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-To assess the validity of computer-assisted methods in ana- 
lyzing the lung parenchyma imaged with high-resolution com- 
puted tomography (HRCT), we compared computer-derived 
estimates of lung density to other, more traditional, measures 
of parenchymal injury in 24 subjects with idiopathic pulmonary 
fibrosis (IPF) and 60 subjects with extensive occupational ex- 
posure to asbestos. Gray scale density histograms were con- 
structed from the HRCT images. The gray scale histogram of 
both study groups was of a skewed unimodal distribution. How- 
ever, compared with the asbestos-exposed subjects, the pa- 
tients with IPF had a gray scale distribution that was signifi- 
cantly shifted to the right (greater density) and flatter. In a 
multivariate analysis, after controlling for age and cigarette 
smoking, we found that the mean and median gray scale densi- 
ties were independently associated with the presence of moder- 
ate-to-severe dyspnea, a higher International Labour Office 
chest X-ray category, a lower forced vital capacity, and a higher 
concentration of macrophages and eosinophils in the bron- 
choalveolar lavage fluid. These factors accounted for >7O% of 
the variance of the mean and median gray scale densities. Inter- 
estingly, no differences in gray scale density measures were 
noted between patients with IPF and patients with asbestosis 
when these other factors were taken into account. Our results 
suggest that computer-derived density analysis of the lung pa- 
renchyma on the HRCT scan is a valid, clinically meaningful, 
and objective measure of interstitial lung disease. 
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CHEST RADIOGRAPHS have become a cornerstone in diag- 
nosing and assessing the extent and severity of intersti- 
tial lung disease. However, concerns exist regarding the 
sensitivity and specificity of this diagnostic technique. 
For instance, between 9.6 and 18.1% of individuals with 
pathological evidence of interstitial lung disease will 
have a normal chest radiograph (7,10,19). Moreover, the 
interpretation of standard chest radiographs using either 
descriptive terminology or the International Labour Of- 
fice (ILO) classification system has proved problematic 
in terms of inter- and intrareader reliability. Specifically, 
interreader agreement ranges from 67 to 90% for IL0 
major profusion categories, and there is only 75% agree- 
ment on the quality of the chest X ray (25, 27). Similar 
rates of interreader agreement were reported for the in- 
terpretation of radiographs of patients with tuberculosis 
(37, 38). Importantly, intrareader agreement appears to 

yield similar results, with readers agreeing with their pre- 
vious interpretation (in terms of stability, progression, or 
improvement) on only 78% of the films (38). 

High-resolution computed tomography (HRCT) clearly 
improves the visual clarity of the lung parenchyma com- 
pared with the standard chest X ray (22). Unfortunately, 
there is little information to suggest that subjective 
HRCT interpretation is any more reliable than subjec- 
tive chest X-ray interpretation (4). Importantly, an ob- 
jective standardized system to grade the interstitial le- 
sions on the HRCT scan has not been developed. More- 
over, the pathological validity of the parenchymal 
abnormalities noted on HRCT has not been fully evalu- 
ated. Thus, further work needs to be pursued to identify 
an objective and reliable grading system for the clinical 
assessment of parenchymal abnormalities on the HRCT 
scan. 

Computerized approaches to image analysis have been 
used to identify central nervous system pathology (26), 
plan orthopedic procedures (29) and maxillofacial sur- 
gery (8), and assess a number of features of cardiac func- 
tion (13, 32). Computer-assisted analysis of chest radio- 
graphic images has been studied in the context of digi- 
tized screening chest X rays for coin lesions or 
pneumoconioses (17, 34) and density analysis of com- 
puted tomography (CT) images to quantify emphysema 
(12,18,23). We have used computer-derived quantitative 
methods to determine the relationship between asbes- 
tos-induced pleural fibrosis and restrictive lung function 
(31). Application of this technology in evaluating inter- 
stitial abnormalities in the lung parenchyma might ad- 
dress several problems inherent in the traditional subjec- 
tive assessment of either the chest X ray or the HRCT 
scan. Moreove 
would provide 
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In this study, we tested the hypothesis that a com- 
puter-derived quantitative analysis of lung parenchymal 
density on the chest HRCT scan would be a valid mea- 
sure of interstitial lung disease compared with standard 
clinical, radiological, physiological, and biological in- 
dexes of disease activity. In addition, we postulated that 
when we controlled for confounders, such as the severity 
of parenchymal abnormality on chest X ray, there would 
be no difference in gray scale density between patient 
populations with different types of interstitial lung dis- 
ease. To address these hypotheses, we analyzed the lung 
density on HRCT images from 60 asbestos-exposed sub- 
jects and 24 subjects with idiopathic pulmonary fibrosis 
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TABLE 1. Demographic and clinical characteristics 
of study population 

