
tion, a single universal administered activity schedule is sug
gested that would lead to good uniformity of effective dose over
the pediatrie range (COV < 10%) for the radiopharmaceuticals
examined. This is provisional on there being no significant
age-dependent properties that invalidate the application of a
common biokinetic model for dose calculation of a given
radiopharmaceutical.
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Optimization of the Scintigraphic Segmental
Anatomy of the Lungs
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Accurate and reproducible reporting of lung scintigraphy is predi
cated on a sound knowledge of the segmental anatomy of the lungs.
A limited amount of hard data exists about the true segmental
anatomy of the lungs. A virtual model of human lungs was created
using a CT-based dataset and a Monte Carlo simulation technique
to examine the optimal projections for the visualization of each
segment in the lungs. Methods: Segmental anatomy of the lungs
was modeled using CT, cadaveric lungs and standard anatomical
texts. The emission, scatter and attenuation of photons was mod
eled within these virtual lungs and the surrounding tissues. Single
segmental lesions were created in eight projections and submitted
for blinded reporting to four experienced nuclear medicine physi
cians to obtain the best views for each segment. Results: The
anterior and posterior oblique projections yielded the best views for
10 of 18 segments, with the laterals contributing four views, the
anterior contributing two views and the posterior contributing one
view. The majority of basal segments (six of nine) were best seen in
the anterior and posterior oblique projections. Conclusion: This
model overcomes the major problems associated with experimen
tation in the normal human and has the potential to provide answers
to the major problems of scatter, attenuation and "shine-through" in

lung scintigraphy.
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Virtually all endeavors to investigate the scintigraphic diagno
sis of pulmonary embolism, such as the PIOPED (1,2) trial, are
predicated on the recognition of the segmental anatomy of the
lungs. Although this area has been investigated in several early
papers, the efforts have been on the basis of phantoms of the
lobar anatomy of the lungs (3,4), or arbitrary assignments have
been made on the basis of the concave or triangular defects at
the periphery of the lung (5). More recently, the issue has been
investigated in the normal human lung (6) using scintigraphic
techniques. This first prospective attempt to define the scinti
graphic segmental anatomy of the lung suffered, however, from
the inherent limitations of radiation exposure to normal volun
teers and the acquisition of limited projections.

Much of an instructive nature has been written from a "post
hoc" point of view, that is, typical segmental defects are

recognized after the diagnosis has been made (7). Given the
paucity of hard data and implicit restrictions in any prospective
human studies, we sought to define a model of the segmental
anatomy of the lungs in terms of the best available data from
published anatomic studies, CT of the major lobar fissures and
injection of the segmental bronchi of cadaveric lungs (#). A
Monte Carlo simulation package was used to generate photons
in these "virtual" lungs, allowing the creation and manipulation

of segmental defects. To determine the optimal views for the
various segments in the experimental model, it was assumed
that the "standard" lung scan contains eight projections.

MATERIALS AND METHODS
The original phantom (9) was based on CT data from a supine

man of a height of 178 cm and weighing 70 kg who was chosen for
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FIGURE 1. Eight views of the Monte
Carlo simulated study are shown (upper
rows), with the corresponding outlines
of the segmented CT phantom (lower
rows). RAO, right anterior oblique; RPO,
right posterior oblique; LAO, left ante
rior oblique; LPO, left posterior oblique.

his similarity to the dosimetry standard mathematical phantom
(10).

The lung tissue in the phantom was segmented in two phases. An
experienced radiologist, using patient CT data that showed the
interlobar fissures, marked the lobes as a guide to the segments.
The segmental bronchi of human cadaveric lungs were injected
with color-coded dyes. These were finely sectioned and digitized
(8). The lobar and segmental boundaries were transferred to the
phantom dataset with reference to anatomical texts (11-13).

The Monte Carlo simulation package used for this work was the
Photon History Generator (14.15), which models the emission,
scatter and attenuation of photons in a heterogeneous phantom,
followed by the photons' subsequent collimation and detection.

