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4
S Y S T E M AT I C A N A LY S I S O F I N T E R A C T I O N T Y P E S
W I T H E VA L U AT I O N I N A R E A L I S T I C
M U LT I M O R B I D I T Y C A S E S T U D Y

All of science is nothing more
than the refinement of everyday
thinking.

Albert Einstein

Accounting for patients with multiple health conditions
is a complex task that requires analysing potential inter-
actions among recommendations meant to address each
condition. Although some approaches have been proposed
to address this issue, important features still require more
investigation, such as (re)usability and scalability. To this
end, this paper presents an approach that relies on reusable
rules for detecting interactions among recommendations
coming from various guidelines. It extends a previously
proposed knowledge representation model (TMR) to en-
hance the detection of interactions and it provides a sys-
tematic analysis of relevant interactions in the context of
multimorbidity. The approach is evaluated in a case study
on rehabilitation of breast cancer patients, developed in
collaboration with experts. The results are considered
promising to support the experts in this task.

This chapter is based on Zamborlini, V.; da Silveira, M.;
Pruski, C.; ten Teije, A.; van Harmelen, F. “Analyzing Inter-
actions on Combining Multiple Clinical Guidelines”. Artificial
Intelligence in Medicine journal 2017 (to appear)

reading clarification : What was referred before
as Transition, i.e. the possibility of a certain situation to
be transformed into another, is now divided into two con-
cepts: Causation Belief and Transition Type. The former ex-
presses the probability stated/believed by a source about a
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80 analysis of types of interactions and realistic case-study

certain Action Type causing a Transition Type, i.e. trans-
forming a Situation Type into another.

The distinction between the relations recommendsToPursue
and recommendsToAvoid is now expressed as a the (deontic)
strength of a recommendation (or norm) and can assume
several values (e.g. must or should-not) extending the ex-
pressiviness of the model.

4.1 introduction

Accounting for patients with multiple health conditions is an impor-
tant and complex task that requires analysing potential interactions
among recommendations meant to address each condition. The med-
ical community has signaled the need for methods to support health-
care professionals in dealing with multimorbidity [81]. On the med-
ical front, some methodologies have been proposed to support this
analysis [21, 62], but it remains a very knowledge intensive manual
task that falls short in scalability (combining more than two guide-
lines) without suitable computational support. On the medical infor-
matics front, existing Computer Interpretable Guideline (CIG) lan-
guages (e.g. Asbru, Proforma, etc.) also do not support this issue,
since they have been mainly designed for the purpose of executing a
CIG (as part of a treatment), and they have limited power to formally
express care actions [72]. Therefore, a family of approaches (e.g. [48,
58, 71, 105, 111]) has emerged that aims to enhance the reasoning ca-
pabilities of computer systems to combine clinical guidelines in order
to address the multimorbidity challenge.

In previous work [111], we investigated a number of related works.
Firstly, we categorized them according to the moment at which mul-
timorbidity is addressed: (i) before, (ii) during, (iii) after CIG execu-
tion, or (iv) during treatment execution. Accordingly, we positioned
our work into class (i). For this class, we highlight the following
important requirements that are not properly addressed: (1) rules
(re)usability: defining a small set of generic rules that can be applied
to detect several recommendation interactions independently of the
guideline or disease at hand – such an approach is preferable to hav-
ing a large quantity of manually modelled rules to cope with each
specific guideline; (2) scalability in number of guidelines: allowing the
combination of any number of CIGs, i.e. detecting interactions among
any number of recommendations – which is preferable to consider-
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ing only pairwise interactions; (3) knowledge reusability: allowing
the reuse of existing clinical knowledge (complementary to the CIG)
as well as providing reusable knowledge.

We started addressing the aforementioned features in our previ-
ous work [111, 113, 114]. [111] focuses on providing a conceptual
model covering core concepts underlying clinical recommendations,
in the form of the TMR (Transition-based Medical Recommendation)
model, and [114] extends this model in order to detect Interactions.
It provides reusable FOL (First Order Logic) rules to identify interac-
tions among recommendations when guidelines need to be combined
to deal with multimorbidity scenarios. In addition, the model and
rules are implemented using Semantic Web technologies and reusing
available clinical knowledge sources. In [113] we provided improve-
ments to the model together with reusable rules for exploring more
external medical sources available as Linked Open Data.

The overall goal of our research on multimorbidity is to investigate
how clinical knowledge can be formally represented to detect inter-
actions between recommendations so that the formal representations
of clinical guidelines and interaction rules are reusable and scalable
in the number of guidelines. To this end we adopt the methodology
of splitting the problem into smaller subproblems. This methodol-
ogy leads to an iterative process so that we can gradually increase
the complexity of the knowledge representation and evaluate the so-
lution in small steps. In the iteration step presented in this paper,
we address the following research questions: How can we refine the
TMR model to be more flexible and to represent more closely the
way clinical knowledge is produced and used in practice? How do
our TMR refinements affect the detection of interactions? Does the
approach stand up in a realistic case study developed with experts?

Therefore, the main contributions of this paper are: (i) an improved
version of the TMR model (Sect. 4.2.2); (ii) a systematic analysis of the
interaction types that can be detected with this model (Sect. 4.3.3);
(iii) formal rules that enable the automated detection of interactions,
including strengths of the interactions (Sect. 4.3.4); and (iv) an evalua-
tion in a realistic scenario in collaboration with domain experts from
VUmc and the Netherlands Cancer Institute (Sect. 4.4).

This paper is structured as follows: Section 4.2 introduces concepts
and relations related to guideline recommendations through a run-
ning example, and these concepts and relations are subsequently de-
fined and formalised. Then, in Sect. 4.2.3, the same running exam-
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ple is used to illustrate the interaction types, which are also further
defined, analysed and formalised. Section 4.4 evaluates the applica-
tion of our approach to a realistic case study developed in collabora-
tion with experts. Section 4.5 discusses related and future work and
presents conclusions.

4.2 guideline recommendations

This section first presents an intuitive description of concepts and re-
lations underlying clinical guidelines, then gives their formal defini-
tions and finally explains a graphical schema to help understanding
the cases studied in this paper.

4.2.1 Concepts and relations through a running example

This section discusses some concepts and relations underlying clini-
cal recommendations that play a role in the task of detecting interac-
tions. These concepts and relations will be incorporated into the TMR
model in Sect. 4.2.2. To illustrate our approach we provide a running
example on combining parts of three guidelines, namely Diabetes
(DB), Osteoarthritis (OA) and Hypertension (HT). This example is
inspired by a case study from the literature [48], but is intended for
illustration purposes only. See Sect. 4.4 for our work on a realistic
case study).

Table 4.1 describes some of the recommendations from the three
guidelines. For instance, consider the recommendation R4 for Hy-
pertension: ‘Administer thiazide’ should be performed because it often has
a positive contribution to the patients wellbeing by decreasing the blood
pressure (high confidence), although it often has a negative contribution by
increasing the blood sugar level (high confidence). In line with our iter-
ative research methodology, some information, such as dosage and
time have been simplified or omitted and will be addressed in fu-
ture work. On the other hand we make explicit, for means of formal
reasoning, other information that is often implicit in the guidelines,
such as the contribution of an effect to the overall goal. As a result,
the text describing the R4 may look more detailed than it would be
in a typical guideline.

In the given example (R4) we analyzed the (rephrased) text and
we identified the following components: a positive recommendation
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(should) about the execution of the care action type1 ‘administer thi-
azide’, justified by a causation belief on the promotion of the tran-

1 The need for distinguishing action and action types is discussed in [111]. However,
for sake of simplicity, hereafter we refer to both care action types and transition types
as simply care action and transition/effect.

Table 4.1: Recommendations in the running example
Diabetes Evid. Level

Adm. NSAID should be performed R1

because often positively contributes by decreasing high C1.1
Blood Coagulation from normal to low;

Adm. Tramadol should be performed R2

because often positively contributes by decreasing med. C2.1
Blood Coagulation from normal to low;

Adm. Insulin should be performed R3

because often positively contributes by decreasing high C3.1
Blood Sugar Level from high to normal;

Hypertension Evid. Level

Adm. Thiazide should be performed R4

because often positively contributes by decreasing high C4.1
Blood Pressure from high to normal;

although sometimes negatively contributes by increasing high C4.2
Blood Sugar Level from normal to high;

Osteoarthritis Evid. Level

Adm. Aspirin should NOT be performed R5

because often negatively contributes by increasing high C5.1
risk of Gastrointestinal Bleeding to high;

Adm. Ibuprofen should be performed R6

because often positively contributes by decreasing high C6.1
the Pain Level;
often neutrally contributes by decreasing high C6.2
Blood Coagulation from normal to low;

although sometimes neutrally contributes by increasing med. C6.3
Blood Pressure;

Extra Recommendations Evid. Level

Adm. PPI should be performed R7

because often positively contributes by decreasing high C7.1
high risk of Gastrointestinal Bleeding;

Adm. Clopidogrel should be performed R8

because often positively contributes by decreasing high C8.1
Blood Coagulation from normal to low;

although never negatively contributes by increasing low C8.2
Blood Pressure from normal to high;
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sition type ‘decreasing the blood pressure’ with a certain probability
(often). It has a high belief strength (evidence level), which means it
is supported by good medical evidence. Achieving this transition is
considered a positive contribution to the overall goal of the patient
wellbeing. Moreover, it is also acknowledged as a negative contribu-
tion (or side-effect) due to the causation belief that it increases the
blood sugar level with a high evidence level.

