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Abstract

Aclinical practice guideline consists of the best practices required for managing a particular disease. Designing a consistent guide-
line is difficult and error-prone; hence, checking the consistency of guidelines is crucial. Due to the complexity of guidelines, a
formal language is an appropriate choice for modeling and analyzing a guideline. IMPNL has been introduced as a metric interval-
based temporal logic to model such guidelines. Moreover, a sound and complete tableau-based algorithm has been designed for
checking the satisfiability of an IMPNL formula. In this paper, we introduced a clinical practice guideline analyzer suitable for mod-
eling and checking the consistency of a guideline. The analyzer can also determine points, in which inconsistencies occur, and help
designers to quickly and easily fix a guideline. Moreover, physicians can use the output of the analyzer (the calendar model) to check
whether a patient is coherently treated with a specific guideline.
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1. Introduction

“A clinical practise guideline (CPG) is a set of rec-
ommendations or rules developed in some systematic
way in order to help professionals and patients during
the decision-making process concerning an appropriate
health-care pathway, by means of opportune diagnosis and
therapy choices, on specific health problems or clinical
conditions” (1). CPGs are designed by specialists to be used
by all clinicians in a country or all over the world. A CPG is
considered as a standard for the diagnosis and treatment
of a disease. Therefore, the logical consistency of a guide-
line is crucial, and designers must ensure the consistency
of a guideline prior to use by clinicians.

Usually, a CPG is written in a natural language. Since
CPGs are complex, designing them is a difficult and error-
prone task and may have some ambiguity due to the na-
ture of a natural language. As a result, having an appropri-
ate formal language to model and analyze CPGs helps clin-
icians to reduce errors and resolve ambiguity issues. More-
over, designers can use some tools developed for the lan-
guage to easily model a guideline and checkits logical con-
sistency with no trouble.

There are different formalizations and tools with dif-
ferent functionalities [e.g., Absru (2, 3), PROforma (2, 3),

EON (4), GLIF (2, 3), g-HMSC (5), Little-JIL (6)]. While some
of these languages are considered as general-purpose pro-
cessmodeling languages, e.g. PROforma, Little-JIL, g-HMSC,
some other languages are particularly designed to model
clinical guidelines (EON and GLIF). Generally, these lan-
guages are designed to reduce potential errors occurring
in the process of delivering the treatment to a patient, and
also to make it easier for clinicians to use guidelines for the
diagnosis or treatment of a disease (2). In the next section,
we briefly review these formalisms.

As it was explained in previous study (2), since a CPG
is a time-oriented process that consists of treatment steps
and/or diagnostic steps, which are performed in a tempo-
ral setting, a temporal logic can be used to model the CPG
and support the (semi) automatic analysis. Moreover, be-
cause the domain of medicine is inherently interval-based
in the sense that most activities are described as being per-
formed in an interval, e.g. taking ibuprofen for 2 days, an
interval-based temporal logic is a suitable choice to model
a guideline. Furthermore, duration of most medical activ-
ities is known and must be specified in a CPG; hence, the
desired formalism should be a metric one (3).

In previous studies (2, 3), we introduced a metric
interval-based temporal logic called IMPNL. Moreover, we
proposed a tableau-based algorithm for the satisfiability
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checking of an IMPNL formula. We indicated that the algo-
rithm was sound and complete and that the complexity of
the algorithm was in PSpace. We also explained that how
IMPNL could be used to model a CPG and check its consis-
tency.

In this paper, we introduced a clinical practice guide-
line analyzer. The newly introduced tool uses IMNPL to
model a CPG and checks its consistency based on the pro-
posed algorithm for satisfiability checking of an IMPNL
formula. Notably, a CPG is consistent if a corresponding
IMPNL formula is satisfiable.

The rest of the paper is organized as follows: In sec-
tion 2, the existing formalisms for modeling clinical guide-
lines are reviewed. In section 3, the syntax and semantics
of IMPNL are discussed, and a CPG analyzer is presented. Fi-
nally, the last section concludes the work and recommends
future studies.

2. Background

In this section, we briefly considered the following lan-
guages which are used to model clinical guidelines. In pre-
vious study (2), we compared some of these formalisms.

