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Background: Few ontological attempts have been reported for conceptualizing the bioethics domain. In addition to limited scope representativeness and lack of robust methodological approaches in driving research design and evaluation of bioethics ontologies, no bioethics ontologies exist for pandemics and COVID-19. This research attempted to investigate whether studying the bioethics research literature, from the inception of bioethics research publications, facilitates developing highly agile, and representative computational bioethics ontology as a foundation for the automatic governance of bioethics processes in general and the COVID-19 pandemic in particular.

Research Design: The iOntoBioethics agile research framework adopted the Design Science Research Methodology. Using systematic literature mapping, the search space resulted in 26,170 Scopus indexed bioethics articles, published since 1971. iOntoBioethics underwent two distinctive stages: (1) Manually Constructing Bioethics (MCB) ontology from selected bioethics sources, and (2) Automatically generating bioethics ontological topic models with all 26,170 sources and using special-purpose developed Text Mining and Machine-Learning (TM&ML) engine. Bioethics domain experts validated these ontologies, and further extended to construct and validate the Bioethics COVID-19 Pandemic Ontology.

Results: Cross-validation of the MCB and TM&ML bioethics ontologies confirmed that the latter provided higher-level abstraction for bioethics entities with well-structured bioethics ontology class hierarchy compared to the MCB ontology. However, both bioethics ontologies were found to complement each other forming a highly comprehensive Bioethics Ontology with around 700 concepts and associations COVID-19 inclusive.

Conclusion: The iOntoBioethics framework yielded the first agile, semi-automatically generated, literature-based, and domain experts validated General Bioethics and Bioethics Pandemic Ontologies Operable in COVID-19 context with readiness for automatic governance of bioethics processes. These ontologies will be regularly and semi-automatically enriched as iOntoBioethics is proposed as an open platform for scientific and healthcare communities, in their infancy COVID-19 learning stage. iOntoBioethics not only it contributes to better understanding of bioethics processes, but also serves as a bridge linking these processes to healthcare systems. Such big data analytics platform has the potential to automatically inform bioethics governance adherence given the plethora of developing bioethics and COVID-19 pandemic knowledge. Finally, iOntoBioethics contributes toward setting the first building block for forming the field of “Bioethics Informatics”.
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INTRODUCTION

One of the key rationales behind developing machine interpretable ontologies is to resolve semantic heterogeneities between key concepts in a particular domain. Such an approach will facilitate common understanding and communication language between both humans and machine leading to better analysis and reusing of the underlying domain knowledge, along with the explicit representation and automatic reasoning based on related conceptual domain assumptions. In healthcare, for instance, context-aware systems must adapt to their changing dynamic environment. Ontology concepts are elicited and implemented in various healthcare computing systems (1). For example, ontology has been employed in the medical field to: enhance the functionality of complex medical data, provide informed medical prescriptions, and reduce errors in diagnosis (1). In addition, ontologies contribute to developing a global mental health ethics to serve the need of having autonomy-driven bioethics in non-western cultures (2). Furthermore, with the emergence of IoT and viable 5G networks, technology has been revolutionizing communication among healthcare systems. Therefore, the role of ontologies is considered a major building block in resolving semantic heterogeneities between healthcare systems in a global context (1).

The bioethics literature reports on few limited ontological attempts to conceptualize the bioethics domain with limited scope representativeness (3). In addition to a lack of a robust methodological approach in driving the research design and evaluation of resultant bioethics ontologies, the literature does not report on the existence of bioethics ontologies in pandemics and more specifically for COVID-19. Therefore, this research aims to develop an agile, highly representative, and robust ontological model within the domain of bioethics in general, and amidst pandemics in particular such as COVID-19. This is anticipated to achieve a better understanding of bioethics processes and automatic governance of these processes when linked to the respective information systems operating in healthcare centers, research and development institutions, civil society organizations, and businesses affected by bioethics.

Our main research hypothesis states that “investigating the bioethics research literature, from the inception of bioethics research publications, leads to identifying a highly agile representative set of bioethics conceptual entities, and governance relationships of bioethics processes”. A methodological research framework (iOntoBioethics) has been fit-for-purpose developed to prove this research hypothesis guided by the Design Science Research Methodology (DSRM) (4) and utilizing the systematic literature mapping method. The search space utilized more than 26,000 Scopus-indexed articles with emphasis on bioethics processes in order to inform whether a semi-automatically generated bioethics ontology is comparable to a manually developed generalized bioethics ontology developed also during the course of this research. The sufficiency and representativeness of the automatically generated bioethics ontology have been assessed by domain experts in general, and for pandemic bioethics with reference to COVID-19.



BACKGROUND

Ensuring that bioethics and the principles of ethics are positioned at the forefront and central to all day to day processes, related activities and actions, and intersecting sectors during pandemics is of paramount impact for many reasons. Firstly, it is well-known that vulnerable communities are most susceptible to the impact of a pandemic across sectors, including economy, health, education etc. Therefore, inequality of deployment of resources results in the suffering of these sectors and their communities. Secondly, during pandemics health personnel and scientists are actively developing therapies and preventive measures such as vaccines. Hence, it is more than often the case that vulnerable communities are taking advantage of to test new therapies and vaccines. For example, the history of clinical trials in Africa caused notable harm to people (5). Big pharma has a history of taking advantage of the lack of local policies and regulations to protect local citizens in many developing countries to come in and conduct vaccine and drug trials under the auspices of legal procedures. Thirdly, because of the development of technology and tracking systems to reduce the spread of a pandemic, people's privacy is being violated. Vulnerable communities—who do not have a voice or legal representation—are the ones who usually suffer the most.

Safeguard recommendations were introduced recently (6) such as data and privacy protection, where new technologies are used for surveillance in response to the COVID-19 pandemic. However, such technologies “may cause discrimination, be intrusive and infringe on privacy, or may be deployed against people or groups for purposes going far beyond the pandemic response” (6). Therefore, for these reasons collectively, bioethics principles and processes ought to be placed central to all governmental and civic society processes and sectors in response to pandemic operational spheres. In healthcare systems and society, McGuire et al. (7) discussed several ethical challenges in relation to healthcare systems and society such as informed consent and prioritization of healthcare workers. They found that multiple factors such as changing circumstances, experience, and patterns of illness play a role in reshaping ethical policy and reassessing ethical principles. They stress that learning from the COVID-19 experience is important for the next pandemic. On the same track, Saha et al. (8) indicated that professionals must be aware of the rapid change in the allocation of resources and evaluating healthcare standards. They also reflected on the technological impact in pandemics and stressed on the role of ethics to handle conflicts of interests and allocation of resources.


Bioethics in a Process Context

Aksoy and Tenik (9) indicated that Bioethics is “a quasi-social science that offers solutions to the moral conflicts that arise in medical and biological science practice”. It is a systematic study of human conduct, which is interdisciplinary in nature within life sciences and healthcare, insofar as this conduct is examined in light of moral values and principles (10). The four principles of bioethics are: (1) “respect to autonomy,” (2) “non-maleficence,” (3) “beneficence,” and (4) “justice” (11). These principles govern the ethical conduct in almost every society. Bioethics links all healthcare professionals in an attempt to resolve ethical considerations for healthcare systems arising during patient care (12).

Healthcare systems comprise actors, processes, and activities in complex and dynamic environments with massive served and serving systems of systems interactions. However, these healthcare professionals require input from “multiple different disciplines, considering more than one perspective on the same phenomenon” (13). The adoption of a process centric approach in bioethics is of paramount importance in how information is gathered, and how relationships are managed between different stakeholders and systems involved (14).

It is observed that new directions have been emerging for theorizing about ethical decision-making and practice in healthcare contexts by drawing attention to new ethical actors, changing organizational settings with both broader ethical challenges and conceptualization of gate-keeping processes (15). Such emerging directions are becoming more orthogonal to healthcare services; and accordingly ethical review processes (16) will be in timely demand of data consumed and produced during the different activities of bioethics and healthcare processes. Such a requirement that necessitates building the ontology of the domain of bioethics.



Bioethics in Ontological Context

One of the earliest definitions of ontology from a computing point of view is Gruber's definition “Ontology is a specification of a conceptualization” (17). A further more operationalized definition for ontology was provided by Noy and McGuinness (18) as “formal explicit description of concepts in a domain of discourse [classes (sometimes called concepts)], properties of each concept describing various features and attributes of the concept [slots (sometimes called roles or properties)], and restrictions on slots (facets (sometimes called role restrictions)).”

