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Regional distribution of pulmonary epithelial
permeability in normal subjects and patients with
asbestosis
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ABSTRACT The overall and regional clearance of an inhaled isotope labelled solute from the lungs
was examined on the basis of a 15 minute period of data collection, for which a technique was
developed that does not require intravenous injection to correct for blood-tissue background
activity. The technique was applied to 52 normal subjects (31 non-smokers and 21 smokers) and
to 37 patients with asbestosis (21 non-smokers and 16 smokers). In normal smokers solute
clearance was faster in the upper and middle zones, with a mean ratio of T/2LB (half time solute
clearance from lungs to blood) in the upper two thirds to the lower one third of the lungs of 0.66
(0.28-1.33), compared with 1.24 (0.43-2.77) in normal non-smokers (p < 0.002). In patients
with asbestosis solute clearance was accelerated throughout the lungs even though radiographic
abnormalities were limited to lower or lower and middle zones. Regional distribution of clear-
ance was not affected by posture in normal subjects. Overall solute clearance was significantly
faster in normal current smokers and in patients with asbestosis than in normal non-smokers (p <
0.001 respectively). Among patients with asbestosis, smokers had faster overall clearance than
non-smokers (p < 0.01). Among normal non-smokers T1/2LB was not significantly different
between those who had never smoked and ex-smokers. Regional abnormalities in pulmonary
epithelial permeability may offer insight into the pathogenesis of interstitial lung diseases and
smoking related disorders.

The rate of clearance of an inhaled solute from lungs
to blood is thought to be an index of pulmonary
epithelial permeability.' 2 Whereas data from clear-
ance curves in normal non-smokers may be best
fitted by a monoexponential function, it has been
shown that the accelerated clearance values from
patients with interstitial lung diseases and high per-
meability lung oedema may be resolved into two
components.' Jones and colleagues' 2 suggested
that at least half of the alveoli in the scanning field
had very leaky epithelial walls in such circum-
stances, and Pantin3 suggested that the existence of
two components may be explained by the patchy
nature of the disease.
We have devised a technique to examine the spa-

tial distribution of pulmonary epithelial permeabil-
ity. This allows regional numerical analysis and vis-
ual appraisal of clearance data with a display of the

Address for reprint requests: Dr RM Rudd, London Chest Hospi-
tal, London E2 9JX.

Accepted 20 May 1985

entire lung field. The technique permits correction
for background tissue activity without the need for
an intravenous injection of isotope, thereby reduc-
ing the radioactive load and increasing acceptability
to patients.
We report results obtained with this method in

normal non-smokers, in otherwise healthy current
smokers, and in patients with clinical and radio-
graphic evidence of asbestosis.

Methods

PATIENTS
We studied 37 patients with asbestosis (21 non-
smokers and 16 current smokers; mean age 57,
range 32-74 years) and 52 normal subjects (31
non-smokers and 21 current smokers; mean age 39,
range 19-62 years).
The patients with asbestosis had attended an

asbestos screening clinic for up to 30 years and
retrospective clinical and radiographic data were
available in 24 cases. Patients had been exposed to
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Pulmonary epithelial permeability in normal subjects and patients with asbestosis

asbestos for a mean period of 19 (range 1-43) years,
and first exposure to asbestos had occurred a mean of
35 (range 18-53) years previously. Twenty six had
worked in the lagging industry and 11 had carried
out asbestos cutting, milling, or spinning. Patients
had been breathless for a mean of five (range 0-27)
years; two were not breathless at the time of study.
Objective evidence of disease had existed for a
mean of 12 (range 1-25) years in the 24 patients for
whom retrospective clinical data were available. All
patients had crackles over the lung fields and 20
showed clubbing of the fingers.
Normal subjects had normal chest radiographs

and spirometric values. In all cases non-smokers
were either life long non-smokers or had ceased
smoking at least two years previously. Among the
31 normal non-smokers, 23 had never smoked and
eight were ex-smokers.

All subjects gave informed consent.

PHYSIOLOGICAL ASSESSMENT
The following physiological measurements were
made in patients with asbestosis: forced expiratory
volume in one second (FEV,), forced vital capacity
(FVC) (Morgan dry spirometer), total lung capacity
(TLC) and residual volume (RV) (Morgan constant
volume body plethysmograph), and carbon monox-
ide transfer factor (TLcO) (Morgan Transfer Test
Model TTC).