By empirically analysing guidelines, we observed that different
guidelines can have similar beliefs contributing to either positive or
negative transitions. For instance, ‘NSAID/Aspirin reduces the blood co-
agulation’ is seen as a positive contribution in the Diabetes and Stroke
Guidelines, while it is seen as a negative (side-effect) or neutral con-
tribution in the Osteoarthritis and Ulcer Guidelines. We assume that
each positive recommendation points to at least one causation with a
positive contribution, and similarly that each negative recommenda-
tion points to at least one causation with a negative contribution.

Another relevant feature that we observed in the guidelines is the
“negative causation”, or negated causation assertions. For example,
the Dutch Breast Cancer Guideline2 says: ‘Breast reconstruction is rec-
ommended for improving the breast aesthetics and it will NOT increase the
risk of cancer recurrence’. The negative causation ‘does NOT increase the
risk of cancer recurrence’ is considered as an additional contribution to
that recommendation. It is mainly stated as complementary informa-
tion to highlight the safety of certain recommendations with respect
to an effect. A similar example is provided in recommendation R8 in
Table 4.1: ‘Administer Clopidogrel should be performed because ... although
it never negatively contributes by increasing the blood pressure’. Observe
that this can be rephrased as ‘it does NOT increase the blood pressure’
(see also our further discussion in Sect. 4.2.2). Consequently, causa-
tion beliefs can be twofold: positive (i.e. it is believed that Clopidogrel
does cause decrease of blood coagulation) or negative (i.e. it is believed
that Clopidogrel does NOT cause increase of blood pressurel)3.

Finally, care action types can be organised in hierarchies accord-
ing to a ‘grouping criterion’, i.e. a feature that defines a certain action
type as a category for other types. For example, pharmacotherapy is
an action type (category) that groups (or subsumes) action types in
which pharmacological drugs are administered, i.e. administration of

2 http://www.oncoline.nl/uploaded/docs/mammacarcinoom/Dutch%20Breast%
20Cancer%20Guideline%202012.pdf

3 Notice that the negative causation is different from prevention. The formal definition
of the latter is outside the scope of this work.
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pharmacological drugs is the grouping criterion. Similarly, ‘adminis-
ter NSAID’ subsumes all action types involving the administration of
non-steroidal drugs that have an anti-inflammatory effect, i.e. a combina-
tion of two criteria. As an example, ‘administer Aspirin’ and ‘administer
Ibuprofen’ are both subsumed by the action type ‘administer NSAID’.

4.2.2 Representation model and formal definitions

The concepts and relations mentioned above are represented in the
TMR model, whose UML class-diagram is depicted in Fig. 4.1. The
classes depicted in gray shading were originally defined in [110, 111]
and are improved for this work. The new concepts and relations intro-
duced in this work are: (i) the hierarchy of action types (the subsumes
relation); (ii) the concept causation belief ; (iii) the attribute transition
derivative (i.e. the direction of change); (iv) the concept contribution
(to a Goal) and (v) the concept Trope Type. Trope is one of the names
adopted in the conceptual modelling literature to regard classes of
properties that characterizes object types (details in [30]). In this work,
trope is used to describe classes of properties affected by a transition
type and regarded by a situation type. Other concepts and attributes
were introduced in [113], such as ‘norms’ and ‘regulations’ that are
general classes of ‘recommendation’ and ‘clinical guideline’ respectively.

We will now give formal definitions of the aforementioned con-
cepts (we are considering them to be atomic, although some of them
can be composed). In the medical domain, most of the aforemen-

Figure 4.1: UML class diagram for an excerpt of TMR Models (gray shading
are original concepts)
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tioned features are usually described in a qualitative, rather than a
numerical way, which is closer to human thinking in many situations,
e.g. ‘decrease the risk of cancer recurrence to low’. This is crucial when
detailed values are not known or are not practical to be used. In this
line, the qualitative modeling paradigm has as its key the discretiza-
tion as a function that allows for abstraction [24]. This means that
instead of considering an infinite set of possible continuous values,
one can consider either only its sign (e.g. positive), or important land-
mark values (e.g. often = 0.75) or relevant intervals (e.g. low 6 0.25).
In this work we adopt such qualitative definitions, together with nu-
merical representations wherever necessary to do some calculation.
Normalized intervals from [-1,1] are adopted to favor mappings to
different natural-language-based scales. We use some qualitative dis-
cretizations, but these can be replaced with more detailed ones if
needed. Moreover, we use the symbol ‘?’ to represent ambiguity or
indeterminacy, which is typical in qualitative modeling. We now turn
to the formal definitions of our concepts:

• Trope Type is interpreted as a set Trp. Its elements are taken
from the healthcare domain as properties whose value and its
change are of interest. For example Trp = {body temperature, risk
of cancer recurrence}.

• Situation Type is interpreted as a set St : Trp ! }(values) of
tuples that assign to a Trope Type a value or a range of values
in the powerset }(values). Qualitative values can be used if
convenient, for example none (not significant or non existent)
or very high. We do not commit to a numeric interpretation for
these values as they are not used in any calculations. Exam-
ples are St = {(body temperature, [37,40]), (risk of cancer recurrence,
{none, very low})}.

• Transition Type is interpreted as a set Trn : St⇥Der! St, so that
t

k

2 Trn is ((trope
k

,values
k1

),derivative
k

,(trope
k

,values
k2

))
where both situation in domain and range must be about the
same property (trope

k

). Moreover, a transition specifies a deriva-
tive (or direction of change) following the simple qualitative
sign-based modeling suggested in [24]: decrease, maintain or
increase. In case the set of values for a trope type is not ordered,
there is no direction of change and the derivative assumes the
value null, so that Der = {null,decrease,maintain, increase}.
Therefore, a transition concerns the transformation of a cer-
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tain situation regarding a property4. For example, the recom-
mendation R8 in the running example refers to two transitions
t

i

,t
j

2 Trn where t

i

=((blood coagulation, {normal}), decrease, (blood
coagulation, {low})) and t

j

= ((blood pressure, {normal)}, increase,
(blood pressure, {high})).

Alternatively, the transition type can be described with some
indeterminacy by using the symbol ‘?’. Firstly, when pre- and
post-situations are fully described the derivative can be omit-
ted such as in t

k

= ((body temperature, [37,40]), ?, (body tempera-
ture, [36,37) )). If the value-sets are the same or do not overlap,
the derivative is redundant since it can be derived, otherwise,
if value-sets overlap, the derivative is indeterminable. Further-
more, a transition can be more abstract when one or both sit-
uations are not determined, e.g. ‘decrease the body temperature’
represented as t

k

= ((body temperature, ?), decrease, (body temper-
ature, ?)). In this case the derivative is strictly necessary for a
meaningful transition.

Two transitions t

i

,t
j

2 Trn that affect the same property
are the same if they produce the very same effect (same pre-
and post-situations), denoted as t

i

= t

j

iff trope
i

= trope

j

and
values

i1

= values

j1

and values

i2

= values

j2

. On the contrary,
if the two transitions t

i

,t
j

2 Trn produce opposite effects about
a certain property (inverse pre- and post situations), they are
inverse transitions, denoted as t

i

↵ t

j

iff trope

i

= trope

j

and
values

i1

= values

j2

and values

i2

= values

j1

. Instead, two tran-
sitions that affect different properties t

i

,t
j

2 Trn are said to be
unrelated transitions, denoted as t

i

� t

j

iff trope
i

6= trope

j

.

When there is indeterminacy about the involved situations,
although one cannot precisely say if two transitions are the
same or inverse, something is known about their derivative.
Therefore, given two transitions t

i

,t
j

2 Trn that affect the same
property with indeterminacy, they can possibly be the same iff
derivative

i

=derivative

j

, shortly denoted as t
i

.deriv= t

j

.deriv
if trope

i

= trope

j

. On the contrary, the two transitions t

i

,t
j

can possibly be inverse iff derivative

i

6= derivative

j

, shortly
denoted as t

i

.deriv 6= t

j

.deriv if trope
i

= trope

j

. More flexible

4 In the clinical domain, maintaining a certain property value is also considered as a
desired effect of an action, as an indirect transition that abstracts from a number of
direct ones and of which the result allows the desired stability. Therefore we assume
here that ‘maintaining’ is a possible derivative of a transition.
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or vague similarity relations can be defined in future work to
cover, for example, the case when the transitions are not exactly
the same but very similar.

• Action Type is interpreted as a set Act whose elements are taken
from the healthcare domain as the types of interventions that
can be (intentionally) performed by healthcare agents with the
aim of promoting a transition. For example Act = {administer
clopidogrel, assess the risk of cancer recurrence}. The mapping be-
tween action types and transition types is further discussed in
the definition of causation beliefs.

An action type a

i

subsuming another action type a

j

(or vice-
versa) is a transitive and asymmetric relation denoted as a

i

�a

j

(or a

j

⇢ a

i

), where a

i

,a
j

2 A (hierarchy). Moreover, a

i

◆ a

j

means they are either the same or in a subsuming relation-
ship. In turn, a

i

,a
j

are disjoint if they are neither the same nor
subsuming one another, denoted as a

i

+ a

j

^ a

i

* a

j

. In this
work we assume the subsumption relation among action types
is given.

• Causation belief is interpreted as a set B

S : Act⇥Trn! prob:[0,1]
⇥ strength:(0,1] 5. This concerns the probability with which an
action a

i

2 Act is believed to promote a transition t

j

2 Trn with
a certain degree of confidence (belief strength) according to a
source S (in this work we are only interested in the causation of
action types into transition types). A source S can be the clinical
literature (clinical studies or guidelines) or clinical knowledge
bases. For example, the recommendation R8 in the running ex-
ample refers to two causation beliefs, b

i

,b
j

2 B

S where b

i

=
(administer clopidogrel,t

i

,prob: often,strength: high) and b

j

= (
administer clopidogrel, t

j

,prob: never,strength: low), (t
i

and t

j

were
previously defined).

