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An expert system (PERFEX) developed for the computer-as-
sisted interpretation of myocardial perfusion SPECT studies is
now becoming widely available. To date, a systematic validation
of the diagnostic performance of this expert system for the
interpretation of myocardial perfusion SPECT studies has not
been reported. Methods: To validate PERFEX’s ability to detect
and locate coronary artery disease (CAD), we analyzed 655
stress/rest myocardial perfusion prospective SPECT studies in
patients who also underwent coronary angiography. The patient
population comprised CAD patients (n = 480) and healthy vol-
unteers (n = 175) (449 men, 206 women). Data from 461 other
patient studies were used to implement and refine 253 heuristic
rules that best correlated the presence and location of left
ventricular myocardial perfusion defects on SPECT studies with
angiographically detected CAD and with human expert visual
interpretations. Myocardial perfusion defects were automati-
cally identified as segments with counts below sex-matched
normal limits. PERFEX uses the certainty of the location, size,
shape, and reversibility of the perfusion defects to infer the cer-
tainty of the presence and location of CAD. The visual interpre-
tations of tomograms and polar maps, vessel stenosis from
coronary angiography, and PERFEX interpretations were all ac-
cessed automatically from databases and were used to auto-
matically generate comparisons between diagnostic ap-
proaches. Results: Using the physician’s reading as a gold
standard, PERFEX’s sensitivity and specificity levels for detec-
tion and localization of disease were, respectively, 83% and
73% for CAD, 76% and 66% for the left anterior descending
artery, 90% and 70% for the left circumflex artery, and 74% and
79% for the right coronary artery. These results were extracted
from a receiver operating characteristic curve using the average
optimal input certainty factor. Conclusion: This study shows
that the diagnostic performance of PERFEX for interpreting
myocardial perfusion SPECT studies is comparable with that of
nuclear medicine experts in detecting and locating CAD.
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The use of myocardial perfusion SPECT imaging for the
assessment of coronary artery disease (CAD) continues to
grow at an unprecedented rate. From 1996 to 1997, proce-
dure volume in the United States increased 17%, with more
than 5 million studies performed), With the aging of the
baby boom generation, an even higher demand for these
studies is expected in the next 20 y. Because this increased
demand could exceed the supply of expert diagnosticians
who perform these studies, these expert diagnosticians may
have less time to interpret each study. Increased demand
could also lead to the emergence of an increasing number of
diagnosticians with limited expertise. Both of these out-
comes could result in an increase in interobserver variability
and a reduction in accuracy. Hence, it is desirable that tools
be implemented to assist physicians in interpreting studies
at a faster rate, at a higher level of expertise, or both.
Because computers are a necessary part of acquiring and
processing these studies, it is reasonable to expect that these
tools should be computer based.

Over the past several years, artificial intelligence methods
have been investigated as a way to develop such a tool.
Examples include neural network&—4) and case-based
reasoning technique§)(to provide computer-assisted diag-
nosis of myocardial perfusion planar and SPECT studies.
Most of these approaches have used the polar map output of
well-established database myocardial perfusion quantifica-
tion programs §—8 as input to the decision-making pro-
cess. In the artificial neural network approach, the concept is
to try to emulate how human neurons perform pattern rec-
ognition tasks. Repeated recognition trials are run using
sample perfusion data as input and using corresponding
coronary angiography results as output to modify the
strength between the input and output nodes. In this manner,
the network is trained and the input data eventually predict
the output. In the case-based reasoning approach, the algo-
rithm searches a library of patient cases to find the ones that
best match those of the patient study being analyzed. The
common findings from these cases, such as coronary an-
giography results, are then used to assist the diagnostician’s
interpretation.
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Another artificial intelligence approach that has beetight coronary artery (RCA), LAD or LCX, LAD or RCA, or LCX
investigated for this purpose is the knowledge-based eX-RCA. Once a region was determined to be hypoperfused, it was
pert system. In expert systems, a knowledge base gspigned to the territory in which the majority of the region fell. If
heuristic rules is obtained from human experts capturir?gdefem or reversibility region fell between 2 territories, it was

how they make their interpretations. These rules ai’;\éSlgned to the “or” of the 2 territories, as was done in previous
; studies 17).

