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An expert system was developed that interprets ventilation-per-
fusion lung scans. The use of such scans for suspected pulmo-
nary embolism is ideal for computer-assisted diagnosis by expert
systems. The data are digital, only a single disease entity is
diagnosed or excluded, and well-established diagnostic criteria
already exist for visual interpretation that can be easily integrated
into an expert system. Methods: This expert system is divided
into two modules. The first module is responsible for image
analysis. Analysis was performed on the eight standard perfu-
sion images and on single-breath, equilibrium and 3-min wash-
out ventilation images. Each image was analyzed for the pres-
ence of regional perfusion or ventilation defects, as determined
by pixel values that fell 2.2 s.d. below the mean (or above the
mean in the case of washout images) compared with a database
of normal studies. The defect size, segment involved and num-
ber of defects were determined. Ventilation and perfusion im-
ages were then compared to determine whether defects were
matched or mismatched. The second program module applied
the modified Biello's criteria to the data and categorized the scan
as normal to low, intermediate or high probability. Results: A
total of 80 patients were prospectively studied. An 81% (65 of 80)
correlation was obtained when the results of the expert system
were compared with visual interpretations made by three expe-
rienced nuclear medicine physicians. Conclusion: This study
shows that the interpretation of ventilation-perfusion lung scans
by an expert system is possible. The technique holds the prom-
ise of reducing interobserver variability and assisting less expe-
rienced observers in the interpretation of such scans.
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Radionuclide ventilation-perfusion (V/Q) lung scanning
is the primary imaging modality used to evaluate patients
with suspected pulmonary embolism. V/Q scans are usu-
ally interpreted by human observers in two steps. First, the
size and number of perfusion defects that are mismatched
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are determined by visual inspection of the images. Next,
the findings are matched to diagnostic criteria associated
with different probability levels of pulmonary embolism to
categorize the scan as normal, low, intermediate or high
probability.

Several sets of diagnostic criteria have been established,
including those of Biello et al. (1,2), McNeil (3) and the
Nuclear Medicine Working Group of the Prospective In-
vestigation of Pulmonary Embolism Diagnosis (PIOPED)
study (I,4). These criteria use the size, shape and number
of defects seen on the perfusion images and the presence of
matching ventilation and chest radiographic abnormalities
to categorize scans. The criteria are designed to provide
uniform interpretation of scans using prescribed algo-
rithms. Unfortunately, significant variation occurs in V/Q
interpretation among individual human observers, even
when identical sets of rules are used (5). Variations in V/Q
scan interpretation could be reduced by creating a diagnos-
tic system that extracts purely objective data and uni-
formly applies diagnostic criteria. An expert system is such
a system.

An expert system is designed to emulate human knowl-
edge and decision-making processes. This is accomplished
by using a set of heuristically derived rules from a human
expert that are applied to the data in question. This process
provides standardization of observations and decisions.

Over the last 3 yr, an expert system was developed that
emulates the techniques used to interpret V/Q scans visu-
ally. The program determines the presence of perfusion
defects, their size, the anatomic segments involved and the
number of each size of perfusion defect. It then compares
the perfusion defect data to the ventilation scan data to
determine whether a V/Q mismatch exists. Finally, the
data are evaluated using a set of rules based on the modi-
fied Biello et al. (1,2) criteria to categorize the scans as
normal to low, intermediate or high probability. To the
authors’ knowledge, this is the first expert system devel-
oped for the analysis and interpretation of V/Q scans.

MATERIALS AND METHODS

Patient Selection
All V/Q scans performed at the University of Utah Nuclear
Medicine Division over a 6-mo period were digitized. Patients
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were excluded from the study if they were unable to complete a
standard '**Xe ventilation study, which included single-breath,
equilibrium and washout images, or if all eight standard perfusion
images could not be obtained. Patients were also excluded if chest
radiographic abnormalities were present that would affect the
classification of the V/Q scan.

Imaging Parameters

All images were obtained on a Picker 4/15 large-field-of-view
gamma camera using a general all-purpose parallel-hole collimator
(Picker Intl., Bedford Heights, OH). The camera used 61 photo-
multiplier tubes and a 0.25-inch thick Nal(Tl) crystal. A 20%
energy window centered at the 81-keV energy peak of '**Xe was
used during ventilation imaging; a 20% energy window was cen-
tered at the 140-keV energy peak of *™Tc during perfusion im-
aging. The V/Q images were saved digitally in a 64 x 64 word
format.

