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Abstract. Medical guidelines and protocols are documents aimed abwinm the
quality of medical care by offering support in medical darismaking in the form
of management recommendations based on scientific evidévivereas medical
guidelines are intended for nation-wide use, and thus oreilical management
details that may differ among hospitals, medical protoeoésaimed at local use,
e.g., within hospitals, and, therefore, include more tedainformation. Although
a medical guideline and an associated protocol concerhiegrianagement of a
particular disorder are related to each other, one quesstimwhat extent they are
different. Formal methods are applied to shed light on $8sié. A Dutch medical
guideline regarding the treatment of breast cancer, andtehOurotocol based on
it, are taken as an example.
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Introduction

Medical management is increasingly based on recommemgdtiom the medical sci-
entific community, summarised in medical guidelines andquals. Medical guidelines
are systematically developed, structured documentsagong conclusions and recom-
mendations, based on scientific evidence [6]. These docisraemcalle@dvidence-based
guidelines Medical protocols are local adaptations of medical gurs.

The goal of the work described here is to better understamdifferences and sim-
ilarities between guidelines and protocols. First, insighobtained into the relation of
a medical guideline and protocol concerning the medicalagament of one particular
disorder, breast cancer. Based on the results of this asalyeshave carried out a formal
analysis of parts of both the guideline and the protocol feabt cancer treatment, which
provides a rigorous method for finding such differencessThdone by looking at both
medical protocols and guidelines as defining (logical) tairsts on the medical man-
agement of patients performed in practice. This approachinspired by a statement
by Wiersma and Burgers that “recommendations in guidehesild not only be based
on evidence extracted from scientific literature, but talte account the context of daily
medical practice as well” [17]. In effect, this makes the pamison between guidelines
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and protocols more realistic. In principle this approachild@llow one to discover flaws
or suboptimal management actions in the medical manageimgmactice, assuming
that a given protocol and guideline are correct, or to fin@inect or suboptimal medical
management decisions in a protocol or guideline, assurhatdiie medical management
in practice is correct and optimal. In the research desdiiibéhis chapter we investigate
whether this is possible using a combination of informal Borchal, in particular model
checking, methods.

1. Medical Guidelines and Protocols

A medical guideline is an extensive document, developed Wwprking group involv-
ing professionals involved in the management of the disozdeered by the guideline.
By definition, a protocol is seen as a local version of a guidelmeant to be useful
as a guide for daily clinical care. Hence, basically, a ma&dicotocol is a summary of
the most important sections that are in the guideline, mestommendations, supple-
mented with hospital-specific details concerning the tneait. This implies that many
sections in a protocol may be very similar to related sestiora guideline. However,
there may also be differences, partly due to differencepinion between the guideline
designers and protocol designers, and partly due to therdifte in purpose of a guide-
line and protocol. The guideline that we have used in thidysisithe 2004 version of the
Dutch CBO guideline on the treatment of breast cancer. Ta®pol that we have used
is the protocol of the Dutch Integral Cancer Centre East (iKOutch), which is based
on the CBO guideline. To understand the differences betvoeeast cancer treatment
in the guideline and the protocol, we briefly review the restian informal analysis of
cases where the recommendations of the guideline and platiffers.

Most of the differences between the CBO guideline and the pK&@ocol that were
found are due to the fact that the protocol is more specifin tha guideline. Such dif-
ferences are also referred to as ‘cookbook’ differencecatihg that the difference im-
plies an insignificant refinement compared to the guidekoeexample, in the protocol,
an ultrasound axilla is suggested as default action duhiegéntinel node procedure to
assess the stage of the disease, whereas the guidelineatqa®vide such a default.
Similarly, a protocol may choose a particular order betwiarventions to improve the
efficiency of the health care process, whereas a guidelias dot recommend any.

