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Abstract

DIABETES is a decision-support system in the field of insulin administration. System performance evaluation
is particularly difficult because of the absence of a uniform decision-making model followed by the specialists.
The DELPHI method has been selected since it is appropriate for those domains where there is divergence
among experts’ opinions. The DELPHI approach helps a number of diabetologists arrive at a consensus and in
thus it facilitates performance evaluation and further knowledge acquisition.

Insulin administration regimes, for 100 diabetic subjects, were proposed by DIABETES and five diabetologists
(round 1). These suggestions were compiled and forwarded back to the specialists who proposed a second
management approach (round 2). In each case, the experts were asked to justify their decision and cormment on
the suggestions of their colleagues and DIABETES. A novel scoring system for quantification of agreement
was adopted.

The DELPHI procedure significantly increased the agreement among the diabetologists from 67% to 84% (X7,
p=0.0001). The agreement between experts’ and DIABETES recommendations was to a level of 54%. A total

of 3500 comments were acquired by the experts.
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1. Introduction

Diabetes Mellitus is a chronic disease that may result in serious complications if it is not managed
effectively from its earliest stages [1,2]. Due to its major medical, social and economic significance, medical
informatics has tried for many years to provide the medical profession with tools for the diagnosis and
processing of clinical and laboratory information, in order to achieve the best possible management [3-6].

In recent years, information technology applications have been developed for clinical diabetes care.
Decision support systems in this domain require extensive evaluation concerning system functionality,
reliability and user-friendliness, as well as correctness, usefulness and doctor acceptance. For these reasons,
very few have been applied in everyday clinical practice.

One of the most common problems arising in the development and evaluation of a decision support
system in the field of diabetes mellitus and in particular, in the domain of insulin administration, is the absence
of a uniform decision making model which is followed by the specialists. Some diabetologists fully discard a
number of insulin regimes and prefer to adjust insulin dosages, in order to control the glucose level, whereas
others use a wider range of insulin regimes and insulin types, even combinations of insulin injections and
hypoglycaemic agents. In other words, there is no ‘absolute’ or ‘objective’ method for treatment, as the same
patient could be effectively controlled by two specialists follbwing a different insulin regime - dosage
combination. .

An additional problem that arises, as in many other cases of decision support system development, is
knowledge acquisition. In domains where there is divergence of specialists’ opinions, such as the management
of diabetes mellitus, the standard procedure of interviewing the experts may be insufficient, as the system
developer may not know how to handle the many different and, usually, conflicting items of knowledge that
have been acquired. Automated approaches which promise to resolve the so called problem of ‘knowledge
acquisition’, such as machine learning algorithms, can not face the challenge of extracting knowledge from
multiple sources of expertise, which often disagree with one another. The example cases presented to any such
algorithmic approach may find it difficult to converge even to a locally optimal solution.

This paper addresses the issues of the DIABETES decision support system performance evaluation
and knowledge acquisition based on the knowledge acquired from multiple sources of expertise by applying

the DELPHI procedure for consensus of opinions.




2. Objectives

DIABETES is a rule-based decision support system [7]. It facilitates insulin administration and dose
adjustment for optimal blood glucose control, in patients with insulin-treated diabetes mellitus. The DELPHI
method is a technique that can be used for knowledge acquisition [8] and convergence of specialist opinion in a
specific area [9-14].

In this study, a modified DELPHI approach was followed in order to arrive at a consensus of opinion
within a group of diabetologists. This consensus was subsequently considered as “standard” domain
knowledge. Areas of relative disagreement were highlighted. Simultaneously, additional knowledge was
acquired from the specialists, in the form of suggested regimes and clinical comments. DIABETES’
performance was evaluated through comparison with the human experts. Finally, in addition to performance
evaluation, the results from the DELPHI method indicated the “weak” points in DIABETES’ knowledge base
and inference engine. The indication of these “weak™ points and the new knowledge acquired can contribute, at

a later time, to DIABETES’ improvement.

In summary, the objectives of the study were :
1. convergence of specialist opinion (consensus) in the field of insulin therapy of diabetes mellitus
2. indication of areas of relative disagreement among experts
3. knowledge acquisition from experts, in the domain of insulin therapy
4. DIABETES performance evaluation, through comparison with human experts

5. indication of “weak” areas in DIABETES’ knowledge base and inference engine




3. DIABETES system and DELPHI method

3.1 The DIABETES System

The DIABETES rule-based decision support system can adjust the insulin regime and dose of type 1
and 2 insulin-dependent diabetic patients [7]. As it can explain its advice and reasoning, it can be used as an aid
in objective, consistent and well-reasoned patient management. As input the system uses (1) patient blood
glucose profile, (2) clinical symptoms at specific time ranges, in those cases where blood glucose values are
unavailable, and (3) insulin regime (number of injections, insulin types, number of insulin units per injection
and time of application).