We adopt b

k

:: P(t
i

|do(a
j

)) as short notation for a certain
b

k

2 B

s (omitting belief strength). This notation is borrowed
from interventional probability in Causal Calculus and reflects
the probability that t

i

will happen (be caused) by intentionally
doing a

j

(rather than only observing a

j

). Moreover, we adopt
qualitative landmarks corresponding to the following natural
language terms: always is 1, often is 0.75, sometimes is 0.5, rarely

5 We prefix the image-sets with labels (e.g. prob) for clarity.
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is 0.25 and never is 0. We consider the causation to be posi-
tive when the probability is P(t

i

|do(a
j

)) > 0.5 (a
j

sometimes, of-
ten or always causes t

i

) and to be negative when probability
is P(t

i

|do(a
j

)) < 0.5 (a
j

rarely or never causes t

i

). This means
that a “negative causation” is represented as the inverted prob-
ability of its positive complement. For example, ‘breast implant
always/often does NOT cause cancer’ is equivalent to ‘breast im-
plant never/rarely causes cancer’.

A belief strength reflects the certainty (evidence level) about
that causation. It ranges from (0,1] since in this work we are in-
terested in the belief strength bigger than zero, which means
a positive degree of confidence. We also adopt the qualitative
values varying from low to high. Negative beliefs are not ad-
dressed since they can be reinterpreted as positive belief in a
negative causation (e.g. ‘I don’t believe aspirin causes nausea’ can
be reinterpreted as ‘I believe aspirin does not cause nausea’).

• Clinical Guideline is interpreted as a set CG representing (parts
of) clinical guidelines in the healthcare domain. In this work we
are mainly interested in recommendations and their related el-
ements, which form the main part of typical guidelines. There-
fore guidelines are regarded as a set of recommendations.

• Contribution is interpreted as a set C

g : B ⇥ Goal

g ! [-1,1] of a
belief’s contributions to overall goals Goal

g in the context of a
guideline g 2 CG. The contribution can be valued from -1 to 1

depending on how important it is to avoid or achieve the under-
lying effect. However, we adopted a sign-based discretization as
positive (> 0), neutral (= 0) or negative (< 0). For example, the
recommendation R8 in the running example refers to two con-
tributions c

8.1,c
8.2 2C

g where c

8.1=(b
i

,patient wellbeing,positive)
and c

8.2 = (b
j

,patient wellbeing,negative), (b
i

and b

j

were pre-
viously defined). Furthermore, the goals are simplified as ‘pa-
tient wellbeing’ and omitted from the representation from now
on, but they could be described in more detail, for example
chemotherapy may have a positive contribution to the goal of
maximizing life-time but a negative contribution to improving life-
quality6.

6 Calculating the contributions is out of scope, although it could be non-trivially done
by representing the goals and calculating their satisfaction given the probability of
bringing about the related situations types [18, 25].
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high 
level C1.1

                   Blood Coagulation

normal often low

decrease

shouldAdm. NSAID

                  Gastrointestinal Bleeding

Adm. 
Aspirin

increase

??

high 
level

often

should NOT

C2.1

R1 R2

Figure 4.2: Graphical schema for instances of the TMR Model.

• Recommendation is interpreted as a set R

g :Act⇥}(Cg)! [-1,1]
of recommendations belonging to a guideline g 2 CG. It asso-
ciates a deontic strength of a recommendation to each pair of ac-
tion a

i

2Act (in the context of g) and the set of its contributions
C

g

a

i

2}(Cg) involving the beliefs regarding the a

i

. The deontic
strength reflects a degree of obligatoriness expected for that rec-
ommendation, for which we adopt qualitative landmarks corre-
sponding to the following natural language terms: must is 1,
should is 0.5, may is 0, should not is -0.5 and must not is -1. For ex-
ample r

8

2 R

g is (administer clopidogrel, {c
8.1,c

8.2},should), (c
8.1

and c

8.2 were previously defined).

In summary, there are four different features to which we associate
numeric values and also offer a qualitative discretization. These are
presented in Table 4.2. Again, the discretization is a suggestion that
suited our experiments but that could be changed if necessary.

4.2.3 Graphical Schema

Figure 4.2 introduces a graphical schema for representing recommen-
dations according to the TMR model that will be further used in

Table 4.2: Different qualitative discretizations adopted for the TMR model.

Feature Numeric Discretization Type of
values discretization

[0,1]

0 is never; 0.25 is rarely; 0.5 is sometimes; landmark
causation 0.75 is often; 1 is always
probability <0.5 is negative; > 0.5 is positive interval

6 0.25 is low; >0.25 and 6 0.75 is medium;
6 1 is high

interval

belief
strength

(0,1] 6 0.25 is low; >0.25 and 6 0.75 is medium;
6 1 is high

interval

contribution [-1,1] <0 is negative; = 0 is neutral; >0 is positive sign

deontic
strength

[-1,1] <0 is negative; > 0 is positive interval
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this paper. The bigger rectangles (boxes) represent the causation be-
liefs stating that transitions regarding a property are promoted by
executing a care action (e.g. blood coagulation changes from normal
to low by administering NSAID). A care action is represented as an
ellipse on the top of the causation-box. Inside the box a transition is
described with the affected property (e.g. blood coagulation), its deriva-
tive (e.g. decrease) and the probability (e.g. often). The pre and post-
situations of a transition are expressed as the small boxes connected
by a directed arrow labeled with the probability. They either contain
the values for the referred property (e.g. normal or low) or a sign ‘?’
which indicates that the pre- or post-situations are indeterminate. In
the extreme (right or left) of the causation-box a side-box contains
the belief strength (e.g. high level). A recommendation is represented
as a rounded box (in the middle), with an identifier for reference
(e.g. R1). Its deontic strength (e.g. should or should not) is indicated
by a thick labelled arrow. The contributions are placed inside the
recommendation-boxes, also with an identifier (e.g. C1.1), and are
connected to the respective causation-box by thick arrows valued as
positive (‘+’ label) or negative (‘-’ label) or neutral (unlabeled).

4.3 clinical recommendations interactions

Different types of interactions may occur among clinical recommen-
dations. In this work, we discuss and analyse the interaction types
that can be detected by considering different combinations of the
aforementioned components (i.e. recommendations, causation beliefs,
actions, transitions and contributions). In other words, the interac-
tions discussed here are limited to both (i) the current expressive
power of the TMR model and (ii) the information provided within
the guidelines. External sources can be used to detect more interac-
tions, such as drug-drug interactions and side-effects. Although this
is out of scope this work, we addressed it in other work [113, 114].
As future work we plan to improve the model for addressing other
types of interactions reported in medical literature, such as in [62].

In this section, we first intuitively present some interactions through
our running example. Subsequently, we present the related concepts
in the TMR model, followed by their formal definitions. We then
present a systematic analysis of all interactions given the possible
combinations of the TMR components. Finally, we define FOL generic
rules for detecting interactions.



92 analysis of types of interactions and realistic case-study

          OA CIG

        HT CIG

        DB CIG

OA+HT+DB Guideline Transitions by Care ActionsTransitions by Care Actions

high 
level C1.1

                   Blood Coagulation

normal often low

decrease

                    Blood Sugar Level
highsometimesnormal C4.2

C4.1
                   Blood Pressure

high often normal

shouldAdm. Thiazide

high 
level

high 
level

decrease

increase

shouldAdm. NSAID

med. 
level C2.1

                   Blood Coagulation

normal often low

decrease

shouldAdm. 
Tramadol

high 
level C3.1

                   Blood Sugar Level

high often normal

decrease

shouldAdm. Insulin

                    Gastrointestinal Bleeding

Adm. 
Aspirin

increase
high 
risk?

high 
leveloften

should NOT

C5.1

decrease

increase                    Blood Coagulation

lowoftennormalC6.2

C6.1
                   Pain Level

? often ?

should Adm. 
Ibuprofen

decrease

decrease

                    Blood Pressure

?sometimes?C6.3
increase

C8.1

contradiction

repetition

alternative

side-effect

side-effect

high 
level

high 
level

med. 
level

repairable

                    Gastrointestinal Bleeding

Adm. PPI

decrease
low 
risk

high 
risk

high 
leveloften

should

C7.1

repairable

R1

R2

R3

R4

R5

R6

R7

R8

                    Blood Coagulation

lowoftennormal

                    Blood Pressure

highnevernormal

high 
level

low 
level

Adm. 
Clopidogrelshould

safety

C8.2
increase

decrease

Figure 4.3: Case Study for combining OA+HT+DB

4.3.1 Interactions through the running example

Figure 4.3 illustrates the running example from Table 4.1 according
to the TMR schema explained in Sect. 4.2.3 plus a number of iden-
tifiable interactions. The dotted box in the middle represents the
merged-guideline (OA+HT+DB) containing recommendations from
the three CIGs (OA, HT and DB) besides two extra recommendations
(R7 and R8). We now describe the interactions, depicted by labeled
thin arrows (e.g. repetition, contradiction) connecting the interacting
recommendations/contributions.