There are few real differences (i.e., differences that oaha described in terms of
a refinement) between the protocol and the guideline. The megison for this is that
this particular protocol is heavily based on the guideling the developers are involved
in both the guideline and the protocol. As a consequenceitence used is the same
in both cases, and therefore the recommendations are weitgisiAn example of such a
real difference is the case when tumour cells are isolatétkisentinel node. According
to the guideline, axillary treatment can be omitted, in casttto the IKO protocol where
additional axillary treatment is recommended in any cakés difference is a significant
change in advise and, assuming a closed world assumptidreanterventions that may
be performed, can be seen as a contradiction. However, itheargued that the evi-
dence underlying the guideline advice was based on retrtigpstudies and is therefore
uncertain.



2. Medical Management in Breast Cancer

First, we give an informal description on the medical mamaget as stated in the CBO
guideline (and IKO protocol) that deals with locoregionaletment of operable breast
cancer, i.e., T1-2 NO-1 MO breast cancer according to the TNiglsification system [8].
Thereafter, we discuss temporal logic as a means for fosinglithe medical manage-
ment of breast cancer.

2.1. Informal Description of Medical Management

According to the CBO guideline there are only two optionslémal treatment of oper-
able invasive breast cancer: breast-conserving thera@y (Br modified radical mas-
tectomy (MRM). BCT implies ample local excision of the tunnoan axillary staging
procedure, and radiotherapy of the breast. MRM involvegal tesection of the breast
(mastectomy) and dissection of the axillary nodes (ANDe &m of BCT is to achieve a
survival rate comparable to MRM with an optimal cosmetiaiieis terms of the treated
breast. BCT is usually the preferred treatment unless thieridnas a clear preference
for MRM and there are no contra indications for BCT, i.e.réhis no (1) multicentricity
(two or more tumour foci in different quadrants), or (2) dg& malignant microcalcifi-
cations, or (3) previous radiotherapy of the breast. Anotbatra indication for BCT is
obtainedduringsurgery: (4) the margins of the local excision remain turroasitive af-
ter repeated local excision attempts. In this case, locasmn attempts are unsuccessful
in removing the primary tumour and treatment thereforecveis to MRM.

Treatment of the axillary nodes is also part of the treatnoéibreast cancer as the
pathologic assessment of axillary lymph nodes remains thst important prognostic
variable for the invasive breast cancer patient. An optiasaessment would be achiev-
able by means of a complete axillary node dissection (AN@welver, AND may lead
to morbidity, e.g., pain, limited shoulder movement. Aregtative for axillary staging
is the sentinel node procedure (SNP), which only disseetsémtinel nodes, i.e., those
nodes that drain the area of the breast where the primaryuuiméocated and thus are
most likely to contain metastasis. The SNP is currently thadard procedure for axil-
lary staging in breast cancer provided that there are na@éndications, where contra-
indications of SNP are defined as (1) suspected/proven naaliy in the axillary nodes,
(2) tumour> T2, (3) multiple tumour foci, and (4) potentially disruptisehph drainage
due to recent axillary surgery or a large biopsy cavity feitog tumour excision.

When the SNP is not possible, complete axillary node digseshould be carried
out. Furthermore, treatment of the axilla is indicated. (idéssection, radiotherapy) for
all forms of lymph node metastasis.

2.2. Temporal Logic Representation

The CBO guideline can be interpreted as (temporal) comssran medical management.
It has been shown in [10] that the step-wise, possibly itezaexecution of a guideline

can be described precisely by means of temporal logic. Tgie that we use here for

specifying properties of medical guidelines is a comboratf Computation Tree Logic

(CTL) [3,4] and Linear Temporal Logic (LTL) [13].

2Here, the CBO guideline differs from the IKO protocol as ithes an exception for isolated tumour cells.



CTL uses atomic propositions and Boolean connectives, (&,§., A) to build up
more complicated expressions for describing propertistadés. Furthermore, CTL for-
mulas can be composed péth quantifiersandtemporal operatorgor describing prop-
erties ofcomputation treed.e., all paths that are possible from a certain state. Eitle p
quantifiersA andE specify that all of the paths or some of the paths startingsaeaific
state have some property. The temporal operators desadpenies of a path through
the tree. The four temporal operators XreG, F, andU, whereXy is true if ¢ holds in
the next stateGy if ¢ holds in the current and in all future statés; if » holds in some
state in the future (or is true in the current state), @bl if ¢ holds untily) holds.

