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Small human lung specimens are frequently used
for cell biological studies of the pathogenesis of em-
physema. In general, lung function and other clin-
ical parameters are used to establish the presence
and severity of emphysema/chronic obstructive
pulmonary disease without morphological analysis
of the specimens under investigation. In this study
we compared three morphological methods to an-
alyze emphysema, and evaluated whether clinical
data correlate with the morphological data of indi-
vidual lung samples. A total of 306 lung specimens
from resected lung(lobes) from 221 patients were
inflated and characterized using three morphologi-
cal parameters: the Destructive Index, the Mean
Linear Intercept, and Section Assessment. Morpho-
logical data were related to each other, to lung func-
tion data, and to smoking behavior. Significant cor-
relations (P < .001) were observed between Section
Assessment and Destructive Index (r � 0.92), Mean
Linear Intercept with Destructive Index (r � 0.69)
andMean Linear Intercept with Section Assessment
(r � 0.65). Section Assessment, being much less
time consuming than Mean Linear Intercept and
Destructive Index, is the parameter of choice for
initial analysis. Destructive Index is the most sensi-
tive parameter. There was a significant (P < .001),
but weak correlation for all three parameters with
the diffusion capacity for CO (KCO) (Destructive In-

dex: r � �0.28; Mean Linear Intercept: r � �0.34;
Section Assessment: r � �0.32), and with FEV1/IVC
(Destructive Index: r � �0.29; Mean Linear Inter-
cept: r � �0.33; Section Assessment: r � �0.28), but
not with other lung function parameters. A signifi-
cant difference (P< .05) between (ex-) smokers and
never-smokers was observed for Destructive Index
and Section Assessment. It is concluded that the
application of the three morphological parameters
represents a useful method to characterize emphy-
sematous lesions in a (semi-)quantitativemanner in
small human lung specimens, and that Section As-
sessment is a suitable and fast method for initial
screening. The extent of emphysema of individual
lung specimens should be established by means of
morphometry, rather than lung function data.
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Pulmonary emphysema is a progressive lung dis-
ease mostly affecting elderly people. Because em-
physema is defined as “abnormal permanent en-
largement of the air spaces distal to the terminal
bronchioles, accompanied by destruction of their
walls and without obvious fibrosis” (1, 2), charac-
terization of the disease with morphological and/or
morphometrical parameters is a prerequisite to
study the pathogenesis. Although lung function
tests are useful tools to diagnose chronic obstruc-
tive pulmonary disease, it is difficult to distinguish
emphysema from other obstructive lung diseases
(3). Characterization of the disease with functional
parameters is controversial (4). The relations be-
tween lung function data and morphological/mor-
phometrical data have been described as poor (5).
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Lung function data may not be representative for
the part of the lung used for study. However, many
data on the pathogenesis have been generated
without a firm basis of thoroughly characterized
lung tissue (6).

Even if the morphology of the specimen is
known, immunohistochemical and biochemical
studies on the pathogenesis of emphysema should
be performed on tissue very close to that that has
been morphologically characterized since emphy-
sema is a very heterogeneous process. We therefore
set up a large collection of lung tissue containing
specimens derived from 221 individuals. Each spec-
imen was divided into three small, adjacent parts.
The middle part was used for morphological anal-
ysis, the two outer parts processed for molecular
biological and immunohistological studies, to be
conducted later. Morphological analysis was per-
formed using two morphometric parameters: the
Destructive Index as a measure for alveolar destruc-
tion (7), and the Mean Linear Intercept as a mea-
sure for air space enlargement (8). In addition, the
Section Assessment parameter was selected for
morphological grading of emphysematous lesions
(9). Morphometric and morphological data were
related to each other and to age, to lung function,
and to smoking behavior.

