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The purposes of this study were to describe and evaluate a soft-
ware engine to justify the conclusions reached by a renal expert
system (RENEX) for assessing patients with suspected renal ob-
struction and to obtain from this evaluation new knowledge that
can be incorporated into RENEX to attempt to improve diagnos-
tic performance. Methods: RENEX consists of 60 heuristic rules
extracted from the rules used by a domain expert to generate the
knowledge base and a forward-chaining inference engine to de-
termine obstruction. The justification engine keeps track of the
sequence of the rules that are instantiated to reach a conclusion.
The interpreter can then request justification by clicking on the
specific conclusion. The justification process then reports the
English translation of all concatenated rules instantiated to reach
that conclusion. The justification engine was evaluated with a
prospective group of 60 patients (117 kidneys). After reviewing
the standard renal mercaptoacetyltriglycine (MAG3) scans
obtained before and after the administration of furosemide, a
masked expert determined whether each kidney was obstructed,
whether the results were equivocal, or whether the kidney was
not obstructed and identified and ranked the main variables as-
sociated with each interpretation. Two parameters were then
tabulated: the frequency with which the main variables associ-
ated with obstruction by the expert were also justified by RENEX
and the frequency with which the justification rules provided by
RENEX were deemed to be correct by the expert. Only when
RENEX and the domain expert agreed on the diagnosis (87 kid-
neys) were the results used to test the justification. Results:
RENEX agreed with 91% (184/203) of the rules supplied by the
expert for justifying the diagnosis. RENEX provided 103 addi-
tional rules justifying the diagnosis; the expert agreed that 102
(99%) were correct, although the rules were considered to be
of secondary importance. Conclusion: We have described and
evaluated a software engine to justify the conclusions of RENEX
for detecting renal obstruction with MAG3 renal scans obtained
before and after the administration of furosemide. This tool is ex-
pected to increase physician confidence in the interpretations
provided by RENEX and to assist physicians and trainees in gain-
ing a higher level of expertise.
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The time that a physician has available to devote to
individual clinical studies continues to shrink because of
increases in procedure volume and related paperwork as
well as the time required to assimilate an ever-expanding
knowledge base. Moreover, the information that needs to be
assimilated to interpret each study continues to increase
because of the clinical data and past studies available in
expanded digital storage of a patient’s records as well as the
increased number of images that are acquired because of
improved temporal and spatial resolution. Decision support
systems have been suggested as an artificial intelligence
tool to help physicians interpret diagnostic studies with a
high level of expertise while limiting the time needed for
interpretation.

We previously developed a renal expert system (RE-
NEX) as a decision support tool to assist in the interpre-
tation of ?°™Tc-mercaptoacetyltriglycine (MAG3) scans for
detecting renal obstruction in patients referred for diuresis
renography (/). We chose to develop a decision support
system for detecting renal obstruction via *°™Tc-MAG3
renography for 2 reasons: the vast majority of the 590,000
renal scans performed annually in the United States are
performed with **™Tc-MAG3, and many are interpreted by
diagnosticians at sites that perform fewer than 3 studies per
week (2). The exposure to a limited number of diuresis re-
nography studies makes it difficult for physicians to de-
velop the needed diagnostic expertise.

Expert systems for nuclear medicine have been investigated
for assisting in the interpretation of perfusion—ventilation lung
studies (3) and hexamethylpropyleneamine oxime brain
SPECT studies (4). We have also developed (5) and exten-
sively validated (6) an expert system called PERFEX (for
“perfusion expert”) as a tool for computer-assisted diagnosis
via stress—rest myocardial perfusion SPECT and PET.

One of the main reasons that we have chosen the expert
system approach is that it allows for justification of the
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conclusions reached by the system. This justification pro-
cess is important because it provides more experienced
diagnosticians with the rationale for the diagnosis, allowing
them to agree or disagree with the conclusions on the basis
of whether they agree or disagree with the justifications
(reasons) for the conclusions. For less experienced (less
knowledgeable) diagnosticians, the justification process pro-
vides an opportunity for training on a case-by-case basis by
teaching them the specific established rules that apply in
each case.

