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ABSTRACT

IctNeo is a complex decision support system for neona
tal jaundice management, a very common medical problem.
This paper discusses how it has been constructed in the con
text of Decision Analysis and how it operates. It isolates the
difficulties encountered in practice related to knowledge-ac
quisition and related to computationallimitations. Basically,
a deeper insight into the problem solves the former while the
latter is carried out with evidence propagation operations in
influence diagrams

RESUMEN

IctNeo es un sistema complejo de ayuda a la decisión
para la gestión de la ictericia neonatal, un problema médico
muy común. Este artículo explica cómo se ha construido en
el contexto del Análisis de Decisiones y cómo funciona. Se
identifican las dificultades encontradas en la práctica res
pecto a la adquisición de conocimiento y a las limitaciones
computacionales. Básicamente, una profundización en el
problema resuelve el primer aspecto mientras que el segun
do se soluciona con operaciones de propagación de eviden
cia en diagramas de influencia.

1. THE JAUNDICE PROBLEM

A few hours after birth, a baby skin and eyes may take
a yellowish casto This quite common condition is called jaun
dice. It is caused by the breakdown of excess red blood cells
in the baby system which produces a substance called bili
rubin. In the frrst days of a baby life, the liver is not matu
re enough to assimilate all the waste products produced and
does not excrete bilirubin into the intestines at a normal rateo
This excess bilirubin builds up in the baby bloodstream and
tissues, giving the skin the characteristic yellow color.

Small or moderate increases of bilirubin are not harm
fuI although the baby always needs to be watched closely
for the first few days of life. Extremely high levels or hy·

perbilirubinemia can be harmful, causing potentially serious
central nervous systemand brain damages. This leads to the
challenge of distinguising between the so-called physiologic
jaundice andthe more serious version, pathologic jaundice
(4), related to the development of kernicterus (bilirubin en
cephalopathy) and the baby having risk factors.

A number of pathologies may have influence on hyper
bilirubinemia: sepsis, congemtal erythrocyte defect, inbom
errors of metabolism, concealed hemorrhage, hypothyroi
dism, polycithemia, perinatal asphyxia, and isoimmuniza
tion, among others. The last one is associated to situations
where mother and baby have different blood types and mot
her produces antibodies which destroy the infant red blood
cells.

If the level of bilirubin is high enough to need treatment,
it is usually treated with phototherapy. This means the un
dressed baby is placed under speciallights or 011 a light pro
ducing blanket, both helping to break down the bilirubin.
This intensive exposure involves an extended hospital stay
and separation of the infant from the mother. If a baby bili
rubin gets close to harmfullevels, the doctor can do an ex·
change transfusion, a risky procedure wherethe baby blood
is total1y replaced. Current guidelines try to balance the risks
of undertreatment and overtreatment (10), but there is a lack
of consensus on when it is best to begin each treatment; at
which point bilirubin levels are high enough to require tre
atment.

Neonatology Service of Gregorio Marañón Hospital in
Madrid was interested in studying this problem as a Decision
Analysis (DA) based problem. The hospital hopes to rely on
an automated solution tool of this decision problem as an aid
to the improvement of jaundice management. Doctors furt
her pursue objectives like to include a big amount of uncer
tain factors and decisions -a hard task inthe clinical prac
tice-, to define better the moments to require andlor change
thetreatment, to decrease the costs of diagnostic and thera
peutic phases, to decrease risks due to, e.g., the blood ex
change, and to take into account the preferences of parents
and doctors.
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To that aim, the Decision Analysis Group of Madrid
Technical University started to develop a decision support
system called IctNeo, see (12) for its initial conception. It
represents and solves the problem by means of an in
fluence diagram (ID) (13), a more and more popular tool
in DA. While conceptually simple, the application of IDs'
methodology in practice may be extremely involved for
large problems, encountering many difficulties that need a
solution.

