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A scintigraphic model of the lungs was used to study the
threshold of detection of diffuse disease of the lungs. Methods:
Randomly distributed cold lesions of 4, 8, 12 and 16 mm3 block
sizes were created, occupying 0%-50% of lung tissue in steps of

1%. These were submitted for reporting to five observers each
with a normal study for comparison. Results: No observer
detected lesions of 4-mm3 block size even when up to 50% of the
lung was involved. All observers detected lesions of 8-mm3 block

size when a mean of 27% of lung tissue was involved with
lesions. As lesion size increased to 12 and 16 mm3, observers

detected lesions when a mean of 10% and 6% of lung tissue was
involved, respectively. Comparison between views for each
observer showed that the lateral and anterior oblique views were
used more often than the anterior, posterior oblique and posterior
views. Conclusion: This model suggests that pulmonary scintig-

raphy has the potential to detect a diffuse disease such as
emphysema at an early stage of lung involvement. In general,
small anatomic lesions appear to have more profound scintigraphic
consequences. However, even scintigraphic lesions of the order of
size of the pulmonary acinus are easily detected.
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EM-Jrfmphysema is a common clinical condition that causes a
significant degree of morbidity (1). There has been a
concerted attempt to detect the condition at a preclinical
stage to prevent progression of the disease to eventual
end-stage lung failure. Numerous modalities have been

adopted, ranging from pulmonary function testing to plain
radiography and high-resolution CT. The plethora of investi

gations is a marker of the inability to find a single valid
method of assessment; although they have been shown to be
promising, few careful studies have examined the possibility
of early detection using nuclear medicine techniques. One
study found the technique of tomographic perfusion scintig
raphy to be more sensitive than high-resolution CT in an

animal model of early emphysema (2).
A major problem in studying the potential of scintigraphy

to demonstrate early disease is the lack of a true "gold
standard" by which to judge its performance. Fundamental

to the problem is the need to establish the threshold and
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absolute minimum lesion size that can be detected. To
explore these problems with certainty, a model of the
scintigraphic anatomy of the lungs was constructed and used
to overcome the problems encountered with clinical studies
and physical phantoms. This allowed precise determination
of lesion size and placement in a model that was indistinguish
able from clinical images of the lungs.

The aims of the study were to determine the threshold of
detection of cold lesions that varied in size and density and
the optimal views of the lungs in which these abnormalities
were best perceived.

MATERIALS AND METHODS

The phantom used in the construction of the model for this study
was based on CT data from a supine man of height 178 cm,
weighing 70 kg (3), who was chosen for his similarity to the
dosimetry standard mathematical phantom (4).

The Monte Carlo simulation package used for this work was the
Photon History Generator (5,6), which models the emission, scatter
and attenuation of photons in a heterogeneous phantom, followed
by the photons' subsequent collimation and detection. All simula

tions were performed on an Intel-based platform and required

approximately 76 h each to complete.
Simulations were performed for a 23.6-mm-thick parallel-hole

collimator, using a 32.5-cm radius of rotation and with a system full

width at half maximum (FWHM) of 12.5 mm. The isotope modeled
was 99mTc, collected with a symmetric 20% energy window

centered around 140 keV into a 256 X 256 matrix, resulting in
counts of 600-700 k per view when no defects were present. The

views collected were anterior, posterior, both laterals, anterior
obliques and posterior obliques.

A series of studies was performed in four groups, distinguished
by the size of individual defects present. Defects in groups 1-4
were 4, 8, 12 and 16 mm3, respectively (Fig. 1). These were

distributed uniformly throughout both lungs in a random manner.
Within each group, the amount of lung tissue involved in defects
varied from 0% (normal) up to 50% in steps of 1%, giving 51
studies in each group.

The number of individual defects in both lungs in a study was
related to the total amount of lung tissue involved and the size of
each defect. For example, 64 times as many 4-mm3 defects as 16
mm3 were required to involve the same amount of the lung tissue.

Thus, there were 51 studies per group and 204 studies in total. Once
completed, the studies were placed in random order before
reporting.

Studies were reviewed by five observers, two of whom had more
than 10 y of nuclear medicine experience, and the remainder by
resident staff with less than 2 y of experience. All observers
independently considered them suitable for diagnostic purposes.
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FIGURE 1. Schematic representation of
lesions defined in model before submission
to Monte Carlo simulations. It demonstrates
distribution of lesions of block sizes 4,8,12
and 16 mm3 with 25% of lung tissue in

volved by lesions (shown as black areas).
Top row is posterior view of lungs, and
lower two rows are cross sections at
levels indicated. Diagrams show that le
sions were uniformly distributed throughout
lung tissue.
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They were asked to examine the studies for the presence of any
defect (a positive response), using a normal study produced from
the same anatomic phantom as a reference, and a note was made of
all views showing a defect. A defect was considered to be present if
any difference could be discerned between the study and the normal
by the observer, and a yes/no response was required. All reporting
was performed independently, under identical conditions on a
computer screen, on three separate occasions to reduce the effects
of fatigue.

