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FUZZY SET THEORY IN MEDICINE
Part 11

Klaus-Peter Adlassnig

Department of Medical Computer Sciences

1090 Vienna , Austria

4. MEDICAL EXPERT SYSTEM CADIAG-2

CADIAG-2 is intended to be the physician's active partner
in diagnostic situations. It makes possible a man-machine
partnership in order to unite the experience, creativeness
and intuition of a physician with the knowledge-based
computational power of a computer. The general structure of
CADIAG-2 is shown in Figure 1.
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4.1. Representation of medical knowledge ‘

CADIAG-2 considers four medical entities:

- symptoms, signs, test results, findings (Si)
- diseases, diagnoses (Dj) _

- intermediate combinations (ICk)

- symptom combinations (SC]).

Symptoms S. take their values pc in [0,1]uf. The value
o indicate the degree to which S. ]app1ies to the patient
{}fS; not o yet examined). In Lh“ sense of Tuzzy set theory, bg
expresses the grade of membersh1p of the patient's symptom i

manifestation Si'
Example:

quantitative value - fuzzy values

”

potassium,
highly decreased S1=0.00

potassium,
. decreased $,=0.00
measured vuzzy : 2
?gtgisggm ¢ potassium,

i Crn =0.40
5.3 mmol/liter interpreter normal °370-4
potassium,
increased 5,=0.60

potassium,
\hfghly increased SS=0.00

0.80 -

fuzzy 0.60

5.3 o
interpreter 0.40

0.20 1

S1 S2 S3 54 55
patient's symptoms
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A binary fuzzy relationship RPScHxZ is established, defined by
URPS(Pq’Si):“Si for patient Pq where Pqu={P1,...,Pr} and
SieE:{S1,...,Sm}- »

Diseases or diagnoses respectively also take their values
in [0,1]JuP. Fuzzy values 0.00<ij<1.00 qualify diagnoses as
hypotheses. The values uDj=1.00 or yp.=0.00 mark confirmed.or
excluded diagnoses respectively. Diagnoses not yet considered
as a diagnostic result of any kind have values bp.=9.
Formally, RPDCHxA defined_by ) (p ,Dj):pD_ for‘patient P
where DjeA={D1...Dn} is established.

Intermediate combinations were introduced to model patho-
physiclogical states of patients. They are fuzzy‘logidal
combinations of symptoms and diseases.

Symptom combinations are combinations of symptoms, diseases
and intermediate combinations. Both entities take their values
Mpc, ©F Hsc, respectively in [0,1]uf (f:not yet determinable).
The re]atioﬁship RpgcClxK is defined by URPS (Pq,SC])=uSC
for patient Pq where SC]eK={5C1..;SCt} forma?1y describes
present, partly present and absent symptom combinations at the
patient.

The fuzzy logical connectivés are defined by:

- conjunction

MIN(x,,X,) ' if x,e[0,1] and ng[0,1]
x1Ax2= '
] if x1=ﬂ and/or x2=¢
- disjunction
MAX (x4 ,.%5) Tf x,e[0,1] and X,e[0,1]
v X - if x1e[0,1] and x,=p
1772 X, if x1=ﬂ and x25[051]
9 if x1=ﬁ and x2=ﬁ
- negation
) 1~x1 if x1e[0,1]
X 1 = .
@ if x1=¢

The following relationships between medical entities are
considered in CADIAG-2:
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- symptom-disease relationships (SiDj)

- symptom combination-disease relationships (SC]Dj)

~ symptom-symptom relationships (Sisj)

- disease-disease relationships (DiDj)‘

The relationships are characterized by two aspects:

- frequency of occurrence (0) ‘

- strength of confirmation (C).

The relationships between medical entities are presented in
torm of relationship rules witn associated relatianship
tupeis. The general form is |

IF (premise) THEN (conclusion) WITH (0,C).

The relationship tupels (0,C) contain numerical and/or
Tinguistic fuzzy values (see ZADEH [3]) u, and/or X _ or p
and/or AC respectively.