PATIENTS AND METHODS

Patients
Lung specimens were obtained from patients un-

dergoing lobectomy or pneumonectomy for a local-
ized malignant pulmonary process, at the Univer-
sity Lung Center Nijmegen, or Rijnstate Hospital

Arnhem, the Netherlands. All subjects were studied
according to the guidelines of the Medical Ethical
Committee of the University Medical Center Nijme-
gen; all patients had given informed consent. The
collection of lung tissue consists of lung resection
specimens from 221 patients. Of the original num-
ber of lung specimens from 282 patients (1 to 3
specimens per patient), specimens from 61 patients
were excluded in this study. Of these excluded pa-
tients 2 were non-Caucasian, 2 had metastases in
the specimens, 5 had been irradiated, 47 resulted in
specimens that were not fully inflated and therefore
not measurable, and 5 resulted in too few morpho-
metric measurements.

Of the 221 patients 187 were male and 34 were
female. In the male group 100 were current smok-
ers, 67 were ex-smokers (abstinence from smoking
for at least one year), 3 were never-smokers, and 17
had an unknown smoking history. In the female
group 14 were smokers, 7 were ex-smokers, 6 were
never-smokers, and 7 had an unknown smoking
history. The average age of the entire group was
61.9 � 11.1 years (range 24–84 y). Clinical data of
patients are presented in Table 1.

Clinical Analysis
Lung function tests were performed before sur-

gery. Static and dynamic lung function tests were
performed with a wet spirometer and with a closed-
circuit helium-dilution method (Pulmonet III, Sen-
sormedics, Bilthoven, the Netherlands). Diffusion
capacity for carbon monoxide per liter/lung (alve-
olar) volume (DL,CO/VA) was measured with the
single breath-holding carbon monoxide method

TABLE 1. Age, Smoking Behavior, and Lung Function Data of the Patients

Parameter
Smokersa

Mean � SEM
(Range)

n
Ex-Smokersb

Mean � SEM
(Range)

n
Never-Smokersc

Mean � SEM
(Range)

n
Totald Mean �

SEM (Range)
n

Age (y) 63 � 1 114 62 � 1 74 57 � 4 9 62 � 1 221
(37–84) (24–80) (39–75) (21–84)

Pack years 37 � 2 114 34 � 2 74 36 � 1e 188
(10–120) (5–90) (5–120)

TLC 97 � 2 97 94 � 2 59 85 � 8 7 96 � 1 167
(37–136) (46–125) (55–118) (37–136)

IVC 94 � 2 105 94 � 2 61 93 � 8 8 94 � 1 178
(59–138) (45–125) (49–123) (45–138)

RV 102 � 3 98 96 � 4 58 80 � 8 8 99 � 2 168
(54–184) (42–177) (46–115) (42–184)

FEV1 78 � 2 106 83 � 3 61 91 � 7 8 80 � 1 179
(42–114) (39–116) (62–119) (39–119)

FEV1/IVC 63 � 1 105 66 � 1 61 75 � 3 8 65 � 1 178
(38–100) (41–104) (66–85) (38–104)

KCO 73 � 2 89 79 � 3 54 84 � 8 6 76 � 2 152
(32–135) (37–126) (50–106) (32–135)

All values are means � SEM. Range is indicated within parentheses. Lung function data are percentages of the predicted value10.
a 100 male, 14 female.
b 67 male, 7 female.
c 3 male, 6 female.
d Includes 24 subjects (17 male/7 female) without known smoking behavior.
e Average and range of smokers and ex-smokers.
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(Sensormedics 2450) and was corrected for actual
hemoglobin. Measurements were performed at
least 12 h after smoking. Predicted spirometric val-
ues were derived from the E.R.S. standards (10).