In the sections that follow, we shall develop the ideas
mentioned aboye. Section 2 shows the process andsome of
the difficulties faced when constructing the system IctNeo.
Section 3 explains how to propagate evidence on our pro
blem in order to achieve the evaluation of complex IDs.
Section 4 describes the system implementation, mainly its
modules and user interface. Section 5 closes by outlining the
conclusions and possible future research.

2. CONSTRUCTING IctNeo

2.1. General view of the problem

The first objective is to get a complete understanding of
the problem, gathering its essential aspects. This is achieved
after many interviews with doctors in which we obtain the
following strategic knowledge that delimits the scope of the
problem:

• The system only considers full-term infants bom at this
hospital and focuses on jaundice cases produced in the
[mt moments of life (4 or less days old).

• The system evaluates closed cases, either because the
baby is not already at hospital or he is receiving a tre
atment beyond jaundice. Thus, this is not a real time
decision support system.

• The system does not only search for the best treatment,
but also it aids with the first decision on admitting or
not the newbom to hospital.

• The protocol of treatment focuses on the periodic con
trol of bilirubin concentration to avoid it exceeds le
veIs of potentiaJ neurological risks.

• The treatments consideredare: exchange transfusion,
phototherapy and observation.

• There exist a number of constraints on the way the
possible treatments may combine, e.g., it is not pos
sible to perform more than two exchanges on the
same patient, we must start the treatment with ob
servation or phototherapy, among others, see (12).
We shall discuss below theimportant repercussions
it brings about.

Once with this strategic knowledge, we analyze pro
gressively the problem from minor to major detail.

The doctor first decides whether to admit or not the baby
to hospital and confine it, eventually, to the Intensive Care
Unit. In case of being admitted, it is necessary to control the
bilirubin levels during this time, performing different tests
and giving the patient sorne of the prescribed treatments, de
pending on sorne factors of the newbom and sorne concen
tration levels, regardless the cause of jaundice. Since jaun
dice extends in time for various days, the system must
include a chain of decisions that comprises all the treatments
the patients have received. The first and most generic dia
gram, see Figure 1, tries to capture the main idea of the pro
blem: decision of admission followed by various treatment
phases; uncertain factors to be revealed before or after ma
king the decisions, like tests results; and a value node re
presenting the utility function. The arcs explain our first be
liefs on the influences among nodes.

related --" tests 1 <€p ~
athologies . ~

----- Utility

Figure 1. A generic ID for our problem

At each moment, the state of the patient determines the
treatment to be applied. This leads at the same time to chan
ge his general state, reflected on clinical trials results and
medical findings. A newtreatment will follow the new sta
te, and so on, until the infant is discharged or he receives a
treatment that is outside Our specific problem. Note that at
each stage the state of the patient does not depend on the
same set of factors, e.g, doctors take into account different
aspects when deciding the admission and when deciding
what to do with a patient already admitted.

This first scheme leads us to think of each action as the
application of only one treatment. However, since the shor
test treatment lasts 6 hours, the diagram would need a chain
of 16 treatments of 6 hours to meet at most 4 days, and it
entails an intractable ID due to the considerableset of no
des and arcs. We explain below how we face it by redefi
ning those actions.

2.2. Specifying details

We now study in depth the variables of the problem. At
the time of making the first decision, the doctor knows sorne
factors of the neonate (and his mother) that infortn about his
state. Those factors can be grouped into 5 categories: mot
her data, mother tests, newbom data, newbom tests, and de
livery data.
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This general view of the first decision needs further spe~

cification of details that will yield the nodes associated to
the left-hand side of the final diagram (Figure 2): Mother
data: (1) administrative data, like age, race, whether she is
primipara, whether she is ill; (2) social data like her cultu
rallevel and place of residence, that determine whether sorne
slight cases could be discharged, a11 of them ineluded in a
node ca11ed "social cost"; (3) emotional data to value the
emotional impact because of the interruption of parent-in
fant bonding. Mother tests: to know her blood group, Rh fac
tor, and whether there exists isoimmunization. Newborn
data: birth weight, gestational age, and age in hours.
Newborn tests: Coombs' tests to determine isoimmunization
of blood group and of Rh factor that reveal incompatibility
between mOther and baby bloods, tests to get bilirubin and
hemoglobin concentrations, Apgar test and cord Ph test to
study potential baby asphyxia, observation tests to estimate
the degree of the ye110wish skin color, and test to evaluate
the risk of being admitted. Delivery data: whether it had ins
truments or not and whether it was necessary to give the
baby some kind of revival.