DIABETES, using the input data and its inference engine, produces a set of intermediate values :
blood glucose estimates, M-values, adjusted insulin dosages and an assessment of the patient glycaemic control.
As output, it gives (1) adjustments to insulin regime, (2) explanations for these adjustments, (3) comments on
patient glycaemic control and (4) suggestions for follow-up.

The production rule method has been adopted for knowledge representation purposes. A typical

DIABETES rule is :

IF (patient is on regime 1)
THEN (pre-lunch blood glucose should not be low)

AND  (should not have symptoms of hypoglycaemia before lunch)

The knowledge base is divided into two parts, the static and the dynamic knowledge bases. The first
consists of knowledge rules, which do not change as the program is modified. The second holds data values,
specific to the patient case being processed by the program at the time. These dynamic data are created at run
time and are removed at the end of a program execution session. The dynamic data are organized using the
“object/attribute/value” paradigm, which is instantiated to different values from case to case. The conditions of
a production rule are usually expressed in terms of such instantiations.

The inference engine of the DIABETES system functions by top-down refinement. DIABETES
creates the main tasks (adjustments to insulin regime) which are decomposed into subtasks, for example

adjusting the breakfast insulin or the lunch insulin. DIABETES performs these subtasks by forward chaining on




production rules. The conflict resolution strategy that is applied in firing the rules is that the special-case rule is
preferred to the general-case rule.
The user interface accepts data input in a way that mimics a human expert’s insulin management

system. Explanation and advice are given in a paragraph of natural language.

3.2 The DELPHI Method

The DELPHI method can be used as a technique for increasing agreement among experts on a specific
subject. This method is characterised by anonymity, feedback and iteration [15-21]. Every specialist in the
group is expected to give his/her opinion without reference to the others (anonymity). In this way, there is
interdependence and objectivity in the decision making of the specialists. A ‘coordinator’ selects the results of
the first round, which are re-submitted to the experts (feedback), without knowing who provided which opinion.
With this additional information, the specialists give their opinion once again (iteration). This process can be
repeated for several rounds until the judgments converge.

Although the DELPHI method has been criticized for its possible lack of accuracy, it has been widely
used in the medical field and accepted as a viable knowledge acquisition process. The method is most valuable
in sitnations where the “gold standard” is unknown, DELPHI studies have been performed in the fields of
internal medicine [22], infectious diseases [23-24], gastrenterology [25], cardiology [26-27], neurology [28-29],
paediatrics [30-32], psychiatry [33], obstetrics [34], anesthesiology [35],” AIDS [36], oncology [37], lung [38]
and nuclear medicine {39]. In the wider field of health, there are also applications in nursing care {40], dentistry
[41], medical informatics [42], and medical education [43]. Very few studies have been performed for diabetes

mellitus [44].




4. Subjects and Methods

4.1 Subjects

For this retrospective study, all insulin-treated diabetics that attended the outpatient clinic of a large
district hospital, during a period of four months, were recruited (n=384). Of them, the patients receiving one of
the four insulin regimes supported by DIABETES were suitable for the study (n=295). The subjects were
subsequently divided into four groups, according to the insulin regime that they were using. At the end of the
classification process, each group contained approximately 75 patient records. A random number generator
selected 100 cases, 25 for each of the four groups. The characteristics of the 100 diabetic patients that were
included are shown in table 1.

In this DELPHI study five experienced diabetologists participated. All of them had more than eight-
year experience in the management of diabetes mellitus at inpatient and outpatient basis. None of them was

familiar with the cases included in the study, which, in addition, were distributed anonymously.

4.2 Methods

General. In all patient case sheets the format of an insulin regime was according to the pattern :

regime / I*' injection units, i injection units, ki injection units, 4" injection units

For the uniformity of the results, it has been assumed that all régimes consisted of four injections. Of
course, if the regime included fewer injections, then zero unit “injections” were noted.

Before initiation of the DELPHI procedure, all 100 cases were processed by the DIABETES system,
and a similar number of suggestions and comments were provided by the system.

