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Abstract. Developing effective digital interventions to help patients form healthy habits is a challenging goal. IDEAS is
a step-by-step framework that allows developers to draw ideas from intended users and behavioral theories, and ideate
implementation strategies for them, followed by rapid prototype development. Based on our long experience with
developing generic knowledge-based clinical decision support systems (CDSS) and integrating them with electronic
health records (EHR) to deliver patient-specific advice, we observed a challenge that IDEAS is not addressing: the
semantic detailing of the clinical knowledge behind the digital intervention and relevant patient data that could be used
to personalize the digital intervention. To close the gap, we augmented two steps of IDEAS with an ontology that
structures the target behavior as classes, derived from HL7 Fast Healthcare Interoperability Resources standard. We
exemplify the augmented IDEAS with a case study taken from the Horizon 2020 CAPABLE project, that uses Fogg's
Tiny Habits behavioral model to improve the sleep of cancer patients via Tai Chi.
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1. Introduction

People want to change their behaviors to improve their quality of life and make healthier choices. The most frequent
behavior change areas [1] are smoking cessation, sleep quality improvement, weight loss, diet, physical activity,
treatment adherence (i.e., adherence to medical recommendations including both taking medication and attending
appointments), especially for chronic disease management. Digital interventions delivered through mobile technology
can have great potential to facilitate such health behavior changes, as they provide improvements in efficacy, cost-
effectiveness, safety, and scalability. Moreover, the literature highlights many successful digital interventions [2]
developed for different types of behavioral changes such as Vegethon [3] for nutritional intervention, Happy Ending
[4] for smoking cessation, SMART [5] for weight loss goal, and Headspace [6] for mindfulness. These systems cited
above all utilize behavioral health techniques [7]. However, we have not encountered any ontologies that allow to
detail the properties of the behavioral interventions that make them actionable in a general system.

To support the development of effective digital interventions for behavioral change, Mummah et al. [8] developed a
framework and method called IDEAS (Integrate, DEsign, Assess, and Share). This framework uses a step-by-step
approach to guide the development process using behavioral theory, design thinking, user-centered design, rigorous
evaluation, and dissemination. While we find the IDEAS framework to be extremely constructive and useful, we
believe it lacks formal and detailed structuring of digital interventions. In a previous study [9], we extended the IDEAS
abstract concepts into concrete backend architectural components and graphical user-interface designs. In this paper,
we propose an extension of IDEAS using an ontology to provide a conceptual framework for the definition of the
behavior intervention. The behavioral theories exploited by the digital intervention and the clinical evidence for their
success guide the structuring of the knowledge base. To structure the ontology, we rely on HL7 standards, and in
particular on HL7's Fast Healthcare Interoperability Resources (FHIR) [10] standard. Defining a FHIR-based ontology
allows standardizing the knowledge related to digital interventions for behavioural changes, which has not been done
so far. Furthermore, this represents a step towards making the intervention actionable as an integrated part of a clinical
decision support system (CDSS).

In this paper, we introduce the general methodology that we developed for the construction of such ontology, which
is reusable in different application domains and for different target behaviors. We demonstrate our method through a
case study taken from the Horizon 2020 CAncer PAtient Better Life Experience (CAPABLE) project (https://capable-
project.eu/), where we are using Fogg's Tiny Habits behavioral model [11] to improve the sleep of cancer patients.
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2. Related work
The IDEAS framework

Mummabh et al. [8] presented a ten-step guide to the development of effective digital health interventions that provides
a disciplined way to incrementally translate behavioral theories into highly relevant and practical interventions. The
ten steps are organized into a four-phases process as follows: Integrate phase, including (1) empathize with target
users, (2) specify target behavior, (3) ground in behavioral theory; DEsign phase, including (4) ideate implementation
strategies, (5) prototype potential products, (6) gather user feedback, (7) build a minimum viable product; Assess
phase, including (8) pilot test to assess potential efficacy and usability, and (9) evaluation of the efficacy in an RCT;
and Share phase, to (10) share intervention and findings.