Arden Syntax (4, 7) is a rule-based language aimed to
be considered as a standard for representation of processes
and sharing of medical knowledge; however, it is not able
tomodel complex guidelines(7), e.g. treatment guidelines.
In Arden Syntax, a medical logic can be encoded as inde-
pendent rules, such as reminders and alerts (8). Two tools,
i.e. Medical Logic Module Library and the MLM (Medical
Logic Module) syntax checker, have been developed for this
language.

EON (4, 9) is particularly designed to model medical
guidelines. In this language, a complex clinical guideline
ismodeled as a “network of tasks”,and each task consists of
some steps with a specific function or goal (6, 8). This lan-
guage is powerful enough to model domain ontologies (6).
The Protégé-2000 knowledge engineering environment is
used for encoding EON guidelines.

Glare (10, 11) is a domain-independent system for ac-
quiring, representing, and executing medical guidelines
(12). An informal state-based semantics is defined for this
language; however, it can be automatically translated to
the input language of SPIN (6). Some tools have been de-
veloped for the language with the purpose of acquisition
and execution of guidelines (13).

PROforma (6, 9) is a general-purpose process model-
ing language, and is also a task-based formalism that can
model clinical processes as a collection of plans, decisions,
enquires, and actions (14). PROforma contains expressive
constructs for describing uncertainty aspects of a guide-
line. Different tools [e.g., Arezzo®, Performer, Tallis (14)]

have been developed for the language to model various
processes in different domains.

Little-JIL (6), as a general-purpose process modeling
language, models clinical guidelines in form of a collec-
tion of tasks and supports hierarchical decomposition, de-
cisions, goals, concurrency, and exception handling (6).
One of the main advantages of the language is its exception
handling mechanism, through which it separates normal
flow from exceptional flow. Little-]JIL provides various con-
tinuation options after handling an exception (6). It can be
automatically translated to the input language of formal
verifiers (6), FLAVERS (5), and SPIN (15). Therefore, it is possi-
ble to determine whether certain goals or properties are al-
ways satisfied on all possible execution paths through the
process definition. In terms of support for timing issues,
Little-JILisnotas strong as EON, or PROforma (6). Moreover,
it has not enough manuals and documentation (16).

Asbru is a time-oriented (17), text-based, machine-
readable (18), and general-purpose process modeling lan-
guage. Similar to EON, the language can model complex
clinical guidelines as a “network of tasks”, and each task
may consist of some steps with a specific function or goal
(8). Asbru can be automatically translated to an internal
representation used by the SMV model checker (6,19), and
KIV (8,20). AsbruView is a tool providing visualization and
understanding of Asbru guidelines. Moreover, Asbru Inter-
preter is an execution engine for clinical guidelines mod-
eled in Asbru (21).

G-HMSC (5, 22) is a formalism, in which a simple
flowchart is drawn to model multi-agent processes involv-
ing decisions (5). There are some tools performing various
analyses, e.g. model checking, state invariant generation,
guard analysis, verification of non-functional process re-
quirements, verification of task preconditions, and detec-
tion of inadequate decisions, on processes modeled by g-
HMSC (5, 22). Hommersom et al. (23) proposed a restricted
version of a point-based temporal language to formalize a
guideline. They translated the language to a simple frag-
ment of first-order logic and used OTTOR as a resolution-
based theorem prover as well as MACE-2 as a program to
search small finite models in first-order logic to assess the
quality of guidelines by checking whether or not a prop-
erty holds.

While some tools with reasoning facilities have been
provided to find and fix some guideline errors (e.g., incon-
sistent precondition of an activity), none of them can auto-
matically check the satisfiability of a guideline. Therefore,
the main difference between these languages and our tool
is the ability to automatically and easily check the satisfia-
bility of a guideline.
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3. Methods and Discussion

At first, we described a metric interval-based language
called IMPNL and then we introduced the CPG analyzer.

3.1. IMPNL - A Metric Interval-Based Temporal Logic

The language of IMPNL consists of a set, AP, of propo-
sitional variables, logical operators, atomic negation (—), or
(V), and and (A\), and temporal operators, ¢, and ¢y, corre-
sponding to Allen’s relations meet and its inverse, met-by.
This logic has two constants T (True)and _L (False), defined
as usual.