Several efforts have been put into integrating bioethics with ontologies. Koepsell et al. (19) developed the Biomedical Ethics Ontology (BMEO) as a methodology to guide the creation of “a powerful information tool”. The attempt was considered as “proof of concept”. However, DuBois (20) argued that such a framework was “ill-suited” for the entities related to regulatory definitions and ethical concepts. In addition, Wasilewska (21) evaluated the proposed BMEO framework to generate biomedical ethics ontology. He concluded that BMEO “might face unbeatable obstacles and the domain of moral consideration might not, at the same time, be an appropriate realm to be standardized by ontology tools”.

Recently Romanyshyn (3) attempted to show the importance of the ontological classifications and their relation to healthcare rationing. In general, his work set the common ground for the necessity of rationing especially with limited resources to ensure fairness between different parties from the same domain. However, he pointed out the need of relaxed range for accepting concepts “that would err on the side of generosity not facing hard choices”. He justified the importance of ontological classification in understanding psychological disorders. One of the main limitations of previous literature is the inability to produce a tangible ontology that can be used in practice. Also, no theoretical grounds for the concepts of bioethics (without any implementation), apparent comprehensive methodological research framework, and governing bioethics processes were observed.

Bioethics processes are heavily engaged in ensuring appropriate ethical conduct in relation to the associated healthcare systems and processes. Such ethical processes have data and information consumed and produced in relation to bioethics entities. Therefore, semantic heterogeneities are likely to emerge and new relationships are likely to proliferate between different entities, systems, standards, protocols, etc., that will dictate a complex governance requirement for the underlying bioethics processes. Consequently, this becomes very challenging in highly desperate context aware situations and with the massively changing context of dynamic environments such as the COVID-19 pandemic. Thus, in such complex and extremely timely demanding pandemic environments, ontologies are highly appropriate for resolving semantic heterogeneities at different levels of abstraction of bioethics and healthcare processes and systems.

In this research, we define “Bioethics Ontology” as the structured and formal shared specification of bioethics concepts at different levels of abstraction along with the properties of these bioethics concepts, and the rules that govern the integrity of the relationships between them such that the specified principles and processes of bioethics are adhered to.




THE iOntoBioethics RESEARCH FRAMEWORK DESIGN

In order to gain a comprehensive coverage of bioethics concepts and their evolution since they first appeared in the literature in 1971, we have developed a novel agile framework to mine the substantially impactful and well-indexed literature. This agile framework is empowered by fit-for-purpose Text Mining and Machine-Learning (TM&ML) engine that automatically identifies bioethics topics and their associated concepts. Such a framework needs to be agile to evolve with new changes or new topics and concepts emerging as new research, policies, legislations, quality and ethical requirements, etc., are published. Such intelligently generated bioethics topics and concepts are the key building blocks for our novel framework in its agility to evolve the construction and evolution of a universal bioethics domain ontology.

Furthermore, the iOntoBioethics framework adopts the Design Science Research Methodology (DSRM) (4) which enacts a problem-based solving paradigm for understanding, conducting, evaluating, and publishing this work. Given that the nature of the iOntoBioethics framework being a software engineering and information systems artifact, the DSRM methodological approach and its process are fit-for-purpose compared to other research methodological approaches that are more suited to laboratory or humanities research projects. The DSRM approach has been widely used and reported in the literature over the past years with notable examples (22, 23). Following the inception phases of problem formulation and objectives' definition, the DSRM process iteratively implements whole increments of design, development and evaluation activities during the whole life cycle of the research framework development before the final phase of communicating research project outcomes. This means that researchers can revisit and re-evaluate the developed framework as duly needed in order to tune the phased and final outcome in meeting the research aim and objectives (24).

In this research, the systematic literature mapping method has been adopted to address our research aim through the development of the iOntoBioethics research framework utilizing the DSRM. The DSRM fit-for-purpose process was devised with the incremental and iterative phases of design, implementation and evaluation before communicating outcomes in the final phase.

The development of the iOntoBioethics framework has been carried out over five increments as shown in Figure 1. Although Figure 1 depicts linear stages of the iOntoBioethics DSRM process, some iterations and interleaving occur between this process increments from design to evaluation. Besides publishing this article and developing an open platform as a research outcome, as per developments published on the www.iOntoBioethics.org website. The website aims to involve the scientific community of researchers from different disciplines that are interested in collaborating their bioethics and/or ontology-related work in relation to this proposed agile framework.


[image: Figure 1]
FIGURE 1. The iOntoBioethics research framework design.



Phase 1: Defining the Research Problem—The Research Gap Analysis

In this phase, the research problem and rationale are identified. Based on the literature, a notable absence of a generic conceptualization model of bioethics domain is recognized, and in particular the absence of a model that operates in pandemics time.



Phase 2: Define Aim and Objectives of the iOntoBioethics Ontology

The iOntoBioethics framework is agile and evolves with emerging research, policies, legislations, quality and ethical requirements, standards, etc. Therefore, this research aims to develop an agile, highly representative, and robust ontological model of the domain of bioethics in general, and amidst pandemics in particular such as COVID-19. This aim will be achieved when it assists in resolving semantic heterogeneities in the domain of bioethics that may arise because of the different uses of terms, processes, or standards. Therefore, the iOntoBioethics ontology becomes the central body that facilitates a standardized communication language in order to achieve better understanding of bioethics processes and in the automatic governance of these processes when linked to the respective information systems operating in healthcare centers, research and development institutions, civil society organizations, and businesses impacting or affected by bioethics. This phase was led by domain experts in the bioethics domain. Finally, the agility dimension of this framework is driven by a number of factors such as responding to agile changes to the domain of bioethics in relation to bioethics processes, standards, national legislations, technology evolution, etc.

Consequently, the iOntoBioethics research design has been orchestrated based on the following main research hypothesis “investigating the bioethics research literature, from the inception of bioethics research publications, leads to identifying a highly agile representative set of bioethics conceptual entities, and governance relationships of bioethics processes”. To assist in proving this hypothesis, the following two research questions were formulated:

RQ1. How to capture bioethics ontological concepts highly holistically and align them with the COVID-19 pandemic in an agile form?

RQ2. How to evaluate the representativeness of these captured ontological concepts and their relationships within a bioethics COVID-19 ontology?



Phases 3–5: Design and Development, Demonstration, and Evaluation

This part of the iOntoBioethics framework was accomplished in five distinctive increments iterating over the three stages of the DSRM process: design and development, demonstration, and evaluation as depicted in Figure 1. Throughout these three phases, bioethics domain experts input and validation were taken. Each of these five increments yielded a significant part or artifact of the iOntoBioethics framework.



The First Increment: Development of the Selection Process of Bioethics Research Sources

The systematic literature mapping method (25, 26) has been employed to guide the bioethics literature classification scheme and the bioethics research contents selection. Upon the formation of the research questions in DSRM phase 2, the well-known Scopus database was selected as the source of studies extracted. Scopus enabled the automatic importing of bibliographic data from scientific publications via the Scopus Database Application Programming Interface (API) (27). In addition, Scopus provides a more accurate representation compared to other databases in the area of bioethics and sciences (28).

The “bioethics” keyword was used as the search term to select the maximum set of bibliographic sources in relation to the field of study in this research without any time restriction. The search process was conducted in June 2020 using the Scopus API to ensure automation and accuracy, which resulted in 26,170 articles distributed over 5,045 sources originating since 1971. These articles established the base to drive advanced analysis of the bioethics literature in order to feed into the development of the iOntoBioethics ontology in two independent strands or increments: second increment and third increment, where the former is associated with the manual construction of the iOntoBioethics ontology and the latter adopting an automated special-purpose text mining and machine learning engine.

For the purpose of manually constructing the iOntoBioethics ontology in strand 2 or the second increment, further filtering and analysis of the 26,170 articles was carried out in order to arrive at a reasonable set of bioethics sources that can be rich enough to inform the identification of representative bioethics ontological elements. The formulated aim and objectives of these literature sources were used to manually drive bioethics ontological concepts. The selection process for this purpose implemented the following criteria and was carried out by the researchers and in conjunctions with the bioethics domain specialists:

(1) The source journals are Scopus indexed journals with maximum published number of articles related to “bioethics”;

(2) Involve the three-bioethics domain experts in an iterative process to identify the first 20 journals with the highest volume of articles related to bioethics;

(3) If the Scopus indexed journal is not in the list of the “top 100 bioethics journals” (29) and the 2019 Google List (30), other journals were screened manually by three domain experts and were added to the set of literature sources utilized in the manual construction of the iOntoBioethics ontology. Should the bioethics domain experts decide to remove any journal, they replaced it with journals that are common to both the Google Scholar 2019 list and the Hakkarinen list of 2015; and

(4) To gain better coverage of the bioethics domain, the research bioethics domain experts screened other journals related to the bioethics field and added them to the filtered set of literature sources. These were found to be rich with concepts related to bioethics and crossing over to pandemic bioethics.

