (filled squiares), featuring its
representtative paramleters: the mlost frequent density Si,,,, the
correspondinig frequency, f( ,), distributioni Zwidth, wc, and
distribution skewness, s.
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radiological indices between normal examinees and
patients with early or advanced asbestosis.
Correlations between DLCO and the most frequent
densities, HRCT, or ILO scores were evaluated by
linear least squares analysis. A p value < 0 05 was

considered significant.

Results
Table 1 shows the anthropometric characteristics
and lung function, and radiological (chest radio-
graphs and HRCT scans) findings in groups of
subjects with early (n = 7) or advanced asbestosis
(n = 15) and 13 non-exposed control subjects.
Subjects in group 2 with advanced asbestosis -were
significantly older (p = 0.015) and had longer dura-
tion of exposure to asbestos than subjects with early
asbestosis (group 1; p = 0.048). Only six subjects
out of 35 (groups 1, 2, and 3) were women. The
sole functional abnormality in group 1 was a reduc-
tion in DLCO. Thirteen subjects out of 15 in group
2 had a DLCO decrement and restrictive disease,
one had reduced DLCO and mixed restrictive-

obstructive disease, and the other had obstructive
disease. Resting PaO2 was significantly decreased
in both group 1 and group 2 compared with group

3 (p = 0.03 and 0.013 respectively; table 1).
Exertional hypoxaemia was seen in four subjects in
group 1 and in 12 subjects in group 2. The ILO
profusion score was 0/0 (n = 4) or 0/1 (n = 3) in
group 1, whereas in group 3 the scores were 1/2 (n
= 4), 2/1 (n = 3), 2/2 (n = 2), 2/3 (n = 4), 3/2
(n = 1), 3/3 (n = 1). In group 1 only one subject
had circumscribed plaque, whereas in group 2 13
subjects had circumscribed plaques and two sub-
jects had diffuse pleural thickening. A significantly
higher mean HRCT score was found in group 2
compared with group 1 (p = 0.013). For the
probability of interstitial fibrosis assessed by
HRCT, in group 1 two subjects had low probability
whereas four and one had intermediate and high
probabilities respectively. In group 2, four subjects
had intermediate and 11 subjects had high HRCT
probabilities.
The most frequent densities (for examples see

Table 1 Anthropometic and pulmonaryfunctional and radiological data

Early asbestosis Advanced asbestosis Control subjects
(n = 7) (n =15) (n = 13)

Variables (1) (2) (3) p Value

Anthropometric
characteristics:

kge(y) 34(6) 42 (8) 37 (7) 0-015 1 v2
Sex (No men/No women) 6/1 12/3 11/2
Abestos exposure (y) 14 (9) 23 (10) 0 0-048 1 v2
Lung function:
FVC (% predicted) 90 (8) 69 (12) 96 (6) 0 00009 1 v 2

0 2 v 3
FEV, (% predicted) 102 (13) 78 (13) 95 (10) 0-00006 1 v 2

0-0008 2 v 3
FEV,/FVC (% predicted) 111 (12) 114 (13) 100 (8) 0 034 1 v 3

0-002 2 v 3
PEF (% predicted) 90 (14) 74 (17) 101 (11) 0-028 1 v 2

0 00005 2 v 3
MEF50.k (% predicted) 92 (13) 72 (15) 107 (12) 0-0038 1 v 2

0 2 v 3
DLCO (% predicted) 69 (10) 60 (12) 96 (9) 0 2 v 3

0-00002 1 v 3
DLCO/VA (% predicted) 77 (11) 87 (11) 98 (8) 0-006 2 v 3

^0-0002 1 v 3
Pao, (kPa) 11-2 (1-5) 9-4 (2 3) 12-9 (1-1) 0 03 Iv 2

0 00004 2 v 3
0-013 1 v3

Chest radiology:
HRCT 1-9 (0 7) 2-7 (0-5) 1 (0) 0-013 1 v 2
ILO profusion score
(No of patients):