IPF Asbestos Exposed 

s”ex 
24 60 

Male 15 (62.5%) 60 (100%) 
Female 9 (37.5%) 0 (0%) 

fbe, yr 63.4t12.5 61.9k8.8 
Smoking history 

Never 8 (33.3%) 13 (21.7%) 
Former 14 (58.3%) 39(65%) 
Current 2 (8.3%) 8 (13.3%) 

Pack-years 24.38k21.79 28.22t23.03 
Chest X ray 

IL0 category 
0 1 (4.2%) 41 (68.3%) 
1 10 (41.7%) 18 (30%) 
2 11 (45.8%) 1 (1.7%) 
3 2 (8.3%) 0 

Pleural disease 
Present 5 (20.8%) 39(65%) 
Absent 19 (79.2%) 21 (35%) 

Dyspnea class 
1 2 (8.3%) 29 (48.3%) 
2 8 (33.3%) 21(35%) 
3 1 (4.2%) 3(5%) 
4 6(25%) 4 (6.7%) 
5 7 (29.2%) 3(5%) 

Values are means ,t SD for age and pack-years; r-z, no. of subjects. 
IPF, idiopathic pulmonary fibrosis; ILO, International Labour Office. 

(IPF) and then investigated the relationship between 
these measures of lung density and other test results to 
validate this measure of interstitial lung disease in these 
populations. 

METHODS 

Study population. The subjects for this investigation were 
identified as. part of our ongoing Specialized Center of Re- 
search Program in interstitial and occupational lung disease. 
Our study population consisted of 60 asbestos-exposed subjects 
and 24 subjects with IPF. The demographic characteristics are 
outlined in Table 1. The asbestos-exposed subjects were identi- 
fied primarily through the Sheet Metal Worker’s 1986 Screen- 
ing Program (30). In addition, several asbestos-exposed sub- 
jects were enrolled through the Occupational Medicine Clinic 
at the University of Iowa. All asbestos-exposed subjects had at 
least 1 yr of occupational exposure in a high-exposure setting 
(i.e., direct contact with asbestos), and a minimum of 20 yr was 
required between first exposure to asbestos and entry into the 
study. Subjects with asbestos-induced parenchymal fibrosis 
(i.e., asbestosis) and asbestos-induced pleural disease were pref- 
erentially included in this study. However, asbestos-exposed 
subjects without obvious lung disease were also included. In the 
subjects with IPF, the diagnosis was made on the basis of a 
consistent clinical history, interstitial fibrosis on chest X ray, 
and pulmonary function tests demonstrating either restrictive 
lung function or abnormal gas exchange. Importantly, all pa- 
tients with IPF were required not to have a clinical history of 
collagen vascular disease or of exposure to environmental 
agents known to cause interstitial lung disease. An open lung 
biopsy was obtained in 19 of the 24 subjects with IPF, and a 
consistent histological picture was obtained on transbronchial 
biopsy in two other cases. All biopsies were cultured for myco- 
bacteria and fungi. The diagnosis in the remaining three cases 
was made on clinical criteria, as histological confirmation was 
not available. 

Pulmonary function testing. The pulmonary function tests 
consisted of standard spirometry using a Medical Graphics 
1070 system (St. Paul, MN) and lung volumes via the body 
plethysmography Medical Graphics 1085 system. Single- 
breath pulmonary diffusing capacity of CO (DL& was mea- 
sured using the Medical Graphics 1070 system. The measure- 
ments of lung function were performed using standard proto- 
cols, and the American Thoracic Society guidelines (5) were 
used to determine acceptability. The predicted normal values 
were those of Morris et al. (21) for spirometry, Goldman and 
Becklake (11) for lung volumes, and Van Ganse et al. (35) for Dho. 