The execution of the above criteria involved both machine and humans with quantitative and qualitative measurements. The machine provided fast retrieval of outputs that were then assessed with quality-based measurement by domain-experts to identify the journals that were missed by the automated search. As a result, the selected journals comprised nearly 25% of the total number of articles identified that were related to bioethics.

For the automatic generation of the ontological bioethics topic models and associated subjects, the full set of the 26,170 articles titles and abstracts were text mined and machine learned as explained in section The iOntoBioethics Research Framework Design and with the results in section results.



The Second Increment: The Manual Construction of the iOntoBioethics Ontology

This increment is concerned with the manual construction of the iOntoBioethics ontology based on the filtered set of literature sources using the process and selection criteria described in phase one. First, the concepts that signify the scope of each journal are manually extracted and listed for the domain ontology modeler to utilize. Then, a preliminary concept map is generated and reviewed through a brainstorming activity with domain experts. Groups of related terms are arranged into top level classes then, incrementally, more classes are classified and arranged into a hierarchy. These ontological classes and the relationships between them are specified using the Ontology Web Language-Description Logic (OWL-DL) (31), First Order Logic decidable fragment (32). Using OWL-DL classifications are automatically computed, and any inconsistencies are detected. Protégé (33) has been used in this research as the ontology software development environment, which is an open ontology editor software developed by Stanford University. It supports OWL-DL, allows managing and reasoning the created hierarchies, and facilitates ontology graphical design and automatic validation. This paved the grounds for sharing bioethics common understandable knowledge representation agreed upon by bioethics stakeholders to reuse, and integrated with other domain ontologies as generally noted in Horrocks (32) and Kumar et al. (34). Bioethics domain experts evaluated the resultant manually constructed bioethics (MCB) ontology using the walkthrough approach of all the manually derived ontological concepts and their relationships.



The Third Increment: The Automated Generation of the iOntoBioethics Ontology Using Text Mining and Machine Learning

The aim of this increment is to develop a special-purpose Text Mining and Machine Learning (TM&ML) engine that can be utilized to automatically discover bioethics ontological topics and related concepts using the titles and abstracts of the 26,170 bioethics research articles and the COVID-19 recent textbook of Kamp and Hoffmann (35). This textbook has been considered in this research for being a recent and highly comprehensive accumulation of the COVID-19 pandemic covered in the full chapters of Epidemiology, Transmission, Virology, Immunology, Prevention, Diagnostic Tests and Procedures, Clinical Presentation, Treatment, Severe COVID, Comorbidities, Pediatrics, and Timeline. Correlations between topics and their related concepts were observed and evaluated by the research bioethics domain experts. The output of this increment is composed of three artifacts: (1) the special purpose TM&ML bioethics engine, (2) agile, automatically generated, and evaluated topic/concepts generalized bioethics models enacting a generalized and automatically generated bioethics ontology, and (3) agile, automatically generated, and evaluated topics/concepts generalized COVID-19 models enacting a generalized and automatically generated COVID-19 ontology. Both of these enacted ontologies are further utilized in extending the generalized bioethics ontology to become the iOntoBioethics COVID-19 Ontology as the outcome of the fifth research framework increment.



The Fourth Increment: Contrasting the Manually Constructed Bioethics Ontological Concepts to the Automatically Generated Ones Using the iOntoBioethics TM&ML Engine

This increment is aimed at contrasting the MCB ontological model to the TM&ML developed one, to inform agreement on common ontological entities, disagreements and which ontological elements have been missed in one and not in the other, along with domain experts consensus to yield the first validated iOntoBioethics ontology. Hence, the resultant bioethics ontological entities are assessed by both domain specialists and the ontology modelers to inform the representativeness of the bioethics ontological entities including ontological entities for the governance of bioethics processes.



The Fifth Increment: Extending the Bioethics Ontology to Derive the iOntoBioethics COVID-19 Ontology

In this increment, the COVID-19 ontology generated in the second increment was utilized to extend the fully validated iOntoBioethics ontology in the fourth increment to become the finally constructed and validated Bioethics COVID-19 ontology, namely the iOntoBioethics first COVID-19 ontology. This final research artifact (or deliverable) marked the conclusion of the iOntoBioethics research framework implementation.



Phase 6: Communication

The agile design and development of the iOntoBioethics ontology, and results from the cycles of phases 2–5 are incrementally communicated to selected bioethics domain experts and for publication in key healthcare and bioethics journals. In addition, it is aimed to publish the iOntoBioethics framework and its ontologies as an open platform to be utilized by informatics driven bioethics researchers, communities and healthcare centers and industrial platforms.




RESULTS

This section reports on the results of implementing the iOntoBioethics research framework with the incremental outcomes of developing the first agile, semi-automatically generated, literature-based, generalized, and domain experts validated two novel ontologies: (1) bioethics ontology, (2) bioethics pandemic ontology in COVID-19 context.


The Manually Constructed iOntoBioethics Ontology (Second DSRM Increment)

The knowledge engineering methodology proposed by Noy, McGuinness and others (18) was adopted to manually develop the iOntoBioethics ontology. Though this methodology has been in existence since 2001, it naturally fits with the simple intuitive progression in ontology development whether machine interpreted or not. It is also one of the most commonly used methodologies for building research ontologies. It consists of seven iterative steps and suits small-scale ontologies. The work undertaken in each of these steps to manually construct the iOntoBioethics ontology is detailed below:

Step 1: The first task in this step is to decide the bioethics ontology's scope and boundaries. This depends on the domain of the ontology and the purpose for its use. As mentioned in section The iOntoBioethics Research Framework Design, the iOntoBioethics ontology aims to provide a general conceptualization model for bioethics that can be specialized for certain bioethics' spheres that may emerge and require special actions. Accordingly, the iOntoBioethics ontology's scope is determined to include all ethical issues related to medicine (and healthcare) and biology. In addition, disciplines, management activities, experiences, educational issues and religious issues related to bioethics have been included in the search space for bioethics ontological elements and associated relationships.

Step 2: This step recommends reusing existing ontologies instead of developing them from scratch. Therefore, ontologies can be imported and extended depending on the purpose for using them. In addition, ontologies can be imported and merged with other ontologies. A number of libraries of reusable ontologies are available on the web for these purposes. Reviewing the literature, it has been concluded that limited work is available concerning bioethics ontological conceptualization, specifically for generic ontological models that are capable of being instantiated for new situations such as the emergence of COVID19. Hence, the iOntoBioethics ontology was developed without any reuse of existing ontologies in order to fulfill this gap in the bioethics domain.

Step 3: In this step, key terms in the bioethics domain are enumerated. These bioethics terms were obtained from the scope of filtered set of journals following the systematic mapping literature review and the selection criteria detailed in section Phases 3–5: Design and Development, Demonstration, and Evaluation. These terms were enumerated in a list to eliminate redundancy. This process resulted in about 430 terms concerning bioethics, which formed the basis for the iOntoBioethics ontological conceptualization. Examples of such terms are: ethics, legal aspects, legislation, bioethics education, bioethics research, clinical practice, medical aspect, genetics, healthcare system, decision-making, etc.

Step 4: In this step bioethics classes (or entities) are specified along with their bioethics class hierarchy. This step is intertwined with the previous one. While bioethics terms were collected, they were classified into meaningful bioethics groups to generate a bioethics concept map. Each group contained related concepts and was semantically linked to other bioethics groups. Class hierarchies can be developed either top-down, bottom-up, or a combination of both. Our approach in developing the bioethics class hierarchy for the iOntoBioethics ontology combined both top-down and bottom-up approaches. Each time a new bioethics term was encountered, it was placed either in one of the available bioethics groups if it was found appropriate; otherwise a new bioethics group was created, and then the concerned bioethics terms were either specialized or generalized according to the remaining available terms. For example, the terms “Aging,” “Animal human hybrids,” “Care,” “Cell topic,” “Clinical matter,” etc., can all be grouped into the top level class “Medical and Biomedical issue”. These terms can have more specific terms, for example all types of “Care” such as “Home care,” “Long term care,” “Community care,” “Complex care” etc., are added as subclasses to the “Care” class. The resultant bioethics class hierarchy consists of 25 top-level classes, and the remaining classes were in the middle and lower levels. Figure 2 shows the top-level bioethics classes and depicts part of the bioethics class hierarchy, both specified in OWL-DL and generated using Protégé (31).