usually expressed in the form of “if/then” expressions. . . :
. . . . Independent diagnosis of CAD was based on coronary angiog-
Expert Syst_emg have_ been mve_stlgated n n_uclear m_efjalbhy during cardiac catheterization. Diagnosis of CAD was based
cine to assist in the interpretation of perfusion—ventilgsy 1" or more of the major coronary vessels’ having at least 1
tion lung studies § and hexamethylpropyleneaminestenosis witie=50% luminal narrowing or diffuse disease. Luminal
oxime brain SPECT studiesl@). Expert systems have narrowing and diffuse disease were qualitatively assessed by an
also been used in cardiology for assessment of acuseerienced attending cardiologist. The application of these crite-
myocardial infarction from electrocardiography (ECG]Jia to the 655-patient population resulted in 175 patients without
analysis 1), for echocardiography analysis2), and for CAD and 480 patients with CAD. The breakdown of disease by
the management of ventricular tachycardis)( vascular territory in the 480 CAD patients was as follows: 346
Since 1985, we have been developing an expert Systéﬁ'P' 256 LCX,_and 281 RCA._These included 194 patients with
called PERFEX (an abbreviation of “perfusion expert,,§|_rlgle-_vessel dlsea_lse, 169 with double-vessel disease, and 117
. h triple-vessel disease.
Syntermed, Atlanta, GA) as a tool for the computer-assst(%[

diagnosis of stress/rest myocardial perfusion SPECT studigs, Analysis and Expert System Interpretation

(14,13. The purpose of this study was to investigate how a|| SPECT patient studies were reconstructed and reoriented
computer-assisted interpretations suggested by PERFR¥% oblique-axis tomograms using conventional techniqié (
compare with those of human experts. These investigationse studies were then submitted to a well-established method of
were designed to show the overall performance of PERFEMtabase quantificatiod®). This method identified hypoperfused
before its dissemination and distribution. We have chosernregions as those with normalized count distributions falling below
sets of gold standards: the interpretation by human expetgredetermined number of SDs below the mean pattern of sex-
and the results of coronary angiography studies. Althou%ﬁatChEd normal response for the specific myocardial perfusion
the goal of expert systems is to match the interpretation gf ECT Protocol used. The program also identified ischemic re-
human experts, we used the results of coronary angiogra;é%ys as stress pgrqumn defects that Improve at rest. This was
. ermined quantitatively as a predetermined number of SDs
to resolve differences between the expert system and the
human experts.

ove the mean normalized difference between the stress and rest
distributions.

An automatic feature-extraction program then described the
MATERIALS AND METHODS location and severity of each defect and corresponding reversibil-
Patients ity (19). The location was expressed in the form of 32 possible

All studies used for this retrospective evaluation were obtainglgscriptors 20). These descriptors were defined as coordinates of
from the cardiac database of patients referred to our nucldzoth depth (basal, medial, distal apical, and proximal apical) and
medicine service for myocardial perfusion SPECT imaging frorangular location (8 subsets of the septal, inferior, lateral, and
September 1989 to February 1997. Patients were selected who &atgrior myocardial walls). The severity was expressed in terms of
undergone any of the following conventional myocardial perfusiogertainty factors ranging from-1 to +1 for the pixel in that
SPECT protocols1(6): stress/redistributiof®T| (n = 376), low- descriptor with the most severe finding I means there is defi-
dose rest/high-dose stre¥8Tc-sestamibiif = 138), or resfiTl/  nitely no disease;+1 means there is definitely disease, and the
stress%Tc-sestamibi If = 141). Stress was performed usingange from—0.2 to +0.2 means the presence of disease is equiv-
exercise f = 419), dipyridamolerf = 221), adenosinen(= 3), or  ocal or indeterminate). Certainty factors are heuristically defined
dobutamine if = 12). These consecutive patients were selecteuimeric estimates of evidence for or against a particular hypoth-
because they had undergone both myocardial perfusion SPEEsIs. The certainty factor model is a well-known approach to
imaging and coronary angiography within 2 wk of each other withncertainty reasoning used in artificial intelligen@d)( Initially,
no intervention between the 2 imaging procedures. Patients wi@ certainty factor of each abnormal descriptor was allowed to
had previous coronary artery bypass surgery were excluded. Rary between 0.2 and 0.99 in linear proportion to the number of
tients were also excluded because of data retrieval problemsSids below the mean normal response. In this representation, a
incomplete SPECT studies. This selection process resulted in @&3tainty factor of+0.2 corresponds to the threshold (in number of
patient studies (449 men, 206 women; age range, 19-91 y; méds below the mean) for just detecting disease «0d9 corre-
age, 61.4*+ 11.8 y). There were 197 patients with previousponds to=8 SDs below the mean (very sure that findings are
myocardial infarctions. abnormal). Descriptors with all pixels above the normal response

