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Abstract. Medical practice protocols or guidelines are statements to assist prac-
titioners and patient decisions about appropriate health care for specific circum-
stances. In order to reach their potential benefits, protocols must fulfill strong
quality requirements. Medical bodies worldwide have made efforts in this direc-
tion, mostly using informal methods such as peer review of protocols. We are
concerned with a different approach, namely the quality improvement of medical
protocols by formal methods. In this paper we report on our experiences in the
formalisation and verification of a real-world medical protocol. We have fully for-
malised a medical protocol in a two-stage formalisation process. Then, we have
used a theorem prover to confirm whether the protocol formalisation complies
with certain protocol properties. As a result, we have shown that formal verifica-
tion can be used to analyse, and eventually improve, medical protocols.

1 Introduction

Medical practice protocols or guidelineare “systematically developed statements to
assist practitioners and patient decisions about appropriate health care for specific cir-
cumstances” [1]. They contain more or less precise recommendations about the diag-
nosis tests or the interventions to perform, or about other aspects of clinical practice.
These recommendations are based on the best empirical evidence available at the mo-
ment. Among the potential benefits of protocols, we can highlight the improvement of
health-care outcomes [2]. In fact, it has been shown that adherence to protocols may re-
duce the costs of care upto 25% [3]. In order to reach their potential benefits, protocols
must fulfill strong quality requirements. Medical bodies worldwide have made efforts
in this direction, e.g. elaborating appraisal documents that take into account a variety of
aspects, of both protocols and their development process (see e.g. [4]). However, these
initiatives are not sufficient since they rely on informal methods and notations.

We are concerned with a different approach, namely the quality improvement of
medical protocols through formal methods. Currently, protocols are described using a

! In this paper we use the terms guideline and protocol indistinctively. However, the term proto-
col is in general used for a more specific version of a guideline.



combination of different formats, e.g. text, flow diagrams and tables. The idea of our
work is translating these descriptions into a more formal language, with the aim of
analysing different protocol properties. In addition to the advantages of such kind of
formal verification, making these descriptions more formal can serve to expose prob-
lematic parts in the protocols.

In this paper we report on our experiences in the formalisation and verification of a
medical protocol for the management of jaundice in newborn babies. This work is part
of the IST Protocuréproject, a recently concluded project which has consisted in the
assessment of the application of formal methods for protocol quality improvement.

The formalisation of medical protocols can be tackled at different degrees. Since
we aim at a formal verification, we have chosen the logic of a theorem prover —KIV
[5]- as target formalism. Prior to the KIV formalisation step, we have carried out a
modelling step using a specific-purpose knowledge representation language for medical
protocols —Asbru [6]. This gradual formalisation strategy has made the formalisation
task feasible, which in turn has enabled us to use theorem proving.

The structure of this paper roughly follows thebru modelling-KIV formalisation-

KIV verificationprocess that the protocol has undergone. First section 2 introduces the
jaundice protocol. Then section 3 describes the Asbru language and the model of the
protocol in this language. The next step has been the translation of the Asbru protocol
into the formal notation of KIV. Section 4 describes this step, and section 5 presents the
results of the subsequent verification step. Finally, section 6 concludes the paper.

2 The jaundice protocol

Jaundice, or hyperbilirubinemia, is a common disease in newborn babies which is
caused by elevated bilirubin levels in blood. Under certain circumstances, high bilirubin
levels may have detrimental neurological effects and thus must be treated. In many cases
jaundice disappears without treatment but sometimes phototherapy is needed to reduce
the levels of total serum bilirubin (TSB), which indicates the presence and severity of
jaundice. In a few cases, however, jaundice is a sign of a severe disease.

The jaundice protocol of the American Association of Pediatrics [7] is intended for
the management of the disease in healthy farewborn babies. The guideline is a 10
pages document which contains knowledge in various notations: the main text; a list
of factors to be considered when assessing a jaundiced newborn; two tables, one for
the management of healthy term newborns and another for the treatment options for
jaundiced breast-fed ones; and a flowchart describing the steps in the protocol.

The protocol consists of an evaluation (or diagnosis) part and a treatment part, to be
performed in sequence. During the application of the protocol, as soon as the possibil-
ity of a more serious disease is uncovered, the recommendation is to exit without any
further action.