Ventilation images were obtained in the posterior projection
using 10 mCi of ***Xe. A 100,000-count single-breath image during
maximal inspiration was followed by a 300,000-count equilibrium
image. Subsequently, washout images were obtained at 30-sec
intervals for 6 min. The single-breath, equilibrium and 3-min
washout images were extracted for computer analysis.

Perfusion images were obtained following the intravenous ad-
ministration of 3 mCi of *™Tc macroaggregated albumin. Imaging
was performed in the posterior, anterior, left and right posterior
oblique, left and right anterior oblique and left and right lateral
projections. The posterior image was obtained for an information
density (ID) of 3000; the remaining images were acquired for time.

Program Specifics

An expert system consisting of two modules was written in the
computer language C on a Sun SPARC 2 workstation running
SunOS version 4.1 (Sun Microsystems Inc., Mountain View, CA),
a BSD version 4.3 compliant version of UNIX. The graphic user
interface was created using version 11, release 4, of the X Window
system.

The first program module extracted features from the images
and analyzed the abnormalities. This required standardizing the
images with respect to size and shape. Correction for anatomic
variation was necessary to allow a comparison of the patient’s
images with a composite normal file.

To perform anatomic correction, templates of lung anatomy
were created for all imaging projections. These anatomic tem-
plates represented the idealized size and shape of the lung and the
segmental anatomy for each projection.

Images from each projection were subsequently stretched onto
the appropriate anatomic template. First, the edge of each lung on
the patient images was determined by manual outline. If a periph-
eral perfusion defect was present, the operator approximated the
location of the lung border by continuing the outline over the
defect. The amount of user interaction required was similar to that
of commercially available computer-assisted diagnostic programs
used in nuclear cardiology.

To be certain the manual outlining was reproducible between
operators, 10 studies were processed by two different operators.
The consistency of the program’s final diagnosis was evaluated.

To map the image onto the template, a nonlinear stretch of the
original image was performed. A plane-to-plane nonlinear map-
ping of images, referred to as a spatial warping function, was
previously described (6). The spatial warping function is modeled
using nth order polynomials in which the coefficients of each
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polynomial are estimated by selecting pairs of control points
within each image.

This nonlinear stretch method first determined the center of
mass of both the original image and the template to which it would
be mapped. Subsequently, a radial stretch was performed, as
outlined subsequently.

Both the original image of the lung and the template can be
described by the radial curves

I(r, 6) =0 (original image),
T(r, ) =0 (template),

where 8(x, y) = atan (y/x) and r(x, y) = Vx* + y°
For a given pixel in the template p = (x,, y,) = (r,, 6,), the
corresponding value in the original image is given as

Eq. 1
Eq.2

1
P Yo) = (sx, )P(Xi, yi)s Eq.3

y
where s, . is defined as the stretching factor as determined by
Iy

Sxy = _-

T

Eq. 4

The actual pixel value mapped to the template is the weighted
average of the corresponding pixel values from the original image.

Next, the patient’s images were compared with a normal data-
base. The database consisted of 21 V/Q scans that had been
interpreted as normal by three independent nuclear medicine phy-
sicians. The mean and s.d. were established for each pixel in all
V/Q images after the images had been stretched onto the anatomic
template. A value of 2.2 s.d. below the mean was defined as
abnormal (in the case of the 3-min ventilation washout image, this
value was defined as 2.2 s.d. above the mean). This value was
empirically found to give the best trade-off between sensitivity
and specificity.

To identify V/Q defects within the images, a pixel-to-pixel
comparison was made between each stretched patient image and
the composite normal file. Absolute counts per pixel were used.
The pixel-by-pixel analysis produced a map that delineated the
location of any pixels with counts below 2.2 s.d. These pixels
were then submitted to a clustering criterion, which required at
least two adjacent abnormal pixels to be present for an individual
pixel to be classified as abnormal. In addition, a minimum size
criterion of five contiguous abnormal pixels was required before
an area was flagged as abnormal.

Defects were sized according to the number of contiguous
abnormal pixels. Small defects were defined as being less than 30
abnormal pixels, moderate defects were between 30 and 90 ab-
normal pixels and large defects were greater than 90 abnormal
pixels. These limits were applied to all segments. If a defect was
seen on more than one view, it was sized according to its largest
representation.

Ventilation abnormalities were detected in the same manner as
perfusion defects, except for the washout images; these were
analyzed for areas of activity more than 2.2 s.d. above the mean.

The location of the abnormal pixels in the stretched patient
images was compared with the anatomic template for that view to
determine the specific lung segments involved. Defects were
counted only once if they involved the same segment on multiple
views; this prevented overcounting of defects.