LTL provides operators for describing events along a singleputation path. Each
formula is of the formA f, wheref is a path formula, which is either an atomic propo-
sition or inductively defined asf, f vV g, f A g, Xf, Ff, Gf, or fRg with f, g path
formulas.

The language we use for atomic propositions consists ofcakdctions Actions),
medical plans Plans), and data structure$ata):

Actions : {tumour-excisionmastectomyAND, SNP}
Plans : {TREATMENT,BCT, MRM, AXILLA-STAGING }
Data:  {CI-BCT, CI-SN, TF, SN, ITC}

wherecI-BCT,CI-SN € {T, .1} denote the contra indications for BCT and SN, re-
spectively,sN € {unknown,neg, pos} denotes whether there is a metastasis found in
the lymph nodes after performing the SN procedurec {unknown, T, L} denotes
whether the resection margins are tumour free,laode {T, L} denotes whether there
are isolated tumour cells. In the formal analysis, we wilyaoncern ourselves with the
surgical part of the treatment and omit radiotherapy.

3. Formalisation of Medical Management

In this section, we give a constraint-based representafiafragment of the CBO guide-
line using the temporal logic representation discussetiernprevious section. Further-
more, we interpret the recommendations in the IKO protooal eepresent them in a
more or less executable model. The goal is to verify whetiemiodel of the protocol
complies with the recommendations of the CBO guidelinef ¢tinére are differences,
using a model checking approach [5].

3.1. Constraint-Based Representation of the Guideline

The final representation in temporal logic of the medical agment in the CBO guide-
line is shown in Figure 1.

Some constraints given by the guideline are not easily esjiske in temporal logic,
as they involve other modalities different from time, sushtee preference for BCT over
MRM and the preference for the SNP over axilla-dissectiagrsfaging the axilla. Other
assumptions regarding the patient data are implicit in thdeadine, e.g., the status of the
resection margins, i.e., whether they are tumour freég ¢r not (=TF), only becomes
known after excision of the tumour and the existence of ni@&sEN=p0s orsN=neq)
only becomes known after the SNP. Here we have chosen notn&idey these more
implicit constraints.



Constraintsrelated to control structure

(1) AG(TREATMENT — AF(BCT V MRM))

(2) AG(cI-BcT — —BCT)

(3) AG(BCT — AF(AXILLA-STAGING VvV MRM) A AF tumour-excisioi
(4) AG(MRM — AF AND A AF mastectomy
(
(
(

(5) AG(AXILLA-STAGING — AF (AND V SNP))
(6) AG(CI-SN — —SNP)
(7) AG(tumour-excision— ((TF= 1 — AF MRM) A (TF=T — AG -MRM))
(8) AG(SNP— (SN = pos A =ITC — AF AND))
(9) (G-MRM) — AG(sNP— AG(ITC — AG—AND))
(10)AG(TREATMENT — (CI-SN — AF AND))
Constraintsrelated to data
(11)(c1-BCT — AG CI-BCT) A (—CI-BCT — AG —CI-BCT)
(12) (c1-SsN — AG CI-SN) A (—=CI-SN — AG —CI-SN)

Figure 1. Constraint-based representation of the CBO guideline. B®Teast conserving treatment, MRM
= modified radical mastectomg,-BCT = contra indications for BCTSN = result of sentinel node procedure,
CI-SN = contra indications fosNP, tumour-excision = segmental tumour excision,= tumour free resection
margins, ITC = isolated tumour cells.

wait for BCT or MRM

filter: no contra-indications for BCT

wait for BCT surgery or MR

an  BCT surgery
manual activation -~ ">, _manual activation

tumour
excision

abort: margins not tumour free

wait for axillary staging and tumour excisi

wait for SN or dissection-of-axilla 2Xilary staging

filter: no contraindications for SN

SN procedure

abort: SN positive

Figure 2. Asbru interpretation of IKO protocol. Arrows represent segtial plans, dotted lines represent un-
ordered sub-plans