Dypnea assessment. The dyspnea level was assessed by 
questionnaire (9) administered by one observer who was 
blinded to the clinical data. This classification system com- 
prises five grades of dyspnea. Class 1 dyspnea is breathlessness 
that is consistent with the circumstances of the activity. Class 2 
dyspnea is characterized by breathlessness when hurrying on 
the level or walking up a slight hill. Class 3 dyspnea is charac- 
terized by an inability to keep pace with others of the same age 
on the level because of breathlessness. Class 4 dyspnea occurs 
during such activities as climbing a flight of stairs or walking 
100 yd (or after a few minutes) on the level at one’s own pace. 
Class 5 dyspnea may prevent the subject from leaving the 
house or may occur while performing activities of daily living 
such as dressing. 

Chest radiographs. Chest radiographs were performed in the 
posteroanterior projection on all study subjects and were indi- 
vidually interpreted by three experienced readers who used the 
IL0 1980 classification of radiographs of pneumoconioses (14). 
Each reader was blinded to the exposure history, the clinical 
data, and the opinions of the other readers when interpreting 
the radiographs. Agreement between at least two of the three 
readers was required to identify the IL0 major category of per- 
fusion In the unusual case where all three readers identified a 
different major IL0 category (1 IPF patient and none of the 
asbestos-exposed subjects), the median reading was chosen. In 
the asbestos-exposed subjects, we defined asbestosis as an IL0 
major category of 21. 

Bronchoalveolar lavage @AL). Fiber-optic bronchoscopy and 
BAL were performed on 58 asbestos-exposed subjects and 21 
subjects with IPF with use of our standard technique (39). Sub- 
jects were premeditated with atropine and meperidine hydro- 
chloride. The upper airway was anesthetized with aerosolized 
4% lidocaine. The bronchoscope was advanced into the air- 
ways, and the tip was maintained in the wedged position in a 
subsegmental bronchus throughout the lavage procedure. In all 
cases, two lavages were performed, usually in subsegments of 
the right middle lobe and lingula. Each lavage consisted of 120 
ml of saline (6 X 20-ml aliquots), and the fluid retrieved from 
the first aliquot was discarded. The remaining lavage fluid was 
filtered through two layers of gauze and centrifuged at 1,500 
rpm for 5 min. The cell pellet was washed twice in Hanks’ bal- 
anced salt solution without Ca2+ or Mg? Cell counts and dif- 
ferentials were determined with a hemocytometer (Coulter 
Electronics, Hialeah, FL). The cells were washed once more 
and resuspended in RPMI 1640 medium so that the final con- 
centration was lo7 cells/ml. The cells present in lo-12 ~1 of the 
107-cells/ml cell suspension were spun onto a glass slide with 
the use of a filter card and a cytocentrifuge (Cytospin2, Shan- 
den Southern, Sewickley, PA). After the cells were dried for 2 
min, they were stained using a Diff Quik Stain set (Harleco, 
Gibbstown, NJ). The cells were counted and classified only 
after the cytocentrifuge preparation was thought to be satisfac- 
tory by the following criteria: negligible staining artifact, uni- 
form dispersal of cells without clumping, essentially no disrup- 
tion of cells, and ~3% airway epithelial cells. The results from 
both lavaged lung segments were averaged, and, unless other- 
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wise stated, cell counts are expressed as lO* cells per milliliter 
of BAL fluid return. 

Chest HRCT. HRCT scans of the lung were obtained on all 
study subjects by using an Imatron C-100 ultrafast scanner. 
Images were obtained at full inspiration with the subject prone. 
A high spatial frequency algorithm was used to reconstruct the 
image data, and the smallest possible scanning circle was em- 
ployed to maximize the resolution. The scanning time was 0.6 s. 
Three-millimeter images were obtained every 2 cm from the 
apex of the lungs to the diaphragms. 