CHEST RADIOGRAPHS
Standard posteroanterior chest radiographs were
examined by the recruiting physician and two con-
sultant chest physicians unacquainted with the clini-
cal details. The extent of pleural disease and profu-
sion of small opacities in upper, middle, and lower
zones were recorded in accordance with Interna-
tional Labour Office criteria.4 Numerical values
were assigned to the profusion of small opacities in
each lung zone to facilitate examination of the rela-
tionships between radiographic profusion and the
clearance of inhaled solute in the same lung zone.

CLEARANCE OF 9vmTc DTPA
The half time clearance in minutes of diethylene
triamine pentacetate (DTPA) labelled with tech-
netium 99m (99mTc) from lungs to blood (T1/2LB)
was measured in all individuals. An aerosol was
generated from an Acorn jet nebuliser containing 20
mCi 99mTc DTPA in 4 ml saline. The output was
modified by passage through an array of stainless
steel ball bearings to remove large particles, as
described by Jones and colleagues.' A cascade
impactor demonstrated that 77% of particles were
less than 0.9 ,um and only 4% were greater than 2
,um in diameter. Subjects inhaled for five minutes
from the nebuliser and retained about 5% of the

radioactivity.
Data were collected over 15 minutes by means of

a Siemens 37 ZLC gamma scintillation camera
linked to an MDS A2 computer, which acquired the
data as a series of 15 consecutive frames, each of
one minute duration. Because the data were unsuit-
able for high resolution imaging, a coarse image
matrix (32 x 32 pixels) was used.

Analysis of the data was predominantly automatic
and provided both qualitative and quantitative
information. On completion of the acquisition the
first image in the series was displayed and three re-
gions of interest were entered, one around each lung
and a third placed between the kidneys to facilitate
subtraction of blood-tissue background radioactivity.
The inter-renal area was chosen because of its high
vascularity and because preliminary studies had
shown that the incremental increase in radioactivity
in this region after an intravenous injection of 99mTc
DTPA was very similar to the increase observed
over the lungs. A further three regions of interest
were automatically created within each lung field,
producing subdivisions of the lung into upper,
middle, and lower thirds.
Background corrected time-activity curves were

generated individually for each third of the lung and
in addition for the whole lung. A least squares fitting
routine was then used to determine the single expo-
nential decay factor from which the half time was
calculated.

VISUAL DISPLAY
To enable a visual display of the clearance data to be
produced, half times were also calculated from the
time-activity curves of each pixel within the whole
lung region. These data form a functional image of
regional DTPA clearance, which is displayed
according to an eight level colour scale indicating
half times from 0-15 minutes (dark blue) and pro-
gressing through 15 minute increments to 105-120
minutes (red). The relatively low counts acquired
per pixel, particularly in the later frames of the
study, restrict the accuracy of the data forming the
image, the effect of which is to add "noise" to the
image arising from pixels with half times derived
from poorly correlated data. In an attempt to reduce
noise, pixel values associated with correlation
coefficients greater than -0.5 were replaced with a
four point smooth from the immediately adjacent
pixels. An index of the number of pixels replaced is
displayed with the image to permit an assessment of
reliability.

CORRECTION FOR BACKGROUND TISSUE
ACTIVITY
In all patients correction for background blood-
tissue activity was achieved by subtracting the
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counts per pixel in the background region of interest
from those in the lung region of interest. In eight
patients with asbestosis (five non-smokers and three
smokers), eight normal non-smoking subjects, and
eight normal smokers intravenous injections of 0.5
mCi of 99mTc DTPA were administered at the end of
the 15 minute period of data acquisition; data were
collected for a further five minutes and correction
for background tissue activity was achieved by sub-
tracting a proportion of the inter-renal counts from
the lung counts by a method based on that described
by Jones and colleagues' for thigh counts. The
increase in counts over each lung zone and over the
inter-renal area after an intravenous injection was
determined and a separate background correction
for each zone was then made. Regional T1/2LB val-
ues were calculated for each third of the lung by
both methods of background correction. Overall
and regional background corrected clearance half
times obtained by our method not requiring an
intravenous injection and by the method of Jones
and colleagues were then compared.

RESOLUTION OF CLEARANCE CURVES INTO TWO
EXPONENTS
Background corrected clearance curves from the 24
individuals referred to in the previous paragraph
were subjected to a standard curve stripping proce-
dure in an attempt to resolve the curves into more
than one exponent.

EFFECT OF POSTURE ON REGIONAL SOLUTE
CLEARANCE
All patients with asbestosis and all normal smokers
were studied in the upright posture, seated in front
of the gamma scintillation camera. Of the 31 normal
non-smoking subjects, 12 were studied supine and
19 in the seated position during the 15 minutes of
data acquisition to investigate any effect of posture
on regional patterns of solute clearance from the
lung. In addition, two normal non-smokers were
studied in both the seated and the supine position on
two separate occasions.