V/Q images were analyzed separately. Direct comparison of
maps of V/Q abnormalities was performed to determine whether
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TABLE 1

Results
interpretation by expert system
Nomnal to low Intermediate High
probability probability probability

Interpretation of Normal to low probability 42 6 5

three nuclear Intermediate probabiity 1 8 3
medicine H 0 0 13

a perfusion defect was matched or mismatched. This could be DISCUSSION

performed only on the posterior images because ventilation im-
ages are obtained in this one projection with standard V/Q imag-
ing.

To determine whether a V/Q mismatch was present, the pos-
terior perfusion image was independently compared with each of
the three ventilation images analyzed (single-breath, equilibrium
and 3-min washout images). If the overlap of V/Q abnormalities
was less than 50% of the perfusion defect’s size, the defect was
classified as being mismatched to ventilation.

The second program module contained the modified Biello et
al. (1,2) criteria for diagnosing pulmonary embolism. Here, data
derived from the features extraction module were evaluated using
the Biello et al.’s (1,2) criteria to arrive at a probability for pul-
monary embolism. The results were categorized as normal to low,
intermediate or high probability for pulmonary embolism.

In addition to the category of pulmonary embolism (e.g., high
probability), the program displayed the original images, the
stretched profile of each image, a set of images with a graphic
overlay of abnormal segments, the number of each size of perfu-
sion defect and whether the defects were matched or mismatched.

To determine the accuracy of the expert system in classifying
V/Q scans, the results of the computer program were compared
with those of human experts. All V/Q scans entered into the study
were interpreted visually by three experienced nuclear medicine
physicians using the modified Biello et al. (1,2) criteria. In cases in
which scan interpretation differed between observers, a consen-
sus was obtained.

RESULTS

A total of 80 patients who met the patient selection
criteria were entered into the study over a 6-mo period. Of
these, 55 studies were visually interpreted as either normal
or low probability, 12 as intermediate probability and 13 as
high probability.

A comparison of the expert system’s diagnoses with
human experts’ visual diagnoses is shown in Table 1. An
81% (65 of 80) correlation rate was achieved between the
expert system and human observers. In general, the pro-
gram tended to overestimate the probability of pulmonary
embolism (14 of 80, 18%). Underestimation occurred in a
single case (1%).

Ten V/Q scans were processed by two different opera-
tors. The expert system’s final diagnosis was the same for
both operators in all 10 cases.

Examples of outputs of the program are shown in Fig-
ures 1 and 2.

V/Q Scan Analysis for Pulmonary Embolism ¢ Gabor et al.

Scott et al. (5) studied the variability in the visual inter-
pretation of V/Q scans by physicians. These investigators
found a definite variation in interpretive patterns and ac-
curacy among multiple readers of V/Q scans, despite each
reader’s attempt to adhere to the same diagnostic algo-
rithm. Deviations from standard interpretive patterns were
associated with diminished diagnostic accuracy. Thus,
even when a well-established interpretive schema is used,
variations exist in implementation among human observ-

€rs.

FIGURE 1. Output screen of the V/Q expert system. The left
vertical column of images are the raw images. The second vertical
column of images are the stretched images. The third vertical col-
umn shows perfusion and ventilation defects identified by the expert
system. The text indicates the number of matched and mismatched
defects and the probability of pulmonary embolism using the modi-
fied Biello et al. criteria.
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FIGURE 2. Enlarged view of the left anterior oblique (LAO) image
set from the output screen of a high probability scan. On the left is the
raw image. In the middle is the stretched image of the left lung only.
On the right is a map of the abnormal perfusion to the apical region
of the lung that was identified by the expert system.

The use of an expert system for image interpretation
could significantly reduce interobserver variability by ob-
jectively analyzing images and uniformly applying diagnos-
tic algorithms. In addition, an expert system like the one
described here could assist less experienced observers in
the visual interpretation of V/Q scans.

To the authors’ knowledge, there has only been one
other fully implemented expert system in nuclear medi-
cine. That program, developed by Ezquerra et al. (7) was
a modification of the bull’s-eye program for the diagnosis
or exclusion of coronary artery disease on 2Tl scans orig-
inally created by Garcia et al. (8). V/Q imaging for pulmo-
nary embolism is especially well suited to computer-as-
sisted diagnosis by an expert system because the visual
diagnosis is based on a series of widely accepted rules or
criteria. Thus, the diagnostic algorithm is easily defined.

Expert systems are designed to emulate the knowledge
base and decision-making processes of humans in a nar-
rowly defined domain (9, 10). A set of heuristically derived
rules is used to arrive at a decision. Expert systems are
often divided into three major parts: the knowledge base, a
set of decision rules and the inference engine.