Computer-derived density measurements. The steps involved 
in the construction of a radiographic image of the lung included 
1) identification of tomographic images that encompass the en- 
tire lung, 2) identification of the spatial position and orienta- 
tion of each tomographic image, 3) identification of the actual 
region of interest (lung, pleura, mediastinum, etc.), 4) recon- 
struction and display of the two-dimensional image, and 5) ex- 
traction of quantitative data. Data generated from the HRCT 
scan were directly transferred to a Silicon Graphics 4D Iris 
Workstation (Mountain View, CA) and were digitized in a 
512 X 512-pixel matrix with 16-bit gray level resolution. The 
lung parenchyma for each lung image was traced and defined as 
in~vidu~ regions of interest. To correct the gray scale density 
measures for variations in CT scanning techniques, we stan- 
dardized each measure of density to the frequency distribution 
of tracheal air (-1,000 Hounsfield units) and column of blood 
in the aorta (0.0 Hounsfield units) on each HRCT scan. A spe- 
cifically designed program plotted a frequency -histogram of 
pixels for each gray scale value within this reference range for 
each lung. Gray scale frequency histograms for each lung and 
for the combined lung parenchyma of each subject were plot- 
ted. The mean, median, kurtosis (peakedness), and skewness of 

ubject were calcu- 

f the study was to 
xes as measures of 

~e~~n~y histograms between both subject groups (IPF vs. as- 
bestos exposed) and among IL0 chest X ray categories by using 
u&variate statistics (6). Although kurtosis and skewness are 
seldom used in statistical analyses, these measures are very 
helpful in statistically describing a histogram. The gray scale 
density measures were compared with the subjects’ age, pack- 
years of cigarette smoking, BAL cellularity, and pulmonary 
function tests by using correlation coefficients. Parametric and 
nonparametric approaches to the univariate analysis were used 
w 

ariate linear regression modeling was used to test the 
independent determinants of mean and median gray scale den- 
sities after controlling for the effect of possible confounders 
such as age and smoking history (20). The regression models 
were developed by individually assessing the relationship be- 
tween gray scale density (mean and median) and each of our 
independent measures of interstitial lung disease while control- 

otential confounders. Multivariate models were fur- 
loped by simultaneously entering multiple measures 

of interstitial lung disease to assess the independence of their 
contribution. The overall aim of these multivariate models was 
to determine the validity of gray scale measures of density after 
controlling for potential confounders and also to evaluate 
whether the gray scale measure of lung density served as a 
comprehensive measure for interstitial lung disease. 

' RESULTS 

our study population consi sted of 24 patients with IPF 
and 60 subjects who had been exposed to asbestos. Demo- 
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TABLE 2. Pulmonary function in patients with IPF 
compared with asbestos-exposed subjects 

IPF Asbestos Exposed 

!iLC 
24 60 

79.5t20.2 109.9t16.7* 
RV 80.2k23.5 122.2t38.5* 
FVC 72.5t21.3 88.6& 14.5” 
FEV, 80.2t20.0 89.1k19.7 
DLcO 52.8219.4 105.2k18.2” 
FEVJFVC 70.5k3.9 71.2t9.9 ’ 

Values are means t SD as %predicted except ratio of forced expira- 
tory volume in 1 s (FEV,) to forced vital capacity (FVC); n, no. of 
subjects. TLC, total lung capacity; RV, residual volume; Dbo, diffu- 
sion capacity for CO. * P < 0.05 vs. IPF. 