STATISTICAL ANALYSIS
The Mann-Whitney U test (two tailed) was used for
group comparisons of quantitative data and the Wil-
coxon signed rank test for paired data. Non-
parametric statistics were used as the data were not
normally distributed.

Results

PHYSIOLOGICAL MEASUREMENTS
Observed values were compared with published

Gellert, Lewis, Langford, Tolfree, Rudd
predicted normal values for age and height.5 The
mean FEVJ was 2.48 (range 1.3-3.5) 1, representing
a mean of 81% of the predicted normal (range 48-
134%); the mean FVC 3.62 (range 2.1-4.8) 1 or
84% predicted normal (50-113%), the mean RV
1.83 (0.7-3.9) 1 or 81% predicted normal (31-
155%); the mean TLC 5.12 (3.3-8.04) 1 or 81%
predicted normal (56-113%); and the mean TLCO
6.52 (3.4-11.8) mmol min-' kPa-' or 69% pre-
dicted normal (36-123%). Relationships between
physiological variables, clinical features, and clear-
ance of 99mTc DTPA are reported elsewhere.67

OVERALL CLEARANCE OF 99mTc DTPA
The mean overall TV/2LB in normal non-smokers
was 59.2 (41-101) minutes, significantly longer than
22.2 (9.0-68) minutes in normal smokers (p <
0.001), 31.5 (10-62) minutes in non-smokers with
asbestosis (p < 0.001), and 20.6 (9.5-57.0) minutes
in smokers with asbestosis (p < 0.001). Among
patients with asbestosis, smokers had significantly
faster clearance than non-smokers (p < 0.01). Of
the 31 normal non-smokers, the mean T1/2LB in the
23 who had never smoked was 59.8 (42.5-91.5)
minutes, which was not significantly different from
57.4 (41.0-101.0) minutes in the eight ex-smokers.

REGIONAL CLEARANCE PATTERNS
The figure shows regional clearance pictures from a
normal non-smoker, a normal smoker, and a non-
smoker with asbestosis. Tables 1 and 2 show mean
values of 1/2 LB in each lung zone and the ratio of
T/2 LB in the upper two thirds to lower one third of
the lungs in the various groups. Inspection of the
visual displays suggested that in all otherwise heal-
thy smokers and in many smokers with asbestosis
who had non-uniform distribution of clearance the
lower zones differed from the upper two zones, and
the ratio of P/2LB in the upper two thirds to P/2LB
in the lower third of the lungs were therefore used
for statistical analysis. In normal smokers clearance
was faster in the upper parts of the lung fields than in
normal non-smokers, most of whom had uniform
clearance. This difference in distribution of clear-
ance between smokers and non-smokers was seen to
a lesser extent in patients with asbestosis. The dis-
tribution of clearance in non-smokers with asbes-
tosis did not differ from that in normal non-smokers
despite a large difference between the groups in
overall T/2LB.

CHEST RADIOGRAPHS
All cases showed radiographic profusion scores
equivalent to grade 1/0 or more by International
Labour Office criteria and profusion scores were
higher for the lower zone than the upper two zones.
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Pulmonary epithelial permeability in normal subjects and patients with asbestosis

a

Regional halftime clearance (T1/2LB) pictures in (a) a
normal non-smoking subject, illustrating homogeneously
slow clearance (32% pixels replaced); (b) an otherwise
healthy current smoker with concentration ofthe
disturbance ofclearance to upper and middle zones (17%
pixels replaced); and (c) a non-smoking patient with
asbestosis showing widespread disturbance ofclearance
(11% pixels replaced). The displays are based on an eight
level colour scale for 7/2/LB, showing halftimes from 0-15
minutes (dark blue) through 15 minute increments to
105-120 minutes (red).

c

Table 1 Regional values for clearance (TV/2LB) in minutes expressed as means with ranges in parentheses for each lung
zone

Lung zone Normal subjects Asbestosis

Non-smokers Smokers Non-smokers Smokers

Upper 46.7 (12.0-99.0) 15.3 (6.0-46.5) 28.4 (6.5-90.5) 16.2 (4.5-50.5)
Middle 62.5 (30.5-125.0) 22.6 (8.5-77.0) 35.2 (9.0-75.0) 21.3 (7.0-66.0)
Lower 53.0 (22.5-117.0) 29.3 (11.0-79.0) . 26.2 (10.5-66.5) 21.6 (5.0-53.0)

There were no relationships between regional solute
clearance and radiographic profusion scores in any
lung zone or in the lung field as a whole.