As far as decisions are concerned, we have mentioned
aboye the problem of having so many nodes if we consider
periods of 6 hours. But we observed that treatments were re
ferred very often as a combination of the initial therapies of
6 hours, leading to actions of different length, e.g. a photot
herapy of 6, 12, or 24 hours long. Therefore, it is better to
take these combinations in the domain of the decisions, de
ciding what to do in periods of time longer than the next 6
hours, thereby obtaining fewer decision nodes. AIso, we
overcome the problem of their constraints: a tree that repre
sents these constraints on the whole process of 16 nodes
would have 131071 endpoints, and there is no way to re
present this kind of knowledge in the ID if we want to keep
a11 the identical decisions of 6 hours mentioned earlier.
However, the new alternatives are defined meeting the cons
traints avoiding incoherent optimal policies.

The final result of this process is the definition of 5 sta
ges of treatment. There is one decision atthe initial phase in
which we choose the admission and alternatives a110wed
when starting the treatrnent, like phototherapies of different
lengths. The main part of the treatment consists of 3 nodes
(decisions 2, 3 and 4), the first two having in their domains
thealternatives shown in Table 1. The alternatives for deci
sion 4 are the frrst seven of Table 1. Atthe final phase, de
cision 5 ineludes on1y the first three possibilities of the same

1. dummy
2. observation + discharge
3. observation + outside treatment
4. observation (6 hours)
5. phototherapy (6 hours)
6. phototherapy (12 hours)
7. phototherapy (24 hours)
8. photot. (6 hours) + exchange + photot. (6 hours)
9. photot. (6 hours) + exchange + photot. (12 hours)

Table 1. Altematives for decisions 2 and 3.

tableo These more complex actions provide greater flexibi
litY but require more complicated modeling.

Note that because of phototherapies with different
lengths, a11 the decisions have also different lengths having
at most a total period of 90 hours, 2 or 2.5 days being the
typical totallength. There are patients who are not admitted
orare discharged showing once more the varying length of
the full process of jaundice, and, for that reason, the dummy
alternative (not to do anything) is inc1uded to fill in the re
maining domains. It leads to a highly asymmetric ID with
incoherent sequences of decisions (e.g., admission for deci
sion 1 and dummy for decision 2). But we shall give the sys
tem the capacity for somehow dealing with these combina
tions of therapies representing impossible scenarios.

We focus now on the fo11owing phases of the protocol.
The action made at time t influences on the patient state at
t+1,determined by means of a number of c1inical trials. The
details are: (1) Patient tests: to determine bilirubin and he
moglobin levels showing the evolution of the patient; (2)
Patient data: mainly his age which is c10sely linked to bili
rubin increase. This information is shown in the area su
rrounded by a dotted line in theright-hand side of Figure 2.
The addition of the dependencies among the different varia
bles shown by the arcs of the diagram, its continuous revi
sions as long as we obtain new and refinedknowledge, have
led us to have that "final" ID shown in Figure 2.

2.3. KNOWLEDGE-ACQUISITION

2.3.1. Domains

The domains of decision variables are already identi
fied and the next step is to define those of random varia
bles. Some of them are referred to concentration rneasures,
weights, ages, etc. and are easily defined, even being con
tinuous because doctors decided to work with discrete ap
proximations, see (12). Other variables state medical ap
praisa1s of the situation. For these, we have tried to be elose
to doctors thinking, e.g., tú define the node "pathology se
riousness", doctors gave a set of leve1s of seriousness in a
way close to their usual language -slight, serious, and
very serious- and with enough detail to cover a11 the si~

tuations.