A decision support system may provide the right answer
for the wrong reasons. The previously described benefits of
the justification process are only true if the expert system
reaches the correct diagnosis through the correct reasoning
process. The purposes of this study were to describe and
evaluate a software engine to justify the conclusions
reached by RENEX for assessing patients with suspected
renal obstruction and to obtain from this evaluation new
knowledge that we will eventually incorporate into RENEX
to test for improved diagnostic performance.

MATERIALS AND METHODS

The justification engine is a software module of RENEX. Thus,
the acquisition protocol and data analysis methods described here
are the same as those used for RENEX (/). The patient population
used for this validation is different from the training group used to
develop RENEX and as such represents a prospective population.

Patients

Renal studies from 60 patients (28 men and 32 women; mean
age, 53.8 = 17.6 y; 117 kidneys) were used as a pilot group to test
the RENEX justification engine. All studies used for this devel-
opment were obtained from the renal database of patients referred
to our nuclear medicine service for the evaluation of suspected
renal obstruction. This study was performed under the purview
and approval of the Emory University Internal Review Board.
Patients were selected because their studies included a baseline
99mTc-MAG3 dynamic study followed by a furosemide challenge.
Patients were randomly selected from a database of 2,000 patients
referred from January 1998 to December 2005 to our nuclear
medicine service for the evaluation of suspected renal obstruction.

Acquisition Protocol

Patients were positioned supine, with the scintillation camera
detector placed under the table. A 3-phase dynamic acquisition
(baseline scan) was begun as approximately 370 MBq (10 mCi) of
99mTc-MAG3 were injected; phase 1 consisted of twenty-four 2-s
frames, phase 2 included sixteen 15-s frames, and phase 3
included forty 30-s frames. For 44 of the patients in the study,
review of the baseline scan could not exclude obstruction; these 44
patients received an intravenous injection of approximately 40 mg
of furosemide, which was followed immediately by a second,
single-phase, 20-min dynamic acquisition consisting of forty 30-s
frames. For the other 16 patients, the baseline scan excluded ob-
struction, and they did not receive furosemide.

Data Analysis

All patient studies were processed with QuantEM version 2.0
software, an improved version of a renal quantification program
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(7). The QuantEM software, developed specifically for 2°™Tc-
MAGS3, incorporates several quality control procedures to improve
reproducibility, generates specific quantitative parameters recom-
mended for scan interpretation, and allows MAG3 clearance to be
calculated by use of a camera-based technique. The QuantEM soft-
ware was previously extensively validated in a multicenter trial (8).

For the baseline renogram, a static image is summed from the
frames obtained at 2-3 min after injection. Through the use of a
filtered version of this image, whole-kidney, background, and
cortical regions of interest (ROIs) are automatically defined. The
user can override any of these automatic ROIs and replace them
with manual ROIs. Background-subtracted curves are generated
for the whole kidney, and 47 quantitative parameters are gener-
ated; these include patient demographics (height, weight, age, sex,
and body surface area), curve parameters (time to peak counts and
the ratio of counts at 20 min to maximum counts for both whole-
kidney and cortical ROIs), voiding indices (ratio of postvoid
counts to prevoid counts and ratio of prevoid counts to maximum
counts), and MAGS3 clearance. MAGS3 clearance is calculated from
the whole-kidney MAG3 counts at 1-2.5 min and the preinjection
and postinjection images of the dose syringe.

For the diuretic study, a static image is summed from the frames
obtained at 1-5 min after injection. ROIs are manually drawn for
the whole kidney, background, and renal collection system.
Background-subtracted curves are generated for the whole kidney
and renal pelvis, and times to half-peak counts are calculated.

After the diuretic study is processed, the baseline renogram
results are loaded, and the QuantEM software calculates ratios by
comparing the first-minute and prevoid (last-minute) counts on the
diuretic acquisition with the counts at 1-2 min and peak counts on
the baseline acquisition.