Diagnosis of CAD was based on the routine clinical interprewxere set to a certainty factor of1.
tation of myocardial perfusion SPECT imaging. An experienced The description of how PERFEX works has been provided in
nuclear medicine physician, using both the visual assessmentdefail elsewhere 14,15,20. The architecture of PERFEX was
the tomograms and the results of database programs for quantifispired by that of MYCIN 21), a pioneering rule-based expert
ing myocardial perfusion defects, assessed hypoperfusion. Disegggtem developed in the 1970s to assist physicians with the deci-
was assigned to 1 or more vascular territory combinations: leftons involved in the selection of appropriate therapy for patients
anterior descending artery (LAD), left circumflex artery (LCX)with infections. To create the PERFEX knowledge base, a study
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was conducted of 461 myocardial perfusion SPECT studies frdRESULTS

patients (different from the patients in this study) with angio- A plot of percentage agreement (accuracy) between PERFEX
graphically documented CAD. This effort resulted in 253 heuristignd F;he thJ)man egper?s as a f(unctionyZ')f CF shift level

(ifthen) rules created by experts. These heuristic rules best corre-
lated the presence and location of perfusion defects?®H Showed that the 0.10 level generated the best overall agree-

SPECT studies with coronary lesions. These rules were then [pents for localizing disease to the LAD and RCA vascular

serted as the knowledge base using a commercial expert systffitories (Fig. 1). The 0.20 level generated the best overall
shell (Expert Elements; Blaze Software, San Jose, CA). Thedgreement for the LCX territory (Fig. 1). The plot for
rules operate on the descriptor files that are the output of tRgreement in the detection of CAD is not shown because
feature extraction program as described above. Using these feat factor is dependent on the certainty of disease in each of
tures, the expert system automatically determines the locatithe 3 vascular territories. ROCs corresponding to the agree-
size, and shape of each defect and corresponding reversibility. Thignt of localizing disease to these vascular territories pro-
information is used to activate the heuristic rules to produce nevide the sensitivity and specificity for each of the CF shift
findings or draw inferences regarding CAD. For each input pgevels using the expert as the gold standard (Fig. 2) or using
rameter and for each rule, a certainty factor is assigned and is ugeflonary angiography as the gold standard (Fig. 3).
to determine the certainty of the identification and location of a Using the 0.15 CF shift level as an average optimal input
coronary lesion. A specific vascular territory with an output cerc-:(:’,rtainty factor, we obtained the sensitivity and specificity
tainty factor for disease of 0.2 or greater was deemed to §sults shown in Figure 2. The sensitivity ranged from a
abnormal. A separate variable for the assessment of overall C % for localization in the LCX vascular territory to
was also deemed abnormal if its output certainty factor for disears]I h of 90% 00 . o y
was 0.2 or greater. a low of 74/9 for the RCA region. The §en§|t|V|t|es for
overall detection of CAD and for localization in the LAD
Statistical Analysis region were 83% and 77%, respectively. The specificity
Separate databases were generated containing the followiagiged from a high of 79% for the RCA vascular territory to
results: the interpretation of the SPECT study by the nuclear low of 66% for the LAD region. The specificities for
medicine physicians; the interpretation of the coronary angiograverall detection of the absence of CAD and for localization
phy study; and the output of the PERFEX program. A program was the LCX region were 73% and 70%, respectively.
then written to automatically compare the various results and to Using coronary angiography as the gold standard, analy-
calculate the sensitivity, specificity, and accuracy of PERFEX ffis of the PERFEX results at the 0.15 CF shift level gener-
the detection and localization of CAD. This calculation was basedad the following statistics (Fig. 3). The sensitivity ranged
on using either the reading of the SPECT study by the hum%m a high of 80% for detection of CAD to a low of 65%
experts or the results of the coronary angiography study as the g%? the RCA region. The sensitivities for localization in the