0/0 4 0 13
0/1 3 0 0
1/2 0 4 0
2/1 0 3 0
2/2 0 2 0
2/3 0 4 0
3/2 0 1 0
3/3 0 1 0

Values are mean (SD) unless otherwise indicated. Asbestos exposure = years from the start of exposure; HRCT = high resolution
computed tomography score for probability for parenchymal fibrosis (1 = low probability; indicates no parenchymal disease;
2 = intermediate probability; indicates parenchymal disease with possible relation to asbestosis; and 3 = high probability; indicates
parenchymal asbestosis). p Values obtained by unpaired Student's t test for small samples.
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Figure 2 Lung HRCT density histograms (fitted curves) of a
normal subject (filled triangles), patient with early asbestosis
(empty squares), and patient with advanced asbestosis (filled
squares). Note that asbestosis shifts histograms towards greater
densities in a stage dependent manner.

fig 2) were significantly greater than the advanced
asbestosis group (-567 HU) compared with
both the early asbestosis group (-719 HU); p =

2 x 10-6) and controls (-799 HU; p = 0) and they
discriminated significantly between the early
asbestosis group and controls (p = 0.0002) (table
2). Significantly stronger linear correlations were

established between DLCO and the most frequent
densities (r = 0.87; fig 3) than between DLCO and
HRCT score (r = 0.57) or ILO score (r = 0.34).

Discussion
Several recent investigations have suggested that
functional abnormalities can give an early diagnosis
in asbestosis (and perhaps in other pneumoconiotic
lung diseases).'*521 We have already reported that
decreased FVC and DLCO can be found in subjects
with ILO profusion scores below 1/1.19 We also
noticed that a biphasic mid-expiratory flow rate and
change in DLCO (initial increase followed by a
decrease) in non-smoking subjects may be the
earliest functional abnormality indicative of future
interstitial asbestosis and that only in the phases
when these functional variables returned to normal

*
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Figure 3 Correlation between diffusing lung capacity for car-
bon monoxide (DLco) and the most frequent lung HRCT
densities (,) in all examinees.

or decreased, did the HRCT become positive in
most of these patients, whereas ILO score was still
normal.20 21

Therefore, although HRCT is evidently a more

sensitive technique than conventional computed
tomography or chest radiography for an early radio-
logical diagnosis of asbestosis, its qualitative
analysis may seem less sensitive than some simple
lung function tests: however, the quantitative analy-
sis of HRCT scans is also feasible. The display of
number of cells in the successive density intervals,
or the histogram of density frequencies proved
especially useful.9 13 This is so because such display
may show details that are not noticeable by visual
inspection of the particular tomogram. The raw
density histograms contain, however, a significant
noise component that degrades the performances of
this analysis, especially regarding reproducibility of
measurement, which, in turn, may obscure minor
abnormalities or small changes at the patient's
follow up. To amplify the performances of utilising
HRCT density histograms, we applied the curve
fitting technique to the raw density-frequency data.

Such analysis should achieve two main goals:

Table 2 Quantitative parameters of distributions ofHRCT densities

Early asbestosis Advanced asbestosis Control subjects
(n = 7) (n = 15) (n = 13)

Variables (1) (2) (3) p Value

Most frequent density (HU) - 719 (42) - 567 (63) - 799 (26) 0-0002 1 v 3
0 2 v 3
2 x 10-6 1 v2

Maximal frequency (N/HU) 106 2250 (461) 1980 (495) 2508 (442) NS
Distribution width (HU) 360 (67) 392 (61) 339 (49) NS
Skewness (%) 116 (24) 106 (21) 94 (19) NS

p Values obtained by unpaired Student's t test for small samples.
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(1) it should attenuate the high frequency statistical
artifacts that produce undulation of the ideal
unimodal curves; (2) it should effect data reduction
to ascribe to the whole curve only the few charac-
teristic parameters. Filtering out the statistical
errors enhances reproducibility of analysis, whereas
data reduction facilitates comparisons. Local
smoothing routines (neighbour averaging) filter out
the high frequencies but curve fitting does both
smoothing and parametric identification. Quanti-
tatively, in curve fitting, the perfectly smooth curve
is dragged through the original curve points. The
class of the curve is given by the assumed model
and the exact values of the curve variables are
determined to produce the best fit of the ideal
curve to the raw data. The fitting function is
uniquely identified by the parameters of its analy-
tical form. We may further express the descriptive
quantities like the curve width, the position, and
the height of maximum as the functions of the
model parameters. Usually the true model is not
exactly known or it is impossible to implement in
practice and the approximate concepts are used.
The resultant fitting function is fairly accurate in
the raw data domain, but it may diverge substan-
tially from the true values if extrapolated outside
the original data bounds. In our application the
y variate model is only a guess at the true parent
distributions, but we do not deal with extrapola-
tions, hence avoiding that possible drawback of the
curve fitting concept.