[image: Figure 2]
FIGURE 2. The top-level bioethics classes and the class hierarchy.


Step 5: In this step the properties of the bioethics classes are identified and specified using the OWL-DL language. There are different types of properties: intrinsic, extrinsic, parts, and relationships to other individuals. According to the purpose of the iOntoBioethics ontology development, the aim is to represent the terms used in bioethics to assist in resolving semantic heterogeneities when interoperable in healthcare sector and especially when interacting with related healthcare systems and Institution Review Board Systems (36). Hence, the relationships between the bioethics classes need to be defined, and more specifically, the relationships between individuals of the class “bioethics” with all related top-level classes. With the domain experts' collaboration and guidance, 21 object properties were identified and specified as shown in Figure 3. For example, the property “adheres to” is defined to relate individuals of class “Bioethics” with those of class “Regulation and Legislation”.


[image: Figure 3]
FIGURE 3. The properties for the Bioethics object, and the relationships between "Bioethics" class and other classes in the iOntoBioethics ontology.


Step 6: This is associated with defining features for the object properties, such as properties' domains and ranges, cardinalities, value types, etc. For each object property defined in the previous step for the iOntoBioethics ontology, the domain and range were specified. Class “Bioethics” is specified as the domain for most of the defined properties, such as “adheres to,” “has challenges,” “has principle,” “includes quality,” etc., and the ranges for the defined properties are specified, for example, the domain of the property “adheres to” is the class “Bioethics” and the range is the class “Regulation and Legislation”. Figure 3 shows the relationships between the “Bioethics” class and other classes in the ontology.

Step 7: This is the final step and is concerned with creating instances of bioethics classes. The iOntoBioethics ontology is a general and abstract ontological model that is used to conceptualize bioethics terms and set semantic relationships between them. This ontology can be instantiated for certain topics where individuals or instances can be created accordingly and operationalized for particular healthcare institutions and their systems, and now has the readiness for interacting with IRB systems and stakeholders.



The Automatically Derived iOntoBioethics Ontology Using the TM&ML Engine (Third DSRM Increment)

One of the key motivations behind this research is that the bioethics research portfolio is rich in articles dating back to 1971. Thus, much of the hidden bioethics terms and relationships between them exist. Bioethics researchers, bioethicists, bioethics informaticians, and healthcare organizations can benefit from an automatically generated global or universal ontology of bioethics that can resolve semantic heterogeneities between bioethics concepts, terms, and associated. Such ontological construction facilitates interfacing to IRB healthcare systems and for developing bioethics semantic web applications with global software services that can be instantiated to inform adherence to bioethics processes governance in particular contexts, languages, cultures, legislations, etc.

Accordingly, the researchers hypothesized that an automatic generative process needs to be employed to generate ontological bioethics topics from the incrementally developing bioethics publications. These publications embed a hidden structure of bioethics topics that can agilely evolve with emerging publications added to the repository of bioethics publications. Hence, the goal of this automatic generative process is to discover these hidden bioethics topics and their underlying concepts from a repository of given bioethics publications. These underlying bioethics concepts relate to their certain bioethics topics with varying levels of statistical significance; and therefore, these bioethics topics relate to each of the bioethics publications with some statistical significance.

Accordingly, each of the given bioethics publications relates to the discovered bioethics topics but with varying proportions. It can be easily observed that we have two types of structures: observed and hidden. The observed structure is the bioethics publications, while the hidden structure relating to three key elements: (a) bioethics topics, (b) bioethics topics distribution per document, and (c) bioethics concepts assignment per bioethics topic in a bioethics publication. Consequently, such characterization fits with the motivation behind the Latent Dirichlet Allocation (LDA) (37, 38) algorithm in the field of machine learning. Hence, a reverse engineering approach is observed here, as we aim to discover the hidden structure (the bioethics topics and their associated concepts) from the observed structure (represented by the bioethics publications) in order to automatically discover our iOntoBioethics ontological elements and their associated concepts' relationships with varying statistical significance.

The agility of the iOntoBioethics framework stems from the unsupervised machine learning approach exhibited in our TM&ML engine that can dynamically reconfigure the bioethics topics vs. bioethics concepts vs. bioethics publications when implementing the LDA topic-modeling algorithm. However, the LDA algorithm requires as a precondition the known number of topics in the search and assignment space for topics vs. concepts. In this research, bioethics domain experts have been involved at the completion of this reverse engineering generative process, to characterize these LDA numbered topics with bioethics literal topics as discussed below.

However, before applying the LDA topic-modeling algorithm to the repository of bioethics publications, text mining had to be applied to the bioethics publications with a set of pre-processing steps applied to each of the collective text of these publications. The following process summarizes the implementation process of the fit-for-purpose TM&ML engine developed using R (39). This process was also reused for the automatic generation of ontological topic model of COVID-19 as discussed further on in this section:

1. Studying the Bioethics Publications:

Following the completion of the first DSRM increment with the selection of the bioethics publications, the quality of the meta-data of these publications were checked for any anomalies such as duplication of entries, null values in their data attributes, etc. Notable examples were observed, for instance some of the publications did not have full abstracts included in the Scopus database;

2. Consolidating the Bioethics Publications for Text Mining (40):

In order to maximize the richness of the resultant bioethics' topic model, the textual volume of each of the publications is maximized to include publication title and abstracts to be text mined and machine learned using the LDA algorithm. This collective text for all bioethics publications is referred to as the Bioethics Publications Texting Mining Database (BPTM_db);

3. Standardizing the BPTM_db Text Characteristics with reliance on R's TM (Text Mining) package (40) as follows:

a. Convert all upper case characters to lowercase characters, so that all words in the text of each bioethics publication are in lower case.

b. Remove all stop words such as “the,” “on,” etc.

c. Remove all white spaces.

d. Remove all numbers.

e. Remove improper punctuations.

4. Generate the Document Term Matrix (DTM) and apply the TF-IDF (41, 42) algorithm to normalize words or concepts occurrences amongst the bioethics publications in the BPTM_db:

a. Perform the tokenization process, where each word in each of the BPTM_db publications becomes a token.

b. Construct the DTM and then TF-IDF matrix where the rows of the matrix represent the bioethics publication ids and the columns represent the tokens or words. Each row-column intersection provides the normalized count of the number of times a particular token or word has occurred in a particular publication.

Now, the DTM/TF-IDF matrix over the BPTM_db DTM is constructed for the bioethics publications. The LDA algorithm is applied to calculate the probabilities of the topics and their associated concepts or terms (words or tokens above) using Equation (1) from Blei et al. (37) and Blei (38):
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where β1:k represents the set of pre-input bioethics k number of topics, where 1 ≤ i ≤ k, and k is a pre-determined value, and each βi is a distribution over words or concept in DTM, qd is the bioethics topic proportions for publication d, qd, k denotes the bioethics topic proportion the kth topic in publication d, Zd for the dth publication topic assignments, Zd, n denoting the nth word topic assignment of publication d, and the observed words structure for each publication d is wd, such that wd, n is the nth word of publication d.

The generative process for LDA corresponds to the following joint distribution of the hidden and observed variables, The conditional distribution of the hidden bioethics publications topics structure (and with associated terms or concepts) is called the LDA posterior probability computation adapted from Blei et al. (37) and Blei (38):
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The joint distribution of the hidden bioethics topics structure is computed in the numerator of Equation (2), whereas denominator computes the probability of the observed structure of publications under a given bioethics topic structure.

The LDA algorithm topics model performance experimented with 20–100 bioethics topics. It was found that with the 40 topics model, the semantic coherence, holdout likelihood, lower bound, and residuals (43) had common performance measures as can be observed in Figure 4. However, it was found that after 25 topics, the concepts under these topics and the topics' themselves started to be redundant. In addition, this was found relatively coinciding with the number of core ontological bioethics classes of the MCB ontology in the second DSRM increment discussed in section The Manually Constructed iOntoBioethics Ontology (Second DSRM Increment). Figure 5 depicts the distribution of the bioethics publications for each bioethics topic, where similar probability distribution of bioethics across all the 25 topics is shown.


[image: Figure 4]
FIGURE 4. The 25 topics model and their associated information.



[image: Figure 5]
FIGURE 5. Topic model performance vs. numbers of topics.