graphic, clinical, radiological, and pulmonary function 
data on our study subjects are given in Tables 1 and 2. All 
of our asbestos-exposed subjects were males with signifi- 
cant occupational exposure, whereas males accounted 
for 62.5% of our patients with IPF. Over 60% of subjects 
in both study groups were either former or current ciga- 
rette smokers. There was no significant difference in 
mean pack-years of cigarette smoking between the IPF 
group and the asbestos-exposed group. Nine of the IPF 
patients were taking oral prednisone, and one patient 
was taking prednisone and cyclophosphamide at the time 
of the study. None of the asbestos-exposed subjects was 
taking immunomodulating agents. Our asbestos-exposed 
group included a large number of subjects (68.3%) whose 
lung parenchyma appeared radiologically normal by IL0 
criteria (category 0) compared with only one subject in 
our IPF study group. The larger proportion of subjects 
with radiologically apparent parenchymal disease in the 
IPF group is reflected in the difference between subjec- 
tive complaints of dyspnea, with 59% of IPF patients 
compared with 17% of the asbestos-exposed subjects re- 
porting moderate-to-severe dyspnea (dyspnea class 3-5). 
In addition, significant differences in the percent pre- 
dicted total lung capacity, residual volume, forced vital 
capacity (FVC), and DL,, were noted during pulmonary 
function testing between both study groups. Limiting the 
analysis to subjects with IL0 category 1 chest X rays (the 
only IL0 category with reasonable numbers in both 
study groups), patients with IPF still had significantly 
worse lung function than patients with asbestosis. In 
fact, even within this radiographic subgroup, 70% of IPF 
patients complained of moderate-to-severe dyspnea 
compared with only 17% of patients with asbestosis. 

On visual and statistical inspection of the computer- 
derived gray scale histograms, it was noted that the his- 
tograms of all study subjects were of a unimodal distribu- 
tion with a skewed long tail to the right, toward increas- 
ing gray scale density. The subjects with IPF, however, 
had a distribution that was more shifted to the right and 
flatter (lower kurtosis) than that of the asbestos-exposed 
group (Table 3). All measured parameters (mean, me- 
dian, kurtosis, and skewness) of the gray scale distribu- 
tion were significantly different between patients with 
IPF and subjects who had been exposed to asbestos, re- 
flecting the more advanced changes in chest radiographs 
noted in our IPF patients. When we limited the analysis 
to study subjects with category 1 radiographs, patients 
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TABLE 3. Comparison of gray scale density derived from 
HRCT scans between patients with IPF 
and asbestos-exposed subjects 

IPF Asbestos Exposed P 

rilean 
24 60 

-749.1k53.9 -825.2k32.2 <O.OOl 
Median -811.6k53.7 -877.7k28.0 
Kurtosis 2.56k2.01 7.63~~2.35 

<0.001 g *. 
<O.OOl 

Skewness 1.57kO.46 2.63k0.37 <O.OOl z? 

Values are means & SD in Hounsfield units; n, no. of subjects. 
s 

HRCT, high-resolution computed tomography. 
g 
2 4- 
LA 

with IPF still had significant increases in the mean and 
median gray scale densities compared with those with 
asbestosis (data not shown). However, there was no sig- 
nificant difference for kurtosis and skewness between 
study groups within this radiological category. 

The gray scale density was found to be significantly 
related to several other measures of interstitial lung dis- 
ease. When the total study population was analyzed, a 
significant difference in gray scale density measurement 
was noted between those with and without parenchymal 
lung disease in the chest radiograph (Table 4, Fig. 1). 
Obvious consistent trends in gray scale density were ap- 
parent, as the degree of interstitial lung disease increased 
on the standard chest X ray. In addition, significant 
correlations existed between measures of gray scale den- 
sity and pulmonary function (total lung capacity, resid- 
ual volume, FVC, forced expired volume in 1 s, and 
DL~~), suggesting higher mean and median gray scale 
densities, and a flatter and broader distribution was as- 
sociated with more restrictive lung function and dimin- 
ished gas exchange as measured by DL~~ (Table 5). In 
addition, there was a significant relationship between 
higher concentration of cells (macrophages, neutrophils, 
and eosinophils) in the BAL fluid (expressed as lo4 cells/ 
ml of BAL fluid return) and higher mean and median 
gray scale densities on the frequency distribution histo- 
gram (Table 5). Interestingly, there was a significant neg- 
ative correlation between the percentage of lymphocytes 
in the BAL fluid and the higher mean and median gray 
scale densities. 