3 Modelling the jaundice protocol in Asbru

In the first stage of protocol formalisation we have used a specific-purpose knowledge
representation language. Different languages have been proposed to represent medical

2 http://www.protocure.org/
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protocols and their specific features (see [8]). Most of them consider protocols as a com-
position of actions to be performed and conditions to control these actions [9]. However,
although the trend is changing lately, many of the protocol representation languages in
the literature are not formal enough. For instance, they often incorporate many free-text
elements which do not have clear semantics. Exceptions to this are PROforma [10] and
Asbru [6]. In this work we have used Asbru, mainly because it is more precise in the
description of a variety of medical aspects.

3.1 Asbru: a knowledge representation language for protocols

The main aspects of Asbru are: (i) in Asbru a medical protocol is considered as a plan
skeleton with sub-plans in the sense of Al planning, (ii) it is possible to specify the
intentions of a plan in addition to the actions of a plan, (iii) it is possible to specify a
variety of control structures within a plan, and (iv) it provides a rich language to specify
time annotations. Below we give a short description of the main constructs of the Asbru
language (see [6] for more details).

A medical protocol is considered in Asbru as a hierarchitah. The main com-
ponents of a plan are intentions, conditions, effects, and plan-body. Furthermore, a plan
can have arguments and has the possibility to return a value. Next we briefly discuss
some of these components.

Intentions are the high-level goals of a plan. Intentions can be expressed in terms
of achieving, maintaining or avoiding a certain state or action. Such states or actions
can be intermediate or final (overall). For example, the label “achieve intermediate-
state” means that sometime during the execution of the plan, a certain state must be
achieved. In total there are twelve possible forms of intention: [achieve/maintain/avoid]
[intermediate/overall]-[state/action].

A variety of conditions can be associated with a plan, which define different aspects
of its execution. The most important types of conditions are the following:

filter conditions, which must be true before the plan can be started.

abort conditions, which define when a started plan must be aborted.

complete conditions, which define when a started plan can complete successfully.
activate conditions, with possible values “manual” or “automatic”. If the activate
mode is manual, the user is asked for confirmation before the plan is started.

The plan-body contains the actions and/or sub-plans to be executed as part of the
plan. The main forms of plan-body are the following:

— user-performed: an action to be performed by the user, which requires user interac-
tion and thus is not further modelled.

— single step: an action which can be either an activation of a sub-plan, an assignment
of a variable, a request for an input value or an if-then-else statement.

— subplans: a set of steps to be performed in a given order. The possibilities are: in
sequence (sequentially), in parallel (parallel), in any possible sequential order (any-
order), and in any possible order, sequential or not (unordered).

— cyclical plan: a repetition of actions over time periods.

In the case of subplans, it is necessary to specify a waiting strategy, which describes
the plans that must be completed so that the parent plan can be considered successfully



completed. It is possible to specify e.g. whether all the subplans should be executed
(“wait-for ALL") or not (e.g. “wait-for ONE”, or “wait-for” some specific plan).

Time annotations can be associated to different Asbru elements (e.g. intentions
and conditions). A time annotation specifies (1) in which interval things must start,
(2) in which interval they must end, (3) their minimal and maximal duration, and (4) a
reference time-point. The general scheme for a time annotation is ([EarliestStarting,
LatestStarting] [EarliestFinishing, LatestFinishing] [MinDuration, MaxDuration] REF-
ERENCE). Any of these elements can be left undefined, allowing for uncertainty in the
specification of time annotations.

3.2 Asbru model of jaundice protocol

Like the original document, the Asbru model of jaundice protocol has as main compo-
nents a diagnostics part and a treatment part. It is made up of about 40 plans and has a
length of 16 pages in a simplified Asbru notation. Figure 1 shows the overall structure
of the protocol as a hierarchy of plans.

The treatment phase, in which we focus here, consists of two parallel parts, namely
the actual treatments and a cyclical plan asking for the input of new age and TSB values
every 12 to 24 hours. Regarding the treatments (label (-) in figure 1), either the regular
ones (“Regular-treatments”) or an exchange transfusion (“Exchange-transfusion”) can
take place depending on the bilirubin level. The “Regular-treatments” plan contains the
main treatment procedure. It consists of two parts to be performed in any possible order
(unordered): the study of feeding alternatives and the different therapies (see label (*)).
The plans in group (*) can be tried in any order, one at a time.