(i) R1,R5 are in contradiction because ‘Adm. NSAID’ is positively
recommended while ‘Adm. Aspirin’ is negatively recommended.
Since Aspirin is a subtype of NSAID, it could end up being
recommended while it is contraindicated;

(ii) R1,R6 are in repetition because both ‘Adm. NSAID’ and ‘Adm.
Ibuprofen’ are positively recommended, while the latter is a sub-
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type of the former. It means that Ibuprofen could end up being
recommended twice;

(iii) R1, R2, R6, R8 are in accumulated alternative interaction be-
cause they are positive recommendations (to different actions)
that are able to cause the effect ‘Decrease Blood Coagulation’;

(iv) R4,R6 are in side-effect interaction because ‘Adm. Ibuprofen’ is
believed to cause as a secondary effect the increase of Blood Pres-
sure, which is actually aimed to be decreased by ‘Adm. Thiazide’
(we consider here ‘side-effect’ as being a negative effect, as it is
commonly understood);

(v) R5,R7 are in repairable interaction because the negative effect ‘In-
crease Gastrointestinal Bleeding’, caused by the need to prescribe
Aspirin, can (possibly) be repaired by ‘Adm. PPI’ which causes
the opposite effect;

(vi) R3,R4 are in both side-effect and repairable interaction due to
similar reasons mentioned in both (iv) and (v);

(vii) R4,R8 are in safety interaction, because ‘Adm. Clopidogrel’ is
known to never cause the effect ‘increase Blood Pressure’, which
is meant to be decreased by ‘Adm. Insulin’ in R4.

When comparing the above set of interactions to those already de-
tected in our earlier work [110], the additional interactions are due
to the introduction of action type hierarchies and causation beliefs,
while the improvements with respect to [112] are due to the intro-
duction of transition derivatives and contributions. In the related
work where this experiment was originally proposed [48], specific
rules were manually designed for detecting a number of interactions
when combining the guidelines two-by-two (OA+HT, OA+DB and
DB+HT). This means that a rule is required for each possible inter-
action and limited to two guidelines. On the contrary, our approach
can handle all three merged guidelines (OA+HT+DB) with a fix num-
ber of generic rules to cope with the analysis of possible interactions
among them (a more detailed discussion can be found in [114]). The
following sections present the modeling choices and analysis that
allowed for designing a fixed set of generic and reusable rules for de-
tecting certain types of interactions that can be applied to any num-
ber of guidelines.
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4.3.2 Representation model and formal definitions

The concept Interaction is introduced in [110]. It reifies the interac-
tion relationship among at least two recommendations (also called
internal interactions in [114]). Some types of interactions involve spe-
cific contributions or action types. The relation partOf is meant to sup-
port the cumulative aspect of interactions, further described in Sect.
4.3.3.1. Interactions can be classified in different Interaction Types,
such as those mentioned before. These concepts are presented in
the UML class diagram depicted in Fig. 4.4, together with the pre-
viously defined concepts: Recommendations, Contributions and Ac-
tion Types.

In this work we introduce 4 different strengths for an interaction
to measure the relevance of an interaction according to the features
of the related elements: (i) the modal strength reflects the likelihood
that the interaction exists given the information used to calculate it;
(ii) the deontic strength reflects the obligatoriness of the involved
recommendations; (iii) the belief strength reflects how trustable the
causation beliefs are on which the interaction relies; (iv) the causation
strength reflects the likelihood of both effects to happen. This allows
for a flexible way to rank interactions to suit different scenarios: in
some cases the belief strength might be more relevant, in other cases
it is the causation strength.

We now present the formal definitions of the aforementioned con-
cepts. We propose a specific calculation for the strengths, but this can

Figure 4.4: UML class diagram for an excerpt of TMR Models for Interaction
(gray shading are original concepts)
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be easily adapted to a more suitable calculus after discussions with
experts and experience in future case studies.

• Interaction Type is interpreted as a set IT of types of relation-
ship among recommendations that are of importance. The ones
addressed in this work are IT = {Divergent Causations, Repeti-
tion, Alternative, Repairable, Contradiction, Side-Effect, Compliance,
Safety}.

• Interaction is interpreted as a set I

R

g

:}⇤(Rg)⇥}(Cg)⇥}(Act)!
instanceOf: IT ⇥ modalStrength: {0.5,1} ⇥ deonticStrength: [0,1] ⇥
beliefStrength: [0,1] ⇥ causationStrength: [0,1], where }⇤(Rg) de-
notes the powerset containing sets of recommendations from a
guideline g 2 G whose size is > 2, i.e. at least two recommen-
dations are involved in an interaction. Moreover, some types of
interaction require informing specific contributions from the in-
volved recommendations, given as a set in the powerset }(Cg).
The involved action types might also be informed, given as a
set in the powerset }(Act). The interactions represent relations
among recommendations, depending on certain combination
of their features: deontic strengths, directions of change, etc.
For example, the alternative interaction presented in the run-
ning example above hold among recommendations whose con-
tributions concern similar transitions by different actions, and
is represented as i

k

2 IRg, i
k

= ({r
1

,r
2

,r
6

,r
8

}, {c
1.1,c

2.1,c
6.2,c

8.1},
{}, Alternative, 1, 0.75, 0.98, 0.75). To investigate which combi-
nation of features give raise to which types of interactions we
performed an analysis, presented in Sect. 4.3.3 from which we
propose FOL rules, presented in Sect 4.3.4. Finally, the detec-
tion of interaction among several guidelines g

1

, ...,g
n

requires
taking the union all recommendations extracted from all con-
sidered guidelines into g

⇤ so that Rg

⇤
= R

g

1 [ ... [ R

g

n .

Interaction’s Modal Strength: this reflects if the information
provided is enough to be conclusive about the existence of the
interaction (e.g. when only the derivative of the transition is
known or actions are in subsumption). In this work we chose
to adopt only two values: 1 means the interaction will certainly
occur if the related recommendations are prescribed while 0.5
means it may happen, but it is not certain. These two options
are denoted respectively by the symbols ⇤ or ⌃ in front of the
interaction name, borrowed from modal logics.
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Interaction’s Deontic Strength:
Pn

k=1 |reck.strength|/n,
n is the number of recommendation related by the interaction.
Interaction’s Belief Strength:

Pm
k=1 |ctrbk.belief.strength|/m,

m is the number of contributions related by the interaction.
Interaction’s Causation Strength:

Qm
k=1 |ctrbk.belief.freq|,

m is the number of contributions related by the interaction.

4.3.3 Interactions analysis

We now perform a systematic analysis to determine when differ-
ent combinations of recommendations’ components described in the
TMR model may give rise to interactions. Although all the possibil-
ities were investigated, we present in Tables 4.3 to 4.7 only the anal-
ysis of what was considered relevant for the multimorbidity issues
presented in this work. An analysis in collaboration with experts is
planned as future work.

For analysing the interactions we compare two recommendations.
In order to enhance the readability and produce understandable ta-
bles, we decided to fix the first recommendation (or its causation)
and then vary the components as a second recommendation. The
fixed recommendation/causation is: ‘Do administer aspirin to decrease
the body temperature from high to normal.’. As a second recommenda-
tion we vary one or more of its components, for instance, ‘Do ad-
minister aspirin to increase the body temperature’. Observe that the last
sentence, as well as other sentences produced in this analysis, is not
necessarily clinically relevant. Although they are fictitious, they serve
the purpose of illustrating the analysis (in this case, they illustrate the
possibility of existing divergent causation beliefs about an action).

For all the tables, each row considering only the derivatives (i.e.
with indeterminacy) is followed by a more precise case where the
pre- and post-situations are known, i.e. the latter is a special case
of the former. Similarly, action comparisons can present indetermi-
nacy if they are in a hierarchy. This ‘determinacy’ defines the modal
strength of the interaction, i.e. whether the information is enough to
be conclusive about the existence of an interaction. Other features are
mentioned when it is relevant for the detection of the interaction. A
color-code is adopted as an additional resource for distinguishing the
interaction types, similar to the one used in Fig. 4.3 and Fig. 4.5.

The first part of the analysis regards recommendations involving
divergent causation beliefs. Since clinical knowledge is not neces-
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Table 4.3: Interactions between recommendations based on a fixed positive
causation belief b

1

and another causation belief b

2

varying as
described in the table rows and columns.

HC1 C1

HL1
b

1

:: P(t
1

|do(a
1

))> 0.5
(a

1

) adm. aspirin does cause (t
1

) decrease of the body temp.
from high to normal with probability often (p

1

= 0.75)

HL2
b

2

:: P(t
2

|do(a
2

))> 0.5
a

2

does cause t
2

with probability p

2

> 0.5

HL3
a

1

✓ a
2

a
2

: Administer Aspirin/NSAID

L1
t
1

.deriv 6= t
2

.deriv ⌃ Divergent Causation (modalStr = 0.5)

t
2

: increase body temperature

L2
t
1

↵ t
2

(inverse) ⇤ Divergent Causation (modalStr = 1)
t
2

: body temp. normal to high

HL4
b

2

:: P(t
2

|do(a
2

))< 0.5
a

2

does cause t
2

with probability p

2

< 0.5
⌘a

2

does NOT cause t
2

with probability 1-p

2

L3
t
1

.deriv = t
2

.deriv ⌃ Divergent Causation

t
2

: decrease body temperature

L4
t
1

= t
2

⇤ Divergent Causation
t
2

: body temp. high to normal

sarily a general consensus, it is reasonable to consider that different
guideline authors rely on different literature sources that can be diver-
gent about causality beliefs regarding a care action. For instance, di-
vergent beliefs on the effects of G. biloba and CYP450 isoenzymes are
discussed in [19]. Therefore, causation beliefs are divergent if an ac-
tion type is believed to both cause (positive causation) and not cause
(negative causation) similar transitions or cause (positive causation)
inverse transitions. In our approach such distinction is expressed in
terms of probability of the causation belief (see Sect. 4.2.2). Table 4.3
presents the possible variations of the components action type, transi-
tion type and causation probability that would give rise to interactions
among recommendations due to divergent causation beliefs.