RENEX

RENEX was previously described elsewhere (/). Briefly, normal
limits were established for 47 quantitative parameters extracted
from the *°™Tc-MAG3 scans of 100 potential renal donors (9).
From these data, a domain expert estimated 5 boundary conditions
for each parameter: definitely abnormal, probably abnormal, equiv-
ocal, probably normal, and definitely normal. A sigmoid-type fit
constrained to these 5 boundary conditions was then performed,
creating a parameter knowledge library used for converting the
value of a prospective patient’s individual quantitative parameters
to a certainty factor (CF). CF values indicate the degree of
certainty that each parameter value is abnormal or normal and,
therefore, consistent or inconsistent with disease. CF values range
between —1 (definitely normal) and +1 (definitely abnormal), with
the interval between —0.2 and +0.2 representing missing, equiv-
ocal, or indeterminate parameters. Sixty heuristic rules (if A, then
B) were extracted from the rules used by the domain expert to
generate the knowledge base for detecting obstruction. A forward-
chaining inference engine was developed to determine obstruction.
The inference engine is a computer algorithm that uses specific
equations known as the MYCIN combinatories (an approximation
of Bayes’ theorem) to combine the certainty that a parameter (or
parameters) is abnormal with the certainty of a rule to modify the
certainty that a hypothesis is true (a parameter is abnormal or a
kidney is abnormal, that is, obstructed) (/0).

Expert Review
The domain expert reviewed the standard renal MAG3 scans
obtained before and after the administration of furosemide,
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together with the associated quantitative results determined with
the QuantEM version 2.0 software, and reached a diagnosis of
obstruction, no obstruction, or equivocal for obstruction. For each
kidney diagnosed as obstructed, the masked domain expert iden-
tified and ranked the main variables associated with his impression
(diagnosis) of obstruction. The domain expert then tabulated 2
parameters: the frequency with which the main variables associ-
ated with the diagnosis of obstruction by the expert were also
justified (reported as a reason for the diagnosis of obstruction) by
RENEX and the frequency with which additional justification
rules provided by RENEX were deemed to be correct by the
expert. Because RENEX did not have access to the clinical his-
tory, this information was not made available to the domain ex-
pert. After all studies were independently interpreted by RENEX
and the domain expert, a methodical interview session was con-
ducted. This session was similar to the original interview sessions
used to generate the RENEX knowledge base, but now the
interview was guided by the justification process. The interview
took place on a case-by-case basis. For each study, the knowledge
engineer requested that the domain expert disclose the interpre-
tation of the study (obstruction or no obstruction) and the ranking
of the main variables used to reach the interpretation. After this
ranking was recorded, the knowledge engineer disclosed the report
generated by the justification engine user interface to the domain
expert. Each conclusion reached by RENEX was queried manually
by clicking on the specific conclusion in the report by use of the
justification engine user interface, which then provided a list of the
concatenated rules and variable values used by RENEX. The do-
main expert then scored whether each of these additional findings
was correct or incorrect. The same process was repeated for the
studies diagnosed by the domain expert as showing no obstruction.

Only when RENEX and the domain expert agreed on the
diagnosis of obstruction or no obstruction were the results used to
test the justification. For kidneys for which there was disagree-
ment between RENEX and the domain expert or when both agreed
that the study was equivocal for obstruction, the justification was
used as a process to discover how to improve the existing rules or
add new rules to RENEX.

Justification Engine

The justification engine is a computer algorithm that keeps track
of the rules, order of the rules, and CF values for all parameters at
the time of firing for all rules that are fired (instantiated). This
process is used to justify any conclusion reached by RENEX by
simply providing the history of how the conclusion was reached.
The justification engine builds and implements a sequential list of
the rules that are fired to reach each conclusion and simulta-
neously tracks the CF value for each pertinent variable as it
dynamically changes. Specifically, the engine uses a text array,
1 entry per rule, and a subarray, 1 entry per parameter. When a
rule is fired, the English text for that rule is entered into the text
array, and the values for the parameters associated with the rule
are entered into the subarray. These steps are repeated until a
conclusion is reached. The conclusion is as follows: the kidney
needs furosemide (Lasix; Aventis Pharmaceuticals, Inc.) or the
kidney is obstructed. Once a conclusion is reached, a report is
generated (Fig. 1A). The report consists of 2 sections, the findings
and the impression. Note that because the justification process
uses language common to diagnosticians, the generic name for the
diuretic (furosemide) is replaced in the process by the common
commercial name Lasix.
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Findings. In the findings section, for each kidney, the actual
MAGS3 clearance and relative uptake parameter values are given,
and an interpretation is made as to whether the values are normal,
probably normal, equivocal, probably abnormal, or abnormal.
This determination is performed by RENEX through conversion
of the parameter value to a CF value on the basis of a comparison
with the specific boundary conditions for each parameter. Because
this interpretation is given by transformations (rather than by
rules), only the interpretation is underlined for possible justifica-
tion. The physician can see the justification for this interpretation,
for example, “possibly abnormal,” by clicking on the underlined
words; subsequently, a parameter window justifying the interpre-
tation appears on the screen and describes the normal value for the
specific parameter and the boundary conditions on either side of
this value (Fig. 1B).