The knowledge base is a special database that contains
the accumulated body of knowledge, i.e., the facts and
rules that experts in a particular field would possess. The
decision rules are the criteria used to make the decisions.
The inference engine processes the given input against the
decision rules and facts of the knowledge base to derive
conclusions or inferences. Decision rules can either con-
tain firm antecedents with subsequent conclusions, or they
can be based on ‘fuzzy” logic that allows the use of
probabilistic rules and observations.

In this system, the knowledge base consisted of two
parts: a database that contained a composite of normal V/Q
scans and a feature extraction module that defined the
existence of a defect, its size and its segmental anatomy.
The decision rules consisted of computer-coded Biello et
al. (1,2) criteria. The inference engine applied these criteria
to the output of the features extraction module to make a
final diagnosis.

One of the primary differences in developing an expert
system for nuclear medicine compared with one in internal
medicine is that, for scan interpretation, the images first
must be analyzed and the features extracted. This adds a
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significant amount of complexity to expert systems de-
signed for imaging compared with expert systems in other
medical fields. For example, in internal medicine, the phys-
ical examination and laboratory data are acquired by a
human observer and then entered into the program manu-
ally. The image analysis and feature extraction module
were much more difficult to create here than the module
that developed the final diagnosis.

A different potential approach to the computer-assisted
diagnosis of V/Q scans is the use of neural networks. Neu-
ral networks, or parallel distributed processors, are signif-
icantly different from traditional artificial intelligence appli-
cations; they use a nonalgorithmic approach (9-12). This
approach offers an advantage in cases in which there is a
lack of well-defined rules or significant physiologic varia-
tion occurs.

Neural networks attempt to model the brain’s biology by
using computational units or neurons that are intercon-
nected by weighted links. Information in the network is
stored within these interconnections. Learning occurs
through a series of training sets that cause an adjustment of
the values of the links, thus mimicking synaptic changes in
biologic systems.

Neural networks have been applied to a few areas of
diagnostic radiology. Within nuclear medicine, there has
been only limited application of neural networks. These
include the evaluation of planar 2°'T] images and the diag-
nosis of Alzheimer’s disease on PET brain scans (13,14).
Recently, an artificial neural network was constructed for
the interpretation of V/Q scans that accepted as input the
visual observations of nuclear medicine physicians, such
as the presence, number and size of perfusion defects (15).
A neural network created by the authors analyzes actual
images and categorizes V/Q scans, although, as yet, it can
categorize scans into only two classifications (low or high
probability) (16).

In our study, we chose to use an expert system for the
computer-assisted diagnosis of V/Q scans because the in-
terpretation of these images by humans follows a set of
well-described rules (i.e., it is algorithmic in nature). Al-
though there are various sets of diagnostic criteria for in-
terpreting V/Q scans, an expert system can be modified
relatively easily to use different diagnostic algorithms.
Thus, although for the purposes of this study the modified
Biello et al. (1,2) criteria were used, other diagnostic
schemes, such as the PIOPED criteria, could have easily
been applied. In fact, it would be possible to modify this
program to allow the user to choose a diagnostic scheme
from several different sets of diagnostic criteria.

The results of this expert system are easy for a physician
to understand and confirm because the program reaches its
decisions in a manner similar to that of a human expert.
The size, number and location of perfusion defects and
whether they are matched or mismatched are graphically
displayed by the program; the rule used to make the final
categorization can also be displayed. Thus, a physician can
visually review the images and the diagnostic algorithm to
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determine whether the visual diagnosis should be altered.
This is an advantage over neural networks, which in gen-
eral, do not give data as to how a particular classification
was made.

This expert system was designed to interpret V/Q scans
in a manner similar to that of human observers, with two
exceptions. First, patients were not evaluated with chest
radiographic abnormalities. To classify these patients’ V/Q
scans, the relative size of the infiltrate on the chest radio-
graph must be compared with the size of the perfusion defect
on the lung scan. This would require a digital chest radio-
graph, which is not readily available, then construction of a
second computer-assisted diagnosis program to determine
the presence of an infiltrate on the chest radiograph, to size it
and to compare the infiltrate’s size on the chest radiograph to
the relative size of the perfusion defect on the V/Q scan.
Developing such a program would be a major undertaking.