It is worth noting that the LDA algorithm does not name the topics discovered, but it assigns them random numbers within the range of the pre-defined number of topics. Therefore, we involved three bioethics domain specialists to study independently the 25 topic structures, arriving at a consensus of naming these 25 topics as depicted in Figure 6, with the concepts below each ontological topic with varying levels of statistical significance. These 25 topics represent the most significant topics automatically discovered using the LDA topic modeling with unsupervised learning in the first stage and then human-in-the-learning loop was deployed through these three bioethics domain specialists to arrive at this 25-topics model of the domain of bioethics along with the most significant 20 concepts per each of these topics. This 25-topics ontological model of bioethics was put forward for domain specialists to contrast against the MCB ontology as discussed in section The iOntoBioethics General Ontology—Domain Expert Validated (Fourth DSRM Increment).


[image: Figure 6]
FIGURE 6. Each ontological topic with varying levels of statistical significance.


The same TM&ML process applied to the bioethics publications was reused to generate the ontological topic model of the COVID-19 pandemic using the recent COVID-19 textbook of Kamp and Hoffmann (35) as discussed in section Phases 3-5: Design and Development, Demonstration, and Evaluation. Likewise, the bioethics ontology construction stages discussed above were re-adapted to apply the LDA topic-modeling algorithm to the full chapters of this textbook in order to automatically construct the COVID-19 ontology. Although the LDA topic-modeling performance was observed to saturate with semantic coherence around 40 topics, it was not found without redundancy after 20 topics, and hence the three domain specialists agreed on the naming of these automatically discovered as depicted in Figure 7. This LDA COVID-19 topics ontology has been used to link the iOntoBioethics merged and validated ontology in section The iOntoBioethics General Ontology—Domain Expert Validated (Fourth DSRM Increment) to yield the iOntoBioethics COVID-19 ontology, as discussed in section The iOntoBioethics COVID-19 Pandemic Ontology—Domain Expert Validated (Fifth DSRM Increment).


[image: Figure 7]
FIGURE 7. The highest 20 topics mined from the COVID-19 book.




The iOntoBioethics General Ontology—Domain Expert Validated (Fourth DSRM Increment)

In this section, the process for contrasting the MCB ontology and the TM&ML automatically generated one is described, followed by the outcomes of the finally agreed iOntoBioethics ontology. In general, the notable observation is that the TM&ML driven approach leads to deriving concepts at a higher level of abstraction and less specialization compared to the MCB one. For example, the topic “Ethics framework” that was generated from the TM&ML engine, is defined at a higher level of abstraction and at a lower level of specialization than the one generated from MCB. As shown in Figure 8, the detailed concepts from the MCB ontology reveals a different structure starting with the “Ethics” upper concept, which includes bioethics, model of ethics, and ethical issues as sub-concepts. The similarity of the main concepts exists in both ontologies with different structures as shown in Figure 8.


[image: Figure 8]
FIGURE 8. A sample ontological topics from MCB ontology.


After investigating all the generated concepts from the TM&ML engine, eight topics were found to have similarities with the MCB ontology. The topics are: (1) ethics framework, (2) medical professional bodies involved in human ethical issues, (3) education, (4) human identity, (5) geographical region, (6) predictive genetic testing, (7) platforms and channels for dissemination of ethical guidelines, and (8) Ethics of end of life. Few topics (or classes) were unique to MCB, for example “animal ethics”. This distinguishes the MCB approach from the corresponding TM&ML approach. Few MCB topics (classes) were found to be more holistic than the corresponding concepts in the TM&ML ontology, such as the “Geographical Region” topic.

In addition, some TM&ML driven topics matched with the MCB topics (classes). These are: (1) human reproduction, (2) human research ethics methodology, (3) human identity, (4) organ transplantation, and (5) clinical trials. This is an indication of the substantial common ontological topics or classes that both the MCB and the TM&ML have been consistently in agreement with at a higher level of abstraction, and that the MCB approach yielded additional ontological; topics (or classes) at lower levels of abstraction such as “clinical ethics,” “regenerative medicine,” “biotechnology,” and “professional healthcare ethics”.

In addition, few topic concepts were found similar at their levels of abstraction in both approaches, yet having different details of the underlying classes such as the topic “Public policies and international regulations”. Also, it was observed that comparing topics and associated concepts, or properties of both the MCB and TM&ML bioethics ontologies did not always result in straightforward similarity between the topics and related concepts, for example 5 topics were similar and 19 others required subject interpretation to inform similarity consensus. Finally, one topic “Clinical trials ethics” of the TM&ML generated ontology matched a corresponding similar ontological topic in the MCB ontology.

Examining the TM&ML 25 generated ontology topics with the bioethics domains experts confirmed that the TM&ML approach provided a higher level of abstraction related to bioethics yielding a well-organized and structured bioethics ontology class hierarchy compared to the MCB bioethics ontology. However, the MCB based ontology provided more detailed and specific classifications of bioethics terms at lower levels of abstraction but with less structured class hierarchy.

Accordingly, both the MCB and TM&ML approaches complemented each other and that the MCB approach confirmed the findings and the ontological topics or classes and their related concepts and/or properties which resulted in a higher order unified and comprehensive bioethics ontology that can evolve with the incremental emergence of new bioethics literature. This higher order unified iOntoBioethics ontology contains 44 classes, 7 object class properties, and 697 SubClassOf class axioms with demonstration in Table 1. Considering the TM&ML 25 automatically generated topics (at higher level of abstraction) and the 20 concepts (at lower level of abstraction) as depicted in Figure 6 below each of these topics, it may be concluded that with these possible 25 × 20 (topic × concepts) relationships, variations between the MCB and TM&ML bioethics ontologies will continue to be the case, but most importantly the bioethics domain specialists confirmed the representativeness of the MCB and TM&ML ontologies in covering bioethics concepts and their associated relationships. Figure 9 depicts a snapshot of the iOntoBioethics ontology class hierarchy.


Table 1. The detailed MCB ontology classes that contributed to interfacing to the TM&ML ontology resulting with the iOntoBioethics unified bioethics ontology.

[image: Table 1]


[image: Figure 9]
FIGURE 9. Part of the final bioethics ontology's class hierarchy.


The resulting iOntoBioethics ontology provides the concepts and semantic relationships that help achieve a better understanding of bioethics processes. In addition, it can be used to manage automatic governance of bioethics processes when linked to healthcare systems and research institutions. This can be seen from the representation of the four main governance quality attributes (44) highlighted in Figure 10 where the concepts: policy, standard, process, and quality are all specified and related in the iOntoBioethics ontology.


[image: Figure 10]
FIGURE 10. A Representation of the main governance quality attributes in the iOntoBioethics ontology.




The iOntoBioethics COVID-19 Pandemic Ontology—Domain Expert Validated (Fifth DSRM Increment)

The iOntoBioethics framework has been designed as a generic framework that when instantiated at any particular time using state of the art literature in bioethics, will semi-automatically generate a generalized bioethics ontology with validation by bioethics domain specialists. A first version of this generalized bioethics ontology was delivered by the completion of the fourth DSRM increment in section The iOntoBioethics COVID-19 Pandemic Ontology—Domain Expert Validated (Fifth DSRM Increment). In the fifth DSRM increment, this first version iOntoBioethics is utilized in a process centric approach to yield the iOntoBioethics COVID-19 pandemic ontology. This process is composed of the following steps:

(1) Create the iOntoBioethics COVID-19 Ontology as an empty container;

(2) Instantiate the iOntoBioethics ontology validated in section The iOntoBioethics General Ontology—Domain Expert Validated (Fourth DSRM Increment) to the iOntoBioethics COVDI-19 ontology container.

(3) Add a new ontology class named “Pandemic”.

(4) Create “COVID19” as a subclass of the “Pandemic” class.

(5) Walkthrough through the automatically generated COVID-19 topics using the special-purpose TM&ML engine in section The Manually Constructed iOntoBioethics Ontology (Second DSRM Increment). The bioethics domain specialists examined each of these 20 COVID-19 topics to inform its association with the bioethics domain. If a COVID-19 topic relates to the domain of bioethics, then it is added as a subclass of the COVID-19 class, otherwise this topic is ignored.

This process resulted in 19 classes integrated with the original iOntoBioethics ontology and jointly validated by the bioethics domain specialists to form the first unified novel Bioethics COVID-19 ontology as depicted in Figure 11 and detailed in Table 2. The primary linkages between the TM&ML COVID-19 topic model classes and the iOntoBioethics ontology are “COVID19” and the Bioethics classes, respectively. This “COVID19” class is linked to the top-level class “COVID19 related topic” through the “involves topic” class object property, and linked to the “Bioethics” class in the iOntoBioethics ontology through the “requires” object property. Finally, each COVID19 related topics' class was linked to the iOntoBioethics ontology's classes using their associated relationships. Algorithm 1 describes the above Bioethics COVID-19 process in general.