To further define the validity of the density measures 
in the context of other, more traditional, measures of 
interstitial lung disease, we used multivariate techniques 
(Table 6). In particular, we were interested in identifying 
the clinical features of interstitial lung disease that were 
independently related to the mean and median gray scale 
densities while controlling for the subjects’ age and smok- 

TABLE 4. Relationship of HRCT-derived gray scale 
density to chest X-ray IL0 category 

IL0 Category 

0 1 2 3 m 

Mean 
Median 
Kurtosis 
Skewness 

-832.9 -790.5* -747.0" -706.5" <0.0001 
-883.7 -846.6* -813.2* -779.5" <0.0001 

8.1 5.4* 2.3* 0.5* <0.0001 
2.7 2.2* 1.5* 1.1* <0.0001 

Values are in Hounsfield Units. * P < 0.05 vs. IL0 category 0. 
t Test for trend. 

400 

Gray Scale Density (HU) 
FIG. 1. Frequency histogram of gray scale density by chest X-ray 

International Labour Office (ILO) major category for all study sub- 
jects. HU, Hounsfield units. 

ing history. After exploring several possible models, the 
most powerful solution with the least number of terms 
was a model that showed that higher mean and median 
gray scale densities were independently associated with 
the presence of moderate-to-severe dyspnea (i.e., class 
39, a higher IL0 category of interstitial lung disease on 
chest X ray, a lower FVC, and a higher concentration of 
macrophages and eosinophils in the BAL fluid (Table 6). 
In fact, these models accounted for >70% of the variance 
of the mean and median gray scale densities. Interest- 
ingly, the subjects’ diagnosis (i.e., IPF or asbestosis) was 
not independently related to these measures of lung den- 
sity when these other factors were taken into account. 
Alternative multivariate models that included the study 
group (IPF vs. asbestos exposed) explained less of the 
variance of the mean and median gray scale densities and 
eliminated the assigned IL0 chest X-ray category from 
the model. 

TABLE 5. Relationship between measures of gray scale 
density and both pulmonary function and BAL cellularity 

Gray Scale Density 

Mean Median Kurtosis Skewness 

Pulmonary function 
FEV, 
FVC 
FEVJFVC 
TLC 
RV 
D&O 

BAL cellularity, X lo4 
cells/ml BAL fluid 

Macrophages 
Lymphocytes 
Neutrophils 
Eosinophils 

-0.43* 
-0.61* 

0.09 
-0.67' 
-0.45* 
-0.62* 

0.36* 
-0.05 

0.43* 
0.39" 

-0.39* 
-0.58" 

0.14 
-0.65" 
-0.43* 
-0.57" 

0.41* 
-0.03 

0.43" 
0.37* 

0.46" 
0.61* 
0.05 
0.62* 
0.39* 
0.70* 

-0.18 
0.07 

-0.44* 
-0.41* 

0.50* 
0.64" 
0.04 
0.67* 
0.43* 
0.74* 

-0.19 
0.06 

-0.46" 
-0.44* 

Values given are correlation coefficients. Absolute values of pulmo- 
nary function variables were considered in analysis. BAL, bronchoal- 
veolar lavage. * P < 0.001. 
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TABLE 6. Multiple linear regression models 
that best identified determinants of mean 

P B P 

Dyspnea class 3-5 21.0+&J 0.01 19.7k7.5 0.01 
IL0 

Category 1 20.7t7.8 0.01 15.4t7.2 0.04 
Category 2-3 62.7t10.2 0.0001 50.329.4 0.0001 

FVC -19.0t4.1 0.0001 -17.7k10.8 0.0001 
BAL eosinophils, 

ml-l 0.261t0.090 0.005 0.287t0.083 0.001 
BAL macrophages, 

ml-’ 0.050*0.019 0.01 0.041t0.018 0.025 
Constant -721.9~36.2 0.0001 -755.9t33.6 0.0001 

Model R 2 0.72 0.71 
F 17.34 (10, 68) 16.69 (10, 68) 

,8 values (regression coefficients) are means & SE; degrees of free- 
dom for F values are in parentheses. Models were controlled for age, 
smoking status, and pack-years of cigarette smoking. 