Tissue Processing
Small lung specimens (about 1 cc) were taken

subpleurally from resected lung lobes at a maxi-
mum distance from the tumor the patient was op-
erated for. Specimens were processed within 1–2 h
after surgical removal. These specimens were free
of tumor and inflammatory areas. Each specimen
was cut in three pieces juxtaposed to each other,
and of equal size. The middle part was inflated in
phosphate-buffered saline (PBS) containing 4%
(v/v) formalin under vacuum (13 kPa) for 20 min
using a routine water stream-driven device (water
aspirator), as described (11). The specimens were
then dehydrated and embedded in paraffin. Sec-
tions (5 �m) were cut, and care was taken to pre-
vent overstretching. The sections were stained with
hematoxylin-eosin. One outer part was immedi-
ately frozen in liquid nitrogen and subsequently
stored at �80°C for future biochemical and
molecular-biological research. The other outer part
was immersed in PBS, subsequently inflated under
vacuum (13 kPa) for 20 min and then frozen in
liquid nitrogen followed by storage at �80°C, for
future immunohistochemical purposes.

Morphometry—Parenchymal Destruction
The degree of parenchymal destruction was de-

termined by a microscopic point count technique
(7). This so-called Destructive Index analysis was
performed using a transparent sheet with 50 count-
ing points (Fig. 1). The sheet was laid on an A5-size
print, on which the microscopic images from the

stained sections were projected using PC_Image
2.1® (Foster Findlay, Newcastle upon Tyne, United
Kingdom) and Corel Photopaint 5.0® (Corel Corpo-
ration, Ottawa, Canada) software. Images free of
large bronchi(oli), vessel, collapsed tissue, or exten-
sive fibrosis were selected. The final magnification
of the images was 82x. From each lung specimen,
an average of 5 different sections was used, and in
the sections generally 3 to 10 representative non-
overlapping fields were selected, depending on the
histomorphology of that section. Alveolar and duct
spaces lying underneath the counting points were
evaluated for the presence of destruction. Destruc-
tion was defined on base of one or more of the
following criteria: (a) at least two alveolar wall de-
fects, (b) at least two intraluminal parenchymal rags
in alveolar ducts, (c) clearly abnormal morphology,
or (d) classic emphysematous changes (7). Micro-
scopic fields in which more than 20% of the points
coincided with vessels, or conducting airways were
excluded. Fields with alveolar and ductular spaces
with a minimum diameter of more than 0.6 mm
were also excluded. The percentage of all the points
falling into the several categories of destroyed air
spaces was computed to reveal the Destructive In-
dex, using the formula [D/(D�N)] x100%, where D
� destroyed, and N � normal. The measurements
were done by one observer (AR), and for the in-
traobserver correlation 200 randomly selected
prints were determined two times. A minimum of 3
prints per patient was measured. Generally, 750
counting points were analyzed per specimen with
maxima up to 5000 points.

Morphometry—Air Space Enlargement
Enlargement of air spaces was evaluated in the

Mean Linear Intercept measurement technique,
originally described by Dunnill (8). The Mean Lin-
ear Intercept represents the average size of alveoli.
The same printed images as described above were
used. To measure the intercepts, a transparent
sheet with 10 horizontal and 11 vertical lines was
laid over the images (Fig. 2). The intercepts of alve-
olar walls with these lines were counted. Intercepts
of bronchioli, blood vessels or septae were counted
for one half since they are more or less part of the
structure of surrounding alveolar spaces (8). Images
with bronchi, large bronchioli or blood vessels were
excluded from the measurements. Images showing
compression of alveolar space - observed as mean-
dering walls - were also excluded. Values were cor-
rected for tissue shrinkage by measuring the di-
mensions before and after histological processing.
The correction factor was 0.82, in accordance with
data from Weibel (12). As with the Destructive In-
dex, a minimum of 3 prints per specimen was an-

FIGURE 1. Schematic representation of the Destructive Index
analysis. A transparent sheet with 50 equally distributed points is laid
over the printed digitized image of a HE-stained section. For each dot
the area surrounding that dot is determined according the criteria
mentioned in the Methods section.
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alyzed. Generally, 2500 intercepts were counted per
patient with maxima up to 18,000 intercepts.

Morphology –Section Assessment
All sections used for morphometric analysis were

determined for the degree of emphysema as repre-
sented by a panel of reference images as first de-
scribed by Nagai et al. (9). Section Assessment
(ranging from 0% (normal tissue) to 100% (com-
plete destruction)) was evaluated microscopically
at a low (25x) magnification. The Section Assess-
ment value was expressed as an average percentage
of severity of the lesions resulting from separate
measurements of the sections. The average number
of measured slides per patient was 6.