C

The linguistic values AO and Ac cover fuzzy intervals.
Reasonable numerical representatives for Ao and AC were
selected in order to make fuzzy inferences (see paragraph
4,2.) easily possible. How 1inguistié fuzzy values, numerical
intervals and representatives were chosen is described in
more detail in ADLASSNIG and KOLARZ [8] and ADLASSNIG [9].
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Table 1: Linguistic fuzzy values, numerical intervals and

numerical representatives for frequency of occurrence
and strength of confirmation.

frequency of occurrence strength of confirmation

value interval represen- value interval represen-
ro tative ”o Ac tative “c
atuiays [1.00,1.00] 1.00 alvays [1.00,1.00] 1.00

almost always [0.99,0.98] 0.99 almost always [0.99,0.98] 0.99
very often [0.97,0.83] 0.90 very strong [0.97,0.83] 0.90

often [0.82,0.68]  0.75 strong [0.82,0.68] 0.75
med jum [0.67,0.33)  0.50 med ium [0.67,0.33]  0.50
seldom [0.32,0.18]  0.25 weak [0.32,0.18]  0.25
very seldom  [0.17,0.03] 0.10 very weak [0.17,0.03] 0.10
almost never  [0.02,0.01]  0.01 almost never  [0.02,0.01]  6.01
never [0.00,0.00] 0.00 never [0.00,0.00] 0.00
unknowrn @ B unknown g . g
Examples:

- IF (ultrasonic of pancreas is pathological)
THEN (pancreatic carcinoma)
WITH (0.75=0ften, 0.25=weak).
- IF (tophi)
THEN (gout)
WITH {0.25=seldom, 1.00=always).
~ IF (lower back paina limitation of motion of the lumbar
spine A diminished chest expansion a méle patient A age
between 20 and 40 years)
THEN {(ankylosing. spondylitis)
WITH (-,0.90=very strong).

The relationship values po>and B, are interpreted as values
of fuzzy relationships between premises and conclusions:
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- SiDi -occurrence relationship | ROSD:chA
- Sin -confirmation relationship RCSD cIxA
i X 0
- SC.lDj occurrence relationship R scpckxa
. . . . . c
- 5C1Dj~conf1rmat1on relationship R SCDchA
- SiSﬁ -occurrence relationship ROSS CIXZ
- Sisi -confirmation relationship RCSS CIXZ
J
\ - . o}
e ~occurrence relatwonshjp R 0D cAxA
- [)].D\j ~confirmation relationship RcDD cAxA

4.2. Concept of fuzzy logical inference

The compositional rule of inference proposed by ZADEH [4]
and introduced 1in medica1~diagnosis by SANCHEZ [12,13] serves
as inference mechanism. It accepts fuzzy descriptions of
patient's symptoms and infers fuzzy descriptions of patient's
diseases by means of fuzzy relationships between the medical
entities described in the previous section. .

For the ceduction from symptoms Si present, partly presént
or absent at the patient Pq to diseases Dj present, possibly
present or absent, three different compositional rules of
inference are computed:

- SiDj~confirmation composition (composition 1)

1 C :
pn~RpgoR gp (1)

defined by

R

=

;1 ,D.)=MAX MIN P ,S.)spuac (S.,D.
kp PD(Pq J) A [uRPS( q ;) shp SD( ; J)]
1

- SiDj—non—confirmation composition (composition 2)

2 _pC
R™pp=Rpso(1-R7gp) | (2)

defined by

uRZ (Pq’Dj):Mé% MIN[uR

(P »S:)st-upc  (S.,D.)]
PD ps 97177 TRTgp TN

1
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- S;D -non-symptom composition (composition 3)

3

(L ) _ '
R™p = (1 RPS)OR Sp (3)

defined by

bp3d  (P_,D.)=MAX MIN[1-p, (P ,S.)3u,0 (S.,D.)]
Ropp  a77d S Rps ™ @7 177 R gy 7177
- The following diagnostic results are obtained:
- confirmed diagnoses

gt (P ,0.)=1.00 4
- diagnostic hypotheses
if 4
0.103p,1 P ,D.)< 5
Mp PD( q J) 0.99 (5)

The boundary of 0.10 is a heuristic value.
It preciudes diagnoses with very low evidence.

- excluded diagnoses : _ (6)
j 2 ,D.)=1.00
o PD(Pq =1
or
if u,3 (P_,D.)=1.00 7
i PD( q J) (7)

Symptom combination—diseasekinferences (compositions 4, 5 and
6) are performed and interpreted in an analogous way. Symptom-
symptom inferences (compositions 7, 8 and 9) are computed in
order to complete patient's symptom patterns. Disease-

disease inferences (compositions 10, 11 and 12) are carried
out in order to confirm super-terms of diseases from present
sub-terms or to exclude entire sub-areas if the super-term

is excluded.