standard. . .
0
Two sets of receiver operating characteristic (ROC) curves WeLAD vascular territory and the LCX region were 69% and

generated. The first compared the results of PERFEX with inteé%%’ respectively. The specificity ranged from a high of

pretation by the human nuclear medicine experts as the g(ﬁé% fF’r the RCA vascular territory to '?‘_I(_)\_N of 42% for
standard. The second compared the results of PERFEX with cBgtecting the absence of CAD. The specificities for the LAD
onary angiography as the gold standard. The 2 sets of ROCs waRd LCX regions were 54% and 56%, respectively.
generated for 4 categories: detection of CAD and localization to Analysis of the nuclear medicine physicians’ interpreta-
the LAD, LCX, and RCA vascular territories. To generate th&ion of the SPECT perfusion studies using coronary angiog-
ROC, the initially set certainty factor (CF) for each input descrip-

tor was allowed to vary by subtracting values ranging from 0.0 {o
0.30 in intervals of 0.05. These are called CF shift levels. 90

The first step in the analysis was to search for CF shift leve
that would provide optimal accuracy for localizing disease to ea
of the 3 vascular territories using the interpretations by the hum
experts as the gold standard. This was done by visual inspectior]
a plot of accuracy versus CF shift level for each of the 3 vascul
territories.

The input CF shift level (or levels, if they were different for]
different vascular territories) that generated the best agreemgnts 60 s 10 a5 20 35 30
between the interpretation of the SPECT study by the human CF SHIFT
experts and PERFEX was then used to determine the sensitivity
and specificity of PERFEX using coronary angiography as the gcféGL":Ei s:r;d rﬁﬁ:clsgfcrr{ eg;::ri\;]eespﬁg(s)ivc\:liizr?s ag[l‘ariemseg;otz\?t;':’;i”
standard. These sensitivity and specificity results were comparacy for PERFEX as a function of CF shift level, using clinical

with the sensitivity and specificity results obtained from the 'meﬁhterpretation of myocardial perfusion SPECT studies by nuclear

pretation by human experts, also using coronary angiography s icine physicians as gold standard. For this population, 0.10
the gold standard. The? test was used to evaluate statisticakhift level results in optimal accuracy for localizing disease to
differences in sensitivity and specificity between diagnostic apAD and RCA vascular territories and 0.20 level for LCX terri-
proaches. The levé? < 0.05 was used to determine significancetory.

-+ -LAD
— LCX
—=—RCA
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raphy as the gold standard generated the following resultsComparison of the sensitivity and specificity of PERFEX
(Figs. 3 and 4). The sensitivities for detection of CAD an¢hat the 0.15 CF shift level) versus those obtained from the
for localization in the LAD, LCX, and RCA vascular terri-expert reading by nuclear medicine physicians, both using
tories were 87%, 69%, 61%, and 73%, respectively. Tle®ronary angiography as the gold standard, yielded the
specificities for detecting the absence of CAD overall and following results (Fig. 4). Statistically significant differ-
the LAD, LCX, and RCA vascular territories were 21%gences were obtained in the detection of the presence and

59%, 88%, and 71%, respectively. absence of CAD and in the specificity of the LCX region. Of
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FIGURE 4. Detection and localization of CAD: PERFEX vs.
nuclear medicine physicians. Bar graphs show sensitivity and
specificity values for PERFEX and nuclear medicine physicians
(expert) at 3 different CF shift levels using coronary angiography
as gold standard. For 0.15 CF shift level, there are no statisti-
cally significant differences in 5 of 8 criteria tested and PERFEX
provides statistically better results in 1 of 3 criteria for which
there are differences.

localizing CAD when coronary angiography is used as the
gold standard. These results are remarkable considering that
PERFEX reaches its conclusions <8 s per patient. Fur-
thermore, this version of the expert system does not use
most of the relevant clinical and quality control information
available to the diagnosticians. This lack of information
may partly account for the differences between the expert
system recommendations and those of the human experts
when using the interpretation of the latter as the gold stan-
dard. This knowledge includes information on body habitus
and level of tissue attenuation by breast muscles or dia-
phragm.