Simulations were performed for a 23.6-mm-thick parallel-hole
collimator using a 32.5-cm radius of rotation. The isotope modeled
was "'"Tc, collected with a symmetric 20% energy window

centered around 140 KeV into a 256 X 256 matrix, resulting in
counts of 600-700 kilocounts per view when no defects were

present. The views collected were: anterior, posterior, both laterals,
anterior obliques and posterior obliques.

Adhering to the terminology established in previous human
studies (6), a "negative" image is one in which there is a defect
with no activity, and the "positive" image shows activity in the area

of the defect alone.
A series of 18 studies was performed, each of which contained

a single defect involving 100% of a segment. In each case, a
negative image and a positive image were produced. The images
were considered to be suitable for diagnostic purposes by all the
clinical observers.

A method for determining the best view for a defect in each
segment was implemented. Eighteen film images showing all eight
views of each study were presented to four experienced nuclear
medicine physicians. The observers were informed that there was
only one defect present and were asked to rank the best three views

in decreasing order of the information content that was provided
for reporting purposes.

RESULTS
Figure 1 shows the anterior, posterior, lateral, and anterior

and posterior oblique projections of a normal study using the
Monte Carlo simulation technique and the corresponding views
of the segmented CT lung phantom. Figure 2 is a guide to the
segments shown in each view.

w
Anterior Posterior

Left Lateral Right Lateral

FIGURE 2. Four guide diagrams (anterior, posterior, left lateral and right
lateral) of the segmented CT phantom are shown, with the segments labeled.
(Right) Upper lobe: -1, apical; 2, posterior; 3, anterior. Middle lobe: -4,
lateral; 5, medial. Lower lobe: -6, superior; 7, medial basal; 8, anterior basal;

9, lateral basal; 10, posterior basal. (Left) Upper lobe: 1+2, apicoposterior; 3,
anterior. Ungular: 4, superior; 5, inferior. Lower lobe: 6, superior; 7+8,
anteromedial basal; 9, lateral basal; 10, posterior basal.
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Anterior Right Lateral

FIGURE 3. Defects in the right lung of the apical segment of the upper lobe
(arrowheads) and the lateral segment of the middle lobe (arrows) are shown.
The anterior and right lateral views are shown (upper). (Lower) The segmental
outlines are superimposed on the positive images.

A selection of images from the simulations performed are
shown in Figures 3-6. These figures show examples of both

negative and positive images. For illustrative purposes, re
stricted views are shown in each case, and several of the figures
demonstrate two segmental defects.

Table 1 shows the view that best demonstrates each segmen
tai defect and up to two other acceptable views. The medial
basal segment in the right lung was undetectable in any view.

Table 2 shows the frequency with which each view appears in
the "best" column of Table 1. Segments are shown in two

groups: all segments and those segments in the lower lobes.
Because the medial basal segment in the right lower lobe was
undetectable in any view, it was not included in the table.

DISCUSSION
The model of the lungs used in this study has the potential to

provide answers to a multitude of questions regarding lung

Posterior Left Lateral LPO

RGURE 5. Defects in the left lung of the lateral basal segment are shown
(arrowheads). The posterior, left lateral and left posterior oblique views are
shown (upper). (Lower) The segmental outlines are superimposed on the
positive Â¡mages.

scintigraphy. A question as seminal as what views constitute a
standard lung scan has not been satisfactorily resolved. This
resolution has proved elusive in the conventional clinical setting
due to the difficulty in defining the true segmental anatomy of
the lungs. Scintigraphic segmental anatomy was admirably
addressed in the work of Morrell et al. (6) in normal volunteers.
This study was achieved by bronchoscopic cannulation of the
segmental bronchi and ventilation of each segment with KlmKr

to produce a positive image of the segment, with no contribu
tion of activity from other lung tissue, and then occlusion of the
same bronchus and ventilation of the remainder of the lungs
were performed to produce a negative image of the segment.
Many technical difficulties were encountered due to the inabil
ity to easily move the patients with the bronchoscope in situ,
interference from local anesthetic instillations, limited views
and radiation exposure to the volunteers. The model we used
did not have these restrictions because eight standard views
were obtained for every segment, defect size was precisely
known, as were the contributions of scatter, and attenuation and

X s
Right Lateral Left Lateral LPO

FIGURE 4. Defects in the right lung of the medial segment of the middle lobe
(arrows) and the lateral segment of the lower lobe (arrowheads). The right
anterior oblique and the right lateral views are shown (upper). (Lower) The
segmental outlines are superimposed on the positive images.