Fogg's Tiny Habits behavioral model

Fogg Behavioral Model (FBM) [11] is especially suitable to help patients turn interventions into habits. The model
includes three main concepts: motivation, ability, and triggers. If all are present, they allow the behavioral change to
occur and become a habit. Fig. 1 shows the core concepts of FBM. The vertical axis represents the motivation, which
is driven by three different core motivators (pleasure/pain, hope/fear, and acceptance/rejection). The horizontal axis
presents the ability of the subject to perform the behavioral task. Ability is affected by six different elements, called
simplicity factors (time, money, physical effort, brain cycles, social deviance, and non-routine). The target behaviour
has a trigger that prompts the subject to perform the behavioral task. Triggers can be a spark, a facilitator, or a signal.

This representation suggests, as the model asserts, that a person is able to achieve a target behavior if s/he has high
motivation, high ability, and an effective trigger at the same instant; this places the person to the top-right of the curve,
which is the actionable part where habits are formed. Note that in Fig. 1, three virtual interventions are shown as blue
squares. Deep Breathing is not actionable as it is below the curve. In order to allow a person to adopt a behavior, we
can increase her motivation or increase her ability by making the needed behavior smaller and easier to do.

Patient data models facilitating personalized decision support

In a previous CDSS that we developed, MobiGuide [12], we defined a patient model that included the patient's clinical
data, patient-reported symptoms, personal preferences, psychosocial context, and personal events. The model is both
dynamic, as it reacts to current data from real-time monitoring of patient's reporting and sensors tracking, and it is also
highly adaptive to the personal preferences and contexts of the individual patient. The adaptive part of the model
allowed us to suggest digital interventions that best fit with the patient's characteristics. The model complied with
HL7's Virtual Medical Record.

Since that time, HL7 has released a more robust standard called Fast Healthcare Interoperability Resources (FHIR)
[10]. It leverages existing logical and theoretical models to provide a consistent, easy to implement, and rigorous
mechanism for exchanging data between healthcare applications. To achieve this goal, FHIR uses generic Resources
(i.e., Patient, Observation), that define the properties of all exchangeable information.
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Fig.1. Fogg's Behavioral Model with examples of the capsules for a specific subject, shown in blue. Adapted from [11].
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3. Methods

We augmented two steps of the IDEAS framework with an ontology structuring digital interventions for behavioral
change. An ontology is an explicit and formal specification of a shared conceptualization representing a consensual
and shared knowledge of an abstract model of a world's domain or phenomenon [13]. By defining classes in the
ontology, we can specify the main concepts related to digital non-pharmacological evidence-based interventions,
which we call "virtual capsules”. In addition, we also represent a patient model useful for creating personalized
interventions.

To define the structure of the classes in the ontology, we leverage the SNOMED-CT vocabulary and HL7 FHIR
resources (a) Patient, (b) Medication_Request, (c) Medication, and (d) Dosage. The ontology provides a way to model
a structured conceptual framework representing knowledge on specific concepts and the relations among them. This
provides an instrument that allows more expressiveness that simply extending "isolated" FHIR resources. Moreover,
using an ontology would allow extending and using the model with standards other than HL7 FHIR. Our framework
is generalizable because it in principle allows representing any kind of non-pharmacological intervention. It is in fact
possible to add other types of capsules targeting a wide variety of behaviours and goals.

To conform to the Basic Formal Ontology [14], Patient is an Independent_Continuant, Medication is a
Process_Profile, Medication is an Object, and Dosage is a Genertically_Dependent_Continuant. Medication_Request
models an order for the medication and the instructions for administration of the medication to a patient, including
dosage which also includes timing. Although, as observed in [15], FHIR does not address non-pharmacological
behavioral interventions, we extend FHIR by using the analogy between pharmacological treatments and virtual
Capsules representing behavioral interventions. These two types of interventions share several characteristics, except
for the fact that pharmacological interventions use drugs, whereas the interventions in the capsules are lifestyle
changes related to cognitive behavioral therapies or physical activity. Therefore, in our ontology, both Medication and
virtual Capsule are modeled as subclasses of a new, more general class, called Treatment_Option (Fig 2b). Similarly,
Treatment_Request (Fig 2a) is a new class that generalizes Medication_Request and the new analogous subclass
Capsule_Request. As in FHIR, Treatment_Request includes dosage information. Fig 2c shows instances of Dosage
for a Medication_Request and for a Capsule_Request.