To improve clarity, the lines and columns of Table 4.3 are num-
bered (L.i and C.i respectively), distinguishing them from the ones
that provide ‘header information’ (HL.i, HC.j). The header lines and
columns describe the following: first, in HL1, a positive causation be-
lief b

1

is fixed as ‘(a
1

) administer aspirin often (t
1

) decreases the body
temperature’ and its causation probability is P(t

1

|do(a
1

)) > 0.5; then,
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for a second causation belief b

2

:: P(t
2

|do(a
2

)) the components are
varied; HL2 and HL4 present respectively positive and negative cau-
sation by varying the probability; column HC1 presents the relevant
variations for transition t

2

with respect to t

1

; finally, line HL3 presents
the only relevant variation for the action a

2

, namely ‘Administer As-
pirin or NSAID’, as the same or subsuming a

1

. For instance, in cell
L1C1, the probability p

2

is also positive, the action a

2

is the same
or subsuming a

1

, but the derivative t

2

.deriv (t
2

: increasing the body
temperature) is different from t

1

.deriv. This combination results in a
possible divergence of beliefs, since for this line we consider that only
the derivative is known. This indeterminacy is represented by the
modal strength value (modarlStr = 0.5) and denoted by the symbol
⌃. In the next cell L2C1, a special case of the previous interaction hap-
pens, where the transitions are know to be the inverse of each other
given their pre- and post-situation types. Therefore, there is no inde-
terminacy and the modal strength value is 1, denoted by the symbol
⇤. The numeric value of the modal strength is omitted hereby for
other cells and tables. For cells L3C1 and L4C1 the difference is that
the causation probability is now negative and the transition’s deriva-
tive or the transitions themselves are the same. We assume that no
relevant interactions happen when recommendations are based on
beliefs representing only negative causations.

The next two tables present further analyses of possible interac-
tions between positive and negative recommendations with their re-
spective positive and negative contributions. The causation probabil-
ity is assumed to be bigger than zero when nothing is mentioned.
Table 4.4 presents possible variations of the components action and
transition when combining recommendations with positive deontic
strength and positive contributions, which might give rise to three
interaction types: Repetition, Alternative and Contradiction.

Columns and lines of Table 4.4 are numbered similarly to the previ-
ous table. The header lines and columns describe the following: first,
in HL1, a (positive) recommendation r

1

is fixed as ‘do (a
1

) adm. as-
pirin to (t

1

) decrease the body temperature from high to normal’; then in
HL2 a second recommendation r

2

is introduced as ‘do a

2

to achieve
t

2

’, whose action and transition will be varied; line HL3 presents
three possible variations for the action a

2

with respect to a

1

dis-
tributed in the columns C1 to C3, respectively a

1

= a

2

, a
1

⇢ a

2

and
a

i

+ a

j

^ a

i

* a

j

; also column HC2 presents five possible variations
for the transition t

2

with respect to t

1

distributed in the lines L1 to L5,
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respectively t

1

.deriv = t

2

.deriv, t
1

= t

2

, t
1

.deriv 6= t

2

.deriv, t
1

↵ t

2

,
t

1

� t

2

. For instance, when a

1

= a

2

in column C1, there is a repetition
interaction regardless of the transitions, since prescribing both rec-
ommendations will result in recommending the same action twice.
A similar situation happens when a

1

⇢ a

2

in column C1, however
there is an indeterminacy (denoted by the symbol ⌃) since prescrib-
ing both recommendations does not necessarily means recommend-
ing the same action twice. It shows that when an interaction type
holds for a whole line or column, only one of the components (action
or transition) is enough to determine the existence of an interaction
of a certain type. In other cases, both are necessary. For instance, in
the cell L2C3, when the transitions are known to be the same and the
actions are know to be disjoint, then the interaction type alternative
holds with modal strengh 1.

Similarly, Table 4.5 presents possible variations of the components
action and transition when combining two recommendations with pos-
itive and negative deontic strengths with their respective positive and

Table 4.4: Interactions between two positive recommendations with positive
contributions, where one is fixed (r

1

) and the other (r
2

) varies
according to the rows and columns.

HC1 C1 C2 C3

HL1
rec. r1 about the execution of action a1 is positive

do (a
1

) adm. aspirin to (t
1

) decrease body temp. high to normal

HL2
rec. r2 about the execution of action a2 is positive

do a

2

to achieve t
2

HL3
a

1

= a
2

a
1

⇢ a
2

(⌘ a
1

� a
2

) a
1

+ a
2

^ a
1

* a
2

a
2

: Adm. Aspirin a
2

: Adm. NSAID a
2

:Adm. Ibuprofen

L1
t
1

.deriv = t
2

.deriv ⇤ Repetition ⌃ Repetition

t
2

: decrease body temp. ⌃ Alternative ⌃ Alternative

L2
t
1

= t
2

⇤ Repetition ⌃ Repetition

t
2

: temp. high to normal ⌃ Alternative ⇤ Alternative

L3
t
1

.deriv 6= t
2

.deriv ⇤ Repetition ⌃ Repetition

t
2

: increase body temp. ⌃ Contradiction ⌃ Contradiction ⌃ Contradiction

L4
t
1

↵ t
2

(inverse) ⇤ Repetition ⌃ Repetition

t
2

: temp. normal to high ⇤ Contradiction ⇤ Contradiction ⇤ Contradiction

L5
t
1

� t
2

⇤ Repetition ⌃ Repetition -

t
2

: heal inflammation
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negative contributions, which might give rise to two interaction types:
Contradiction and Repairable (effect). We omit here the numbering of
the columns and lines of the tables, as well as their explanations, ex-
cept when they differ from the previous tables. For instance, in the
cell L4C3, a positive and a negative recommendation to disjoint ac-
tions (e.g. Administer Aspirin and Administer Ibuprofen) that promote
inverse transitions (body temperature goes from normal to high and form
high to normal) are in a repairable interaction because the first can be
recommended to repair the effect of the latter in case it cannot be
avoided. Regarding the variations adopted for the action a

2

, while
NSAID is known to subsume (include) Aspirin, and the latter in turn
subsumes Ca-ASP [120].

In the sequel extra interactions are considered that can be detected
when positive recommendations have a negative contribution and
vice-versa. Table 4.6 presents possible variations of the components
deontic strength, contribution and transition when combining two rec-
ommendations. The cases where both the deontic strength and the
contribution are either positive or negative are already covered in pre-
vious tables and the corresponding cells in this table refer to them. A
negative deontic strength with a positive contribution is not expected

Table 4.5: Interactions between one fixed positive recommendation (r
1

) and
a negative one (r

2

) that varies according to the rows and columns,
with repectively positive and negative contributions.

rec. r1 about the execution of action a1 is positive
do (a

1

) adm. aspirin to (t
1

) decrease the body temp. high to normal
rec. r2 about the execution of action a2 is negative

do not a
2

to avoid t

2

a
1

✓ a
2

a
1

� a
2

a
1

+ a
1

^ a
1

* a
2

a
2

: Adm. NSAID a
2

: Adm. Ca-ASP a
2

: Adm. Ibuprofen
t
1

.deriv = t
2

.deriv ⇤ Contradiction ⌃ Contradiction ⌃ Contradiction

t
2

: decrease body temp.
t
1

= t
2

⇤ Contradiction ⇤ Contradiction ⇤ Contradiction
t
2

: temp. high to normal

t
1

.deriv 6= t
2

.deriv ⇤ Contradiction ⌃ Contradiction ⌃ Repairable

t
2

: increase body temp.
t
1

↵ t
2

(inverse) ⇤ Contradiction ⌃ Contradiction ⇤ Repairable

t
2

: temp. normal to high

t
1

� t
2

⇤ Contradiction ⌃ Contradiction

t
2

: heal inflammation -
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to happen, and therefore the corresponding cells in the table indicate
‘n.a.’ (not applicable), while two negative recommendations were con-
sidered not to bring about relevant interactions. Moreover, the anal-
ysis of related actions does not add anything beyond the previous
tables. Therefore, only the case of disjoint actions are considered.

Given this, in the first header line a recommendation (r
1

) has fixed
its deontic strength as positive, action as a

1

= ‘Admnister Aspirin’ and
transition as t

1

= ‘decrease the body temperature from high to normal’.
The contribution, however, is allowed to vary from negative to pos-
itive, according to the second header column. In the second header
line, another recommendation r

2

has fixed only its action a

2

= ‘Adm-
nister Ibuprofen’, a

2

+ a

1

^ a

1

* a

2

. The contribution varies as men-
tioned before, and the deontic strength varies as described in the
third header line (positive and negative). For instance, consider the
recommendations ‘do (a

1

) administer aspirin to (t
1

) decrease the body
temperature’ and ‘do (a

2

) administer ibuprofen to heal the pain but it will
negatively contribute by (t

2

) increasing the body temperature’. Two com-
plementary interactions can be detected according to the respective
cells: (i) in L3.2C1 a repairable interaction means the former has the
ability to repair (positively interfere) in the side-effect of the latter;
and (ii) in L3.3C1 the side-effect interaction means that the latter can
negatively interfere in the effect aimed by the former. Only one of
these will actually hold. Recommendations are considered to be com-
pliant if both agree that a transition (or its derivative) negatively con-
tributes, regardless to the deontic strength (lines L1.4 and L2.4).