The formulas, denoted by ¢, v, ..., are recursively de-
fined using BNF (Backus Naur Form), where py is a propo-
sitional variable. Notably, the subscript of an atomic for-
mula denotes the length of the interval, on which it should
be evaluated. However, the subscript of a non-atomic for-
mula denotes an index, and is used to distinguish the for-
mula from other formulas.

=P 7Pk | T [-Lic 1V 3 [ty At [orplorth where k
€EN

In IMPNL, a user must specify the length of an interval
as a subscript of a propositional variable. Therefore, it is
not possible to have a propositional variable as an atomic
formula without specifying the length.

The semantics of IMPNL is based on a 3-tuple structure

M = (D, I(D), V), where the pair (D, (D)) is a strict inter-
val structure and V: (DY — 2" is a valuation function that
assigns to every interval a set of propositional variables
which are true on that interval. A satisfaction relation is de-
fined as follows:
It is stated that a formula ¢ is satisfiable if there exists a
structure M and an interval [co, ¢] s.t. M, [co, ¢] E 2.
Moreover, it is easy to show that M, [i, j] E o, (¢ V 1) if
and only if M, [1, j] F o791 V o200, (z € {1, 1}),and if M, [, j] E
<>Z(¢1 A w2)7 then Mv [ivj] F <>Zwl A <>Z¢2(Z € {1‘, l})

Notably, in IMPNL, only an atomic formula can be
negated and there is no negation for a complex formula. In
addition, the length of each atomic formula must be spec-
ified. Finally, IMPNL has a homogeneity assumption, i.e. if
a formula is true (false) on an interval, it is true (false) in
every subinterval of that interval.

3.2. CPG Analyzer

In this section, we presented our tool which uses
IMPNL to model a CPG and checks its satisfiability and con-
sistency using the tableau-based satisfiability checking al-
gorithm for IMPNL formulas.

Mod Care J. 2020;17(1):98204.

Our analyzer has different modules. One module is re-
sponsible for processing IMPNL and constructing the cor-
responding tableau tree. This module is implemented us-
ing NodeJS and C++. The client part of the analyzer, respon-
sible for inputting formula and showing the correspond-
ing tableau tree along with calendar and other provided
information, is a web-based application.

As we already mentioned earlier, manual checking of
satisfiability of a CPG is difficult, time-consuming, and
error-prone. Sometimes, we need a loop in a guideline [See
section 6.1 of Yousef Sanati study (2)]. To analyze such a
loop, we should expand the formula and apply the algo-
rithm on the expanded version. This needs hard work and
is impossible to be performed manually. Moreover, it is
crucial to detect points where inconsistencies occur. Our
tool deals with all these problems. Here, we modeled a
real-life guideline using our tool and showed that the CPG
was consistent. Further, we described a situation, in which
inconsistency points occurred. Finally, it is important to
note that we developed the analyzer based on formal soft-
ware engineering guidelines to have a user-friendly soft-
ware. For example, a wizard helps clinicians to enter the
formula and analyze it. Moreover, the analyzer’s interface
is straightforward and makes sense for the majority of clin-
icians. In addition, the analyzer results are visualized (e.g.,
in the format of a tree or calendar) for clinicians and thus
are more understandable.

3.3. HIV/AIDS Guideline Analysis

In this section, we modeled a real-life guideline for the
diagnosis and treatment of HIV/AIDS from previous study
(2). Due to the lack of space, we briefly described the guide-
line and refer the reader to Yousef Sanati study (2) for full
details.

Generally, HIV/AIDS has three major stages as follows:
acute infection (lasts 6 - 8 weeks), clinical latency (lasts 8 - 10
years),and AIDS (lasts 0-20 years). The diagnosis and treat-
ment processes of the disease are similar for any HIV/AIDS
patient in each of the stages. Figure 1 shows the entire pro-
cess of the HIV/AIDS clinical practice guideline.