Similar to the FHIR Medication resource, Treatment_Option has a codable concept that specifies the preferred name
and controlled clinical vocabulary code (e.g., SNOMED-CT code) for the medications or the digital behavioral
intervention (e.g., Mindfulness, Tai Chi), for which internal codes are used.

In addition, the Treatment_Option class structures the interventions by providing a goal-based and evidence-based
view. The goal of Treatment Option was inspired by the Goal structure for CDSSs developed by Kogan et al. [16],
which uses the relationship may_treat of the National Drug File Reference Terminology (NDFRT) [17]. Hence
Treatment option has the property may_treat, whose domain is FHIR Observation (e.g., "may treat sleep problems"
or "may treat fatigue™). For the Capsule subclass, goals are extended to wellbeing dimensions by adding the property
fits_wellbeing, whose domain is Wellbeing_Dimension (i.e., mental, social, physical, spiritual, functioning, and global
wellbeing [18]). The evidence-based view provides Treatment Option with a property to cite evidence that the
proposed intervention is effective for the goal (reference_effectiveness).

The Capsule class include additional properties corresponding to the theoretical behavioral model behind the
intervention. The interventions that have been developed for the CAPABLE project are all based on the FBM [9]. To
take this into account, the Capsule class has a set of properties that reflect factors related to trigger, ability, and
motivation. The trigger (prompt) property can represent a signal, spark or facilitator. The two properties called
effort_cognitive and effort_physical represent the FBM ability factors related to the mental and physical effort required
for the specific behaviour. The two properties cost and in_out_doors are ability factors according to FBM. The FBM
motivation factor is modeled through a reward function (has_reward) that assigns a score to the patient at the end of
the execution of the practice.

Finally, the Patient class includes properties of the Patient FHIR resource, including name, gender, date of birth,
marital status, care takers, and communication language. Similar to the patient model developed in [12], the Patient
class also includes the main diagnosis and comorbidities or the patient, and the prescribed Treatment_Requests, which
connects the patient to the patient-specific digital interventions and medications (Capsule_Request and
Medication_Request). To allow goal-based reasoning [16] that is used in CAPABLE CDSS, we also add the clinical
goals of the patient. As in [12], the Patient class also contains the observations related to the patient. Similar to the
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patient preferences used in [12], we represent the patient's ambiance preferences, musical preferences, technological
preferences, and physical activity preferences, which allow personalization of recommendations.

(a)

(c)

Abstract Class
[Treatment_Request]

refers_to_treatment_option: [Treatment_Option]
has_dosage: [Dosage]

A

(b)

code: [CodableConcept]
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reference_effectiveness: [Reference]
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khas_dosage: Tai_Chi_Dosage [Dosage] Y,

[Dosage]

dose: [SimpleQuantity]
rate: [Ratio]
timing: [Timing]

)

A

v

Amoxicillin
[Medication]

code: Amoxicillin-27658006-snomedct [CodableConcept]
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//500 mg, twice a day, for 10 days at breakfast and dinner

dose: 500 mg [SimpleQuantity]
rate: 2/day [Ratio]
timing: <repeat> //at breakfast and dinner for 10 d
<boundsPeriod>
<start value="202-12-23" />
<end value="2021-01-02" />
</boundsPeriod>

<when value="CM" /> //breakfast
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<start value="2020-12-23" />
<end value="2021-01-23" />
</boundsPeriod>
<when value="MORN" /> //morning

\ </repeat>

/
™
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Fig 2. The analogy between Medication_Request and (virtual) Capsule_Request for behavioral interventions. Our additions to
FHIR resources are highlighted in yellow.

We developed the ontology via the Protégé knowledge modeling tool (protégé.standord.edu) version 3.4.8 using Web
Ontology Language (OWL) version 1. Examples for instances of our extensions, for an intervention based on FBM
[11], are presented in Section 4.