Round 1 : input. Each expert received a copy of each one of the 100 cases. These case-sheets
contained the same data used for DIABETES input, namely insulin regime, units of each injection, blood
glucose values during the previous 24 hours and patient’s symptoms during the same period. In addition, the
DIABETES output was included. A typical round 1 input sheet is illustrated in table 2.

Round 1 : output. The specialist, in his answer sheet, had to suggest the insulin regime and units
which constituted the best therapeutic approach, according to his opinion. In addition, he had to specify his

level of agreement with DIABETES and, finally, to add a short agreement or disagreement comment in order to




justify his suggestion. Thus, during the first round, the five specialists provided 100%x5=500 answers and
comments. Table 3 is part of the answer sheet of one of the specialists.

Round 1 : processing. After round 1, the study coordinator collected and processed the answers. The
main task was to summarise the experts’ answers in each individual case and make the comments shorter. This
was in order to produce a case-sheet that had to be re-submitted to the specialists for round 2.

Round 2 : input. Each specialist received the 100 cases again, and a similar number of the
summarised answer-sheets, such as the one shown in table 4. He was also informed of the six answers from
round 1 (his own answer, DIABETES’ and four from his colleagues), without knowing who had provided each
answer. He was also aware of the six comments attached to each answer.

Round 2 : output. The expert had to suggest the patient treatment once again and comment on each of
the “answer-comment” pairs from round 1 (as shown in table 4). Thus, during round 2, 100x5=500 answers and
100x6x5=3000 comments were produced.

Round 2 : processing. In each round, there was a need to make a quantitative estimation of the degree
of agreement (i) among specialists and (ii) between specialists and DIABETES. For each case five answers
were given in each round, one from every specialist. Consequently, there were (5%4)/2=10 “pairs of answers”.
Thus, the degree “10” meant absolute agreement among specialists while the degree “0” absolute disagreement.
The degree of agreement between specialists is given by the point scoring system of table 5. In the same way,
the basis for point scoring of agreement between specialists and DIABETES is given in table 6.

Ethics. The study was approved by the “Hippocration” General Hospital Ethics Committee, Greece,
from where all the cases were recruited. All patients gave informed written consent in order that data
concerning their care be included in the study.

Statistics. Subject characteristics were of normal distribution and results were expressed as mean +
standard error of the mean (SEM). The Chi-square test was used to indicate differences between groups, after
each round of the DELPHI process. Statistical analysis was performed using Arcus Quickstat software,

Biomedical version 1.0, Longman Logotron.




5. Results

Consensus among experts. The maximum score of 1000 points refers to complete agreement (10
points per case) among specialists, for each one of the 100 case reports. During round 1, a total of 674 points
were collected (agreement between specialists of 67.4%), which increased to 842 points after round 2 feedback
(percentage agreement 84.2%). The difference was statistically significant (X* p=0.001). The results are
presented in table 7. The difference of 168 points between round 1 and 2 occurred because some of the
specialists changed their opinion during round 2. As is obvious from table 5, a change in specialist opinion
could result in different score change: (1) if, as a consequence of the change, total agreement was achieved (all
five specialists had the same opinion), then four points were added (from 6 to 10), (2) if near total agreement
was achieved (four specialists had the same opinion and only one remained to disagree), then two points were
added (from 4 to 6), and (3) in any other occasion, only one point was added. Table 8 illustrates the absolute
and per cent points added during round 2, according to degree of agreement. There was no change in opinion
that decreased the degree of agreement among specialists.

Knowledge acquisition. During the DELPHI process, 3500 comments (500 from round 1 and 3000
from round 2), were collected from the 100 cases presented to the experts. From these, new knowledge was
acquired. The agreement comments gave a better understanding of the rationale behind specific decisions, and
the disagreement comments were valuable in indicating areas of contradiction among experts or between
experts and DIABETES.

Disagreement among experts. The disagreement comments that existed among the specialists were
classified into main areas. The commonest reasons of contradiction were related to : (1) existence of
approximately 20 different insulin treatment regimes, a fact that was an obstacle for greater opinion
convergence, (2) consistent non-use of specific regimes by some experts, (3) combination of insulin therapy
with anti-diabetic tablets by some experts, (4) lack of data in the input sheet, that may have increased opinion
convergence (that is, patient’s age and latest value of glycosyliated haemoglobin (HbA ), and (5) slightly
different approaches in the adjustment of insulin units (that is, some experts change insulin by only an even
number of units).