The findings section also indicates whether or not RENEX
concluded that furosemide was needed. This is a rule-based
conclusion reached by the expert system rather than a transfor-
mation. Clicking on the underlined conclusion that “Lasix was
needed” brings up another window that lists the text of all of the
concatenated rules that were fired to reach the conclusion that
furosemide was needed (Fig. 1C). The parameters associated with
each rule are underlined for possible justification. Clicking on a
parameter brings up a parameter window as described previously.

Impression. For each kidney, the impression section indicates
whether or not RENEX concluded that the kidney was obstructed.
Clicking on the underlined conclusion that the “left kidney is
probably obstructed” brings up a justification window (Fig. 1D)
similar to that described previously for whether furosemide was
needed. This window lists the English text of all of the concat-
enated rules that were fired to reach the conclusion that the kidney
was probably obstructed. This justification window now includes
the conclusion that furosemide was (or was not) needed as well as
all of the other rules; the parameters associated with each rule are
underlined for possible justification. Clicking on a parameter
brings up a parameter window as described previously.

RESULTS

The results associated with this evaluation include the
following: the agreement between RENEX and the domain
expert as to whether a kidney was obstructed; the agree-
ment in justifying the same conclusion as to whether a
kidney was obstructed, that is, RENEX gave the right
answer for the right reasons; and the new knowledge that
was discovered as trends when there were equivocal inter-
pretations, disagreement with regard to obstruction, or dis-
agreement with regard to the justification of obstruction and
that can be used to improve RENEX.

Justification of Agreements

Figure 2 shows that for 87 kidneys, RENEX and the
domain expert agreed; 14 were obstructed, and 73 were not
obstructed. For these 87 kidneys, when there was agree-
ment, RENEX agreed with 91% (184/203) of the rules
supplied by the domain expert for justifying the diagnosis.
RENEX provided 103 additional rules justifying the diag-
nosis; the expert agreed that 102 (99%) were correct,
although the rules were considered of secondary impor-
tance. Table 1 provides the frequency and ranking of the
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A Patient Name: ******x TD: ***x**** Sex: male Age: 47

Finding:
Left Kidney: MAG3 clearance was measured to be 140.00 (ml/min). This value is

normal. Relative uptake was measured to be 31.00. This value is probably abnormal.
Lasix was needed.

Right Kidney: MAG3 clearance was measured to be 316.00 (ml/min). This value is
normal. Relative uptake was measured to be 69.00. This value is normal.
Lasix was not needed.

Impression:

Left Kidney: Left Kidney is probably obstructed.

Right Kidney: Right Kidney is probably not obstructed.

B Justifications for Relative Uptake Abnormal
Patient Name: **#***** pt ID:
Sex: male Age: 47

* %k Kok Kok

The Normal baseline relative uptake value for the
left kidney is greater than or equal to 45.00. The
measured value 31.00 is between the probably
abnormal value of 40.00 and definitely abnormal
value of 20.00.

BACK

\

D Justifications for Left Kidney obstructed

Patient Name: ******* pt TD: ******* Sex: male Age: 47 /

There is very mild positive evidence that left kidney is obstructed since this patient
needed lasix. There is strong positive evidence that left kidney is obstructed since left
kidney lasix 1min to baseline max ratio and pelvis kidney T1 half are both abnormal.
There is strong positive evidence that left kidney is obstructed since left kidney lasix 1
min to baseline max ratio and whole kidney T1 half are both abnormal. There is strong

c Justifications for Left Kidney needs Lasix
Patient Name: ******* Pt TD:xkxkxix
Sex: male Age: 47

There is strong positive evidence that left
kidney needs lasix since baseline whole
kidney 20 min to max ratio is abnormal. There
is strong positive evidence that left kidney
needs lasix since baseline whole kidney T1
half is abnormal. There is strong positive
evidence that left kidney needs lasix since
baseline postvoid to max ratio is abnormal.