As can be observed in Figure 1, blood-work should be
performed three times to ensure that the patient has an
HIV infection. Each blood-work and registration process
take 1 day and 4 days, respectively. Routinely, the blood
level, of CD4 (Cluster of Differentiation 4) of an infected pa-
tient should be investigated every 3 months. If the level is
fine and the patient has no sign of AIDS (e.g., Candidiasis
of bronchi), no medication is needed. However, if the level
is not acceptable, or there is at least one sign of AIDS, the
patient should take three medications every day. Further-
more, the patient should be visited by a physician every 30
days to ensure that he/she takes the right medications with
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BloodWork(Elisa Method) #1

Negative

Positive

Diagnosing

BloodWork(Elisa Method) #2

Negative No HIV/AIDS

and Positive

Preparation

BloodWork(WesternBlot Method)

Negative

Positive

Registration

Every 3 Months

CD4Check [+ (Renew) Medications] f—

Periodical After 30days
Monitoring §~
Visit and Renew Medications a
and [Only AIDS stage]| ::‘:
Treatment <

After 30days

Visit and Renew Medications
[Only AIDS stage]|

Figure 1. The HIV/AIDS CPG (2)

the right dosages. The prescriptions for the patient should
be also renewed. Here, we considered one combination of
medications, i.e. Kaletra, Tenofovir, and Lamivadin, from dif-
ferent possible combinations used for the treatment (2).

To enter a CPG formula, conventions in Figure 2 are
used. Here, gn can be any granularity including d (days),
mon (months), y (years), h (hours), min (minutes), and s
(seconds).

Figure 3 represents the analyzer syntax of the HIV/AIDS
CPG. After the analysis, the IMPNL syntax of the formula
and the result of the satisfiability of the CPG are shown in
Figures 4 and 5. As can be observed in the figure, the CPG
is satisfiable. This indicates that the guideline is consistent
and can be used for patients.

3.4. Concrete Model of the CPG

Another important feature of the analyzer is the ability
to generate a concrete model for a CPG in two forms as fol-
lows: tree model and calendar model. Whatever model is
desired, the start date and time should be provided by the
designer (Figure 5).

IMPNL Syntax Analyzer Syntax
Px [p.k gn]

Pk ![pk gn]

T [Tk gn]

1y [F.k gn]

¥, v, Rk
¥iAY, Y &Y,

o 4 >(¥)

O <)

Uty @[K](Y)

Figure 2. The input conventions

3.4.1. Tree Model

The tree model is constructed using the tableau-based
algorithm presented in previous studies (2, 3). Figure 6

Mod Care |. 2020;17(1):98204.
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Clinical Practice Guideline Analyzer

Step 1 Step 2 Step 3 Step 4
Enter a CPG Formula Check Your Formula Tree Expansion CPG Calendar

Enter a CPG Formula

( [WesternBlot, 1 d]
( [Registration, 4 d]

[T, ( <( =( [cD4check, 1 d]

¢ =C [T, 1 & ( <( >( ![HasAIDS, 1 h] | ( [Visit, 1 h]

( >( [TakeKaletra, 1 ( ![TakeAlfuzosin, d]
[TakeCisapride, ( ![TakeRifampin, 30 d]
[TakePimozide, 30 d] ( [TakeTenofovir, 1

[TakeLamivadin, 30.d]1 ) ) ) ) ) ) ) ) ) D)) )I)I)IIIIIIIII)D))D)))

Figure 3. The input interface

Q Cinkal Practice Guideine An: X+

€ > C O kcalhost:3000
Clinical Practice Guideline Analyzer
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e 3 PG Formuta ek Your Formuta Anaiyae Revst Tabless Tree & Calendar of G

Check The Formula

The CFG 15 shown as ad IMPNL formela ik on Confiem 1o analye the CFG of Ghck Back 16 o8t the CFG.

O(Elisaly,
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A Ov(Registrationy

A 0T

A Q10 (CDICheckyy

A 00 Toas

A QrO~HasAIDSy,

v (Visity,

A 00 (TakeKoletragy

A (~TakeAl fuzosingg

A (~TakeCisapridess,

A (~TakeRi fampinses

A (~Take Pimozidesas

A (TakeTeno fovirgy A TakeLamivadingy)))))))))))))

oo ==

Figure 4. The original formula in the IMPNL syntax

displays a part of the tree model of the HIV/AIDS CPG. As interval, on which the activity should be carried out.