DIABETES performance evaluation. A maximum score of 1000 points referred to complete

agreement (10 points per case) between specialists and DIABETES for each one of the 100 case reports. During




round 1, a total of 522 points were collected (52.2%), which increased to 544 (54.4%) after round 2 feedback.
The difference was not statistically significant (X?, p=NS). Results are presented in table 7.

Indication of “weak” areas in DIABETES knowledge base and inference engine. The
disagreement comments between experts and DIABETES can be classified into three main areas. The
comments indicated that, in order for the level of agreement to be increased, the new system must include : (1)
new insulin treatment regimes, (2) combinations of insulin with anti-diabetic tablets, and (3) new input
parameters as decision-making factors : age of patient, existence of diabetic complications, existence of

concomitant diseases, glycosyliated haemoglobin (HbA .} and home blood/urine glucose monitoring,
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6. Discussion

One of the major problems encountered in the evaluation of decision-support systems in the domain of
insulin-treated diabetes mellitus is the absence of a consistent patient management strategy, which could be
used as a ‘golden standard’ for comparison between specialists and computer systems. Even then, the task of
evaluation is not straightforward, as insulin therapy constitutes a highly complicated field of knowledge, with
no clear-cut solutions. Finally, as medical experts provide different opinions concerning the selection of insulin
regime and dosage for a given patient, the task of knowledge acquisition proves to be a very challenging one.

In order to address these problems, we applied a modified DELPHI procedure, using a panel of five
diabetologists and DIABETES, a decision-support system in the domain of insulin therapy. Several points have
been raised for discussion.

Concerning subject selection, the only criterion for inclusion of a patient case was that the patient had
to be treated with one of the four insulin regimes supported by DIABETES. In any other case, it would be
impossible to evaluate DIABETES’ performance. We had to limit our cohort size to 100 patients, as, otherwise,
the number of answers and comments generated by the multiple rounds of the DELPHI process would be very
large and, therefore, difficult to handle and analyse. Finally, we decided to use a randomisation procedure
concerning the selection of cases rather than provide the experts with pre-selected “grey” areas. This approach
was preferred, not least because it was not easy to locate such patients. In any case, what is “grey” for one
expert may be relatively straightforward for another. Therefore, the really difficult areas can be indicated only
by contradiction among experts. The sample should be of adequate size for “grey” cases to be likely.

Concerning methodology, we decided to provide the specialists with DIABETES’ answers and
comments as early as round 1, instead of “hiding” them among round 2 responses. This decision was made in
order to focus the experts’ attention onto weak aspects of the system. We did not believe that we would
confront an “anchoring” phenomenon, as the participating diabetologists were very experienced and they would
not change their patients’ management due to a computer program suggestion.

The kappa statistic is an efficient method of quantification of agreement between two specialists [45]
or between a specialist and a computer system. On the other hand, if there is no agreement between the experts,
they must be included in the DELPHI process. Lack of agreement will make kappa statistics inapplicable, as

there is evidence to suggest that the analysis of more than two experts is a complex and controversial subject
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[46]. Therefore, we had to introduce a new scoring system. We selected a simple one, that counts all the
possible “pairs of agreement” among the five experts. According to this system (table 5), if three experts agree,
the overall agreement across the group is higher if the other two agree to something different than if they
disagree with each other. The logic behind this approach is that the opinion of an experienced diabetologist can
not be considered as “wrong”, but, simply, as a “different option”. Therefore if there are two instead of three
different opinions, the degree of agreement must be higher. A similar system was introduced for the
quantification of agreement between experts and DIABETES.

Concerning results, we showed a statistically significant increase in the degree of agreement among
experts, from 67.4% to 84.2%. Expanding the discussion made in the previous paragraph, we do not believe
that this was due to a radical change in experts’ views, but, rather, reflects the fact that, according to their
opinion, other therapeutic options can be followed as well, with equally satisfactory results. Further evidence
for this claim is the fact that, in round 2, there was no decrease in agreement among experts, in any one of the
100 cases. From the study’s point of view, this is still a good result, as now there are fewer options to be
included to the decision support system. An interesting idea would be to repeat round 1, with different but
similar cases, in order to find out if the increase of the level of agreement, achieved with the DELPHI process,
will remain so. But, the answer to this question may well be into the negative as, probably, the changes in
expert’s opinion are not “permanent”, but only indicative of alternative management pathways.