IDISCXXWON 

Our findings indicate that the assessment of parenchy- 
ma1 density on the HRCT scan is a valid measure of the 
extent of interstitial lung disease. This conclusion is sup- 
ported by our observation of an independent relationship 
between computer-derived measures of lung density and 
symptoms of dyspnea, increasing interstitial lung disease 

st X ray, restrictive physiology, and biological 
inflammation. Furthermore, our results sug- 

measurements of lung density appear to be a 
ite measure of interstitial 
ntly related to radiograp 

lung disease that is in- 
ihic, physiological ., and 

biulo indexes of disease. Moreover, our results sug- 
gest that computer-derived estimates of lung density 
may prove to contain information regarding the extent 
and severity of interstitial lung disease th at is not pro- 
vided by traditional diagnostic tools that are currently 

evaluate patients with this disease. In the most 
context, our results indicate that computer-as- 

measures of lung density objectively define the ra- 
hit extent of interstitial lung disease. 

The validity of the computer-derived measures of gray 
scale density is supported by the consistent relationship 
observed between measures of lung density and other 
indexes of interstitial lung disease such as dyspnea, IL0 
profusion, restrictive lung function, and BAL cellularity. 
Importantly, we found that moderate-to-severe dyspnea, 
higher IL0 chest X-ray category, restrictive physiology, 
and higher concentrations of macrophages and eosino- 
phils in the BAL fluid were all independently related to 
the computer-derived parenchymal density measures, 
explaining >70% of the variance of both the mean and 
median measures of density. However, after accounting 
for these factors, the gray scale density was unable to 
distinguish IPF from asbestos-related parenchymal ab- 
normalities. In contrast, subjective interpretation of the 
HRCT scan may be able to distinguish these two types of 
interstitial lung disease by the presence of abnormalities 

such as subpleural curvilinear lines and parenchymal 
bands, both of which are thought to be c.haracteristic but 
not pathognomonic of asbestosis (1,22,33). We have not 
examined the relationship of gray scale density to spe- 
cific descriptive abnormalities on the HRCT scan or to 
histopathological findings in terms of specific pathologi- 
cal patterns of disease. Instead, we chose to validate our 
technique against more commonly used radiographic, 
physiological, and biological indexes of the activity and 
extent of interstitial lung disease. Our observations 
strongly suggest that objective interpretation of the ’ 
HRCT scan provides a valid measure- of the extent of 
interstitial lung disease. 

The pathological significance of specific descriptive ab- 
normalities on the HRCT scan such as ground glass in- 
filtrate has not been adequately studied. However, the 
suggestion has been made that these radiographic abnor- 
malities represent either filling of the air spaces with his- 
tiocytes and alveolar septal inflammation, suggesting 
disease activity (24), or thickening of alveolar walls by 
fibrosis or edema (3). Further work needs to be pursued 
to define the relationship of both the visual and com- 
puter-derived measures of the lung parenchyma on the 
HRCT scan to histopathological patterns of disease. In 
view of the heterogeneous distribution of parenchymal 
abnormalities on the HRCT scan, the gray scale density 
of specific segments of lung parenchyma should be com- 
pared with both BAL cellularity and basic lung histology. 
In our study, we applied gray scale density analysis to the 
entire lung parenchyma of study subjects rather than to 
specific regions of parenchymal infiltration. This ap- 
proach yields an average gray scale density for each sub- 
ject, which may underestimate or obscure the regional 
differences in disease distribution known to exist in in- 
terstitial lung disease. Other computer-derived measures 
of parenchymal abnormalities, such as analysis of tex- 
ture, may provide more information on patterns of dis- 
ease activity than is available from gray scale density. 
Texture analysis has already been used to evaluate digi- 
tized chest X rays in screening for pneumoconioses (17, 
34). A similar technique may be applicable to the HRCT 
scan in interstitial lung disease. Because texture repre- 
sents the spatial distribution of lung density, this may be 
particularly important in assessing disease heterogeneity 
in different types of interstitial lung disease. 