positive evidence that left kidney is obstructed since left kidney baseline max ratio is | gaACK
abnormal.
BACK
FIGURE 1. Example of RENEX report and justification windows. (A) RENEX report for patient diagnosed as having probably

obstructed left kidney and probably not obstructed right kidney. (B) Window providing justification for why relative left kidney
uptake was reported as probably abnormal. (C) Window providing explanation for why RENEX concluded that furosemide was
needed to determine whether there was obstruction in left kidney. (D) Window providing explanation for why RENEX concluded
that left kidney was probably obstructed. max = maximum; min = minimum; T1 half =T4,,. See text for more details of this report.

parameters associated with the rules used to justify the
presence of obstruction in the 14 kidneys for which there
was agreement between RENEX and the expert. Note that
the listed parameter with the highest frequency and ranking
for this conclusion was the ratio of counts from the kidneys
at 19-20 min after furosemide administration (prevoid counts)
to the maximum counts on the baseline (prefurosemide)
acquisition.

RENEX
A. Left kidney B. Right kidney C. All kidneys
E Yes |Eqv | No Yes |Eqv | No Yes |Eqv |No
S I ENENE 5 o o 14 |3 |0
E[Ev (7 [4 |0 0 [3 |1 7 7 |1
A O I O X 4 (7 [40 5 7 |73

FIGURE 2. RENEX vs. expert agreement for determination of
renal obstruction. This comparison is shown for left kidneys (A),
right kidneys (B), and all kidneys combined (C). Note that for 94
of 117 kidneys (80%), agreement existed between RENEX and
expert with regard to obstruction. Eqv = equivocal interpreta-
tion; No = no obstruction; Yes = obstruction.
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Figure 3 further categorizes the 73 kidneys for which
there was agreement that there was no obstruction. For
these 73 kidneys, there was agreement that 43 did not need
furosemide and were not obstructed and that 19 did need
furosemide but were not obstructed, and there were 11 for
which RENEX concluded that furosemide was needed but
for which the domain expert concluded that furosemide was
not needed to exclude obstruction. Table 2 provides the
frequency and ranking of the parameters associated with
the rules used to justify the conclusion that 43 kidneys did
not need furosemide and were not obstructed. Note that the
parameter listed with the highest frequency and ranking for
this conclusion was the ratio of the postvoid kidney counts
to the maximum kidney counts on the baseline acquisition.
Table 3 provides the frequency and ranking of the param-
eters associated with the rules used to justify the conclusion
that 19 kidneys did need furosemide but were not ob-
structed. Note that the parameter listed with the highest
frequency and ranking for this conclusion was the ratio of
kidney counts from the frame obtained at 19-20 min of the
acquisition obtained after furosemide administration (pre-
void counts) to the maximum kidney counts on the baseline
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TABLE 1
Frequency and Ranking of Rules for RENEX and Expert Agreement in Determining That Furosemide Was Needed
and That Kidney Was Obstructed

Kidney Parameter Frequency (plotted by rank) n
Left (n = 9) Furosemide prevoid-to-baseline maximum ratio 111111112 9
Furosemide renal pelvis T4/, 122222233 9

Furosemide 1 min-to—-baseline maximum ratio 2233 4

Baseline 1-2.5 min relative uptake 334 3

Right (n = 5) Furosemide prevoid-to-baseline maximum ratio 11111 5
Furosemide renal pelvis Ty, 2223 4

Furosemide 1 min-to-baseline maximum ratio 23 2

Baseline MAG3 clearance 34 2

Furosemide whole-kidney T+,» 2 1

(prefurosemide) acquisition. This finding is similar to the
finding in Table 1, except that in Table 1 the parameter was
found to be abnormal and in Table 3 the parameter was
found to be normal.

Trends in Disagreements

A common trend was found for the 11 kidneys in Figure
3 for which both RENEX and the domain expert agreed that
the kidneys were not obstructed but for which RENEX con-
cluded that furosemide was needed and the expert dis-
agreed. In all cases, the following 2 rules were fired by
RENEX: there was strong positive evidence that the right
kidney needed furosemide because the baseline whole-
kidney time to half-maximum (T;,,) counts was abnormal,
and there was moderate negative evidence that the right
kidney needed furosemide because the baseline ratio of
postvoid counts to maximum counts was normal. Because
the negative evidence rule has a weaker qualifier (moder-
ate) than the positive evidence rule (strong), these kidneys
were interpreted as needing furosemide. The new knowl-
edge is that these qualifiers should be switched to match the
conclusion and diagnostic process of the domain expert.