Figure 2 shows the “Phototherapy-intensive” plan, which describes one of the ther-
apies. Its plan-body simply contains a sub-plan activation pointing to a user-performed
action. One of its intentions is attaining normal (or “observation”) bilirubin levels. It
also contains different conditions, e.g. one of the abort conditions specifies that the plan
should abort as soon as it fails to reduce the bilirubin levels in 4 hours.

4 Formalising the jaundice protocol in KIV

In the second stage of the formalisation process we have used the KIV verification
tool [5]. KIV is an interactive theorem prover with strong proof support for higher-
order logic and elaborate heuristics for automation. Currently, special proof support
for temporal logic and parallel programs is being added. In contrast to fully automatic
verification tools, the use of KIV interactive tool allows for the verification of large and
complex systems, as it has been shown by its application to a humber of real-world
systems (distributed systems, control systems, etc).

4.1 KIV

KIV supports the entire software development process, i.e. the specification, the imple-
mentation and the verification of software systems. Next we briefly describe the relevant
aspects of KIV for Asbru specification and verification needs.

For specification three aspects are important: specifications can be structured, and
both functional and operational system aspects can be described. A specification is bro-
ken down into smaller and more tractable components using structuring operations such



Fig. 1. Overview of the jaundice protocol in Asbrihe main entry point of the protocol is the
“Diagnostics-and-treatment-hyperbilirubinemia” plan —the three “Check-for-...” plans are Asbru
artifacts to model a continuous monitoring of TSB level and two check-ups at temporally spec-
ified intervals. The plan “Diagnostics-and-treatment-hyperbilirubinemia” is divided into a diag-
nostics and a treatment subplan, to be executed sequentially.

Hyperbilirubinemia

Check-for-rapid- Check-for-jaundice- Check-for-jaundice- Diagnostics-and-treatment-
TSB-increase after-2-weeks after-3-weeks hyperbilirubinemia
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as union and enrichment, that can be used to combine more simple specifications. For
functional aspects, algebraic specifications are used to specify abstract data types.



Fig. 2. "Phototherapy-intensive” plan.
plan Phototherapy-intensive

intentions
achieve overall-state(bilirubin = observation)
maintain intermediate-state: (and
(TSB-decrease- yes)in ([4h, -] [-, 6h] [-, -] SELF)
(TSB-change> 1) in ([4h, -] [-, 6h] [-, -] SELF))
conditions
filter-precondition: (or (bilirubin = phototherapy-intensivéj) NOW
normal-phototherapy-failure
abort-condition: (or (and (bilirubin # phototherapy-intensivelji NOW
(not normal-phototherapy-failure )) *and*/
intensive-phototherapy-failure:
(and (bilirubin = phototherapy-intensiveij) NOW
(or (TSB-decrease- no)in ([4h, -] [-, -] [-, -] SELF)
.o.) [For*
) /*and*
) /* abort condition */
plan-body
Prescribe-intensive-phototherapy

Complex operational behaviour can be specified using parallel programs. Programs
in KIV can contain assignments (:= 7), conditionals if ¢,; then vy else,),
loops {vhile ¢,; do ), local variables\ar v = 7 in ), nondeterministic choices
(chooseyp or 1), interleaving @ || ¢) and synchronisation pointswait ¢,;). For a
better support of Asbru, additional basic constructs have been implemented: interrupts
(break v if ©,;), for modelling different plan conditions; and synchronous parallel ex-
ecution (o ||, 1), as well as any-order executiop (|, ), for a more direct translation
of plan-bodies. With the help of these constructs, the main features of Asbru can be
directly translated. Others still need to be encoded using additional program variables.
Concerning theerification, we use a variant of Interval Temporal Logic (ITL) [11]
to formulate properties. This logic is first-order and allows finite and infinite intervals.
Here we restrict ourselves to the temporal operators alwayg){ eventually © ),
next ( ), andlaststep—which is true only in the last step of an interval. Single tran-
sitions are expressed as first-order relations between unprimed and primed variables,
where the latter represent the value of the variable in the next state. For example, the
formulav =0 A (O v =v + 1) — O v = n states that, if variable is initially 0, and
the valuev’ in the next state is always incremented by one, then eventually the variable
will be equal to an arbitrary natural numberFinally, the proof technique for verifying
parallel programs in KIV is symbolic execution with induction.