The threshold for detection was defined as the minimum
percentage of lung tissue involved by lesions for an abnormality to
be detected. Results were ordered by the size and proportion of
lung tissue occupied by lesions. A threshold for each observer was
calculated by the weighted average of the range between the first
positive and the last negative response.

Optimal views for the detection of lesions were determined for
each observer. These were calculated as a proportion for each view
out of the total number of positive responses. A comparison of these
proportions using a x2 significance test of a 2 X 8 contingency table

Normal

was performed. The null hypothesis was that all eight views were
used equally.

For each observer, comparisons between views were performed
using a comparison of two proportions, for the unpaired case. The
null hypothesis was that the proportion for each view was no
different from that of any other view. All possible combinations of
views were considered.

RESULTS

No defects of block size 4 mm3 could be seen in lesions

involving up to 50% of the lung (Fig. 2). For lesions of
8-mm3 block size, all observers detected an abnormality

when lesions occupied a group mean of 27% of lung tissue.
In the case of the 12- and 16-mm3 block sizes, an abnormal

ity was detected when the group mean of lung tissue
occupied by lesions decreased to 10% and 6%, respectively.
Examples of when all observers identified discrete lesions in
such studies are shown in Figures 3 and 4, whereas Figure 5
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FIGURE 2. Lung scan in eight standard
views of 4-mm3 block sizes involving 50%
of lung tissue. In comparison to the normal
study, this study appears "noisy," but

no discrete lesions were identified by any
observers.
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shows a comparison with a patient study. A more detailed
analysis of these results is shown in Table 1. As the lesion
size increased, the threshold for detection for each person
and the mean value for the group of observers decreased.
There was a smaller decrease seen in the SEM.

For each observer, the x2 test of significance with 8-1

degrees of freedom showed that there was a significant

FIGURE 3. Lung scan in eight standard
views of 8-mm3 block sizes involving 42%

of lung tissue. In comparison to normal
study, this study was identified as contain
ing multiple lesions by all observers.

departure from the null hypothesis (P < 0.0001). Thus all
eight views were not used equally when reviewed by
observers. Table 2 shows the eight views, ordered by their
relative frequency of use, when averaged for all five
observers.

Comparison between views for each observer showed that
the lateral and anterior oblique views were used significantly
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FIGURE 4. Lung scan in eight standard
views of 16-mm3 block sizes involving 40%

of lung tissue. In comparison to normal
study, this study was identified as contain
ing multiple lesions by all observers.
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FIGURE 5. Shows comparison in eight
standard views, between patient study and
simulation selected to approximate severity
of disease. In simulation, 16-mm3 block
size defects involved 50% of lung tissue.
Patient study was performed after ventila
tion with technegas, using 99mTc-MAAand
triple-head camera.
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more often than the anterior, posterior oblique and posterior
views (P < 0.05). There were generally no differences
demonstrable between the laterals and anterior oblique
views, as was also the case with the anterior, posterior
oblique and posterior views.

DISCUSSION

The model used in this study has several characteristics
that make it a valuable tool in such investigations. It allows
absolute accuracy about the size, placement and density of
lesions introduced into the image. Just as important, it
provides the eight "standard" views used in pulmonary

scintigraphy with a similar number of counts per study and
the expected scatter and attenuation characteristics of a
clinical study. These qualities cannot be reproduced in a
clinical study with certainty, because there is no clinical

TABLE 1
Threshold of Detection for Each Observer

Observer12345MeanSEM8mm33327282325272Threshold

(%)12mm31281091010116mm38774661

"gold standard" available to ensure accuracy. In this in

stance the model allowed manipulation of lesion size, which
varied from 4 to 16-mm3 blocks of absent activity (Fig. 1), as

well as the density of the lesions throughout both lungs. In
this way, the percentage of counts replaced by the introduc
tion of the lesions could be quantitated as well.

The FWHM of the line spread function of the gamma
camera system used in this model is 12.5 mm. It means that
lesions would need to be between 6 and 9 mm3 to reach a

threshold of detectability by observers (7). This was indeed
the case with all observers detecting the 8-mm3 block size
lesions. No observer was able to detect the 4-mm3 block size

lesions, which were well below the gamma camera system
resolution.

Just as important as absolute lesion size is the issue of
contrast. Lesions were held constant at 4-, 8-, 12- or
16-mm3 blocks, with the number of lesions distributed
diffusely through the lungs being varied. For the 8-mm3

blocks, it required lesions to occupy an average of 27% of

TABLE 2
Average Percentage of Times Each View was Used in

Detection of a Lesion, for All Five Observers

Threshold of detection = minimum percentage of lung tissue

involved by lesions for an abnormality to be detected.