Statistical Analysis
Relations between the morphometric and mor-

phologic results, and lung function data were ana-
lyzed with the 2-tailed Spearman’s rank correlation,
and the Bonferroni correction for multiple compar-
isons (13). Statistical significance was accepted at
the 0.05 level of confidence. Morphometric data
from 306 lung specimens derived from 221 patients
were compared with each other, with lung function
data, and smoking behavior. All data were analyzed
with SPSS 6.1.3 software (SPSS Inc., Chicago Ill.,
USA).

RESULTS

Morphological Data
Lung specimens from 221 patients were studied

with the Destructive Index, Mean Linear Intercept,
and Section Assessment. The average Destructive

Index was 60.5 � 24.1% (mean � SD; n � 306; range
4.3–99.5%). Analysis of lung parenchyma from
young patients resulted in low Destructive Index
values ranging from 5 to 20%, indicative for a
proper measurement of alveolar destruction. The
intraobserver correlation coefficient was 0.89 (n �
200, P � .001), representing a good reproducibility
of the Destructive Index assessment. The average
Mean Linear Intercept was 0.329 � 0.059 mm
(mean � SD; n � 306; range 0.205–0.580 mm), and
is comparable with values found by other groups (7,
14, 15). The intraobserver coefficient for Mean Lin-
ear Intercept was 0.98 (n � 200, P � .001). The
average Section Assessment percentage was 59 �
22% (mean � SD; n � 306; range 5–90%). The
intraobserver coefficient for Section Assessment
was 0.94 (n � 200, P � .001). The Section Assess-
ment values correlate with Destructive Index (r �
0.92, P � .001, Fig. 3). Destructive Index and Section
Assessment show a similar pattern when related to
Mean Linear Intercept (r � 0.69, P � .001 for De-
structive Index vs. Mean Linear Intercept; r � 0.65,
P � .001 for Section Assessment vs. Mean Linear
Intercept; Figs. 4 and 5). The curves describing the
relation between Mean Linear Intercept and De-
structive Index, and Mean Linear Intercept and Sec-
tion Assessment have a steep initial phase, indicat-
ing that Destructive Index and Section Assessment
are more sensitive parameters with respect to dis-
turbance of parenchymal lung architecture, com-
pared to Mean Linear Intercept.

Relations between Morphological Data and Lung
Function Data

Destructive Index, mean linear intercept, and
Section Assessment were related to lung function
data (TLC, IVC, RV, FEV1, FEV1/IVC, KCO; see Table
2). Significant (P � .001; n � 221), but weak corre-
lations for all three morphological parameters were
found with KCO (Destructive Index: r � �0.28;
Mean Linear Intercept: r � �0.34; Section Assess-

FIGURE 2. Schematic representation of the Mean Linear Intercept
analysis. A transparent sheet with 10 equally distributed horizontal lines
is laid over the printed digitized image of a HE-stained section. A
transparent sheet with 11 equally distributed vertical lines is used
thereafter (not shown). For each line the intercepts with the tisue
structures is counted according the criteria mentioned in the Methods
section.

FIGURE 3. Relationship between Section Assessment (SA) and
Destructive Index (DI). Each dot represents one lung specimen.
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ment: r � �0.32), and with FEV1/IVC (Destructive
Index: r � �0.29; Mean Linear Intercept:r � �0.33;
Section Assessment: r � �0.28). Mean Linear Inter-
cept showed a significant but weak correlation with
TLC (r � 0.29). Section Assessment showed a sig-
nificant but weak correlation with TLC (r � 0.25)
and VC (r � 0.26).

Relation between Morphological Data and
Smoking Behavior

For Destructive Index and Section Assessment,
a significant difference (P � .05) was observed

between (ex-) smokers and never-smokers (Table
3). For Mean Linear Intercept no significant
relation was found between (ex-)smokers and
never-smokers.