can be observed in the figure, two branches exist. The

left branch represents the status, in which a patient is not 3.4.2. Calendar Model

in the AIDS stage of the disease whereas the right branch The main aim of the analyzer is to help CPG designers
demonstrates the treatment process in the AIDS stage. Ev-  to check the satisfiability of a CPG; however, a physician can
ery node in the tree contains the medical activity and the  also use the calendar model to check whether a patient is

Mod Care . 2020;17(1):98204.
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Figure 5. The result of satisfiability checking
© Cinkal Practice Gadelne A~ X +
€ 2 C @ locahost3000 % B2 @

PR
Reptemies Lnd 2001 80 44 o
Ocowher Zind 2090, 1 3444 pov

Figure 6. A part of the HIV/AID CPG tree model

coherently treated with the HIV/AIDS CPG (Figure 7).

Accordingly, this is a vital feature that increases the
safety of the patient and prevents many medical errors.

3.5. Inconsistency Point Detection

One of the important features of the tool is the ability
to help designers to easily find inconsistencies. They can
use this feature to determine and fix problems.

Generally, the two following types of inconsistencies

Mod Care ]. 2020;17(1):98204.
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Q Clokcal Pracice Gudelon A X 4
€ 2 C O locahost:3000

Calendar

Sep 15 - 21,2019

Sntey
Tpen 12000 o (W2t
Meedey
R T

Soptamber 17, 2070

Septamber 11, 2013

Septomier 19, 2000

September 20, 2070

September 21, 2000

Figure 7. A part of the calendar model

can be detected by the analyzer.

3.5.1. Medical Activity Duration Inconsistency

This type of inconsistency occurs when the duration of
a medical activity is not equal to the length interval, on
which the activity should be performed. As an example,
the formula [TakeKaletra, 100 d] and [TakeRifampin, 30 d]
is unsatisfiable, because [TakeKaletra, 100 d] and [TakeRi-
fampin, 30 d] are inconsistent. There should be an interval,
onwhich a patient should simultaneously take Kaletra and
Rifampin for the entire duration of the interval. This is im-
possible since Kaletra should be taken for 100 days whereas
Rifampin should be taken for 30 days.

3.5.2. Medical Activities Conflicts

During the analysis, there may be an interval, in which
two conflicting medical activities should be performed.
This problem must be detected and avoided by the de-
signer during CPG designing. Suppose that there is an in-
terval, on which Kaletra should be used and should not be
used. This is an inconsistency and must be fixed by chang-
ing the CPG formula.

In the tree model, inconsistent nodes are shown in red.
Adesigner can clickon ared node and observe a hint which
indicates why the medical activity corresponding to the
node is inconsistent. Moreover, if there is a conflicting
medical activity to this node, the node corresponding to
the activity turns black. In order to show this feature, we

Mod Care |. 2020;17(1):98204.

remove ![HasAIDS, 1 h] (in IMPNL ~HasAIDS1h) from the
formula and add ><(![TakeKaletra, 100 d]) (in IMPNL o; o
(~TakeKaletraiood)) to the end of it. Figure 8 illustrates in-
consistent nodes (red and black nodes).

4. Results and Conclusion

In this paper, we introduced a CPG analyzer based on
a tableau-based algorithm for satisfiability checking of a
metric interval-based temporal logic called IMPNL. At first,
we reviewed the syntax and semantics of a metric interval-
based temporal logic. Then, we presented the CPG ana-
lyzer. Designers can use the analyzer to model CPGs and
check whether CPGs are satisfiable. In other words, if there
are any inconsistent conditions in the guideline, the an-
alyzer can determine that the guideline is not satisfiable.
Moreover, the analyzer highlights points where inconsis-
tencies occur. Accordingly, this helps designers to find
and fix inconsistencies. Another important feature of the
analyzer is the ability to generate a concrete model for a
guideline. As a future work, we are going to develop an
enhanced CPG analyzer based on MITDL (Metric Interval-
based Temporal Description Logic), which is considered
as a metric interval-based temporal description logic lan-
guage. MITDL is a combination of IMPNL with the descrip-
tion logic ALC (Attributive Concept Language with Com-
plements). This logic is powerful enough to model both
dynamic (e.g., time constraints) and static (e.g., drug con-
traindications) aspects in the domain of medicine.
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Figure 8. Inconsistent medical activities
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