Finally, a special type of interaction called Safety detects recom-
mendations that are considered to be safe with respect to other ones
due to the awareness of negative causations regarding a transition
(this interaction is inspired by [62]). However, we only observed such
information to be relevant when the negation of causation holds for
most of the cases. In our approach, this special subset is represented
as a very low probability (6 0.25) of its “positive complement”, for
instance:

• ‘breast implant (always) does not cause (increase of) cancer’ is
represented as ‘breast implant never negatively contributes by
causing (increase of) cancer’. It is safe with respect to ‘chemother-
apy often positively contributes by causing decrease of cancer’;

• ‘exercise therapy does not cause (increase of) lymphedema’ is
represented as ‘exercise therapy never negatively contributes by
causing (increase of) lymphedema’. It is safe with respect to
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Table 4.6: Interactions between one fixed positive recommendation (r
1

)
varying its contribution (column ctrb

1

/ctrb

2

) and another rec-
ommendation (r

2

) that varies deontic strength, contribution and
transition according to the rows and columns.

rec. r1 pos. to action a1 with contrib. ctrb1

do (a
1

) adm. aspirin to (t
1

) decrease
body temperature from high to normal

rec. r2 is about action a2 with contrib. ctrb2

a
2

: Adm. ibuprofen | a
1

* a
2

^ a
1

+ a
2

r2 is positive r2 is negative
ctrb

1

/ctrb
2

do a

2

to cause t
2

do not a
2

to avoid t

2

L1.1
t

1

.deriv = t

2

.deriv > 0 /> 0 (vide tab. 4.4) n.a.
L1.2 > 0 /< 0 ⌃ Contradiction (vide tab. 4.5)
L1.3 t

2

: decrease <0 /> 0 n.a.
L1.4 body temp. <0 /< 0 ⌃ Compliance ⌃ Compliance

L2.1
t

1

= t

2

> 0 /> 0 (vide tab. 4.4) n.a.
L2.2 > 0 /< 0 ⇤ Contradiction

(vide tab. 4.5)
L2.3 t

2

: body temp. <0 /> 0 n.a.
L2.4 high to normal <0 /< 0 ⇤ Compliance ⇤ Compliance

L3.1
t

1

.deriv 6= t

2

.deriv > 0 /> 0 (vide tab. 4.4) n.a.
L3.2 > 0 /< 0 ⌃ Repairable (vide tab. 4.5)

L3.3 t

2

: increase >0 /6 0 ⌃ Side-Effect

L3.4 body temp. <0 /< 0 - -
L4.1 t

1

↵ t

2

(inverse) > 0 /> 0 (vide tab. 4.4) n.a.
L4.2 > 0 /< 0 ⇤ Repairable (vide tab. 4.5)
L4.3 t

2

: body temp. >0 /6 0 ⇤ Side-Effect
L4.4 normal to high <0 /< 0 - -

‘lymph node excision sometimes negatively contributes by caus-
ing (increase of) lymphedema’.

Therefore, Table 4.7 presents possible variations of transition and
contribution that would characterize safety, when both recommenda-
tions are positive. In the first header line a positive recommendation
r

1

has fixed its contribution as negative, its action as a

1

= ‘Admnister
Aspirin’ , its transition as t

1

= ‘decrease the body temperature from high
to normal’ and its causation probability as 6 0.25 (never or rarely). An-
other recommendation r

2

in the second header line is fixed with com-
plementary probability > 0.25 (e.g. sometimes or always) and action
a

2

= ‘Admnister Ibuprofen’, a
2

+ a

1

^ a

2

* a

1

, while varying its tran-
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sition in the first header column and its contribution in the second.
The aforementioned examples lie in cells L3C1 and L1C1 respectively.

4.3.3.1 Cumulative Aspect

Although the analysis is performed pairwise (two-by-two), some in-
teraction types have a cumulative aspect, which is particularly im-
portant when combining more than two guidelines [110]. For exam-
ple, recommending 4 times ‘Administer Aspirin’ for different purposes
should not be considered as 6 different interactions between each pair
of recommendations, but one interaction among 4 recommendations,
favouring the optimisation of recommendations or the avoidance of
overdose.

In the running example, we have a cumulative alternative inter-
action regarding the effect ‘decrease blood coagulation’ (recommenda-
tions R1, R2, R6, R8). The interactions are originally detected two-by-
two according to the analysis given in Table 4.4, line 2, columns 2

and 3. This means that 6 pairwise interactions are detected among
those recommendations. However, since the alternative interaction
type has this cumulative feature, those 6 interactions will be com-
bined into 1. The rationale underlying this example is: whenever two

Table 4.7: Safety interactions between recommendations involving negative
causation.

rec. r1 to action a1 is positive with negative contrib.
b

1

:: P(t
1

|do(a
1

))6 0.25

do (a
1

) adm. aspirin causes (t
1

) decrease of body temp.
from high to normal with prob. 6 0.25 (never/rarely)

⌘a

1

(always/often) does NOT cause t
1

rec. r2 to action a2 is positive with contrib. ctrb2

b
2

:: P(t
2

|do(a
2

))> 0.25

do (a
2

) adm. ibuprofen causes t
2

with prob. p
2

> 0.25
ctrb

2

a
1

+ a
2

^ a
1

* a
2

t
1

.deriv = t
2

.deriv
<0

⌃ Safety

t
2

: decrease body temp.
t
1

= t
2

<0

⇤ Safety
t
2

: temp. high to normal

t
1

.deriv 6= t
2

.deriv > 0

⌃ Safety

t
2

: decrease body temp.
t

1

↵ t

2

(inverse) > 0

⇤ Safety
t
2

: temp. normal to high



104 analysis of types of interactions and realistic case-study

or more (pairwise) alternative interactions concern the same effect,
they belong to a single cumulative interaction. Similarly for repeti-
tion, whenever two or more (pairwise) repetition interactions concern
the the same action or actions in a subsuming relationship, then they
belong to the same cumulative interaction. In other cases, such as
contradiction, which requires one positive and one negative recom-
mendation or contribution, the cumulative aspect is anchored on the
positive recommendation or the positive contribution; for example,
the contradiction for the positive recommendation ‘give aspirin’ will
accumulate with the negative ones ‘do not give aspirin’ or ‘do not give
NSAID’ (another example in the case study of Sect. 4.4). This cumu-
lative feature is formally described as FOL rules (in the next section)
for each interaction type that presents this feature (i.e. all of them
except divergent causations).

4.3.4 Interaction rules

Based on the analysis provided in the previous section, the goal of
this section is to provide means to automatically identify the inter-
actions among recommendations from two or more guidelines in a
generic way. In other words, if the recommendations in the guidelines
are modelled according to the TMR model, the interactions can be cal-
culated without the need to define specific rules for each guideline or
disease. By doing so, the interactions from the above running exam-
ple can be generated by a machine. To this end, this section presents
generic FOL (first-order logic) rules for detecting the interactions de-
fined according to the TMR vocabulary (hence we refer to recommen-
dation as norms and to clinical guidelines as regulations in the rules).
Tables 4.8 and A.1 to A.7 present the formal rules derived from the
analysis outlined in Tables 4.3 to 4.7. This section explains the rules
for detecting the contradiction interaction (Table 4.8), while the other
rules are included in A. For reference, the first column reuses the no-
tation from the analysis tables, defined in Sect. 4.2.2, and the second
column contains the FOL formulas, highlighting in bold the clauses
that refer to the mentioned notation.

An adaptation of classical FOL notation is used for the sake of read-
ability. The adapted features are: (i) restricted quantification, i.e. quan-
tified variables are restricted to a certain class (type), e.g. ‘8n

1

,n
2

2
Norms’ means that both variables must be of type Norm; (ii) func-
tional notation with eager evaluation of functional predicates, i.e. the nota-
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tion x.P allows for accessing a value uniquely related to the quanti-
fied variable x through the functional property P without quantifying
over new variables, e.g norm.strength allows to access the (uniquely
related) value of the property strength of a norm. Moreover, we adopt
intuitive short notations instead of the original (long) notations from
the TMR model. They are:

norm 2 Norm (Recommendation)
The regulation (guideline) to which a norm belongs
) norm.partOf = norm.reg
The Action Type to which a norm refers
) norm.aboutExecutionOf = norm.act

contrib 2 Contribution

The transition (effect) that a contribution is about
) contrib.hasBelief .hasEffect = contrib.trans
The property that a contribution’s transition affects
) contrib.hasBelief .hasEffect.affects = contrib.trans.prop
The derivative of a contribution’s transition
) contrib.hasBelief .hasEffect.derivative = contrib.trans.deriv
The probability of achieving a contribution’s transition
) contrib.hasBelief .probability = contrib.causProb

All the rules have the format antecendent ! consequent. They
can be generically read as: if the norms fit the pattern described
in the antecedent, then an interaction is inferred in the consequent.
For instance, the first rule in Table 4.8, based on analysis-table 4.5,
has the first three lines as antecedent and the last ones as consequent.
The antecedent can be read as: “for all two norms/recommendations
(8norm1,norm2 2 Norm) that belong to the same regulation/guideline
(norm1.reg= norm2.reg) where one is positive (norm1.strength> 0)
and the other is negative (norm2.strength< 0) and whose actions are
either the same or subsuming one another (norm1.act✓ norm2.act_
norm1.act� norm2.act)” then, whenever the antecedent is true, the
consequent is also expected to be, i.e. “there exists a unique interac-
tion of type Contradiction (9!int 2 Contradiction) relating the norms
and theirs actions (relates(int,normi)^ relates(int,normi.act)); the
interaction’s modal strength is 1 when the action of the positive norm
is the same or subsumed by the one of the negative norms (norm1.act
✓ norm2.act! int.modalStr= 1) and it is 0.5 if the former subsumes
the latter (norm1.act� norm2.act ! int.modalStr= 0.5); and the in-
teraction’s deontic strength is the average of each norm’s deontic
strength (int.deonticStr= (|norm1.strength|+ |norm2.strength|)/2)”.
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Table 4.8: FOL rules for detecting Contradictions