Figure 2C shows that there was disagreement for 3
kidneys for which the domain expert interpretation was

RENEX
A. Left kidney B. Right kidney C. All kidneys
E Yes No Yes No Yes No
X
PYes 3 0 11 o 19 |o
E
$ No [3 22 8 21 1 |43

FIGURE 3. RENEX vs. expert agreement with regard to need
for furosemide challenge in kidneys interpreted as not
obstructed. This figure represents more detailed analysis of
73 kidneys shown in Figure 2C and interpreted by both RENEX
and domain expert as not obstructed. (A) Left kidneys. (B) Right
kidneys. (C) All kidneys combined. Note that for 62 of 73
kidneys (85%), agreement existed between RENEX and expert
with regard to whether furosemide was needed. No = furose-
mide not needed; Yes = furosemide needed.
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obstruction but for which the RENEX interpretation was
equivocal for obstruction. For these kidneys, the justifica-
tion yielded similar numbers of rules with positive evidence
and negative evidence, resulting in the equivocal finding by
RENEX. Case-by-case analysis by the domain expert dis-
closed that because these patients had kidney function (MAG3
clearance) in the normal range, the expert had expected
faster MAG3 washout than actually occurred, and this
observation increased the expert’s certainty that the kidney
was obstructed. This observation in various forms gener-
ated the new knowledge that the certainty of the MAG3
washout variables should be a function of MAG3 clearance
rather than a constant value independent of renal function.
This same trend, but in reverse, was observed for the 7
kidneys in Figure 2C for which the domain expert inter-
pretation was equivocal for obstruction and for the 5
kidneys for which the domain expert interpretation was
no obstruction but for which RENEX concluded that all 12
kidneys were obstructed. Here the domain expert concluded
that the reduced MAG3 washout could be attributable to
impaired (reduced) kidney function measured in terms of
absolute MAG3 clearance or relative clearance and, there-
fore, that the slow washout was not necessarily attributable
to obstruction. The expert also believed that these patients
with poor kidney function should have received a higher
dose of furosemide to adequately challenge these kidneys
(11,12). Thus, the expert either equivocated with regard to
obstruction or interpreted the kidney as not obstructed.
Although there is a similar rule in RENEX, the rule tests
only for abnormal global MAG3 clearance and not for a
reduction in MAG3 clearance for an individual kidney.
Similar rules need to be added for borderline abnormal or
equivocal MAG3 clearance as well as for borderline
abnormal or abnormal relative function to agree with the
expert. Moreover, the conclusion as to whether furosemide
is needed should be modified to specify the furosemide
dose on the basis of renal function or MAG3 clearance.
Figure 2C shows that there was disagreement for 1 kidney
for which the domain expert interpretation was equivocal
for obstruction but for which the RENEX interpretation was
no obstruction. Analysis of this case disclosed that the domain
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TABLE 2
Frequency and Ranking of Rules for RENEX and Expert Agreement in Determining That Furosemide Was Not Needed
and That Kidney Was Not Obstructed

Kidney Parameter Frequency (plotted by rank) n
Left (n = 22) Baseline postvoid-to-maximum ratio 1111111111111111111222 22
Baseline whole-kidney T2 11122222222222222 17

Baseline whole-kidney 20 min-to-maximum ratio 23333333 8

Right (n = 21) Baseline postvoid-to-maximum ratio 111111111111111111111 21
Baseline whole-kidney T+,» 222222222222222223 18

Baseline whole-kidney 20 min-to-maximum ratio 23333 5

Baseline whole-kidney time to maximum counts 2 1

Baseline cortical 20 min—to-maximum ratio 3 1

Baseline MAGS3 clearance 4 1

expert noted that this patient had gotten off the table during
the acquisition and therefore that the conclusion of no
obstruction reached by RENEX because of a large degree of
washout was artificial. This realization has pointed out the
need for motion detection and correction to be incorporated
into subsequent versions of the QuantEM software.