2.3.2. Probabilities

The task of eliciting the probabilistic information for the
chance nodes is more difficu1t. Typica11y, we used both his
torical data -taken from the Neonatology Service of the
hospital- and subjective judgments, and fo11owed the SR!
protocol and its extensions (9). Probability encoding is ex
tremely involved when the problem is structurallycompli
cated, saya heavily asymmetric and dense large ID, with
continuous random variables. The discretization suggested
by doctors relieved this last problem. However, a chance
node with many predecessors poses problerns related to how
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Figure 2. Final ID for our problem.

o duplicated·nodes
forclarity

to obtain from experts, tables with so many entries and how
to store and manage so much information.

For example, consider the node "injuries due to hyper
bilirubinemia" (IHY), see Figure 2. The initial versions of
the ID did not containthe node "hyperbilirubinemia", and
the predecessors of node IBY were: aH the bilirubin con
centrations, "pathology seriousness", and the newbom age
at the third stage (when a higher level of bilirubin may
exist), see Figure 3 a). Therefore, we should assign 6 . 3 .
26 = 1152 numbers to obtain the probability distribution for
node IHY.

To face this problem, we used generalized noisy OR-ga
tes (2, 11), which are based on a model of causal nature, with
sorne causes PI'"'' Pk acting to produce effect X, aH the cau
ses and the effect having valuesabsent and present with va
rious grades of intensity. After having checked their as-

a)

sumptions, the only assignments required to derive the ot
hers are those of the conditional probabilities of X given that
aH causes but one are absent, needing a number of assign
ments that is linear inthe number of causes instead of ex
ponential, as in the general case. In our case, by adding node
"hyperbilirubinemia", we can define a causal relation bet
ween bilirubin levels and the presence or not of their altera
tion. Since with the other variables -"pathology serious
ness" and the newbom age at the third stage-, is not
possible this causal relation, the diagram is the oneshown
in Figure 3 b). Now, we need only to assign 10 values for
node "hyperbilirubinemia" plus 6· 3 . 22 = 72 for node IHY,
for a total of 82 values.

Our medical problem had 50 chance nodes, obtaining,
with OR-gate modelisations, a reduction of 70% inthe num
ber of assignments required.

b)

Figure 3. Node injuries due to hyperbilirubinemia a) before and b) after OR-gate modelisations. Number in parentheses indicates the
cardinal of the domain.
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2.3.3. Utilities

The only issue left to complete the ID is the preferences
elicitation. We have shown aboye the value node in that ID
(see Figure 2) representing the (expected) utilities depending
on their predecessors. Some of these predecessors have been
explained in priorsections, but the process to get al1 of them
fol1ows, as typical1y, a structured scheme: (1) to construct an
objectives hierarchy along with the corresponding attributes
and their scales; and (2) to derive the functional forrn of the
multi-attribute utility function consistent with various sets of
independence assumptions about the risk attitudes investi
gated (6). This function col1ects the influence of each su
bobjective on the overal1 objective.

As a result, we obtained the hierarchy shown in Figure
4 with 6 lowest-Ievel objectives. Highlight X4' conceming

the stay at hospital which arises from the risk of infections,
contagions, etc. and the preferences of parents measured by
the inconvenience of visiting the baby every day (X) if he
is at hospital, and the interruption of parent-infant bonding
(X3). For al1 attributes except for X!' ad hoc constructed sca
les were introduced. Observe now how al1 X/s are repre
sented in the ID (Figure 2) as factors that value the process,
illustrating that not only therapeutic actions are important but
also their suitability to the patient situation.

The utility function was derived as multiplicative on (X!'
Y1 =(X2, X3), X4, Y2 =(Xs' X6» with additive decompositions
for (X2, X3) and (Xs' X6). The assignment of component uti
litY functions and scaling constants was carried out with the
aid of Logical Decisions (8), but allowing imprecise assign
ments, as a way of sensitivity analysis, see (5) for a detai
led explanation.