EFFECTS OF POSTURE
Regional distribution of solute clearance was not
affected by posture. The mean ratio of T1/2LB in the
upper two thirds to lower third of the lungs of 12
normal non-smoking subjects studied in the supine
position was 1.21 (0.6-2.39), not significantly dif-
ferent from 1.26 (0.43-2.76) in the 19 subjects

studied in the seated position. Results obtained in
the two normal non-smokers who underwent data
collection in both seated and supine positions on
separate occasions were almost identical.

CORRECTION FOR BLOOD-TISSUE BACKGROUND
ACTIVITY
Results for overall and regional T1/2 LB values from
each lung of the eight patients with asbestosis, the
eight healthy non-smokers, and the eight normal
smokers in whom correction for blood-tissue back-
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Table 2 Ratio ofclearance (T1/2LB) in upper two thirds oflung fields to clearance in smoking and non-smoking normal
subjects and in patients with asbestosis

Subjects (y) Ratio of T½2LB in upper 23 to T'/2LB in lower % oflung fields p

Mean Range

Normal non-smokers (31) 1.24 0.43-2.77 <0.002
Normal smokers (21) 0.66 0.28-1.33 J
Asbestosis non-smokers (21) 1.33 0.59-3.48
Asbestosis smokers (16) 0.87 0.34-2.20 <0.1

ground activity was calculated both with and without
data obtained after an intravenous injection are
shown in table 3. The mean differences between
T/2 LB values calculated by our method and by the
method using an intravenous injection were not
significant.

RESOLUTION OF TIME-ACTIVITY CURVES INTO
SEPARATE EXPONENTS
Of the eight normal non-smokers studied for this
purpose, six showed monoexponential clearance
curves from both lungs, one showed two exponents
from both lungs, and one showed two exponents
from only one lung. For those lungs in which two
exponents were resolved the mean T'/2LB for the
fast exponent was 1.6 (range 1.3-1.8) minutes con-
tributing a mean of 7.4% (range 4.4-9.1%) to total
clearance. The mean T1/2LB for the slow exponent
was 67.3 (56.8-82.0) minutes.
Of the eight normal smokers, four showed mono-

exponential clearance curves from both lungs, one
showed two exponents from each lung, and three
showed two exponents from one lung only. For
those lungs in which two exponents were resolved
the T1/2LB for the fast exponent was 2.9 (1.2-4.5)
minutes, contributing a mean of 21.9% (1.1-
49.4%) to total clearance; the contribution in the

three subjects showing two exponents in a single
lung was small (range 1.1-8.2%), while the con-

tribution in the single individual showing two expo-
nents in both lungs was much greater (44.4% and
49.4% for each lung).
Of the eight patients with asbestosis, four showed

two exponents in both lungs, three showed two
exponents in one lung only, and only one patient
showed monoexponential curves from both lungs.
For those lungs for which two exponents were resol-
ved, the mean T1/2LB of the fast exponent was 4.1
(0.3-15.0) minutes contributing a mean of 29.7%
(8.5-69.3%) to total clearance; and the mean
TP/2LB of the slow exponent was 28.1 (15.0-86.8)
minutes.

Discussion

We have developed a computer assisted technique
for assessing the spatial distribution. of changes in
pulmonary epithelial permeability. Attempts have
been made to examine regional differences in per-

meability. Mason and colleagues8 and Rinderknecht
and colleagues9 attempted to develop a procedure
for evaluating regional permeability; but their tech-
nique relied on the comparison of a scintiscan
obtained at the end of isotope inhalation with

Table 3 Overall and regional clearance (7T/2LB) in minutes from upper, middle, and lower zones with background
correction carried out without and with an intravenous injection in eight normal non-smokers, eight normal smokers, and
eight patients with asbestosis (data collected in the upright posture)

Subjects and zones T'/2LB (min) (mean (range)) Mean difference (SEM)