[image: Figure 11]
FIGURE 11. The COVID-19 ontological class model.



Table 2. COVID-19 TM&ML topic classes extending the iOntoBioethics ontology in forming the iOntoBioethics COVID19 ontology.
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iOntoBioethics Ontology Quantitative Evaluation

For ontology evaluation purposes, the metric-based ontology quality analysis OntoQA (45) was adapted. It is a feature-based method that utilizes the knowledge represented in the ontology to measure its quality. The features are divided into two groups to describe different aspects of the ontology: schema metrics and knowledgebase (instance) metrics.

Schema metrics evaluate the ontology design. They include relationship, inheritance, and attribute richness (AR). Relationship Richness (RR) shows the diversity of the relationships in the ontology, calculated as the percentage of the number of non-inheritance relations to the total number of relations, the higher the percentage is, the higher is the relationship richness. Inheritance richness (IR) indicates how good classes are grouped into categories; it is defined as the average number of subclasses per class, high IR means a horizontal ontology that covers wide range of knowledge with less details, while low IR indicates vertical ontology that covers only a specific knowledge area, but with more details. Attribute Richness (AR) is defined as the average number of attributes per class; this measure indicates the amount of information related to instances.

Knowledgebase metrics reflect the way data is placed in an ontology. These include class richness, class connectivity, class importance, cohesion, and relationship richness. Since our main research product is the abstract iOntoBioethics ontology—which is intended to be instantiated for specific bioethics domains—we only consider the schema metrics for evaluation purposes. Table 3 shows the results of evaluating the iOntoBioethics ontology as well as the two bioethics ontologies that were generated by the manual construction of concepts and by the TM&ML engine.


Table 3. Schema metrics results.
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As can be seen from Table 3, the average number of non-inheritance relationships per class in the MCB ontology was 0.1, while it was 0.52 using the TM&ML engine. As the iOntoBioethics ontology is an integrated composition of both ontologies (manually and TM&ML constructed), it was not surprising to have the highest relationship richness. Inheritance richness shows that the manually constructed ontology concepts appeared highly horizontal in the inheritance hierarchy, whereas the TM&ML-based ontology concepts are richer. However, the final iOntoBioethics ontology is the deeper ontology compared to the manually and TM&ML constructed ontologies. This reflects on the higher level of semantic enrichments that the integrated approach the iOntoBioethics ontology provides compared to either the manually and TM&ML based construction of ontologies. Finally, the AR metric shows poor number of attributes per class in the manually constructed ontology, richer in the TM&ML based ontology and neutral in the merged one, due to including more classes in the iOntoBioethics ontology.


Algorithm 1: Constructing the iOntoBioethics COVID-19 Ontology.
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DISCUSSION

In this section, we discuss the research we have conducted to prove the iOntoBioethics research hypothesis and its associated research questions bottom-up. This implies answering the two iOntoBioethics research questions first, and then reflectively concluding evidence to support the research hypothesis. In addition, we reflect on the effectiveness of the research design and the DSRM process adaptation in the development of the iOntoBioethics research framework design in achieving the main aim of this research. Finally, we conclude this section with reflections on the impact this framework is conjectured to have on the formal development of the new discipline we propose as “Bioethics Informatics” with reference to both agility, automation of governing bioethics processes in healthcare organizations, and the underlying software technology implications.


Addressing the Research Hypothesis and Associated Research Questions

The hypothesis of this research states that “investigating the bioethics and COVID-19 research literature, from the inception of bioethics research publications, leads to identifying a highly agile representative set of bioethics conceptual entities, and governance relationships of bioethics processes in general and COVID-19 in particular”. In order to prove or disprove the hypothesis, the following research questions, RQ1 and RQ2 are answered first:

RQ1: How to capture bioethics ontological concepts highly holistically and align them with the COVID-19 pandemic in an agile form?

The iOntoBioethics research framework has been designed with dedicated stages. First, well attributed and indexed bioethics research literature since 1971 until today have been captured through an automated open gateway (or API) to the Scopus (46) indexed literature database while applying the systematic literature mapping method (26) with domain expert validation of the automatically identified literature sources using a designated fit-for-purpose selection criteria as discussed in section The iOntoBioethics Research Framework Design. Therefore, the highly holistic (or comprehensive) dimension in RQ1 appears to have been well attended to with the resultant 26,170 literature sources.

In addition, the agility dimension has been attended to through the special-purpose TM&ML engine that demonstrated effectiveness and representativeness in the automatic capturing of a set of bioethics topics (high level ontological classes) and their associated concepts (as either subclasses or associated ontological relationships) as briefly introduced in section The iOntoBioethics Research Framework Design and critically demonstrated in section Results using the LDA topic modeling machine learning algorithm (47). Also, a rich bioethics ontology has been manually constructed based on the literature selection criteria detailed in section The iOntoBioethics Research Framework Design and through applying ontology development methodology (31).

RQ2: How to evaluate the representativeness of these captured ontological concepts and their relationships within a bioethics COVID-19 ontology?

Three bioethics domain specialists have been incrementally engaged in the evaluation of the iOntoBioethics research framework artifacts (or products) as per the designated DSRM increments 2–4 detailed in section The iOntoBioethics Research Framework Design. First, the representativeness of the MCB ontology was manually assessed using the walkthrough software engineering validation technique (48) to validate the manually identified ontology classes and their relationships as discussed in section The Manually Constructed iOntoBioethics Ontology (Second DSRM Increment). This resulted in the first version of a manually bioethics ontology constructed from the scope of existing authenticated literature. This validated ontology has been cross-checked against the automatically generated TM&ML bioethics ontology using the research designated 26,170-bioethics literature sources. These two ontologies, the manually constructed and the automatically generated TM&ML ontologies were found to complement each other. Few bioethics ontological classes at higher level of abstraction were uniquely observed in the latter than in the former ontology. In addition, semantic heterogeneities between ontology terms, classes, associations have been resolved through the OWL-DL ontology language capabilities.

Both of these two bioethics ontologies have been cross-linked and cross-validated yielding the iOntoBioethics Ontology, as the first enriched general bioethics ontology, agile-developed based on a profile of evolving authenticated and indexed literature. Furthermore, COVID-19 ontological concepts have been automatically inferred through a designated recently published COVID-19 full textbook using the same TM&ML engine that has yielded automatically generated and generalized COVID-19 topics and their associated concepts. These have been integrated to form the first semi-automatically generated, text-mined and machine learned Bioethics COVID-19 ontology using an agile process that can be re-instantiated to enrich the iOntoBioethics ontology as per the emergence of new bioethics and COVID-19 publications.

Furthermore, cross-validating the linking of the iOntoBioethic generalized ontology and the COVID-19 ontological topic models by the designated bioethics domain experts was achieved through visiting every COVDI-19 ontological topic and its associated concepts, and assessing their proper association with the generalized iOntoBioethics ontology. This has culminated in constructing the first Bioethics COVID-19 ontology within our framework that we have named the iOntoBioethics COVID-19 Ontology. This will serve as an open universal platform to implement a full machine learning cycle, where the current bioethics publications served as the training data set, the newly emerging literature in bioethics and pandemics will be used as the testing dataset, to improve on and evolve the current state of the iOntoBioethics-Pandemic ontology.

The above attempt to answering the two research questions, RQ1 and RQ2, suggests that the research hypothesis has been answered with the following attributions:

(1) A highly generalized bioethics ontology has been constructed whose agility stems from the research framework design based on the special-purpose developed text-mining and machine learning engine that can be enriched, as per the evolution of availed authenticated and indexed bioethics and pandemic or COVID-19 literature;

(2) The iOntoBioethics generalized ontology (as per the last revised version of the evolving iOntoBioethics ontology) is proposed as a universal baseline to extend and specialize the bioethics domain within any potential healthcare challenges, illnesses, scientific revolution, or pandemics; and

(3) Consequently, related and specialized governance processes continue to be enriched as per the associated inner domain processes, quality requirements, standards, and policies as reflected on in section The Manually Constructed iOntoBioethics Ontology (Second DSRM Increment), contributing to the manifestation of these four aspects of governance.



The Research Design Framework and the Impact of Adopting the DSRM Process

Adopting the DSRM process in the iOntoBioethics research framework design impacted the efficient undertaking and delivery of the research components and efficiently manage this research project with increased parallelism between project increments or tasks. For example, while the bioethics literature sources were being assessed by the bioethics domain experts, the development of the third DSRM increment of the “TM&ML engine” was taking place while the bioethics and COVID literature were availed. Also, the second and third framework DSRM increments continued in parallel in developing the manually constructed and automatic TM&ML bioethics ontologies. Such parallelism allowed some form of synchronization for the cross validation by the bioethics domain experts in the fourth and fifth DSRM increments, when both the iOntoBioethics general and the iOntoBioethics-Pandemic or COVID-19 ontologies were fully validated, respectively.