FIGURE 6. Defects in the left lung of the superior lingula (arrows) and the
anteromedial basal segment of the lower lobe (arrowheads). The left lateral
and the left posterior oblique views are shown (upper). (Lower) The segmen
tai outlines are superimposed on the positive images.
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TABLE 1
Best Views for Each Segment

Segment Best Acceptable Acceptable

Right upperlobeApicalPosteriorAnteriorRight

middlelobeLateralMedialRight

lowerlobeApicalMedialAnteriorLateralPosteriorLeft

upperlobeApicoposteriorAnteriorLingulaSuperiorInferiorLeft

lowerlobeApicalAnteromedialLateralPosteriorAntRPORAOAntRAORPORAORAORPOLLatLAOLLatLLatLPOLLatPostLPORAORLatR

LatRLatAntR

LatRPORPOPostLLatLAOLAOLLatLPOPostPostRPORLatPostLPOAnt

L Lat = left lateral; LAO = left anterior oblique; Ant = anterior; RAO = right
anterior oblique; R Lat = right lateral; RPO = right posterior oblique; Post =
posterior; LPO = left posterior oblique.

the images used in reporting were technically optimized for
counts.

The veracity of the images in this virtual model is clearly
dependent on an accurate knowledge of the segmental anatomy
of the lungs. Three major sources were drawn upon in devel
oping the model: lobar fissures apparent in CT scans of normal
lungs: the best available anatomy illustrations from Netter (11)
and dray's Anatomy (12)\ and injection of color-coded material

into the segmental bronchi of cadaveric lungs, followed by thin
sectioning and digitization of the datasets (X). The virtual model
provided a composite three-dimensional model of the segmental
anatomy of the lungs that did not differ significantly from the
planar illustrations found in the standard anatomy texts. Minor
differences were present in the basal segments, but these were
within the gamut of normal variation described in Boyden (16).
Coding of this information was then transferred to the original
CT phantom of the lungs used for the Monte Carlo simulations.

Four experienced nuclear medicine physicians viewed the
data in a blinded fashion to determine the best views for each
segment in eight standard views of the lungs. These data, as
presented in Table 1, show some unexpected findings, particu
larly in the upper lobes of both lungs, where the anterior and

TABLE 2
Frequency of Each Projection As the Best View

ProjectionAnterior

Posterior
Anterior obliques
Posterior obliques
LateralsAllsegments21

5
5
4Only

the
lowerlobes0

1
2
4
1

RAO views were found to be the best for the right apical
segment (Fig. 3) and where the lateral and posterior views were
the best for the left apicoposterior segment. The unexpected
findings may reflect removal of the problem of shoulder
attenuation in the right lateral view and the more extensive
posterior extension of the left apicoposterior segment, as
compared with the relative anterior extension of the right apical
segment.

Other unexpected findings included the best visualization of
the right middle lobe in the anterior and RAO projections rather
than in the lateral view (Figs. 3 and 4), which is probably due
to presentation of the greatest area of the middle lobe anteriorly
and by the reduction of scatter from the medial border in the
RAO due to the adjacent heart. This finding also may account
for the unexpected number of segments that were best delin
eated in the RAO view of the right lung (4 of 10). Similarly, the
best view of the lateral basal segment of the left lung was the
posterior view (Fig. 5), suggesting that a combination of
reduced scatter from the anteromedial and posterior segments
and its peripheral localization in this view provided the best
contrast. These contributions are more significant in degrading
its delineation in the lateral view. Apart from this finding, four
of nine segments in the left lung were best visualized in the left
lateral projection (Fig. 6 and Table 2).