3.2. Asbru Representation of the IKO Protocol

Much research has already been devoted to the developmenmresentation languages
for medical guidelines. Most of them consider guidelinegs a®omposition of actions,

controlled by conditions. However, many languages are orohdl enough for the pur-

pose of our research as they often incorporate free-tertegies which do not have a
clear semantics. Exceptions to this are R&t®a[7] and Asbru [15]. Here we use As-
bru, because in previous research its semantics has beradipfecisely [1] and can be
translated automatically into SMV for model checking puses[2]°

Shttp://ww. ci s. ksu. edu/ sant os/ snv- doc/ [accessed January 2008]



The overall structure of the Asbru model is given in FigurdtZ.onsists of nine
plans ordered in a hierarchy. The top level plan ‘treatmeiilt’ start by selecting the
BCT plan, which may be rejected in case there are contraatidits against doing breast
conserving therapy. In that case, treatment will continitle &modified radical mastec-
tomy (MRM). In case BCT is successfully completed, the tresit also completes and
the MRM plan will not be started. The ‘BCT surgery’ plan catsiof axillary staging
and tumour excision, which are modelled as unordered ptsthe protocol does not
explicitly state an order. To allow for a specific orderingtloése two sub-plans we in-
clude a manual activation and assume that the activatidrbe/iperformed by a doctor
eventually. In case of BCT, the axillary staging starts waithinvestigation of the sentinel
nodes provided that there are no contra indications. In itéseejected or, because the
sentinel nodes are positive, the plan is aborted, and alaxidissection has to be per-
formed. Furthermore, it is possible that the excision abbeicause the margins are not
tumour free. Since BCT surgery waits for this sub-plan, et tase BCT surgery has to
be aborted and therefore it is mandatory to do a MRM. FinRIRM is defined as both a
dissection of the axilla and a mastectomy as defined by theqwb No particular order
between the two is given.

The formal semantics of the Asbru model in Figure 2 is basetherplan state
model described in [1], of which an SMV model was construetsitlg the method and
tool described in [2]. Most variables dealing with patieatalare initialised agnknown
and receive an indeterministic value in the second step tersare there is only one
root of the model. Furthermore, we assume that they do neigehduring the treatment.
The only variables that are initialised at a later stage lagestatus of the sentinel node,
which becomes known during the SNP and whether or not thedumargins that have
been resected are tumour free, which becomes known at thsiexof the tumour.
Furthermore, fairness constraints have been added toeetimtrthe manual activation
of both the axilla surgery and the tumour excision everyuadcurs. In other words, the
patient will not wait indefinitely for the treatments to gtar

Using the above formalisation, the IKO protocol can be vedifising the constraints
of the CBO guideline using standard model checking techegqtiowever, guidelines
and protocols are usually under-constrained, therebwalfpmany treatment paths not
occurring in medical practice. We therefore look at theus@n of medical management
in practice in the following section.

4. Comparison Using Background Knowledge

In this section, we use the textbook of Roses [14] to createeaige model of medical
management in practice. This model will be formalised intteaision tree, referred to
asbackground knowledgevhich will be used to select the part of the IKO protocol that
is consistent with [14] and then verify for only this seletpart whether it complies with
the constrained based representation of the CBO guideline.

4.1. Medical Management in Practice

According to [14], the sentinel node procedure (SNP) istatbbefore segmental exci-
sion (i.e., used in BCT) or mastectomy. The sentinel nodBis)&re then immediately



sent to the pathology lab, where they are examined durirgesyrlf the SNs are found
to be positive, axillary dissection can be completed dutiregprimary breast surgery in
one setting.

Furthermore, [14] differs from the CBO guideline and IKO foreol in the case of
recurrent tumour positive resection margins in the BCTtinemt. Whereas CBO and
IKO recommend to switch the treatment to MRM, which includedlary dissection,
[14] only recommends a mastectomy with axillary dissectiepending on sentinel node
histopathology.