Without intravenous injection With intravenous injection

NORMAL NON-SMOKERS
Overall 61.4 (53.0-73.0) 63.3 (50.0-76.5) 1.9 (1.5)
Upper zones 55.3 (26.0-116.0) 59.4 (29.5-131.0) 4.1 (2.9)
Middle zones 95.6 (54.5-177.0) 98.9 (57.0-192.0) 3.3 (3.7)
Lower zones 59.4 (24.0-138.0) 61.7 (20.0-155.0) 2.3 (2.2)
NORMAL SMOKERS
Overall 27.1 (9.0-57.5) 26.8 (9.0-53.0) 0.3 (0.9)
Upper zones 17.3 (6.0-35.0) 17.2 (7.0-33.5) 0.1 (1.0
Middle zones 27.1 (8.5-54.5) 27.3 (9.5-53.5) 0.1 (0.9)
Lower zones 37.9 (11.0-74.0) 37.7 (11.5-66.0) 0.3 (2.4)
ASBESTOSIS
Overall 18.3 (8.5-32.5) 18.1 (8.0-32.5) 0.3 (0.4)
Upper zones 15.3 (6.5-32.5) 15.7 (7.0-33.0) 0.4 (0.8)
Middle zones 20.1 (9.0-42.0) 19.9 (7.5-43.0) 0.2 (0.3)
Lower zones 19.9 (10.5-31.0) 20.3 (9.5-31.0) 0.4 (0.8)

Gellert, Lewis, Langford, Tolfive, Rudd738
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Pulmonary epithelial permeability in normal subjects and patients with asbestosis

another scintiscan compiled seven minutes later, and
in addition the technique only used 60% of the data
from the lung fields and did not correct for blood-
tissue background activity.
Our overall T'/2LB values confirm earlier work

showing accelerated solute clearance in interstitial
lung disease67 -" and in otherwise healthy current
smokers.' 2 12 13 We have now shown that distur-
bances in pulmonary epithelial permeability in
asbestosis, an interstitial lung disease characteristi-
cally confined radiologically to lower or lower plus
middle zones, are widespread. This implies that
radiographically normal areas have abnormal per-
meability. This finding accords with the observation
that open lung biopsy in asbestosis may reveal dis-
ease when radiological changes are absent or, at
most, equivocal.'4
We found homogeneous distribution of clearance

in most normal non-smokers. Rinderknecht and col-
leagues9 found faster clearance in the upper zones in
seated normal non-smokers and suggested that this
may have been due to the distension of upper lobe
alveoli by the weight of the lungs. We have not,
however, observed differences in cephalocaudal dis-
tribution of solute clearance due to posture in nor-
mal non-smoking subjects.
We found that clearance is faster in the upper and

middle zones in smokers. Mason and colleagues8
reported that clearance was faster in the upper
zones, though they studied only selected areas
rather than the whole lung field. Our findings are
consistent with those of Pearson and colleagues,'5
who studied 11 normal volunteers and demon-
strated that during cigarette smoking technetium
labelled sulphur colloid particles showed a shift of
deposition towards the lung apices. They suggested
that their observations offer a possible explanation
for the apical localisation of centrilobular
emphysema'5; also of interest is the fact that bron-
chial carcinomas arise more frequently in the upper
lobes.'6
Our technique provides for correction for blood-

tissue background activity without the added inter-
vention and extra radiation dose of an intravenous
injection of isotope. Correction for background
activity is desirable; it augments the difference be-
tween normal and abnormal T1/2LB values because
background counts form a higher proportion of
counts over the lung fields when 37/2 LB is short than
when it is long. The background correction without
an intravenous injection is an approximation in that
it does not take into account possible regional varia-
tion in background activity over the lung fields,
perhaps reflecting differences in pulmonary blood
flow. The background activity represents chest wall
as well as pulmonary blood activity, however, and

the close agreement between regional half times cal-
culated by our method and by the method using an
intravenous injection with separate background cor-
rection for each zone suggests that regional varia-
tions in background are not important.

The period of data acquisition affects the clear-
ance half times obtained and the period chosen is
arbitrary.'7 Solute is cleared faster from abnormal
lung and we have found that a short data acquisition
time is adequate to identify the fast exponents that
occur in some patients. Our results suggest that
normal non-smokers usually show monoexponential
clearance curves. Normal smokers may show two
exponents, although the contribution of the fast
component to overall clearance is usually small.
Seven of the eight patients with asbestosis showed
two exponents and the mean percentage contribu-
tion to overall clearance was greater than was
observed in normal subjects and most smokers
showing two exponents. The significance of finding
that clearance curves can be resolved into two expo-
nents is not clear. Some subjects with two exponents
showed uniformly abnormal permeability through-
out the lung zones. while some with one exponent
showed regional differences in permeability.
We have developed a non-invasive technique that

allows qualitative and quantitative assessment to be
made of regional disturbances in pulmonary epithel-
ial permeability. Possibly the technique will provide
further insight into the pathogenesis of interstitial
lung diseases and smoking associated disorders.

ARG is supported by a grant from the Clinical
Research Committee of the National Heart and
Chest Hospitals.
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