The “Bioethics Informatics” Discipline and the Underlying Evolving Software Technology Implications

As ontologies play an important role in empowering Semantic Web Technologies (SWT) (32) and Internet of Things (IoT) (49), and hence they can be utilized to resolve semantic heterogeneities while exchanging knowledge for operating, managing, and governing bioethics operational and decision-making processes. As iOntoBioethics ontologies are developed using OWL-DL, and hence they are W3C's (32) Semantic Web compliant. Therefore, iOntoBioethics establishes an open platform for bioethics processes sharing new development in policies, regulations, legislations, e-consenting, standards, etc, to benefit big data analytics software services with enriched versions of multi-language and multi-culture support.




CONCLUSION

This research has been orchestrated with the aim to inform whether the current state of the bioethics and COVID-19 literature can be utilized for the agile development of a generic “Bioethics Ontology” that can be extended to a “Bioethics COVID-19” ontology aiding the automatic governance of bioethics processes in pandemics. The iOntoBioethics research framework has been developed adopting the Design Research Methodology with five fit-for-purpose cycles or increments that demonstrated both effectiveness and efficiency in achieving the research aim and objectives. This has resulted with the following four key novel artifacts (or products) for the bioethics research community and healthcare organizations:

(1) A generalized agile Bioethics Ontology, to serve as a common denominator to utilize and extend in particular healthcare contexts and settings;

(2) A generalized agile Bioethics COVID-19 Pandemic Ontology;

(3) The iOntoBioethics research framework with its agile process (depicted in Figure 12) that evolves with developing knowledge and literature in the field of bioethics and emerging pandemics or illnesses.; and

(4) An open platform for the (a) iOntoBioethics and (b) the iOntoBioethics COVID-19 Ontologies that is being hosted on the website for this research project with the URL: http://www.iOntoBioethics.org.


[image: Figure 12]
FIGURE 12. The Novel & Agile iOntoBioethics ontology construction process.


Furthermore, the iOntoBioethics COVID-19 ontology has now emerged as the first publicized Bioethics Pandemic Ontology given the shared characterization of the COVID-19 ontology classes (or topics and associated concepts) with the generalized conceptualization of pandemics. However, the scientific, healthcare and R&D communities, civic society and related organizations are still in their infancy stage of learning about COVID-19. Therefore, this first Bioethics Ontology will undergo a significant evolutionary wave, where the iOntoBioethics framework can agilely and semi-automatically evolve this ontology as per the process depicted in Figure 12.

Moreover, the iOntoBioethics ontologies can be extended to embed ontological conceptualization of specific metrics to assess legal, social, ethical, and professional adherence in healthcare organizations, regionally, etc. Finally, the iOntoBioethics framework establishes a foundation to linking bioethics processes and related healthcare systems to empower bioethics big data analytics.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author and to https://www.iontobioethics.org.



AUTHOR CONTRIBUTIONS

Authors had various inputs such research framework design, sections writing with different levels of interest and expertise. MO research project leadership, research framework design, development of text mining and machine learning engine, domain and topic modeling validation, paper workflow, writing/co-writing sections of the paper, cross validation of ontologies, and final version review. FK research framework design, bioethics and ontologies review, contrasting of MCB and TM&ML ontologies, paper referencing, consolidation of sections, and final version preparation. RY research framework design, MCB ontology modeling, and extending to COVID-19. YO research framework design, ontologies cross validation, and referencing. DT research framework design, ontologies cross validation, and bioethics review. NH research framework design, ontologies cross validation, and bioethics review, bioethics from domain expert view. RD framework design, ontologies cross validation, and bioethics review, bioethics from domain expert view, and paper review. AM research framework, bioethics views, research project direction, and final paper review. All authors contributed to the article and approved the submitted version.



REFERENCES

 1. Jain V, Wason R, Chatterjee J, Le D. Ontology-Based Information Retrieval for Healthcare Systems. Beverly: Wiley, Scrivener Publishing (2020).

 2. Teays W, Gordon J, Renteln A. Global Bioethics and Human Rights: Contemporary Issues. Milton Keynes: Rowman & Littlefield (2014).

 3. Romanyshyn AT. Ontological classifications and human rationality in bioethics. J Med Philos. (2019) 44:391–402. doi: 10.1093/jmp/jhz011

 4. Peffers K, Tuunanen T, Rothenberger MA, Chatterjee S. A Design science research methodology for information systems research. J Manage Inform Syst. (2007)24:45–77. doi: 10.2753/MIS0742-1222240302

 5. Pfeiffer S. The Ethics Of Coronavirus Vaccine Trials In Developing Countries.(2020). Available online at: https://www.npr.org/2020/07/04/887325575/the-ethics-of-coronavirus-vaccine-trials-in-developing-countries (accessed August 20, 2020).

 6. United Nations (2020). COVID-19 and Human Rights We Are All in This Together. Retrieved Available online at: https://www.un.org/victimsofterrorism/sites/www.un.org.victimsofterrorism/files/un_-_human_rights_and_covid_april_2020.pdf (accessed August 30, 2020).

 7. McGuire AL, Aulisio MP, Davis FD, Erwin C, Harter TD, Jagsi R, et al. Ethical challenges arising in the covid-19 pandemic: an overview from the Association of Bioethics Program Directors (ABPD) task force. Am J Bioethics. (2020) 20:15–27. doi: 10.1080/15265161.2020.1764138

 8. Saha S, Misra S, Saha P. Bioengineers, health-care technology and bioethics. J Med Eng Technol. (1985) 9:55–60. doi: 10.3109/03091908509028765

 9. Aksoy S, Tenik A. The'four Principles of Bioethics' as found in 13th century muslim scholar Mawlana's teachings. BMC Med. Ethics. (2002) 3:4. doi: 10.1186/1472-6939-3-4

 10. Cascais AF. Bioethics: history, scope, object. Glob Bioethics. (1997) 10:9–24. doi: 10.1080/11287462.1997.10800712

 11. Beauchamp TL, Childress JF. Principles of Biomedical Ethics. 5th ed. New York: Oxford University Press. (2001)

 12. Krubiner CB, Hyder AA. A bioethical framework for health systems activity: a conceptual exploration applying ‘systems thinking.' Health Syst. (2014) 3:124–35. doi: 10.1057/hs.2014.1

 13. Spitale G. Making sense in the flood. How to cope with the massive flow of digital information in medical ethics. Heliyon. (2020) 6:e04426. doi: 10.1016/j.heliyon.2020.e04426

 14. Lipman H, Powell T. Process matters: notes on bioethics consultation. AMA J Ethics. (2016) 18:485–92. doi: 10.1001/journalofethics.2016.18.5.ecas2-1605

 15. Chiarello E. How organizational context affects bioethical decision-making: pharmacists' management of gatekeeping processes in retail and hospital settings. Soc Sci Med. (2013) 98:319–29. doi: 10.1016/j.socscimed.2012.11.041

 16. Hyder A, Krubiner C. Ethical challenges in designing and implementing health systems research: experiences from the field. AJOB Empir. Bioethics. (2016) 7:209–17. doi: 10.1080/23294515.2016.1182236

 17. Gruber TR. A translation approach to portable ontology specifications. Knowl Acquis. (1993) 5:199–220. doi: 10.1006/knac.1993.1008

 18. Noy NF, McGuinness DL. Ontology Development 101: A Guide to Creating Your First Ontology. Stanford Knowledge Systems Laboratory Technical Report KSL-01-05 http://www.ksl.stanford.edu/KSL_Abstracts/KSL-01-05.html and Stanford Medical Informatics Technical Report SMI-2001-0880 (2001).

 19. Koepsell D, Arp R. JF, Smith B. Creating a controlled vocabulary for the ethics of human research: towards a biomedical ethics ontology. J Empir Res Hum Res Ethics. (2009) 4:43–58. doi: 10.1525/jer.2009.4.1.43

 20. DuBois JM. The biomedical ethics ontology proposal: excellent aims, questionable methods. J Empir Res Hum Res Ethics. (2009) 4:59–62. doi: 10.1525/jer.2009.4.1.59

 21. Wasilewska P. Biomedical ethics ontology as a new approach to moral reasoning. In: Jonak L, Juchniewicz N, Włoch R, editors, Digital Ecosystems. Warsaw: DELabUW (2016). p. 107–115.