ViewLeft

lateral
Left anterior oblique
Right anterior oblique
Right lateral
Anterior
Left posterior oblique
Right posterior oblique
PosteriorPercentage90

88
86
85
75
69
60
53
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lung counts before the study was reported as abnormal. As
the lesion sizes increased further to 12- and 16-mm3 blocks,

the threshold of detection of lesions decreased to 10% and
6% of the lung counts occupied by lesions, respectively.
Notably, no perceptible abnormalities were reported with
4-mm3 block lesions, even when such lesions accounted for

50% of the counts in the lungs (Fig. 2).
Most observers detected the diffuse defects best in the left

lateral and left anterior oblique projections, followed by the
right anterior oblique and right lateral projections. The
preference for the left-sided views may reflect the greater

density of lung tissue in the base of the right lung, where
there is a radial arrangement of two rows of segments. In
comparison, there is one row of segments arranged around
the cardiac impression for the left lung base. Thus lesions in
the base of the left lung would be detected with less lung
involvement, because the background number of counts
would be less than on the right side, improving the
lesion-to-background ratio.

These findings have implications for emphysema in the
clinical setting. Emphysema is a common disease that
medical imaging has not been able to address adequately,
particularly at a nascent stage. It is especially prevalent in
smokers, although one autopsy series found a general
prevalence of 50%, which increased to 73% if minimal
disease was included (7). In terms of pathophysiology, the
disease is characterized by various patterns of permanent
airspace destruction and enlargement, without significant
fibrosis (8). These changes are manifest clinically as loss of
lung elasticity and radiologically as reduced tissue density
and attenuation of vascular markings. Attempts have been
made to detect the disease at an early stage by the use of
pulmonary function testing, plain chest radiography, CT
and various scintigraphic techniques (9,10).

In a comprehensive review (11) of the subject, it was
concluded that high-resolution CT with 1-mm collimation
was more sensitive than CT collimated at 5-10 mm. Overall,

CT was more sensitive than pulmonary function testing.
However, the performance of CT varied with the type of
emphysema, being better at detecting centrilobular disease
than panacinar disease, which has a predilection for the lung
bases. The scintigraphic literature is less plentiful and
rigorous. One clinical study found that tomographic ventila
tion imaging with 99mTctechnegas showed more extensive

changes than high-resolution CT scanning (72). Lesions as

small as 5 mm on CT scanning caused more extensive
functional changes in the scintigraphic images (13,14).

More rigorous analysis of CT and scintigraphy has been
undertaken in an animal model of emphysema (2). This
study examined the efficacy of high-resolution CT, tomo

graphic perfusion imaging and planar ventilation imaging
with I33Xe. A model of mild, histologically confirmed

emphysema was assessed after instillation of elastase into
the left lower lobe bronchus of pigs. Planar ventilation
imaging did not detect any significant abnormalities, whereas

perfusion scintigraphy detected all abnormalities as areas of
reduced perfusion. High-resolution CT detected half the

lesions. It is a promising result that suggests the possibility
of very early detection of the disease when intervention may
prove beneficial, before irreversible, clinically apparent
disease. The failure of ventilation imaging to detect an
abnormality may be due to the failure to acquire a tomo
graphic study and the nature of the agent. With ventilation
studies using 133Xe, "hot spots" are a marker of significant

parenchymal disease, which is usually advanced and often
clinically obvious. In contrast, ventilation imaging with
"Te technegas demonstrates sites of peripheral parenchy

mal disease as regions of reduced activity (72). The agent
also allows the acquisition of a tomographic study with
relative ease. More severe central parenchymal disease
may be manifested by central deposition of WmTctechnegas

(75).
When this limited but rigorous scintigraphic technique is

coupled to the findings of this study, it suggests that early
emphysema could be detected by either perfusion or ventila
tion imaging. There is a clear and well-defined threshold at

which an observer is capable of detecting the disease state
and which may well be improved with tomographic imaging
of the lungs, producing superior contrast resolution. The key
to the success of the scintigraphic technique is that small,
anatomically apparent lesions appear to produce far greater
functional disturbances in both ventilation and perfusion
studies, enhancing the likelihood of detection. The worst
case situation was deliberately chosen, such that small
lesions would appear with approximately the same scinti
graphic dimensions as the anatomic change at the level of
the acinus. The diameter of an average acinus, a unit of gas
exchange, is approximately 8 mm (76), which is of the same
magnitude as the smallest detectable lesion size. The results
confirm that the scintigraphic manifestations of a relatively
diffuse disease such as emphysema should be detected at a
nascent stage.

CONCLUSION

A model of the scintigraphic anatomy of the lungs has
been used to assess the threshold at which an observer
detects lesions in comparison with a normal study. Because
of limitations in system resolution, no lesions of 4-mm3

block size were detected, even when they occupied 50% of
the lung counts. All observers detected 8-mm3 block lesions

in a narrow grouping when 27% of the counts in the lung
were lost. The threshold at which 12- and 16-mm3 block

lesions were detected was significantly better, with loss of
only 10% and 6% of lung counts, respectively. Detection of
such diffuse abnormalities was best in the left lung in the
lateral and anterior oblique projections, followed by the
right anterior oblique and lateral views. This may reflect the
complex anatomy and segmental crowding in the base of
the right lung. The model suggests that scintigraphic imag
ing has the potential to detect emphysema at an early stage.
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