One of the principal advantages of assessing lung den- 
sity is its inherent objectivity. The subjective nature of 
chest X-ray interpretation and the lack of inter- and in- 
trareader reliability in evaluating chest films from sub- 
jects at risk of interstitial lung disease have been well 
documented (25,27). Objective approaches usingcomput- 
erized textural analysis of digitized chest X rays in 
screening for infiltrative lung diseases have been evalu- 
ated (17, 34) but as yet remain largely a research tool. 
Interpretation of the HRCT scan in interstitial lung dis- 
ease has relied on descriptive terminology thought to cor- 
relate with known histological patterns observed in these 
processes. Al Jarad et al. (4) recently published a visual 
HRCT scoring system analogous to the IL0 system, 
which they have evaluated in patients with asbestos-re- 
lated pulmonary fibrosis, pleural disease, and emphy- 
sema. Interestingly, inter- and intraobserver agreement 
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was slightly improved (compared with the IL0 system) 
using the visual scoring system that they developed for 
the HRCT scan. Inter- and intraobserver agreement for 
the presence of parenchymal fibrosis was, respectively, 
96 and 99% for HRCT score compared with 90 and 95% 
for chest X ray interpretation. Importantly, a computer- 
ized approach to quantify the gray scale density on the 
HRCT scan will overcome potential problems with inter- 
and intrareader reliability and will also effectively ad- 
dress problems with observer bias. 

It is interesting to speculate whether the information 
yielded by this quantitative approach to the HRCT scan 
in interstitial lung disease represents a potentially new 
diagnostic tool or merely duplicates information readily 
available from the indexes currently used to assess the 
extent and activity of the parenchymal fibrosis. Obvi- 
oualy, some of the information overlaps that provided by 
patient symptoms, the degree of interstitial lung disease 
on the chest X ray, the interpretation of pulmonary 
function tests, and the cellular analysis of BAL fluid. 
However, our results suggest that these computer-de- 
rived measures of lung density yield a more comprehen- 
sive index of interstitial lung disease than traditional 
methods of evaluation. Individually, the clinical assess- 
ment, chest roentgenograms, pulmonary function tests, 
and BAL cellularity are helpful in the evaluation of sus- 
pected interstitial lung disease but do not provide a com- 
prehensive index of interstitial lung disease. In fact, clini- 
cians rely on the combination of these results with histo- 
logical information (except in cases of asbestosis) to 
make a diagnosis of interstitial lung disease or decide on 
a management strategy. Importantly, the combination of 
these more conventional methods of assessing intersti- 
tial lung disease explains 70% of the variance in the gray 
scale density measures. However, 30% of the gray scale 
density remains unexplained by traditional measures of 
lung disease, suggesting that the gray scale density may 
provide additional clinical information not available in 
the traditional diagnostic tools. Our results lead us to 
speculate that measures of lung density may provide a 
unique assessment of the interstitial process that will 
complement and enhance the traditional diagnostic tools 
that are used to assess interstitial lung disease. 

Because the lung density on HRCT is a reflection of 
the relative distributions of air, tissue, blood, and extra- 
vascular fluid within the lung, it is important to standard- 
ize the degree of inspiration. It has been shown that con- 
siderable differences in gray scale density exist between 
measures taken at various phases of the respiratory cycle 
(15, 28, 36). Although some have suggested that this 
should be rigidly controlled by spirometric gating of the 
CT scanner (16), the majority of published studies using 
CT-derived lung density (2,12,18,23), mainly in patients 
with emphysema, have simply asked patients to hold the 
breath at full inspiration. This is the method of HRCT 
scanning we chose to adopt in our study. Although it is 
claimed that the degree of inspiration during voluntary 
breath holding is not always reproducible (15), in a large 
series of HRCT scans, such as in our study, variability in 
the degree of inspiratory breath holding would be a ran- 
dom occurrence, tending to bias our results toward the 

null and strengthening any subsequently observed sta- 
tistical differences. 

In summary, we have used computer-assisted methods 
to analyze the gray scale density of the lung parenchyma 
of subjects with IPF and subjects occupationally exposed 
to asbestos. We have found that these measures of dis- 
ease are valid in relation to other accepted methods of 
assessing interstitial lung disease. Moreover, these com- 
puter-derived measures of lung density appear to repre- 
sent a comprehensive measure of interstitial lung disease 
that may yield information above and beyond that avail- 
able in the diagnostic tools that are traditionally used to 
assess the extent and activity of pulmonary fibrosis. 
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