The presented ontology would fit well into two steps of the IDEAS framework (Fig. 3). The "specify target behavior

step of the "Integrate" phase is focused on making the target behavior highly specific and actionable, and providing
the evidence for its potential impact. The goal of our ontology is to make the structure of the intervention explicit. In
more detail, some of the properties of the Capsule class (may_treat and fits_wellbeing, for the goal-based view,

1189



reference_effectiveness for the evidence_based view) and the timing property of the Dosage class are specifically
devoted to indicate the target of the intervention and to ground its validity on scientific evidence.

The second step of the IDEAS framework that would benefit from the introduction of the presented ontology is the
"ideate" step of the Design phase. This step is focused on the implementation strategies. To this end, the Capsule class
is provided with a set of properties to explicitly refer to the behavioural model which is used to put the intervention
into place (e.g., FBM). The Capsule_Request class is specifically aimed at modeling the implementation of the
intervention on the specific user, which is in turn modelled using the Patient class. The properties designed in the
Patient class make it possible to propose and recommend the user the digital interventions that best fit with his intrinsic
characteristics and preferences.

As shown in Fig. 3, the presented ontology extends the IDEAS framework in two specific steps. To get to the final
structure of the ontology, though, we also slightly modified two other phases: Empathize and Gather. In IDEAS the
users that are involved in collecting insights and requirements are patients, while we have relied on multiple
stakeholders, including clinicians, psychologists, nutritionists, clinical and informatics researchers, and software
developers. Each of them brought input to the requirement collection, as related to the virtual capsules (behavioral
interventions).
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Fig.3. The IDEAS framework [8], extended by our method. Changes are in blue.

4. Results in the CAPABLE Case Study

Most cancer patients are managed at home, facing long-term treatments that make the disease comparable to a chronic
condition [19]. Patients are expected to assume a more significant role in managing their follow-up care. They must
have the ability to control the symptoms and the consequences of living with a chronic condition, including treatment,
physical, social and lifestyle behavioral changes [20]. To improve patients' well-being [18] and to help them comply
with behavioral interventions known to improve mental and physical health, we hypothesize that mobile technology
can potentially support. Thus, we had ideated virtual capsules, which serve as the knowledge base of a CDSS patient
coaching system.

These digital interventions were developed as part of a European project, part of the Horizon 2020 European program
for research and innovation, called CAPABLE (CAncer PAtients Better Life Experience), that aims at building a
CDSS to support cancer patients and their care providers during the home management of the disease, using Artificial
Intelligence and Big Data potentialities.

In this paper we use CAPABLE as a case study for the design and the implementation of digital interventions using
the ontology presented in Section 3. In our case study we profile a patient called, Maria Rossi, a hypothetical Italian
female kidney cancer patient aged 66. Maria is modelled as an individual of the Patient class (Fig 4), and she has
properties related to personal information (e.g., name, gender, marital_status, care takers, communication language)
and life-style preferences (e.g., diet, physical activity, hobbies —following Wikipedia's list of hobbies [21], and
technological preferences (i.e., PC/laptop, mobile phone, smart phone, tablet) (Fig 4A), clinical conditions (e.g., main
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cancer condition and comorbidities of diarrhea and sleep problems) (Fig 4B), goals that the patient wants to achieve
(Fig 4C), and prescribed treatments for these goals, including medications and virtual capsules (Fig 4D).