With the application of a two-round DELPHI method we managed to collect 3500 comments from 5
specialists, concerning 100 cases of insulin-treated diabetic patients. The procedure was not time-consuming, as
it took two weeks for completion of the two-round routine. It did not involve any interview or movement of
specialists from their usual places of work. Following an oral communication with the experts, after completion
of the study, they reported that it was much easier for them to deal with specific cases or comment on other
experts’ opinions than trying to postulate general rules that describe their decision-making process. Therefore,
although in this study we did not compare DELPHI with other knowledge acquisition techniques, we feel that
the method constitutes a useful alternative tool concerning knowledge extraction, in domains similar to the one
studied.

The scoring system provided a method for quantification of agreement between specialists and
DIABETES, which aided the system’s performance evaluation, given that a human expert is considered as the

“golden standard” in decision-making. The group of specialists agreed with DIABETES’ suggestions at a level
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of 54%, which was considerably lower than that among the specialists themselves (84%). However, the fact
that the specialists’ level of agreement is only 84% indicates that there is no ‘global optimal’ decision in the
context of insulin administration. This also indicates that both the knowledge base and the inference engine of
DIABETES have not reached the level of “maturity” of a human expert and have to be improved.

Towards this end, the experts’ comments accompanying their treatment suggestion were most valuable
in identifying the weak points of the DIABETES system, as well as the areas of relative disagreement among

the diabetologists. What remains is for these suggestions to be included in an improved DIABETES system.
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7. Conclusions

The DELPHI method constitutes an effective procedure for reaching concensus opinion among
specialists. This is particularly useful in “grey” fields, such as the treatment of insulin-dependent diabetes
mellitus, where discrepancy exists among the specialists’ opinions.

The same method can be used for decision-support system evaluation, where the computer software
can be included in the procedure as “another expert”. This allows quantification of the degree of agreement
between the human expetts and the system. Finally, the DELPHI method constitutes a knowledge acquisition
tool, for “grey” areas of a knowledge base.

Using a modified DELPHI approach, it has been shown that the DIABETES system harmonises its
decisions with those of specialists to a level of 54% and therefore further improvements to the system’s

knowledge base and inference engine are required.
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Table 1. Subject characteristics.

regime type (n=100)
regime 1
regime 2
regime 3

regime 4

sex (n=100)
male

female

age (years)

{mean + SEM)

body mass index (kg/m’)

(mean + SEM)

diabetes type
type 1 (IDDM)

type 2 (NIDDM)

diabetes duration (years)

(mean + SEM)

number of subjects
25
25
25

25

56

44

423172

28.2+5.1

21

79

85+3.2
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Table 2. Round 1 — input sheet.

study case code
current insulin regime / units
glucose values (mol/l)
fasting
pre-lunch
pre-dinner
pre-bed
clinical symptoms
fasting
pre-lunch
pre-dinner

pre-bed

DIABETES suggestion

insulin regime / units

001

2/12,0,8,0

8.5
10.2
7.3

7.4

no
no
no

no

2/12,0,10,0
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Table 3. Round 1 - output sheet.

Specialist code : 4

case no.

001

002

003

004

005

specialist answer

2/12,0, 8,0
3/12,8, 8, 8
1/20,0, 8, 6
2/12,0,8, 0

1/20,0, 8, 6

agreement
with DIABETES

N

z < Z X

Specialist comment

Disagreement comment
agreement comment
disagreement comment
agreement comment

disagreement comment
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Table 4. Round 2 — input and output sheet.

case no. 036

initial regime :

1/12,0, 8,0

choices : 1" round frequency round 1 comments

1/12,0,8,0 3 comment <1>
comment <2>
comment <3>

1/15,0, 12,0 2 comment <4>
comment <5>

2/15,8,8,8 1 comment <6>

choice : 2" round

round 2 comments
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Table 5. Scoring system : agreement among specialists.

1% expert 2" expert 3" expert
a a a
a a a
a a a
a a a
a a b
a a b
a b ¢

a,b,c,d,e : different opinions

4™ expert

a

5™ expert
a

b

points
10

6
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Table 6. Scoring system : agreement between specialists and DIABETES.

Number of specialists
agreeing with DIABETES
5

4

points

10
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Table 7. Agreement among specialists and between DIABETES and specialists.

specialist 1
specialist 2
specialist 3
specialist 4
specialist 5

Total

specialists
round 1 round 2
129 158
108 153
171 189
145 181
121 161
674 842

DIABETES
round 1 round 2
88 84
112 126
94 106
108 110
120 118
522 544
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Table 8. Additional round 2 points, according to degree of agreement.

degree of agreement
total agreement
near total agreement
higher agreement

Total

no. of changes

20

27

34

81

points
80
54
34

168

Y%

48

32

20

100
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