TF BCT 1

tumour

G
Npos

TF BCT+AND | 3

tumour
T2 NOAMO — CI-BCTA — CI-SN 4

] MRM 5
CI-BCT

— CI-BCTA CI-SN

BCT+AND | 6
TF
tumour
excision

~TF

Figure 3. Background knowledge: possible treatment paths for surgkoperable invasive breast cancer.
CI-BCT = contra indications BCT, CI-SN = contra indicatioBslP, TF = tumour free resection margins, AND
= axillary node dissection.

Information from [14] can be represented in a decision tieshwn in Figure 3,
which deals with the ordering of medical actions treatingphimary tumour (BCT and
MRM) and the axilla (SNP and/or ANDY) Nodes represent medical actions or plans,
arcs represent constraints. A path from the root node tdf atete represents a treatment
path, which defines the order of medical actions when thetmings on the path are
satisfied. As mentioned above, the guideline recommends NMRpéth (2) instead of
mastectomy.

4.2. Comparing Medical Management with the IKO Protocol

Clearly, the medical management stated by the IKO protadekis precise than the med-
ical management performed in practice. Typically, one waKpect the medical man-
agement in the protocol to be under constrained when compatbe medical manage-
ment in practice. To verify this for the IKO protocol, we havensformed the 7 possi-
ble treatment paths in Figure 3 into a number of CTL propeirtshown below) and
verified whether these paths occur in the protocol.

(1) EX(—CI-BCT A =CI-SN A EF(SNPA SNP = neg A
EF(tumour-excisiom TF A AG(—mastectomy\ =AND))))

(2) EX(—CI-BCT A =CI-SN A EF(SNPA SNP = neg A
EF(tumour-excisiom —TF A EF(mastectomy A AG(—AND))))

4We abstract from isolated tumour cells.



With the SMV model checker we were able to verify that all gatxcept (2), can occur
in the IKO protocol. Path (2) does not hold in the IKO protobetause it recommends
a MRM whereas [14] recommends a mastectomy, i.e., axill@sedtion is included in
the medical management according to the protocol, but ragrding to [14]. Whether
the protocol or the textbook is incomplete or incorrect stidne discussed with medical
experts.

4.3. Selective Comparison of Guideline Constraints andd@al

Clearly medical managementis much less precisely defint@i@BO guideline and the
IKO protocol than in the medical textbook of Roses [14]. Hereny model that is only
based on a written document of a guideline or protocol withbe inclusion of back-
ground knowledge, will include many paths in which mediaalans are unrealistically
ordered. Many rightful properties of medical management tharefore not hold for the
model constructed. Either one can choose to improve the nsadha that it adheres to
medical practice (but not to the guideline document), or careselect only those paths
in the model that also occur in medical practice for whicmthiee property needs to be
proven.

One approach to accomplish this is by including assertionise model of the pro-
tocol or guideline. Assertions are statements that shoolldiih every execution path of
the protocol, which, in SMV, are written down in the form ofi¢iar time logic (LTL)
properties. This makes it possible to state propertiestaheuelation of medical actions
in time. In order to do this, the background knowledge foiseal in terms of a deci-
sion tree, needs to be interpreted in terms of such LTL dessrtHere, we consider the
following LTL assertions.

—CI-BCT A —CI-SN) < F SNP

F sNP) — ((—tumour-excisiord SNP) A F tumour-excision

(F SNP) A SNP= neg A (F TF)) — G(—mastectomy\ —AND)

(F SNP) A SNP= neg A (F =TF)) — ((F mastectomy A (G —AND))
(F SNP) A SNP= pos A (F TF)) — ((F AND) A (G -MRM))

(F sNP) A SNP= pos A (F =TF)) — F MRM

CI-BCT — ((G —tumour-excision A (F MRM)))

—CI-BCT A CI-SN) — F tumour-excision

—CI-BCT A CI-SN A (FTF)) — ((F AND) A (G =MRM))

