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Verification of Medical Guidelines with KIV

Michael Balser and Jonathan Schmitt and Wolfgang Reif!

Abstract. Medical guidelines are useful to standardize
health care. As thousands of patients are treated according
to these guidelines, the quality of guidelines is an important
issue. In this paper, we present the first tool which directly
supports interactive verification of medical guidelines.?

1 Introduction

There is a tendency in the medical domain to standardize
health care. This is because the amount of medical studies
conducted per year has long passed a point, where every doc-
tor can keep track of all results and also judge their quality.
Guidelines represent a summary of the best evidence concern-
ing the interventions to manage a particular clinical condition.
As thousands of patients are treated according to these guide-
lines, the quality of guidelines is an important issue.

Up to now, medical guidelines are informal documents. An
informal text possibly contains inconsistencies and is often in-
complete. Guideline development groups employ the AGREE
instrument to ensure the quality of the guideline development
process. Our goal is to provide instruments to improve the
quality of the contents of a guideline. In a first step, we model
the guideline in a formal language. Already, the modeling pro-
cess points to errors in the informal guideline. In a second
step, we formally verify properties of the guideline to validate
the formal model and to further improve the quality of the
original guideline. Formal verification of properties requires
sophisticated tool support in practice.

In this paper, we present the first tool which supports in-
teractive wverification of medical guidelines. We have added
proof support for guidelines modeled in the Asbru language
to the KIV theorem prover [4]. Challenges which have been
solved are as follows. (I) Instead of encoding Asbru medical
guidelines in a different formalism already supported in the
theorem prover, we have defined the Asbru semantics in KIV.
Asbru plans translate almost one-to-one to the interactive the-
orem prover. (II) The intuitive strategy of symbolic execution
as proof method has been carried over to reasoning in Asbru.
As a consequence, proofs are straightforward and can be auto-
mated to a large extend. This is important for verification in
practice.

A number of languages exist to model medical guidelines.
Asbru [7], EON [8], GLIF [9], GUIDE [11], PRODIGY [10],
and PROforma [6]. We have chosen Asbru, because Asbru al-
lows for complex timing conditions and because a formal se-
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mantics has been defined [2]. As an alternative to interactive
verification, automatic techniques, especially model checking,
can be used to analyze medical guidelines. We have already
utilized model checking for the verification of guidelines in [5].
Interactive verification complements the use of model check-
ing to also verify large and complex medical guidelines.

2 Medical Guidelines in KIV
2.1 Asbru modeling language
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Figure 1. Plan state model of a single Asbru plan

Asbru [7] is a plan oriented language. Several plans are or-
ganized in a hierarchy of plans. A plan can refer to a number
of sub plans in its plan body. Plan execution of a single Asbru
plan adheres to a so called plan state model, which is visu-
alized in Figure 1. Filter and setup conditions (F and S) are
used to control the applicability of a plan, abort and com-
plete conditions (A and C) are used to monitor execution. As
a specialty of Asbru, conditions can be monitored over time
according to so called time annotations. The sub plans in the
plan body can be organized using different body types (e.g.,
sequential, any-order, or parallel). The current state of a plan
— especially if a plan has been rejected, aborted, or completed
— is propagated according to the plan hierarchy to its super



and sub plans. If a plan is mandatory, it must be completed,
otherwise it may also be rejected or aborted. The semantics
of Asbru is formally defined in [2].
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Figure 2. Part of chapter 1 of 2002 version of Dutch breast

cancer guideline

Figure 2 shows part of the Asbru model of the (outdated)
2002 version of a Dutch breast cancer guideline. The top-level
Asbru plan sequentially executes diagnosis and treatment.
The different treatment options, breast-conserving therapy,
mastectomy, treatment of the axilla, and others, are executed
in any order. The different options are guarded by filter con-
ditions (not shown in Figure 2). The treatments are further
refined. Overall, the Asbru model of the first chapter consists
of about 30 plans.

2.2 Asbru in KIV

KIV [4] is a tool for formal systems development. It provides
strong proof support for all validation and verification tasks.
KIV can handle large scale formal models by efficient proof
techniques, multi-user support, and an ergonomic user inter-
face. The specification language of KIV is based on higher-
order algebraic specifications. Special support has recently
been added to verify concurrent systems in temporal logic
1] [3]

In order to verify medical guidelines in KIV, an algebraic
specification has been constructed for the Asbru language.
This specification formally defines the semantics of Asbru.
Based on this specification, an Asbru guideline can be di-
rectly translated to KIV. Figure 3 gives an example Asbru
plan in KIV. The equation defines plan breast-conserving-

asbru(bct)
= mk-asbru-def(
/* filter condition with default time annotation */
mk-aasbruc(
mk-acond(A pd. pd.patient-prefers-bct, default-ata),
false, false),
/* other conditions as default conditions */
setup_condition,
suspend_condition, resume_condition,
abort_condition, complete_condition,
/* sequential body, aborted sub plans are not retried */
sequential, false,
/* list of sub plans */
betl + mete + deis + [],
/* sub plans are optional, body waits for optional */
wait-for-n(0, []), false);