INDIVIDUAL EDITOR for Maria_Rossi (instance of p1:Patient)

For Individual: [Rttgihanesy ovel-ontologies comfOntalogy1 5556551 96 owl#haria_Rossi

A Characteristics and preferences B Conditions
pl:name & dietary_preferences &2 has_main_condition & 1}- L-
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wealking string 4 Sleep_problems
pi:date_of_birth ar 2
INavember 11, 1954 =]
C Goals
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dp Ocoupation YWorker

D Treatments

Fig. 4. Maria Rossi, an individual of the Patient class of the ontology

This profiling helps us to better associate users with personalized digital interventions. In fact, thanks to Maria’s
preferences, it is possible to identify some capsules suitable for her, and others that might be inappropriate. As it is
possible to see from the regular_physical_activity property value in Figure 4A, Maria does not practice regular
physical activity. Tai Chi, which is a short physical and mental practice, could help her increase her level of physicality
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without too much effort. Moreover, since Maria likes to walk (physical_activity preference property), a digital
intervention such as the daily walk in nature can also fit well with Maria's characteristics. Instead, a static capsule like
Deep Breathing, a relaxation technique, is considered unsuitable for Maria, as it does not match her interests.

Fig. 1 shows how the capsules identified as suitable for Maria appear in the actionable part of the Fogg Behavioral
Model, as the user has the necessary characteristics to have sufficient ability and motivation to carry out the
interventions that are to the right of the curve. Capsules such as Deep Breathing appear below this actionable part,
because Maria's motivation for them is low; to make interventions more appealing to the patient it is necessary to
modify them according to the user's preferences and needs.

As previously mentioned, the Patient class has a property that connects it to individuals of the class Treatment _Request
(has_treatment_request — Figure 4D). In the specific case of a behavioural intervention, this property allows us to link
the Patient class with the Capsule_Request class, that models the knowledge related to digital intervention prescribed
for a single patient.

One of the treatments that is requested for Maria is the Tai Chi (Fig 4D), which is modeled as an individual of the
Capsule_Request class, as shown in Figure 2. In particular, Maria's Capsule Request (Fig 2a) points to the Tai Chi
Capsule (Fig 2b). Instances of the Capsule contain all the generic characteristics of the Tai Chi intervention, not strictly
related to the user who has to practice it (Fig 2b). The dosage and timing properties of the recommended
Treatment_Request (Fig 2a) are represented through an individual of the class Dosage (Fig 2c¢). The dose, rate, and
timing can be used to personalize the intervention to the patient's ability. For example, for some patients, 30 minutes
of Tai Chi could be too much, but they could form a habit of practicing Tai Chi 5 minutes a day (dose) every day (rate)
for one month, in the morning (timing).

IHDIVIDUAL EDITOR for "Tai Chi® {instance of Capsule)

For Individual: (Rt ifssaeey ovel-ontologies comiOntology 5856551 96 owl#Capsule_2
D behavioral theory
description & trigger &4
Tai Chi allovys you to meditate in motion, |Signal '-'|
=0 in addition to being & form of
mindfulness, it alzo brings physical - 52
—— effort_cognitive
|medium v|
A target_behavior
pl:has_term ‘k ﬁ- L 57
effort_physical
4 'Tai Chi -
|medlum v|
B goal
pl:may_treat ‘; ﬁ- g 52
, . cost
@ 'sleep problem
& 'zocial isalation’ ||'I'W "’|
& fotigue C evidence
reference_effectivene £ ':ﬂ:' X in_out_doors &3
) ‘; “alue | Lang |bnth v|
25—“'3“"3'“9 * e (40750ng, Shangjin, et &l en
mental
& physical has_reward L ﬁ- *
A Timing.curstion_min®

Fig. 5. Tai Chi individual of Capsule class

The Tai-Chi Capsule instance for Maria is shown in Figure 5. It specifies the target behavior (Fig 5A) and the goals
that the intervention aims to achieve (Fig 5B), through the properties may_treat and fits_wellbeing. These properties
model that this capsule aims to improve sleep problems and fatigue thus improving physical and emotional well-
being. Since every digital intervention developed in our work is based on scientific evidence, the Capsule class
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contains the reference_effectiveness property (in Figure 5.C), which points at the benefits that the capsule can carry
out to solve this issues (in this case the ameliorative effects that Tai Chi can bring in cancer patients).