These results generally agree with those of Morrei I et al. (6).
In 9 of 18 segments, we had complete agreement about the best
views. In 5 of 18 segments, we disagreed by one view due to the
use of an anterior projection. In 2 of 18 segments, we disagreed
by two views, also due to the use of an anterior projection. In
the remaining two segments, we disagreed by one and two
views, based on similar projections. We were in complete
agreement about the failure to visualize a defect in the medial
basal segment of the right lung in any view.

Practical application of the findings of this study have
significance as multiheaded instruments become commonplace.
Optimally, eight views can be obtained from four positions of a
dual-headed instrument or further expedited by two positions of
a triple-headed instrument, in which the index head is placed
laterally, with the other two heads acquiring the anterior and
posterior oblique projections. This compromise for speed and
throughput forsakes the anterior and posterior views, with the
loss of optimal imaging of three segments, only one of which is
basal, and accepts the second-best views by using obliques for
two of these. One segment, the lateral basal segment of the left
lung, will not be clearly viewed in this instance.

The case for single-headed instruments is more complex.
Clearly, the acquisition of eight standard views is too costly in
terms of time and throughput. Which views to exclude then
becomes an important question, one that has been grappled with
since 1977 and has largely centered on the anterior oblique
views. It raises the issue that several authors, including Morrell
et al. (6) and Nielsen et al. (77), have raised: should the lateral
replace the anterior oblique view or should the anterior oblique
view be included at all? This is the first study to address these
questions in terms of the eight standard views with well-defined
and known segmental defects. Nielsen et al. (17) based their
observations on 229 patients, of which 77 were classified as
"normal" or minimally abnormal, based on clinical history and

blood gases. They did not know the nature of the abnormalities
that were reported as "abnormal" and classified these as diffuse

or focal. Based on a simple qualitative reporting scale, it was
concluded that the anterior oblique views did not contribute
substantial information to the perfusion lung scan. Morrell et al.
(6) chose to omit the anterior obliques based on this study.

The findings in our study certainly highlight that the anterior
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Patient study
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S\
RAO Right Lateral RPO

FIGURE 7. Simulation of the perfusion defects found in an actual study of a
patient with a high probability of pulmonary embolie disease. The involved
segments also are shown as "positive" images in the accompanying diagram

of the segmental outlines.

oblique projection does contribute significant information. Fig
ure 3 clearly shows its importance, particularly in the right lung,
where it was found to contain information on more segments
than the right posterior oblique and lateral projections. Its
contribution in defining the segmental anatomy in the left lung
is significantly less important than the left lateral and posterior
oblique projection. A good case could be made for dropping the
anterior and left anterior oblique projection from the eight
standard views to expedite the scanning process without the loss
of significant diagnostic data. The second-best views would
provide the requisite information on the two segments involved
(apical segment of the right upper lobe and anterior segment of
the left upper lobe).

Such findings affirm the prevailing rule that a thorough
knowledge of segmental anatomy is critical to the interpretation
of lung scans. Although our model does not change the current
concepts of planar segmental anatomy, it provides a three-
dimensional scintigraphic atlas of this anatomy that could be
powerful in unraveling segmental boundaries for tomographic
imaging of the lungs. It allows the development of a well-
controlled teaching tool with more accurate and reproducible
abnormalities than previous "ad hoc" examples (Fig. 7). The

Photon History Generator also allows the statistical determina
tion of scatter fractions and a more workable and precise
measure of attenuation. These issues will be explored in further

work on the detectability of lesions based on size and the
important contributions of scatter, attenuation and "shine-
through" in scan interpretation.

CONCLUSION
An accurate virtual lung scan model of segmental anatomy

has been produced with current technology overcoming the
problems associated with a similar endeavor in vivo. The model
was used to generate clearly defined and reproducible segmen
tai abnormalities. This allowed the production of high-quality
images in the eight standard views that permitted the determi
nation of the best projections for viewing segmental anatomy in
the clinical setting. A relatively high proportion of segmental
data about the right lung is encoded in the right anterior oblique
view and for the left lung in the left lateral view.
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