Appendix
7 VARIATE FUNCTION
It may be assumed that the actual data comprising
the density-frequency pulmogram f (ft) (i = 1,...,
N) are random samples generated from an ideal,
parent distribution f (ji), which is the smooth curve
around which the real data are spread. Because
f (pg) appears as a unimodal, left skewed curve
(fig 1), it should be described adequately. A versa-
tile model having these features is the 7t variate
function, well known in statistics, physics, and
indicator-dilution curves.2 In this model f (j)
appears as:

f () = c * (p - P.)a * exp (-b (g - P,n)) (A 1)
where ,u is the curve onset (p > Pon), after which
the curve exhibits the single upslope, reaches its
maximum, and decays monotonically to zero; c is
the scale factor, and a and b are positive parameters
determining the exact shape of the curve. The ideal
curve onset p.on may be chosen to coincide with the
onset of the raw data, whereas the set a, b, and c
can be determined by the method of least-squares
(see next section). Once P,on, a, b, and c are known,
we may proceed to calculate the position of the
curve maximum Pma,X) maximal curve value
f (gmax), and the curve width, w, as follows: The

root of equation (d/dj) f (p,) = 0 is

J-max = gon + a/b
Inserting (A 2) in (A 1) gives:

f (gmax) = c * (a/b)a. exp (- a)

(A 2)

(A 3)
The curve width, w, may be defined as the distance
between the two points of inflection, which are the
roots of equation (d2/dp.2) f (p) = 0. Hence:

w = 2 * j,/bl (A 4)
A useful concept may also be the skewness, s,
defined here as the difference between the
maximal, or most probable density p.max, given by
(A 2), and the average density, P.ave, defined
below-that is:

S =:lmax - Ilave (A 5)
N

pave = p-j fi(pi)

It should be noted that, in unimodal curves, s < 0
(Pmax < pave) obtains in case of the left skewed curve
and vice versa.

LEAST SQUARES FIT OF THE 7 VARIATE FUNCTION
The mathematical statement of the best fit to N
data points f (pi) is that among all possible sets of
parameters of the model function f (p; a, b, c ...) we
should find the one that produces the minimal sum
of the squared deviations of the original curve
points f (pi) from the corresponding points of the
fitting curve f (pi; a, b, c ...). In other words "the
best" set a, b, c ... is the minimum of the function:

(A 6)
N

The equivalent formulation is that a, b, c ... are the
roots of the set of simultaneous equations:

dX2/da = 0, dX2/db = 0, dX2/dc = 0, .... (A 7)
Solving this set is not always trivial but is simple if
equations are linear in a, b, c ... In the case of the;'
variate model function of equation A 1 it is impos-
sible to obtain the linear set directly. Therefore it is
numerically opportune to subject to the least-
squares demand ln f (p.), rather than the function f
(p.) itself. Upon doing the solutions for the para-
meters a, b, and c are readily obtained.

(s2.s4- s5 ) (sI .s3-N - s5) +

(S3 * s7- s5 * S6) * (S3 * s5-sl * S4)
(S2 * s3- SI* Ss) * (S3 * Ss- SI s4)
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c= exp (b - (s, * s5- S2 s3) + (S3 * s7- s55 s6)
SI s3- N 'S5

(A 8)
a = b8- s5 - 53 c

S4

The definitions of abbreviations s, .. ., s8 follow:

N N N
S

1
= pit S2 = 1 it2 s3 =

1
In pit

N N N
S4 = E 1n2pit s5 = E pitln pit s6 = E In f(pit)

1 1 1

N
57 = E: pi nlpt1

N
S8 = X In pit * In f(Htp)

1

pit "":pi Pon
Because Plon is easily recognised as the curve onset,
the equation A 8 expresses the fit parameters of the
y variate model of equation A 1 as functions of
abscissas and ordinates of the original curve, which,
in tum, are the direct observables.
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