—CI-BCT A CI-SN A (F =TF)) — F MRM
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Assertions (1) and (2) deal with the use of sentinel nodegmore and the order between
this and the excision of the tumour. Assertions (3) to (6)@mecerned with paths (1)
to (4). Assertion (7) deals with path (5). Finally asser$idd) and (9) deal with path (6)
and (7). However, we have seen in the previous section thaw{ch corresponds to
path (2), is not coherent with the model (i.e., from (4) itdals the antecedent of (4) is
false), so in this form it is not usable. We could therefotbesi adapt the assertions so
that it corresponds to the guideline or omit it. Here, we hawdtted it.
Verifying the guideline constraints with SMV on the Asbru deb of the IKO pro-

tocol using these assertions, shows that, indicating &reifice between protocol and
guideline with respect to medical management in practittotgh, in this case the dif-



ference between protocol and guideline is clear and cosll ladve more easily been
found through an informal analysis, this is largely becatigeprotocol and guideline
have a very similar structure and their recommendationalanest identical. However,
the approach taken is independent of the underlying streictiithe protocol and guide-
line. Therefore, this case study shows that formal tectesqran be used to compare
guideline and protocol independent of their underlyingutoent structure.

5. Discussion

The aim of this work was to obtain insight into the differesead similarities between
guidelines and protocols, based on the assumption thaiquistshould be looked upon
as local modifications of guidelines. As a guideline is atstgrpoint for drafting a pro-
tocol concerning the same topic, the development of a pobtzased on a guideline can
been seen as a transformation process. In this work, we hdydeen able to find end
point protocols; as a consequence, the transformatiorepsaould only be described as
consisting of a single step. In reality, it may be a more tteegprocess to design a pro-
tocol on the basis of an available guideline. This view orhlantidelines and protocols
raises a number of issues currently not addressed in literat

First, guidelines are typically under-constrained thgm@initting many details about
treatment order. Our work contrasts on this point with [I8]éxample, in which guide-
lines are more viewed as programs, but in which no executidhspare excluded that
are illogical for medical management in practice. Cleatiditional medical background
knowledge is needed to supplement the knowledge in the fjueddocument as was
already acknowledged in previous work [9]. Whereas in pmesiwork we incorporated
background knowledge into the model, here we have used baokd knowledge to
restrain the number of possible execution paths.

Second, researchers have focused on the verification ofiidéygof medical guide-
lines. However, verification of guidelines still takes adbeffort. By using formal meth-
ods to find differences between a protocol and a guidelineconld reuse verification
results of the guideline for the protocol and only focus oosth parts that are differ-
ent. Current work on verification of guidelines only consglguidelines to be solitary
objects. No reference is made to verifying adaptations afaines.

Third, locating differences between guidelines and praiois a novel topic, which
has previously only been looked at from an informal anglg.[TBe formal techniques
used in our research extends previous work on model checketdjcal guidelines [2]
and complements the techniques used in earlier work ontgealkecking medical guide-
lines [16,9]. The authors of [11] also investigate guideiprotocol relationships using
model checking, but take a different approach as they vieidedines and protocols as
programs rather than constraints on medical management.

One of the questions that emerged in the course of the rdseas whether the
guideline or protocol ought to be adopted as the gold staihfdaicomparison. Based on
insights obtained by consulting literature on guidelineedepment, we decided to take
neither the guideline nor the protocol as the gold standardmedical management in
practice up to the point where it is consistent with the glingeand/or protocol. Using
model-checking as principal tool, the guideline and protawow seen as defining logical
constraints to medical management, were compared to aiaediee describing the



medical management. Some of the outcomes of this reseastbaabts on the content
of both guideline and protocol, in the sense that at leastessant of explanation is
needed in order to understand why there are differenceskettihe decision tree, on the
one hand, and the guideline and protocol, on the other haadhélieve that these results
give a promising starting point for further investigatimhgtrelations between guidelines,
protocols, and medical management in practice.
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