4.3, Acquisition of medical knowledge

The knowledge acquisition system is capable of aquiring
medical entities and relationships between them. In CADIAG-2,
relationships are stored as numerical fuzzy values from [0,1].
Two ways can be taken to acquire medical knowledge:
- linguistic documentation by medical experts
- statistical evaluation of a patient data base.
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Relationships can be gathered iinguistica]]y by using pre-
defined linguistic values for determining the linguistic
variables frequency of occurrence 0 and strength of confirma-
tion C (cf.Table 1). Thus empirical, judgmental and defini—
torial knowledge is acquired. '

CADIAG-2 relationships have the important property to be
interpreted statistically. It is

frequency of occurrence

S _imaj )
g JiE(S./D.) (8)
° r(pn.) LR . 4
J
- strength of confirmation
F(SinD.) : , '
g =F(D./S;) | (9)
€ F(s.) >l
i
where

H

F(SinDj): absolute frequency of occurrence of Si and Dj
- F(D.} : absolute frequency of occurrence of Dj

- F(Si) : absoiute frequency of occurYence of Si

F(Si/Dj); conditional frequency of S, with Dj'

F(Di/Si): conditional frequency of Dj with Si’

!

1

By using definitions (8) and (9), extended statistical
evaluations of medical relationships already acquired or not
yet acquired can be carried out by means of patient data with

known diagnoses.

4.4. Diagnostic process

4.4.1. Patient's symptoms

Patient's symptoms can be entered into CADIAG-2 in three
ways (described in detail in ADLASSNIG [9]):
- natural language input of symptoms Si
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- natural language input of keywords that trigger whole
segments of symptoms Si
patient data base access and transfer of patient's symptoms
already stored via a fuzzy interpreter.

Natural language input of symptoms Si such as "High fever",
"Increased GOT", "Blood stoo] positive” is realized by a
symptom search algorithm with a word segmentation algorithm
embedded that allows the use of synonyms and abbreviations,

ronn icaphic variants and dirrerenL f]e<1ors of words.

Input of keywords such as "Present comp1a1nts" "Previous
compiaints", "Blood count", "Ultrasonic” causes the whole
sections of the symptom thesaurus to be disp]ayed Subse-
quently, fuzzy values can be attached to these symptoms by the
physician.

The existence of a patient data base in a medical informa-
tion system with patient data already stored suggests the
automatic transfer from the data base to CABIAG-2. This
transfer dncludes the fuzzy interpretation of patient's data.
The fuzzy interpreter contains definitions about the assign-
ment of fuzzy values to observations, lab test'resu]ts and
even simple alphanumerical texts.

After patient's symptoms are gathered, symptom-symptom
inferences are performed. The established symptom 1ist con-
tains every necessary information such as fuzzy va]ﬁe, origin
(original; inferred), predefined symptom class (routine: by
special order; invasive or expensive), numerical va]he, units
and date of observation. Afterwards, the symptom list js
checked for contradictions.

4.4.2. Patient's symptom combinations

Intermediate combinations are evaluated in the next step.
After passing the check for contradictions, fuzzy values for
symptom combinations are computed. The associated lists are
now as complete as poésib]e and without contradictions.
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4.4.3. Confirmed diagnoses

Patient fuzzy values Hp.=1.00, e.g. confirmed diagnoses Dj
for Pq, are determined by f9)
1 ,D.)=1.00
bp PD( q J)
p =1.00 ifjor (9)
J
4 P ,D.)=1.00
Hp PD( q J)

4.4.4. Excluded diagnoses
Patient fuzzy values Hp =0.00, e.g. excluded diagnoses D
for Pr, are calculated by in)

2 (Pq,Dj)f1.00

u
R pp

or

-3 P ,D.)=1.00
bp PD( q J)
wp =0.00 ifjor 4 (10)

5 (PG,Dj)=1.GO

6 P ,D.)=1.00
PD( q J) '
Now disease-disease relationships allow the inference of
further diagnoses (confirmed or excluded):
i1.00 if 10 ,D.)=1.00
gi 0 1 UR pD(Pq J)
ue = i1 (P ,D.)=1.00 (1)
Dj % R pp 9 J . .
.00 ifior

12 .(P ,D.)=1.00
PD q J

HR
4.4.%. Diagnostic hypotheses
Method 1:
Patient fuzzy values ”D w1th 0. 10<pD £0.99 1nd1cate
diagnostic hypotheses. They are determ1ned by (12).
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o =MAX[pp1 (P _,D.)sp,4 (P _,D.);u 10 (P ,D.)] (12)
Dj RPDQJ RPDQJ RPDQJ-