4.2 KIV formalisation of jaundice protocol

In order to formally analyse Asbru plans in a first attempt, we have translated them
into parallel programs. The translation of the Asbru model into KIV has been done in
a structure-preserving way, by mapping each Asbru plan into a KIV specification con-
taining a parallel program. Thus, the structure of the jaundice protocol in KIV roughly



mirrors the Asbru model in figure 1. This is one of the key ideas of our work, because
it gives the possibility to obtain some feedback from the formalisation and verification

phases in terms of the Asbru model, and to exploit this structure during proof attempts.
Table 1 shows some of the patterns that we used in the translation of Asbru plans.

Table 1. Translation patterns of some Asbru constructs into KIV.

Asbru KIV

filter preconditionp NOW bodyawait ¢; body
filter preconditiony body if p then body
complete conditiorp body break bodyif ¢
abort conditiony body break bodyif ¢

<<name>> (plan activatior) <<name>>#(...) (procedure cal

do type=sequentially P1,... Pn  P1;... Pn

do type=any-order P1,... Pn AL ...Pn

wait-for Pi body break bodyif some expression dpi-state

In many cases the KIV translation closely follows the structure of the original Asbru
plan, except for small details. Other translations, however, needed additional encodings
to represent the Asbru elements not directly supported by KIV. The example in fig-
ure 3, corresponding to the plan “Phototherapy-intensive”, serves to illustrate the kind
of translations that we have obtained. This translation includes an await construct to

Fig. 3. KIV translation of “Phototherapy-intensive” plan.

Phototherapy-intensive#dr phototherapy-normal-prescription-activated, patient-data,
time, phototherapy-intensive-activated)
begin
await get-hilirubin(patient-data.tsb) = phototherapy-intensive
V get-bilirubin(patient-data.tsb) = phototherapy-normal
A phototherapy-normal-prescription-activatgdL
A 4 < time - phototherapy-normal-prescription-activated.value
A — get-decrease(patient-data.tsb)
phototherapy-intensive-activated := mk-value(time);
break
prescribe-intensive-phototherapy#(; time)
if get-bilirubin(patient-data.tslg¥ phototherapy-intensive
V get-bilirubin(patient-data.tsb) = phototherapy-intensive
A (4 <time - phototherapy-intensive-activated.value
A — get-decrease(patient-data.tsb)
V..
end



model the filter preconditions of the plan, as well as an interrupt (break) to monitor
the conditions under which the plan should abort. The KIV plan also shows the way in
which time annotations can be encoded, with the help of additional variables holding
the time at which a plan has been activated (such as phototherapy-intensive-activated).

5 Verifying the jaundice protocol in KIV

After the formalisation of the jaundice protocol, we have worked on the
verification of several protocol properties using the KIV system. Protocol
properties are expressed in the previously introduced variant of ITL. For instance,
Phototherapy —intensive#(...) A (O time” = time’ + 1) — < laststep  states

that, if the programPhototherapy — intensive is executed, then execution will
eventually reach the last step, i.e. it terminates. However, the plan only terminates
under the additional assumption that time is incremented by one in each step.

As part of Protocure project, we identified a number of protocol properties which
were deemed important from a medical point of view. We distinguished properties at the
implementation levetependent on the Asbru language, from properties ataheep-
tual level protocol-dependent. Properties at the conceptual level reflect the verification
needs in a practical application and hence have been the target of our formal verification.
Among them, the correctness of plan intentions and the properties making reference to
indicators were deemed of particular interest. The correctness of intentions aims at en-
suring that the intentions of a plan follow from its body. As for the properties about
indicators, the goal is verifying that the protocol results in actions that comply with
certain quality criteria defined either in the protocol itself or by external sources. In
our case, we have exploited the indicators for jaundice treatment defined by the MAJIC
(Making Advances against Jaundice in Infant Care) Committee [12].