I
Global Vvell-being

Iof the neVvbom
I

I
I Direct effecis I I Intangible effecis I

I
I I

NeVvbom-mother gap
I I

Injuries
IY2 Y 4

I I

I I I I
Economical Social Emotional Risk of being Duetothe Duetothe

cost cost cost admitted treatrnent hyperbilirub.
Xl X2 X3 X4 Xs X6

Figure 4. An objectives hierarchy for our problem

3. EVIDENCE PROPAGATION

The evaluation of an ID is typical1y carried out via
Shachter's algorithrn (13), but it works for relatively smal1
problems. As we have seen, our jaundice problem has a big
size: 50 chance nodes, 5 decision nodes and 144 arcs con
necting some ofthem, plus 112 no~forgetting arcs. It amounts
to requiring 95858 memory positions to storage the proba
bility distributions (90458) plus the utility function (5400).

Typical1y, the need for storage space grows enorrnously
during the solution process, due to node inheritances at chan
ce node removal and arc reversal operations. For instance,
when removing a chance node e which precedes the value
node v, v inherits the predecessors of e (if any) becoming
new predecessors of v, provided that they were not before.
Since the storage requirements for the utility function grow
exponential1y in the number of variablesthat influence on it,
this situation can lead to require more memory space than
that available in any personal computer.

A first way to overcome this problem is to find the opti~

mal sequence of variable reductions and arc removals, that
which involves the minimum computational effort. But this
is a NP-hard problem and, therefore, we can only pick a good
sequence via some heuristic, like Kong's greedy heuristic (7).
We have worked on this, see (1), improvingthe existent heu
ristics, obtaining e.g., a required storage space divided atmost
by two with respect to Kong's heurístico Also, we have pro
vided other computational savings by computing the expec
ted utilities when a chance node is removed, only whenever
this implies a saving in the storage space with respect to the
previous diagram. Otherwise, we postpone it until it is ne
cessary, i.e., at the moment of a decision node removal.

But this is not enough for big problems. Our ID requi
res a maximum storage capacity (for the operation which in
troduces the highest increase) of 1.66 x 1014 storage posi
tions, being the average size of the problem 1.79 x 1013

storage positions. Therefore, the evaluation process becomes
unmanageable.
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As we said aboye, the system manages closed cases,
from which there is some information available, Le., the
outcomes of most random variables are known (maybe ex"
cept for some hemoglobin measures not taken). This know
ledge can be used via the technique of evidence propaga
tion (3). The ID is updated based on these new observations
reflecting then the new state ofknowledge by changing the

probability of observed variables together with the ID
structure.

Consider, e.g., the operation of chance-to-chance evi
dence propagation. Figure 5 will illustrate the ideas. Suppose
X = XI is known. We will now add this information reducing
the uncertainty content on the problem.
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Figure S. Chance-to-chance evidence propagation.

The evidence XI is first absorbed on X just by the table
lookup of the observed outcome. This has effect on succes
sors and predecessors of X, as follows. First, a forward evi
dence propagation to its successors E, F, G takes place,
which is to discard situations of X taking values different
thanthe observed x!' reducing in turn thesize of the proba
bility distributions of these three variables. For example,the
distribution for E changes from P(EIx) to P(EIX = XI)' as
shown in Figure 5 by the non-shaded zone of the table, de
leting then the arc (X,E). Second, a backward evidence pro
pagation to its predecessors A, B takes place. For that, we
first reverse the arcs between X and its predecessors by ap"
plication of Bayes' rule, these becorning successors of X as
in the previous case. Therefore, arcs (X, A) and (X, B) are
elirninated and X too. The computational burden alleviation
is obvious since we reduce the sizes of probability tables and
we elirninate node X and the arcs from and onto X.

There are sirnilar operations to propagate evidence with
other kind of nodes. Should the value node be a successor
of an observed node, the storage requirements for the utility
function would be reduced. These ideas have perrnitted us
to solve our jaundice problem. For each patient, we have a
historical record with his data, and those of his mother and
familiar environment. This evidence is known before making
the first decision and do not take into account any medical
valuation, thus keeping the uncertainty on all the aspects re
lated to the medical valuation of the problem.