DISCUSSION

In this study, 306 lung specimens derived from
221 patients were characterized thoroughly with
morphological parameters. The specimens repre-
sent a broad range of parenchymal destruction and
air space enlargement, ranging from normal to se-
vere emphysema. The definition of pulmonary em-
physema is based on morphological criteria, viz.
parenchymal destruction and abnormal air space
enlargement. We applied three indices to charac-
terize the tissue morphologically. The simultaneous
assessment of parameters reflecting destruction
and air space enlargement for a reproducible char-
acterization of emphysematous lesions has been
explicitly recommended by Thurlbeck (16). The sig-
nificant interrelationships of Destructive Index,
Mean Linear Intercept, and Section Assessment in-
dicate that morphological characterization of the
lung collection with these three parameters results
in a reliable approach to assess emphysematous
lesions in a quantitative manner.

Destructive Index (DI)
Destructive Index has a high sensitivity in the

determination of mild forms of emphysema (7). The
average Destructive Index value of smokers and
ex-smokers (69.2%; n � 188) is lower than the value
of 79.2% (n � 41) found by Matsuba et al. (17), but
higher than data reported in other studies: Saetta et
al. (7) 47.1% (n � 31), Eidelman et al. (18) 49.1% (n
� 23), Kuwano et al. (19) 34.8% (n � 28), and
Willems et al. (20) 34.2% (n � 27). The higher De-
structive Index values found in our study may be

FIGURE 4. Relationship between Destructive Index (DI) and Mean
Linear Intercept (Lm). Each dot represents one lung specimen.

FIGURE 5. Relationship between Section Assessment (SA) and Mean
Linear Intercept (Lm). Each dot represents one lung specimen.

TABLE 2. Relations of Destructive Index (DI), Mean

Linear Intercept (Lm), and Section Assessment (SA) with

Lung Function Data

Parameter n DIa Lma SAa

TLC 167 0.172 0.287* 0.247*
IVC 178 0.189 0.145 0.265*
RV 168 0.040 0.210 0.080
FEV1 179 0.066 �0.056 0.076
FEV1/IVC 178 �0.290* �0.331* �0.284*
KCO 152 �0.279* �0.343* �0.324*

Lung function data are percentages of the predicted value10.
a Correlation coefficients obtained using two-sided Spearman rank

correlation, with Bonferroni correction.
* Significant for P � .001.

TABLE 3. Destructive Index (DI), Mean Linear Intercept

(Lm), and Section Assessment (SA) in Relation to

Smoking Behavior

Parameter
Smokers

(n � 114)
Ex-smokers

(n � 74)
Never-smokers

(n � 9)

Age (y) 62.7 � 9.2 62.2 � 9.9 56.7 � 13.1
(37–84) (24–80) (39–75)

Pack years 37.1 � 18.3 34.0 � 17.4
(10–120) (5–90)

DI (%) 68.4 � 16.7* 70.3 � 15.2* 53.8 � 18.5
(10.9–97.3) (28.5–95.3) (24.8–85.0)

Lm (mm) 0.338 � 0.056 0.344 � 0.058 0.319 � 0.058
(0.216–0.491) (0.240–0.543) (0.237–0.432)

SA (%) 67 � 14* 68 � 15* 50 � 15
(14–95) (25–90) (23–72)

24 of 221 subjects without known smoking behavior are not included.
Values are mean � SEM, with range indicated within parentheses. Ex-
smokers: abstinence from smoking for at least 1 year before surgery.

* Significance with modified least significant difference (Bonferroni)
test with significance level of .05.
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due to the high stringency of our measurement
conditions, ruling out possible biases such as sub-
optimally inflated tissue. In addition, most speci-
mens were sampled subpleurally, at a maximal dis-
tance from the tumor the patient was operated for.
The stronger mechanical forces in the subpleural
area during breathing may also have resulted in
increased alveolar damage (18).