A second variation of this expert system from a visual
interpretation is the number of probability categories used.
The normal and low probability categories were combined.
This was necessary because this program frequently found
a few abnormal pixels, even on scans visually read as nor-
mal. Combining these two categories can be supported from
an interpretative standpoint. A low-probability scan, exclud-
ing patients with chest radiographic abnormalities, has only
a 4.8% probability of pulmonary embolism, using the
modified Biello et al. (1,2) criteria. Thus, a normal to low
probability scan has a 95% probability of the patient not
having pulmonary embolism. Second, data show patients
with low-probability scans have an excellent prognosis. Lee
et al. (17) followed 99 patients with low-probability V/Q
scans for 6 mo; the patients were not treated with anticoag-
ulants. None of the patients had evidence of recurrent throm-
boembolism or died of a thromboembolic event.

Most of the program’s errors resulted in falsely overes-
timating the probability of pulmonary embolism. These
errors in classification were primarily the result of two
factors. Some cases interpreted as low probability by vi-
sual inspection were found to have diffusely abnormal per-
fusion scans by the expert system because of increased
soft-tissue attenuation from obesity and technical factors
(an ID of 3000 was not always possible in all emergency
scans). Increased soft-tissue attenuation and variations
from the imaging protocol have both been described as
causing false-positive results with cardiac computer-as-
sisted diagnostic programs.

The second source of error was the result of the tech-
nique used to determine whether a V/Q match or mismatch
was present. A direct comparison of perfusion defects with
ventilation could be performed only on the posterior im-
ages. Thus, perfusion defects that involved segments not
visible on the posterior perfusion image were always con-
sidered to be unmatched. This falsely increased the prob-
ability of pulmonary embolism. Performing oblique wash-
out images in addition to posterior images might reduce
these errors by providing information about ventilatory
abnormalities in more anterior lung segments.

V/Q Scan Analysis for Puimonary Embolism ¢ Gabor et al.

Several other factors could decrease the program’s ac-
curacy. A potential error is the manual outlining technique.
Automatic edge detection techniques are widely used in
cardiac blood pool studies (18,19). These are based on the
second derivative of the counts; the maximal rate of
change in counts is defined as the edge of the ventricle.
This technique would work for completely normal lung
images. However, in patients with pulmonary embolism,
there may be peripheral defects. In fact, centrally occur-
ring defects surrounded by normally perfused lung, the
so-called stripe sign, are unlikely to represent pulmonary
emboli (20). An automated program would assign the prox-
imal border of a peripheral perfusion defect as the normal
lung edge; thus, the true extent of the lung would be un-
derestimated. Previous researchers have advocated using a
contour line drawn at 18% of maximum counts per pixel to
produce a reliable boundary around the lung (27). Unfor-
tunately, the same problem with peripheral defects also
exists for this technique.

For these reasons, a manual technique was chosen to
outline the lungs. Because lung outlining is an operator-
dependent process, variations can occur in defining the
lung edge. However, two operators outlined the lungs of 10
patients whose scans had a variety of abnormalities in this
study; there was no difference between operators in the
program’s classification of the scans. Similar reproducibil-
ity in manual outlining has been shown with cardiac com-
puter-assisted diagnostic programs (8,22). Manual outlin-
ing might not be necessary if a transmission image using a
9mTc sheet source was performed. However, transmission
imaging would be time consuming because it would have to
be performed on all eight standard projections and it would
increase the radiation burden to the patient. For these
reasons, the authors did not think that transmission images
were practical.

Variation in patient positioning during imaging could
also lead to errors. Although there are eight standard po-
sitions for lung perfusion imaging, as described previously,
it is not always possible to obtain these at exactly the same
angle in every patient. For example, the patient may be
immobilized with an orthopedic device or may be unre-
sponsive. Imprecise positioning could either hide a defect
or falsely create one.

A perfusion defect may be present on multiple views of
a perfusion scan. When the images are stretched onto the
anatomic template, the stretch may cause a misregistration
of the defect into different pulmonary segments on some
views. The program would incorrectly count the single
defect twice. This could falsely increase the probability of
pulmonary embolism.

Several program variables were empirically set. These
included the lower limit of normal of 2.2 s.d. for pixel
counts, the clustering criteria of two adjacent abnormal
pixels and the number of pixels used to classify defects as
small, moderate or large in size. However, the use of
empiric values in computer-assisted diagnostic programs is
well documented in the literature; computer-assisted pro-

801



grams for diagnosing coronary artery disease on cardiac
perfusion studies, such as the bull’s-eye program and Ce-
dars-Sinai program, use empirically derived values to dif-
ferentiate normal from abnormal myocardium (8,9, 22).

In conclusion, this study showed that the interpretation
of V/Q lung scans by an expert system as an aid to visual
interpretation is feasible. It holds the promise of reducing
interobserver variability and assisting less experienced ob-
servers in interpreting V/Q scans.
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