From Table 4.5:
r

1

is positive
r

2

is negative

a

1

✓a

2

!⇤
a

1

�a

2

!⇧

(8norm
1

,norm
2

2 Norm)
⇣�

norm
1

.reg = norm
2

.reg
^ norm1.strength > 0 ^ norm2.strength < 0
^ (norm1.act ✓ norm2.act _ norm1.act � norm2.act)

�

! (9!int 2 Contradiction)
⇣

relates(int,norm
1

)^ relates(int,norm
2

)

^ relates(int,norm
1

.act)^ relates(int,norm
2

.act)
^ ((norm1.act ✓ norm2.act ! int.modalStr = 1)
_ (norm1.act � norm2.act ! int.modalStr = 0.5))
^ int.deonticStr = (|norm

1

.strength|+ |norm
2

.strength|)/2

⌘⌘

From Tables 4.4,
4.5 and 4.6

r

1

is positive
ctr

1

is positive

from tab. 4.4
ctr

2

is positive
t

1

↵ t

2

!⇤
t

1

.deriv
6= t

2

.deriv !⇧

from tab. 4.5
and 4.6
ctr

2

is negative
t

1

= t

2

!⇤
t

1

.deriv
= t

2

.deriv !⇧

(8norm
1

,norm
2

2 Norm)(8ctrb
1

, ctrb
2

2 Contribution)
⇣

�
norm

1

.reg = norm
2

.reg ^ hasNorm(ctrb
1

,norm
1

)
^ hasNorm(ctrb

2

,norm
2

)
^ norm1.strength > 0 ^ ctrb1.value > 0
^ ctrb

1

.trans.prop = ctrb
2

.trans.prop
^ ((ctrb2.value > 0 ^ ctrb1.trans.deriv 6= ctrb2.trans.deriv
_ (ctrb2.value < 0 ^ ctrb1.trans.deriv = ctrb2.trans.deriv))
^ ctrb

1

.causFreq > 0 ^ ctrb
2

.causFreq > 0

�

! (9!int 2 Contradiction)
⇣

relates(int,norm
1

)^ relates(int,norm
2

)

^ relates(int,ctrb
1

)^ relates(int,ctrb
2

)
^ ( (ctrb1.trans = ctrb2.trans _ inv(ctrb1.trans,ctrb2.trans)

! int.modalStr = 1)
_ (¬(ctrb1.trans = ctrb2.trans _ inv(ctrb1.trans,ctrb2.trans))
! int.modalStr = 0.5))

^ int.deonticStr = (|norm
1

.strength|+ |norm
2

.strength|)/2

^ int.beliefStr = (ctrb
1

.belief.strength + ctrb
2

.belief.strength)/2

^ int.causationStr = ctrb
1

.causProb ⇥ ctrb
2

.causProb
⌘⌘

Cumulative rules (8intA, intB 2 Contradiction)
⇣
(8norm

1

,norm
2

,norm
3

2 Norm)
�
relates(intA,norm

1

)^ relates(intA,norm2)^ relates(intB,norm2)
^ relates(intB,norm

3

)^ norm
1

6= norm
3

^ norm2.deonticStr > 0
^ ((relates(intA,norm

2

.act)^ relates(intB,norm
2

.act))
_ ((9ctrb 2 Contribution)(hasNorm(ctrb,norm

2

)^ ctrb.value > 0

^ relates(intA,ctrb)^ relates(intB,ctrb)))
�

! (9!cumInt 2 Contradiction)
�
partOf(intA,cumInt)

^ partOf(intB,cumInt)
�⌘

(8cumIntA,cumIntB, int
1

, int
2

, int
3

2 Contradiction)
�

(partOf(int2,cumIntA)^ partOf(int2,cumIntB)
^ partOf(int

1

, cumIntA)^ partOf(int
3

, cumIntB)^ int
1

6= int
3

)
! cumIntA = cumIntB

�

In turn, the second rule is based on the contributions and transi-
tions, according to Tables 4.4, 4.5 and 4.6. The strength of the interac-
tion in this case has more components: (i) the modal strength is 1 if
either ctr

2

is negative and t

1

↵ t

2

or if ctr
2

is positive and t

1

= t

2

,
and it is 0.5 otherwise; (ii) the deontic strength is the average of the
strengths of each norm (as before); (iii) the belief strength is the aver-
age of the strengths of each belief; and (iv) the causation strength is
the product of each causation probability.
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The last two rules allows for accumulating the contradictions. The
accumulation, as described in Sect. 4.3.3.1, is computed as follows:
if two interactions have one positive recommendation in common
(norm

2

), where the interactions relate either the same action as the
common norm or the same positive contribution as the common
norm, then there exists a unique (cumulative) interaction of which
both are part. Finally, another rule is required to state that whenever
two cumulative interactions of the same type have an interaction in
common (int

2

), then they are the same. This strategy favors preserv-
ing the calculated interaction strengths in the pairwise interactions.

Finally, it is important to highlight the two goals we are pursuing:
(i) the rules do not contain any specific knowledge about diseases
or actions, but contain only generic knowledge, which makes them
reusable in any combination of guidelines; (ii) the cumulative aspect
allows for an interaction among an arbitrary number of recommen-
dations, which – together with the reusability – makes the approach
scalable in the number of guidelines, since the rules are not restricted
to pairs of recommendations.

4.4 evaluation - case study on exercise therapy for breast

cancer with comorbidities

The proposed approach is evaluated in this section through a case
study developed in collaboration with experts from the VU Univer-
sity Medical Center (VUmc) and Netherlands Cancer Institute. The
case study concerns the benefits of recommending exercise therapy
for patients in the early stages of breast cancer therapy. For this ther-
apy it is important to consider possible interactions with comorbidi-
ties of the patient and with the side-effects of chemotherapy. Chemo-
therapy, one of the main interventions applied for treating patients
with breast cancer, is known to produce a number of side effects,
such as fatigue, pain, cardiovascular changes, pulmonary changes,
neurological changes (peripheral neuropathy), endocrine changes (an
increase or decrease in body weight), and changes or damage of mus-
culoskeletal soft tissues. Clinical studies have demonstrated that ex-
ercise therapy is effective in reducing some of these side-effects, lead-
ing to an increase of the treatment completion rate [88, 94]. Also rel-
evant is that exercise therapy is known not to increase the risk of
lymphedema and therefore is safe for patients that have undergone
Lymph Node Excision.
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Current evidence states that the standard program to be recom-
mended to patients with breast cancer during chemotherapy should
consist of supervised exercises with a moderate to high intensity,
containing both aerobic training (e.g. walking, cycling) and strength
training of upper- and lower limb muscles (the large muscle groups).
However, in many cases, adaptations to the exercise program are re-
quired given the co-occurrence of other diseases and/or restrictions
imposed by the effects of cancer treatments. Currently, before they
are allowed to work on Cancer Rehabilitation in the Netherlands,
physiotherapists attend a 9-day course that focuses on the daily vari-
ability associated with the disease itself and with the side-effects of
the treatments. In addition, to understand the specificity of each pos-
sible comorbidity, extra courses are required. It is easy to see that a
single professional can only cover a small number of comorbidities,
and that even a full team will allow for only a limited coverage.

To cope with this limitation, a computational method for adapt-
ing the exercise therapy given both comorbidities and chemotherapy
side-effects is currently under investigation. This is expected to sup-
port the physiotherapists to handle not only the comorbidities for
which they have not been trained, but also the specific side-effects
of chemotherapy that vary over the course of the treatment. To this
end, the present experiment aims to verify the ability of the TMR ap-
proach to cope with the aforementioned issues. Since the approach
itself is under development, on the one hand some improvements
were made to the TMR model so that relevant interactions could be
detected and, on the other hand, some simplifications were allowed
to the real problem (such as time and dosage, as previously men-
tioned). In future work, these simplifications will be addressed as
new iterations in our research methodology.

In our case study we consider a number of recommendations from
the Dutch national guideline for Breast Cancer (BC) and three fre-
quently co-occurring diseases, namely Osteoarthritis (OA), Hyperten-
sion (HT) and Congestive Heart Failure (CHF), described in Table 4.9.
The recommendations and their contributions are numbered for fur-
ther reference. In particular, the care action ‘Standard Exercise Therapy’
in the context of Breast Cancer is considered to be simultaneously
‘High Intensity Aerobic Exercise Therapy’ and ‘High Intensity Resistance
Exercise Therapy’. The ‘Low Intensity Exercise Therapy’ is known to be
less efficacious than the standard one, but is offered as an alternative
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Table 4.9: Recommendations in the case study
Breast Cancer Evid. Level

Chemotherapy must be performed R1

because often pos. contrib. decreasing Breast Malignant Tumor; high C1.1

although
always negatively contrib. by increasing Fatigue Level; high C1.2
often negatively contrib. by decreasing Physical Fitness; high C1.3
sometimes negatively contrib. by increasing Pain Level; high C1.4

Standard should be performed R2

Exercise Therapy

because

often positively contrib. by decreasing the Fatigue level; high C2.1
often positively contrib. by increasing Physical Fitness; high C2.2
sometimes positively contrib. by decreasing Pain level; high C2.3
never neg. contrib. by increasing Lymphedema risk; high C2.4

Low intensity should be performed R3

Exercise Therapy

because sometimes pos. contrib. by decreasing Fatigue level; high C3.1
sometimes pos. contrib. by increasing Physical Fitness; high C3.2
sometimes positively contrib. by decreasing Pain level; high C3.3