Figure 3. Example Asbru plan in KIV

therapy (bct). The plan is selectable, if patient-prefers-bcet
evaluates to true for a given patient data pd (filter condi-
tion). Other conditions are defined as default conditions. The
plan body contains three sub plans which are executed in se-
quential order. The sub plans are optional. We have taken
special care to define Asbru plans in KIV such that transla-
tion from Asbru to KIV is almost one-to-one. Translation is
fully automatic. The algebraic specification for Asbru defines
the formal semantics of functions mk-asbru-def, mk-aasbruc,
etc. More details can be found in [12].

Properties can be expressed in full first order (linear) tem-
poral logic. Proof support has been added based on symbolic
execution with induction: an Asbru guideline is executed step
by step and induction is applied if execution loops.

3 Example

Figure 4 displays the structured algebraic specification of the
first chapter of the Dutch breast cancer guideline in KIV.
Every node in the upper half of the graph defines one or more
Asbru plans. In the lower half, the data types, e.g., tumor
and diagnosis scale, are described. Standard data types such
as integers and lists are imported from a library. The sub tree
Asbru-Abstracted defines the semantics of the Asbru language.
An Asbru guideline defines a concurrent system, therefore
temporal logic is used to express properties. An example proof
obligation is shown in Figure 5. Initially, the Asbru plan mcte
is inactive and the consider signal has been received. The pro-
cedure inactive#(...) defines the system behavior for an in-
active Asbru plan. This procedure implements the plan state
model of Figure 1 and defines the system behavior as a re-
lation between unprimed and primed temporal variables. We
assume that the environment does not interfere with the in-
ternal state of plan mcte and all its sub plans. An environ-
ment assumption is expressed as a relation between primed
and double primed temporal variables. Our goal is to ver-
ify that always if mcte remains activated then the parameter
more-than-focal-tumour-involvement is false.



Figure 4. Development graph with specification of Breast Cancer guideline
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/* system configuration */

AS[mcte| = inactive, PC[mcte].consider,

/* system behaviour */

[inactive#(mcte, sk; Tick, PDH, AC, AS, PC,...)],

/* environment assumption */

0O (AS"[mcte] = AS'[mcte] A AS"[sp] = AS'[sp] A ...)
F /* property */

O ( AS'[mcte] = activated A ...

— = PDH[AC].more-than-focal-tumour-involvement)

Figure 5. Example proof obligation in KIV

In order to prove the property, the Asbru plan is executed
step by step. In the first state, plan mcte is inactive. Execu-
tion adheres to the plan state model of Figure 1. After the
first transition, plan mcte is considered. If the filter condition
F is satisfied, then the plan is possible in the next state, oth-
erwise it is rejected. If the plan is activated, the sub plans
are considered, and so on. Execution results in a proof tree
depicted on the right hand side of Figure 6. The final tree
represents all of the possible paths of execution. For infinite
execution paths, induction is used such that the overall proof
tree is always finite. During execution, the current state is dis-
played in the large area of the main proof window. In Fig. 6,
plan mcte is currently suspended while execution of the sub
plans have been completed. On the left hand side of the main
proof window, a list of applicable proof rules are displayed,
the most important rules being step to execute a system step
and induction rules to reason with loops. System execution is
automatic to a large extent, however, invariants for induction
must be manually provided.

In contrast to interpretation of Asbru guidelines, the proof
engine accepts symbolic values for the variables. For example,
the patient state can be described with arbitrary first order
formulas. Thus, proofs can be constructed for arbitrary pa-
tient input. KIV offers strong support for reasoning in first
order logic. Details on verifying Asbru in KIV can be found
in [12].

4 Conclusion

In KIV, we have implemented support for the verification
of medical guidelines modeled in Asbru. The proof support
is based on an intuitive proof strategy: symbolic execution
with induction. The proof method is automated to a large
extent. The guidelines are executed step by step and induc-
tion is used to reason about loops. Large guidelines can be
verified including complex data types and time annotations.
This complements the use of model checking to easily verify
simple properties of smaller guidelines with state-finite data
types.

The implementation has been evaluated in several case
studies: a guideline from the American Academy of Pediatrics
for the treatment of jaundiced newborns, a Dutch general
practitioners guidelines for diabetes mellitus type II, and a
Dutch guideline for the treatment of breast cancer. With KIV,
we have found a number of errors in the Asbru models, in the

formal semantics of Asbru, and in the KIV implementation.
We are currently working on a modular approach based on
assumption guarantee reasoning.

A detailed comparison of model checking and interactive
verification of medical guidelines remains for future investiga-
tion.
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