As a result, it produces important implications on the
system operation. The conventional evaluation of an ID pro
vides at each decision node, atable with the optimal alter
native for each possible combination of outcomes ofthe va
lue node predecessors at that moment. Once the system has
generated all these tables, we only must look for that com
bination that coincides with the patient under consideration.
Hence,the ID is evaluated only once and we perforro on the
se tables as many lookups as cases studied.

Nevertheless, the evaluation oran ID by instantiation of
evidence on some nodes amounts to solving it for each par"
ticular patient once this evidence has been propagatedand
has updated the ID. Consequently, we must evaluate as many
IDs as different cases studied. Decision tables will have a
smaller size because they do not contain any reference to the
instantiated variables. Our requirements have decreased now
with this approach: 88652 storage positions, with a maxi
mum storage capacity and an average size of 5.35 x 109 and
7.48 x 108 storage positions, respectively.

4. IMPLEMENTATlON

IctNeo is implemented in C++ under Windows-95.
Figure 6 shows IctNeo general architecture.

IctNeo includes its own grammar to describe the ID, th-
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Figure 6. The architecture of IctNeo system.
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rough which all the nodes,their relationships and the rele
vant information are definedand written in the syntax file,
being easily modifiable. A chance node, e.g., may be decla
red by providing either its whole probability table or the OR
gate parameters that generate internally this tableo The com
piler reads this file by following the grammar and checks for
syntactic and lexical errors. In case it does not exist any error,
the system yields an object code from the information gat
hered from the specification, the data strncture needed to
support the diagram information. Then it is verified whether
the diagram satisfies the necessary conditions to be evalua
ted (no cycles, coherent probability distributions, etc.). Both
the grammar definition and the compiler have been thought
so as to developa general framework ready to solve every
ID, and provide an easy interchange of files among different
working groups.

The evaluation module implements Shachter's algorithm
(13) and obtains the optimal strategies. First, the patient data
atthe moment of the admission are entered and the ID is up
dated by this evidence. Second, the evaluation is carried out
on that simplified diagram, yielding the decision tables co
rresponding to our patient. IctNeo incorporates the know
ledge about the asymmetries of our problem due to cons
traints on decisions: at the time the first decision node is
removed during the process, the value node has already in"
herited all the decision nodes and its table is cut by discar
ding the sequences that do not meet the constraints. The sys
tem knows it because it is written in the grammar script.
Third, we can compare the system recommendation with the
action already made by doctors to our patient. To get an in
sight into it, the system generates explanations of the results
looking for irrelevant variables, those that lead to the same
decisions being made regardless the values they take.

The user inteiface allows for data entry of a patient al
ready treated from which the evidence is taken. It has sorne
help for all the menuS and a data base with all the cases stu
died to account forthe comparisons between the system and
doctor decisions in order to draw conclusions. Figure 7
shows the main menu and sorne windows to update admi
nistrative and admission data.

5. CONCLUSIONS AND FURTHER RESEARCH

Once the difficulties encountered when modeling and
solving the ID for this problem have been overcome, IctNeo
is still being tested and refined by performingsensitivity
analyses. It allows the user to check the impact of key pa
rameters in the evolution of the patient, perhaps suggesting
changes in utilities, probabilities, and even in the structure
of the diagram.

Current research is directed towards extending the analy
sis as follows:

l. To weaken the uncertainty assignment process by
allowing the expert to provide probability intervals
rather than probability exact values.

2. To automate the sensitivityanalysis tools and to en"
dow the system with leaming capabilities: the initial
intervals assigned may be balanced according to the
valuation of the expert about the system recom
mendations.

3. To analyze, by means of data bases techniques, the
decision tables the system proposes. We can then
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Figura 7. User interface of IctNeo.

find out which are the relevant factors to apply the
different therapies. The matter in question is to draw
conclusions from the whole set of the system pro
posals with regard to aH possible user profiles.

4. To include pathology diagnosis by looking at the fi
nal updated probabilities of the diagram.

5. To have the possibility of dealing with missing pa
tient information and/or unspecified distributions.
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