Exercise Therapy must NOT be performed R4

because often neg. contr. by incr. Body Temperature when high; med. C4.1

Lymph Node must be performed R5

Excision

because often positively contributes by decreasing the Breast Ma-
lignant Tumor when present; high C5.1

although sometimes neg. contrib. increasing Lymphedema risk; high C5.2

Osteoarthritits
High Int. Aerobic should NOT be performed R6

Exercise Therapy

because often negatively contributes by increasing the Join-Pain
Level when present; med. C6.1

High Int. Resistance should NOT be performed R7

Exercise Therapy

because often negatively contributes by increasing Join-
Inflammantion when present; med. C7.1

Hypertension
High Int. Aerobic should NOT be performed R8

Exercise Therapy
because often negatively contrib. by increasing the Blood Pressure; high C8.1

Congestive Heart Failure
High Int. Aerobic should NOT be performed R9

Exercise Therapy

in case of contraindication. Finally, the ‘Exercise Therapy’ comprises
any type of exercises.
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Figure 4.5: Case Study for Breast Cancer combined with OA+HT+CHF

Figure 4.5 illustrates the application of the TMR approach to the
case-study (it follows the same schema as explained for Fig. 4.3, Sect.
4.3.1). Once all the recommendations are represented according to
the TMR model, the interactions can be calculated by applying the
rules (we omit the interaction “side-effect” for the sake of simplicity).
Table 4.10 relates the interactions detected in this experiment with the
analysis-tables presented in Sect. 4.2.1. It also includes the strengths
calculated for each interaction based on the deontic strength, the be-
lief strength (evidence level) and the causation probability.

This experiment allows to formally calculate that two recommen-
dations (R2,R3) provide alternative types of exercise therapy (ET),
namely standard and low intensity, with respect to three aspects,
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Table 4.10: Interactions in the case study
Recommendations Contributions Interaction Table nr. Row Col.
R1, {R2,R3} C1.2, {C2.1,C3.1} ⌃ Repairable 4.6 3.2 1

Deontic Strength Belief Strength Causation Strength
R1,R2 & C1.2,C2.1 must ⇥ should high ⇥ high always ⇥ often
R1,R3 & C1.2,C3.1 must ⇥ should high ⇥ high always ⇥ sometimes

R1, {R2,R3} C1.3, {C2.2,C3.2} ⌃ Repairable 4.6 3.2 1

Deontic Strength Belief Strength Causation Strength
R1,R2 & C1.3,C2.2 must ⇥ should high ⇥ high often ⇥ often
R1,R3 & C1.3,C3.2 must ⇥ should high ⇥ high often ⇥ sometimes

R1, {R2,R3} C1.4, {C2.3,C3.3} ⌃ Repairable 4.6 3.2 1

Deontic Strength Belief Strength Causation Strength
R1,R2 & C1.4,C2.3 must ⇥ should high ⇥ high sometimes ⇥ sometimes
R1,R3 & C1.4,C3.3 must ⇥ should high ⇥ high sometimes ⇥ sometimes

R2, R3 C2.1, C3.1 ⌃ Alternative 4.4 1 3

Deontic Strength Belief Strength Causation Strength
R2,R3 & C2.1,C3.1 should ⇥ should high ⇥ high often ⇥ sometimes

R2, R3 C2.2, C3.2 ⌃ Alternative 4.4 1 3

Deontic Strength Belief Strength Causation Strength
R2,R3 & C2.2,C3.2 should ⇥ should high ⇥ high often ⇥ sometimes

R2, R3 C2.3, C3.3 ⌃ Alternative 4.4 1 3

Deontic Strength Belief Strength Causation Strength
R2,R3 & C2.3,C3.3 should ⇥ should high ⇥ high sometimes ⇥ sometimes

R3, R4 - ⇤ Contradiction 4.5 1 -
Deontic Strength Belief Strength Causation Strength

R3,R4 should ⇥ must not - -

R2, {R4, R6, R7, - ⇤ Contradiction 4.5 1 -
R8, R9}

Deontic Strength Belief Strength Causation Strength
R2,R4 should ⇥ must not - -
R2,R6 should ⇥ should not - -
R2,R7 should ⇥ should not - -
R2,R8 should ⇥ should not - -
R2,R9 should ⇥ should not - -

R2, R5 C2.4, C5.2 ⌃ Safety 4.7 1 1

Deontic Strength Belief Strength Causation Strength
R2,R5 & C2.4,C5.2 should ⇥ must high ⇥ high always ⇥ sometimes

namely fatigue level, physical fitness and pain level. They can be
used to repair some side-effects of the chemotherapy (R1) with dif-
ferent efficacy (often ⇥ sometimes). Both recommendations might be
contraindicated in case of fever (R4). Although standard ET (R2) is
more effective, it also might be contraindicated for patients with (i)
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osteoarthritis, if pain or inflammation are present (R6,R7); (ii) hyper-
tension due to a risk of increasing blood pressure (R8); and (iii) con-
gestive heart failure due to a risk of increasing breathlessness (R9).
Finally, the standard ET (R2) is designated as safe with respect to
lymph node excision (R5) because it is known not to worsen the side-
effect (it doesn’t increase the risk of lymphedema).

The experts considered that these identified interactions provide
correct and relevant alerts to cope with the need for adaptation of ex-
ercise therapy. This means that the result of our TMR-based analysis
is considered satisfactory and promising, although improvements are
still required to properly support the experts. Currently the approach
provides only boundaries to the intensity of the exercise therapy, and
in future work we will address intensity in a quantitative way, to-
gether with duration, frequency, and content of exercise therapy.

Our approach for automatically detecting interactions requires that
the guidelines’ recommendations are modelled according to the TMR
model. Given this input, we can automatically generate the interac-
tions discussed in this paper. This means that the obtained results are
not restricted to this particular experiment, but can be repeated for
any set of guidelines for which a TMR model has been constructed.
Similarly, if new information about diseases is added to the TMR
model, the interactions rules would still apply and would again au-
tomatically detect new interactions. In our case study, this will allow
physiotherapists without the specific training to see the interactions
of their planned therapy, leading them to possibly adjust the therapy,
or to decide to refer a patient to a trained specialist.

4.5 discussion & conclusion

By extending the TMR model and rules beyond our previous publica-
tions, we have provided a more reusable and scalable approach for
detecting recommendation interactions in the context of multimor-
bidity. The running example in Sect. 4.3.1 illustrates the approach
while improving the result of our previous experiment [110, 112],
and the case-study in Sect. 4.4 evaluates the applicability or the TMR
approach in a realistic scenario in collaboration with experts. While
related work mostly focuses on drug-drug interactions, an important
aspect of our case study is the detection of interactions between care
actions other then (only) drug administration, such as exercise ther-
apy, showing the generality of our approach.
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The FOL rules for detecting interactions, which can be derived
from our analysis, are reusable, i.e. they are independent of any
specific conflicts, interactions or guidelines. In other words, the very
same rule can be applied to different combinations of guidelines to
detect interactions. This is a major improvement over related work,
which requires, for instance, two specific rules to identify ‘give and
do not give aspirin’ and ‘give and do not give ibuprofen’ as interactions.
Particularly, Wilk et al. [105] also provide FOL rules, although spe-
cific rules are still required for each possible conflict. Piovesan et al.
[71] also proposed guideline-independent algorithms based on an
ontology for detecting interactions, restricted to types ‘concordance’
and ‘discordance’. The use of intentions associated to actions for de-
tecting ‘intention interactions’ is close to what we do on verifying
the transitions related to recommendations, although their approach
is restricted to positive recommendations justified by positive causa-
tion beliefs. They also address an action type hierarchy for detecting
interactions, but this is restricted to drug administration. To the best
of our knowledge, other related work does not address these issues
in a broader sense. Finally, our approach is scalable in the number of
combined guidelines (i.e., it’s easy to add and connect more clinical
guidelines to the interaction analysis), since the rules, besides being
reusable accross different guidelines, address the cumulative behav-
ior of interactions (introduced and discussed in depth in [110]).

Our formal account of the TMR models and rules allows for an
implementation relying on Semantic Web technologies, reusing ex-
isting biomedical linked open data (LOD), as we have done in previ-
ous work [113, 114]. We benefited from external knowledge sources
such as Drugbank and Sider7, complementing the knowledge orig-
inally provided within guidelines in order to detect external inter-
actions, such as drug-drug interactions, alternative drugs and side-
effects. We advocate that providing means to reuse extensive biomed-
ical background knowledge is an important ingredient for enhancing
the ability to detect problems and alternatives that were not explicitly
mentioned in guidelines, including very up-to-date information. To
the best of our knowledge, related work does not address this feature
in depth. In future work, we will extend our current implementation
to address the improvements proposed in this work.

Finally, we also intend to investigate other use-cases beside multi-
morbidity (e.g. guideline updates [115] or adaptations) together with

7 http://www.drugbank.ca, http://sideeffects.embl.de
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relevant aspects that would influence interactions, such as tempo-
ral aspects, quantities and goals. The approach presented in [70] is
promisingly complementary to ours regarding temporal aspects.

To conclude, we have provided an improved version of the TMR
model as well as an analysis of interaction types that can be detected
with this model, while pursuing the (re)usability of the interaction de-
tection rules as well as their scalability in the number of guidelines.
Generic formal rules are provided that enable the automatic detection
of interactions among multiple guidelines, including the strengths of
the interactions which allow them to be ranked or filtered. We have
evaluated the approach in a realistic scenario about physical exercise
applied to breast cancer patients in collaboration with experts. The
evaluation is considered promising by the experts. As future work
we will extend our approach with more features required to prop-
erly support these experts, such as addressing duration, frequency,
intensity and content of exercise therapy.
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