Figure 2C shows that there was disagreement for 7
kidneys for which the domain expert interpretation was
no obstruction but for which the RENEX interpretation was
equivocal for obstruction. This group did not show a clear
trend compared with the other groups, but a case-by-case
interview with the domain expert yielded discrepancies
similar to those previously described. One additional rule
that the expert used but that is not incorporated into
RENEX is related to the uniformity of the kidney uptake
of MAG3. If the initial uptake in the kidney is uniform
without retention in the collection system and washout is
present but slow and the images obtained after the admin-
istration of furosemide show that uptake continues to be uni-
form and that MAG3 continues to wash out of the kidney
without retention in the collection system, then the slow
washout is probably attributable to poor function rather than
obstruction.

The last group in Figure 2C to be analyzed was one for
which there was actual agreement between the domain
expert and RENEX, but the agreement was an equivocal
interpretation as to whether the 7 kidneys were obstructed.
In general, these were all kidneys with poor MAG3 clear-

ance and for which, according to the domain expert, a
higher dose of furosemide should have been used. Beyond
identifying the need for more furosemide in these cases, the
expert believed that the interpretation of most of these cases
would have been facilitated by the availability of the pa-
tient’s clinical history.

Importantly, for the 3 kidneys for which the domain
expert interpretation was obstruction and the RENEX
conclusion was equivocal, the CF value for the conclusion
was positive (but less than 0.2); in addition, for the 7
kidneys for which the domain expert interpretation was no
obstruction and the RENEX conclusion was equivocal, the
CF value was negative (but greater than —0.2). These trends
show promise for improved accuracy with the knowledge
base modifications described here because the conclusions
are already leaning in the right direction but fail to reach a
diagnostic level of confidence.

DISCUSSION

In this study, we have described how a software engine
works to justify conclusions reached by a renal expert sys-
tem (RENEX) as a decision support tool to assist in the
interpretation of °™Tc-MAG3 scans for the detection of
renal obstruction in patients referred for diuresis renogra-
phy. In kidneys for which there was agreement between
RENEX and the domain expert as to whether or not they
were obstructed, RENEX agreed with 91% (184/203) of the

TABLE 3
Frequency and Ranking of Rules for RENEX and Expert Agreement in Determining That Furosemide Was Needed but
That Kidney Was Not Obstructed

Kidney Parameter Frequency (plotted by rank) n
Left (n = 8) Furosemide prevoid-to-baseline maximum ratio 111111 6
Furosemide 1 min—to-baseline maximum ratio 112222 6

Furosemide renal pelvis Tq,» 222 3

Right (n = 11) Furosemide prevoid-to-baseline maximum ratio 1111111122 10
Furosemide renal pelvis T4/, 112222 6

Furosemide 1 min—to-baseline maximum ratio 22233 5

Baseline MAG3 clearance 3 1

Furosemide whole-kidney T4,» 3 1

468

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 48 ¢ No. 3 ¢ March 2007



rules supplied by the expert for justifying the diagnosis. We
determined that the parameter listed with the highest fre-
quency and ranking for the presence of obstruction was the
ratio of the counts from the kidneys in the prevoid frame
(19-20 min) of the acquisition obtained after furosemide
administration to the maximum counts on the baseline
(prefurosemide) acquisition. We also determined that the
parameter listed with the highest frequency and ranking for
the absence of obstruction was the ratio of the counts from
the kidneys in the postvoid frame of the baseline (prefuro-
semide) acquisition to the maximum counts from the
kidneys on the baseline (prefurosemide) acquisition.

Although the T/, is often considered to be an important
quantitative factor in the evaluation of suspected obstruc-
tion, the ratios of postvoid counts to maximum counts on
the baseline acquisition and the ratios of prevoid counts to
maximum counts on the acquisition obtained after furose-
mide administration were ranked as more important vari-
ables by the domain expert. This observation is similar to
that reported by others (13, 14). With regard to the T, it is
interesting that the domain expert considered that the T,
based on an ROI encompassing the whole kidney was the
most important T, measurement for excluding obstruc-
tion, whereas the T/, based on an ROI limited to the counts
in the dilated collection system was more important in
making the diagnosis of obstruction.