Part D of Fig. 5 relates the Capsule to the FBM [11]. The trigger chosen for Tai Chi belongs to the Signal type, as
notifications are sent to Maria, through the application, that remind her to perform the practice. The effort_cognitive
and effort_physical related to the Tai Chi capsule are considered of medium intensity, as Tai Chi requires both
mindfulness and body movement. The cost is low, as CAPABLE offers Maria some YouTube videos to perform the
practice. Tai Chi may be practiced in- or out-doors. The FBM motivation factor is modeled through a reward
function (has_reward) that assigns a score to Maria at the end of the execution of the practice, depending on the
duration of the exercise.

Figure 6 presents the taxonomy of classes in our ontology and the properties of the Patient class, exemplified by the
Patient individual of Figure 4.
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Figure 6. The taxonomy of classes in our ontology and the properties of the Patient class
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4. Discussion

In this paper we presented the extension of the IDEAS framework with a structured ontology that allows developers
of digital behavioral change interventions to address in a systematic and detailed way the specification of the
behavioral change intervention (the Capsule), its dosage and timing (Treatment_Request), and the properties of the
Patient that could be used to personalize the Capsule_Request to the patient's characteristics and preferences. By
basing our ontology on FHIR resources, we allow modelers and developers of digital interventions a standard way to
specify CDSS knowledge in a way that is interoperable with electronic health records. We have used the modified
IDEAS framework and the novel ontology that we had developed in our ongoing development of the CAPABLE
prototype, which is now in its second iteration and will be used by patients and clinicians in 2023. Its preliminary
evaluation has been done by over ten additional members of the CAPABLE project, including software developers,
clinicians and patients.

The novel Capsule class structures the potential delivery model of the digital intervention according to Fogg
Behavioral Model [11]. As part of the CAPABLE project we aim to use machine learning models that would learn
how to dynamically personalize the customizable capsules by modulating the duration of the Capsule_Request or its
intensity level in order to meet the patient's "ability” factor of FBM. We have also started to develop methods for
personalizing triggers by learning the user’s daily routine from sensors - when is she usually outside, when is she not
moving enough, when is she sleeping, etc. This information could be used to predict the most suitable time for
triggering (prompting) the reminder for the Capsule. We also started thinking about reward functions, as part of the
motivation factor of FBM. Another part of the motivation is educating the patient about the benefits of adhering to
the capsule recommendations (Capsule Request).

To make the capsules more actionable, future work will target quantifying the effort required to complete the
capsule (physical and cognitive) as well as the ability and motivation of the patient. The effort required for the
different capsules can be determined in two ways. The first is the available evidence on the effectiveness of the
activity in promoting behavioral change (e.g., we know that Tai Chi is effective if performed every day for 5
minutes, which implies a medium physical effort). The second way to determine the effort is to rely on the
knowledge of the expert (physician, psychologist, physiotherapist) who is defining the capsule. This work lays the
foundation for a CAPABLE's virtual coaching system which will deliver personalized digital behavioral
interventions to improve cancer patients’ wellbeing. Although our study is aimed at supporting the wellbeing of
cancer patients, the behavioral change interventions that we offer could help all other chronic disease patients,
whose physical health is often accompanied by mental distress. The mindfulness, nature-based, exercise-based, or
positive psychology-based interventions that we offer are applicable to many other chronic disease patients.
Furthermore, the work represents a step towards making digital interventions actionable as an integrated part of any
knowledge-based CDSS. While we demonstrated our ideas using a particular case study, the ontology is generic and
could be extended to support other behavioral models in addition to FBM.

Using the ontology would benefit developers and researchers of digital interventions beyond CAPABLE from the
following aspects: (a) structuring their non-pharmacological intervention using a systematically-developed ontology
leveraging on the available standards (FHIR, NDFRT, SNOMED-CT), (b) using the same ontology structure for
different components of a complex CDSS in order to define the behavioural interventions but also to exchange
information about its usage among system components, including the patient electronic health record, and (c)
allowing a standard way for researchers to analyze data collected about the delivered interventions (both
pharmacological and non-pharmacological) and their impact on the patient's health and wellbeing in a unified way.
Beyond the contribution of this research toward representation of digital behavioral health interventions via an
ontological standard-based information model, the integration into the IDEAS framework supports the entire life-
cycle of eliciting requirements till implementing a mobile health app.
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