0.10sp_1 (P _,D.)S0.99
( q J) 9

u
R pD

and/or

if10.108p,4 (P _,D.)<0.99
MR PD( q-";)

and/or

0.105u.,10 (P ,D.)$0.99
Mg PD( q J)

Method 2:

Because the value Hp . calculated by (12) is independent of
the number of ru1es tha% can be applied for D » a powerful
heuristic function was introduced which cons1ders the number
of present but not confirming criteria for D and calculates
a number of points PNDJ These numbers of po1nts are helpful
for the immediate judgment among the diagnostic hypotheses
a!though the ultimate aim should be the confirmation of
diseases.

m*
PNDjﬂi§1[d-uRoSD(Si,Dj)+B-URcSD(Si,Dj)] : } (13)
where m* is the number of present symptoms that occur in the
definition of Dj. It is a+B=1.00. At present the values are
fixed with a=0.09 and 8=0.91, e.g. the strength of confirma-
tion determines PND. ten times stronger than the frequency

, , J
of occurrence.

4.4.6. Explanation of diagnostic results

The acceptance of diagnostic results by the physician is
highly dependent on the ability of CADIAG-2 to explain its
diagnostic output. On request, reasonings for confirmed
diagnoses, excluded diagnoses and diagnostic hypotheses are
presented. The reasonihgs consist of the name of the medical
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entities, their definitions,their measured and fuzzy values,
and the relationships to the diagnostic output.

4.4.7. Plan for patient's further examination
One of the main objectives of CADIAG-2 is to provide an
iterative consultation starting with simple, easy-to-examine

and cheap patient data. Usually some diagnostic hypotheées

. t
AT

interred and further examinations are mnecessary to
confirm or deny these hypothesés. On the basis of the medical
knowledge contained in the knowledge base of CADIAG-2, pro -
posals for patient's further examination Can be made. The
selected symptoms to be examined are those with high relation-
ships to diagnostic hypotheses.

4.4.8. Patient's unexp]aiﬁed symptoms

Clearly confirmed diagnoses and remaining diagnostic hypo-
theses together should explain any pathological symptom, sign
or Tab test result of the patient. Unexplained data (usually)
indicate further diseases that have to be taken into consider-
ation in further diagnostic steps.

5. RESULTS

5.1. Rheumatological diseases

CADIAG-2/RHEUMA has been partly tested with real patient
data from a rheumatological hospital. 169 cases of rheumatoid
arthritis, SJOGREN's disease, systemic lupus erythematodes,
REITER's disease, and sclerodermia yielded a 77.16% correct-
ness. In order to calculate this correctness, the clinical
diagnoses established by the responsible clinician of the
rheumatological hospital and the confirmed diagnoses offered
by CADIAG-2 were compared. The clinical diagnoses were assumed
to be correct. Well~-defined confirming sympfom combinations
were available to calculate these results. Most of the cases
in which the clinical diagnosis could not be confirmed were
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cases that

- represented not the first hospitalization of the patient
but only a control stay to check the effectiveness of drugs
e¢lready administered

- represented cases with ear]y stages of the disease under
consideration; in almost every one of these cases a

diagnostic hypothesis was generated.

5.¢. Pancreatic diseases

CADIAG-2/PANCREAS was tested with 31 real patient records.
The final clinical diagnoses of these patients were not con-
firmed by histological findings. Nevertheless, they were
assumed to be correct and an objective criterion to evaluate
CADIAG-2.

Pancreatic carcinoma wés confirmed twice. The pathognomonic
finding "Specific abnormal pancreatic biopsy" was available
which has a strength of confirmation uc=1.00 for pancreatic
carcinoma. _

Diagnostic hypotheses were generated, and the heuristic
number of points yielded the basis for evaluation. Table 2
shcws the results. '

Tabie 2: Comparison of diagnostic hypotheses with final
diagnoses.

Final diagnosis 1is in the diagnostic hypotheses
b with the ... number of points
50.0% of cases highest number of points
71.4% of cases highest or second highest number
of points
82.2% of cases highest, second highest and
third highest number of points
89.2% of cases - highest, second highest, third
: highest and fourth highest number
» of points '
10.8¢% of cases no proposal of a diagnostic hypo-

thesis
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