Through the use of the justification engine in a case-by-
case analysis of the kidneys for which there was disagree-
ment between RENEX and the domain expert with regard
to obstruction, the interview process between the knowl-
edge engineer and the domain expert identified trends in
differences in how the rules of the knowledge base were
applied, leading to new knowledge that could be incor-
porated into RENEX to potentially improve performance.
Examples of this new knowledge include the following:
changes should be made in the degree of certainty of the
assertion of the rules concerning the baseline whole-kidney
Ty, and the ratios of baseline postvoid counts to maximum
counts; the certainty of the MAG3 washout variables should
be adjusted so that it is a function of MAG3 clearance (re-
nal function) rather than an expected constant value; pa-
tients with poor kidney function should receive a higher
dose of furosemide to optimize the diuretic response (17);
motion detection and correction need to be incorporated
into the RENEX algorithms; if the initial uptake in the
kidney is uniform and washes out slowly but without pelvic
retention and if uptake after furosemide administration
continues to be uniform and to wash out from the kidney
still without pelvic retention, then the slow washout is
probably attributable to poor function rather than obstruc-
tion; and the incorporation of clinical history may increase
the certainty of the conclusions and yield fewer equivocal
findings. We have not yet incorporated the new knowledge
and reevaluated the system. This is an iterative process that
we plan to continue in the future to attempt to improve the
diagnostic performance of RENEX.
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A limitation of this evaluation is that only 1 domain
expert was used; therefore, the results are dependent on a
single person’s knowledge. In the past, we have used the
consensus interpretation of at least 3 experts to validate an
expert system. However, it is important to note that this
study is not a validation of RENEX for detecting obstruction
but a validation of the RENEX software engine for justi-
fying its conclusions. The analysis was complex enough in
evaluating on a case-by-case, rule-by-rule, parameter-by-
parameter basis the similarities and differences in how
RENEX and the domain expert reached their conclusions. It
would have been significantly more difficult to perform this
analysis if the comparisons involved various experts. An-
other limitation is that the text used to justify the conclu-
sions reached does not read smoothly, as though written by
a person, but is more a listing of the rules used to reach the
conclusions. For the purposes of the analysis in this study,
we preferred to have a clear demarcation of rules and were
less concerned with the flow of words. We plan to improve
this aspect of the user interface as we have done for other
expert systems (6). In those approaches, we have improved
the flow of words by combining similar sentences (or roots
of sentences) into 1 sentence, combining sentences leading
to 1 conclusion into 1 paragraph, and avoiding repeating the
same word in a paragraph by replacing it with a synonym.

These results show that this justification engine provides
the right answers for the right reasons; therefore, we specu-
late that justification of the image interpretation will increase
physician confidence in the interpretations provided by
RENEX as well as assist less experienced physicians and
trainees in gaining a higher level of expertise. Nevertheless,
the clinical impact of the justification process has yet to
be established. The clinical value of this overall approach
will be established only when we demonstrate that RENEX
improves the diagnostic performance of physicians in assess-
ing renal obstruction. Importantly, the process of the case-
by-case comparison of the rules used by the domain expert
and those used by RENEX provided a mechanism for
learning how to modify existing rules or add new ones; this
information will be incorporated into the knowledge base.

The preliminary validation of the justification process
reported here will generate significant enhancements to
RENEX. In studies in which the domain expert interpreta-
tions, variable rankings, and RENEX conclusions and rules
match, no new knowledge is gained. In studies in which the
2 interpretations do not agree or they agree but for different
reasons, new knowledge is gained. This new knowledge has
been extracted in the form of new rules to be implemented
with existing variables, new variables that need to be con-
sidered and quantified into the parameter list and eventually
incorporated into new rules to enhance knowledge vari-
ables, and adjustment of the CF values of existing variables
and rules.

Also importantly, to our knowledge, this is the first
attempt at validating any justification engine. This method-
ology may now be generalized for any application.
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CONCLUSION

We have described and evaluated a software engine to
justify the conclusions of a renal expert system for detect-
ing renal obstruction on **™T¢c-MAGS3 renal scans obtained
before and after the administration of furosemide. This tool
is expected to increase physician confidence in the inter-
pretations provided by RENEX and to assist less experi-
enced physicians and trainees in gaining a higher level of
expertise. Importantly, the information obtained from this
study will be used by the developers to enhance the knowl-
edge base and then to test for improved diagnostic perfor-
mance of the decision support system.
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