Another reason for the apparent superiority of experts
over PERFEX for localizing disease to the LCX vascular
territory is that the experts tended to assign disease to the
posterolateral territory (LCX or RCA) much more fre-
quently than did PERFEX. Experts used this category on
197 patients and PERFEX on only 3 (at the 0.15 CF shift
level). PERFEX almost always assigned disease to either
the LCX territory or the RCA territory. In our analysis,
assignment to the posterolateral territory (LCX or RCA),
rather than to the specific LCX territory or RCA territory,
generated a better result because correct agreements with
coronary angiography were counted whether the patient had
LCX or RCA disease. When this analysis was repeated,
giving PERFEX the same advantage as the experts, the
results yielded no statistical difference between experts and
PERFEX for the sensitivity (71% vs. 72%), specificity (57%
vs. 55%), or accuracy (65% vs. 65%) in detecting postero-
lateral disease.

It is difficult to compare the results of PERFEX with
those obtained from other artificial intelligence approaches
that use artificial neural network2{4) or case-based rea-
soning ). That is because the criteria used to determine

these 3 categories, PERFEX obtained better results ingibgnostic accuracy (sensitivity and specificity) are a func-
category (specificity for detecting the absence of CAD) angh, of the prevalence of disease and the referral bias of the
the human expert obtained better results in the other g, jation. These vary widely between study populations.
There were no statistically significant differences in th‘]’hus, the reported sensitivity and specificity of the expert

RCA region or the LAD region or in the sensitivity of

system should be used for comparison with those of the

localizing LCX disease. These comparisons were also Pgijman experts rather than as a measure of the accuracy of

formed at the 0.10 and 0.20 CF shift levels (Fig. 4).

DISCUSSION

the diagnostic performance of the program for all patient
groups. Our philosophy is that there is no optimal threshold
to interpret all patient populations. In fact, in the present

The primary goal of this study was to assess the perfamplementation of this program, physicians are allowed to
mance of an expert system in detecting and localizing CADse the expert system to interpret at different points along
Because there is no widely accepted approach to evaluatthg ROC curve (Fig. 3), resulting in different sensitivity and

the performance of such computer-based decision-makisgpecificity results depending on how aggressive or conser-
systems, a statistically defined series of tests that involvedtive an interpretation is desired.
stringent demands was used. That is, the results obtainedVe have preferred the expert system approach to the
from PERFEX were compared with those of nuclear medeural network approach because the heuristic rules that are
icine expert readers and with independent results from carsed in expert systems to reach a conclusion may be traced
onary angiography. Sensitivity and specificity for detectingnd linked to each other, thereby providing a mechanism to
and localizing CAD in a large population of 655 patientgustify or explain any conclusion reached. By contrast,
were used as the primary criteria for comparison. neural networks do not provide justifications, although they
The results of this study show that PERFEX is almost @se excellent for pattern recognition tasks. Moreover, neural
accurate as nuclear medicine expert readers in detecting aetivork systems require a much larger training dataset than
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expert systems to converge on reasonable results for tesults, clinical variables, and angiographic results. These

same task. associations may be used as heuristic rules to enhance the
There are equally compelling reasons for preferringxpert system23).

knowledge-based approaches to case-based reasoning ap-

proaches. The main challenge is that a very large library gpncLUSION

image cases would be required to create a sufficiently robust . . . .

system, similar to the large data demands posed by neu utomat!c computer-asa_sted interpretation of myocar-

network training. Also, accurate measures of image “sim ial pe_rfu5|on _SPECT st_ud|es by an expert system agrees

larity” would have to be developed to adapt the indexe el _W_'th the mterpr_etatl_ons of _expert nuclear r_ned|cm_e
sicians and exhibits diagnostic accuracy consistent with

cases to the patient case under consideration. Knowle L of th s wh ) h i das th
captured as rules, coupled with the uncertainty reasoni Idostar?dz)r(gersw en coronary angiography 1s used as the

model used by PERFEX, seems to overcome these ch
lenges while featuring a quick processing time.
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