Mean Linear Intercept (Lm)
Mean Linear Intercept is a reflection of the mean

air space diameter. This parameter was chosen to
give additional information about alveolar abnor-
malities, observed as air space enlargement. The
average value of Mean Linear Intercept of smokers
(0.340 mm; n � 188) is lower than the values found
by Matsuba et al. (17) 0.691 mm (n � 41), but
comparable with those from Saetta et al. (7) 0.343
mm (n � 31), Eidelman et al. (18) 0.332 mm (n �
23), and Willems et al. (20) 0.343 mm (n � 27) We
observed a significant correlation between Mean
Linear Intercept and Destructive Index (r � 0.69, P
� .001), in accordance with other studies (e.g., ref-
erence 7). When Mean Linear Intercept is plotted
versus Destructive Index, a steep initial phase is
observed reflecting a more rapid increase of De-
structive Index values as compared with the Mean
Linear Intercept values (Fig. 4) This indicates that
Destructive Index is a more sensitive parameter for
parenchymal alterations. It supports the hypothesis
(7) that destruction of lung tissue (reflected by in-
creased Destructive Index) precedes the increase in
the size of air spaces (reflected by increased Mean
Linear Intercept). Saito et al. (5), however, postu-
lated a parallel proceeding of alveolar destruction
with air space enlargement.

Section Assessment (SA)
Section Assessment (9) reflects the morphological

abnormalities at a low magnification using a panel
of reference images. Analysis of Section Assessment
is much less time consuming in comparison with
Destructive Index and, to a lesser extent, Mean
Linear Intercept. Section assessment takes about 5
min per specimen, whereas analysis of Destructive
Index takes several hours (7). We observed a good
correlation between Section Assessment and De-
structive Index, and between section assessment
and Mean Linear Intercept. This implies that anal-
ysis of section assessment may already indicate
characteristics of the aging lung along with patho-
logical abnormalities resulting in emphysema. Sec-
tion Assessment may therefore be the parameter of
choice for an initial morphological analysis of em-
physematous lung specimens.

Relation with Lung Function Data
Values of Destructive Index, Mean Linear Inter-

cept, and Section Assessment were poorly related to
most lung function data. A poor correlation is pre-
dictable since lung function data reflects the con-
dition of the lung as a whole, whereas the morpho-
logical data applies only to the specimen under
investigation. Obviously, the specimens studied
may not reflect the morphology of other parts of the
lung. The process of emphysema is notoriously het-
erogenous in this respect. Parts of the lung charac-
terized by destruction may be adjacent to parts that
are morphologically normal or even fibrotic. Cell
biological and immunohistochemical studies are,
therefore, only meaningful if the specimens are well
characterized with respect to morphology. Of the
lung function data, only KCO and FEV1/IVC showed
significant correlations with the three morphologic
parameters. KCO is considered to be the most sen-
sitive lung function parameter for emphysema,
since it represents the effectiveness of gas exchange
in alveolar tissue (10). FEV1/IVC, also known as the
Tiffenau-index, is considered as a lung function
parameter for chronic obstructive pulmonary dis-
ease since FEV1/IVC is a hallmark for obstruction of
the airways (10).

Relation with Smoking Behavior
Both Destructive Index and Section Assessment

show significant correlations with smoking behav-
ior, whereas Mean Linear Intercept does not. The
lack of correlation of Mean Linear Intercept with
smoking behavior may be explained by the mani-
festation of senile emphysema, a natural occurring
phenomenon in elderly people. The majority of our
patients may already exhibit features of senile em-
physema, as observed by increased alveolar diam-
eter, and increased in patients with pulmonary em-
physema (21).

CONCLUSION

In summary, 306 parenchymal lung samples from
221 patients were morphologically evaluated for
emphysema using parameters for parenchymal de-
struction and air space enlargement. There was a
poor correlation between morphological and most
lung function data. It is concluded that for cell
biological and immunohistochemical studies on
the pathogenesis of emphysema, characterization
of lung tissue specimens should be based on mor-
phological evaluation rather than lung function
data.
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