5.1 \Verification of one intention of “Phototherapy-intensive” plan

One of the intentions of the plan “Phototherapy-intensive” is the reduction of the TSB
levels in at least 1 mg/dl within 4 to 6 hours. We can view this as a property that the
plan should satisfy, i.e. while executing the plan, there should be such a decrease. This
property was initially translated to the following ITL formula:

O laststep
V  pti-state# activateda pti-staté = activated
— [* time annotation */
4 < time — pti-acttime.value
A time — pti-acttime.value< 6
— [* property */
get-decreaspd .tsh pti-acttime.value
A get-changépd .tsh pti-acttime.value > 1
unlesspti-staté # activated

Informally, this formula says that, if “Phototherapy-intensive” is activated, when 4 to 6
hours have elapsed, there should be a decrease in TSB levels greater or equal than 1.
The property was successfully proved in K1V, in a fully automatic proof. However,
the proof was successful only after a number of proof attempts. These attempts uncov-
ered errors in the formulation of the intention, which led to an improved formal se-
mantics for Asbru intentions. This property was somehow “easy” to prove, because the



intention is enforced by one of the abort conditions of the plan. In the next section we
present a more difficult proof, which required identifying the conditions under which
the property should hold. As we will see, these conditions describe the most usual cases
of newborn jaundice.

5.2 \Verification of MAJIC indicator #7

The MAJIC indicators that appear in [12] have been refined by the same organisation
into different medical review criteria for the evaluation and treatment of jaundice. This
includes a set of 11 criteria which jaundice protocols must comply with. Among these
criteria, we selected indicator #7, which is stated as follows:

INCLUSIONS If any phototherapy initiated
CRITERIA No more than one serum bilirubin level drawn after phototherapy is dis-
continued

The rationale of this indicator is beyond the scope of this work. It was translated
into the following temporal formula:

O laststep
Vv pd .under-phototherapyx — pd .under-phototherapy
A pd.tsb=TSB

— O pd.tsb=TSB A TSB # TSB — 0O pd.tsb=TSB

Informally, when phototherapy is discontinued, if another TSB value is measured, then
there will not be more TSB measurements (TSB history will stay the same).

Several attempts were made to prove that “Regular-treatments” complies with this
indicator, which uncovered some problems in the formalisation of the protocol. This
insight was used to enhance the translation patterns for Asbru plans. Finally, it was
proved that the property does not hold. A counter example was found, which consists
in applying phototherapy once and then doing observation for more than 24 hours, al-
lowing “Treatment-hyperbilirubinemia” to measure TSB twice. The analysis of proof
attempts served to identify the assumptions under which the indicator should be satis-
fied: (1) If phototherapy is discontinued, bilirubin levels are normal (or “observation”);
(2) Observation plan will run for less than 24 hours; and (3) After phototherapy and
observation, bilirubin levels will still be “observation”. These assumptions were given
to medical experts for review, who concluded that they capture the most usual cases,
i.e. for most of newborns the assumptions hold and the protocol satisfies the indicator.
Thus the assumptions explicitly define the cases in which the indicator is satisfied. They
could be used to improve the original protocol, e.g. to document the cases in which the
indicator might not be satisfied.

6 Conclusions

In this paper we have shown that it is possible to formalise a significant piece of medical
knowledge to such an extent that it can be used as the basis for formal verification, and
that this verification is indeed possible. We have fully formalised a real-world medical
protocol in a two-stage formalisation process. Then, we have used a theorem prover



to systematically analyse whether the formalisation complies with certain (medically
relevant) protocol properties.

The most important contribution of our effort is showing that it is possible to for-
mally analyse medical protocols. If a protocol is developed with certain goals in mind
(e.g. intentions or indicators), verification can serve to check whether the protocol actu-
ally complies with them. Even if this is not the case, the verification attempts can be of
help in obtaining counter examples and/or assumptions, which can be eventually used
to improve the original document.

Obviously, this achievement comes at a price: a significant amount of work has been
necessary for such an effort. Although we are not in a position to make strong quanti-
tative statements, the formalisation and verification exercise reported in this paper has
taken over a person-year to complete. However, this has been our first attempt in the
direction of verifying medical protocols with mathematical rigour. We expect that the
necessary effort should decrease in the future, e.g. with a more direct KIV support for
Asbru protocols. Furthermore, we would argue that the improvement of the quality of
medical practice protocols is worth additional effort.
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