 22. Peffers K, Tuunanen T, Niehaves B. Design science research genres: introduction to the special issue on exemplars and criteria for applicable design science research. Eur J Inform Syst. (2018)27:129–39. doi: 10.1080/0960085X.2018.1458066

 23. Sabri MO, Odeh M, Saad M. Incremental development of business process architecture using the design science research methodology. In:18th European Conference on Research Methodology for Business Management Studies. Johannesburg (2019). p. 285–92. doi: 10.34190/RM.19.052

 24. Baskerville R, Baiyere A, Gregor S, Hevner A, Rossi M. Design science research contributions: finding a balance between artifact and theory. J Assoc Inform Syst. (2018) 19:358–76. doi: 10.17705/1jais.00495

 25. Bannerman PL, Staples M. Software configuration management in global software development: a systematic map. In: 2010 Asia Pacific Software Engineering Conference Sydney (2010). p. 404–13. doi: 10.1109/APSEC.2010.53

 26. Petersen K, Feldt R, Mujtaba S, Mattsson M. Systematic mapping studies in software engineering. In: 12th International Conference on Evaluation and Assessment in Software Engineering (EASE) 12, Swindon. (2008). p. 1–10. doi: 10.14236/ewic/EASE2008.8

 27. Montoya FG, Alcayde A, Baños R, Manzano-Agugliaro F. A fast method for identifying worldwide scientific collaborations using the scopus database. Telemat Inform. (2018) 35:168–85. doi: 10.1016/j.tele.2017.10.010

 28. Franceschini F, Maisano D, Mastrogiacomo L. Empirical analysis and classification of database errors in scopus and web of science. J Informetr. (2016) 10:933–53. doi: 10.1016/j.joi.2016.07.003

 29. Hakkarinen M. Top 100 Bioethics Journals in the World. (2015). Available online at: https://scholar.google.com/citations?view_op=top_venues&hl=en&%20vq=soc_bioethics (accessed August 23, 2020).

 30. Google. Top Publications. (2019) Available online at: https://scholar.google.com/citations?view_op=top_venuesandhl=enandvq=soc_bioethics (August 23, 2020). 

 31. Knublauch H, Fergerson RW, Noy NF, Musen MA. The Protégé OWL Plugin: an open development environment for semantic web applications. In: McIlraith S, Plexousakis, D, van Harmelen F, editors. The Semantic Web – ISWC 2004. ISWC 2004. Lecture Notes in Computer Science. Berlin; Heidelberg: Springer (2004) p. 229–43. doi: 10.1007/978-3-540-30475-3_17

 32. Horrocks I. Ontologies and the semantic web. Commun. ACM. (2008) 51:58–67. doi: 10.1145/1409360.1409377

 33. Protégé. Open-Source Ontology Editor and Framework for Building Intelligent Systems. Stanford University (2020). Available online at: https://protege.stanford.edu/ (accessed August 10, 2020).

 34. Kumar J, Reddy S, Priya M, Raju J, Vanmathi C. Implementation of ontology matching using protégé. Int J Comp Appl Technol Res. (2013) 2:723–5. doi: 10.7753/IJCATR0206.1017

 35. Kamps BS, Hoffmann C. COVID Reference. Tradução de Da Silva JCF, Mahomed SM. Alemanha: Steinhäuser Verlag. (2020).

 36. Klitzman R. The Ethics Police?: The Struggle to Make Human Research Safe. New York: Oxford University Press (2015).

 37. Blei DM, Ng AY, Jordan MI. Latent dirichlet allocation. J Mach Learn Res. (2003) 3:993–1022. doi: 10.1162/jmlr.2003.3.4-5.993

 38. Blei DM. Probabilistic topic models. Commun ACM. (2012) 55:77–84. doi: 10.1145/2133806.2133826

 39. Altman DG. Making research articles fit for purpose: structured reporting of key methods and findings. Trials. (2015) 16:53. doi: 10.1186/s13063-015-0575-7

 40. Kwartler T. Text Mining in Practice with R. Chichester: John Wiley and Sons. (2017). doi: 10.1002/9781119282105

 41. Dinov ID. Natural language processing/text mining. In: Data Science and Predictive Analytics. (Cham: Springer International Publishing). (2018) p. 659–95. doi: 10.1007/978-3-319-72347-1_20

 42. Lantz B. Machine Learning with R Kindle Edition. Birmingham: Packt Publishing (2013).

 43. Wallach HM, Murray I, Salakhutdinov R, Mimno D. Evaluation methods for topic models. in Proceedings of the 26th Annual International Conference on Machine Learning - ICML '09. New York, NY: ACM Press (2009). p. 1–8. doi: 10.1145/1553374.1553515

 44. Qaddoumi E, Odeh M, Khan Z, Kossmann M, Tbakhi AG, Mansour A. A semantically-enriched quality governance framework for systems of systems applied to cancer care. in 2018 1st International Conference on Cancer Care Informatics (CCI). Jordan: IEEE (2018). p. 15–24. doi: 10.1109/CANCERCARE.2018.8618263

 45. Tartir S, Arpinar IB, Sheth AP. Ontological evaluation and validation. in Poli R, Seibt J, editor. Theory and Applications of Ontology: Computer Applications. Dordrecht: Springer Netherlands (2010). p. 115–30. doi: 10.1007/978-90-481-8847-5_5

 46. Altman DG. Scopus. (2020). Available online at: https://scopus.com (accessed October 12, 2020).

 47. Jacobi C, van Atteveldt W, Welbers K. Quantitative analysis of large amounts of journalistic texts using topic modelling. Dig J. (2016) 4:89–106. doi: 10.1080/21670811.2015.1093271

 48. Sommerville I. Software Engineering. 10th ed. Harlow: Pearson Education Limited (2016).

 49. Wortmann F, Flüchter K. Internet of things. Bus Inform Syst Eng. (2015) 57:221–4. doi: 10.1007/s12599-015-0383-3

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Odeh, Kharbat, Yousef, Odeh, Tbaishat, Hakooz, Dajani and Mansour. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fmed-08-619978-t001.jpg
Classes in the MCB ontology

Bioethical principle
Bioethics education
Challenge
Discipline
Educational issue
Engineering

Ethical issue
Ethics
Experience

Goal

Innovation

Management activity

Medical_and_Biomedical_issue

Actions taken in the TM&ML ontology

Covered—No action is needed

Class is added (with all its subclasses) as a subclass of “Education”

Subclasses were added to “Challenge” class under “Basic bioethics related term”

Subclasses are either covered or are irrelevant—No Action needed

Class is added as subclass to “Education related term” with relationship “Education has some Educational issues”

Class is added (with all its subclasses) as subclass of “Basic bioethics related term” with relationship “Basic bioethics
involves some Engineering”

Subclasses were added to “Ethics_framework_related_term? with relationships “involves some”

Al subclasses are either covered in the derived ontology or are irrelevant—No Action needed

Class is added (with al its subclasses) as a subclass of “Basic bioethics related term” with the relationship *Basic
bioethics involves some Experience”

Class s added (with all its subclasses) as a subclass of “Basic bioethics related term” with the relationship "Basic
bioethics includes some Goal”

Class is added (with al its subclasses) as a subclass of “Basic bioethics related term” with the relationship *Basic
bioethics relatec to some innovation”

Class is added (with all its subclasses) as subclass of “Ethics committee related term” with relationship “Ethics
committee involves some Management activity”

Most subclasses are either covered or are irrelevant—no action is needed

Subclasses of “Care” are added under “clinical ethics related term”

“Cell topic” and its subclasses are added under “Regenerative medicine related term” with relationship “Regenerative
medicine involves some Cell topic”

“Drug issue” and its subclasses are added under “Cinical tral related term” with the refationship “Clinical trial involves
some Drug issue.” “Gene related issue” and its subclasses are added under “Predictive_Genetic._testing_related_term”
with the relationship “Predictive Genetic testing involves some Gene related issue.” “Health issue” and its subclasses
are added under “Healthcare related term” with the relationship “Healthcare involves some Health issue.” “Healthcare

issue” and its subclasses are added under “Healthcare related term” with the relationship *Healthcare involves some
Healthcare issue.” “lliness” and its subclasses are added as a top level class with “concerned with” relationship
to “Bioethics”

Modeling Subclasses were added to “Model” class under “Ethics framework related term” class

Practice Subclasses were added to “Practice” class under “Basic bioethics related term”

Process Subclasses were added to *Process” class under “Basic bioethics related term”

Profession Class is added (with all its subclasses) as a subclass of “Ethics framework related term” class with “involves”
relationship to “Bioethics” class

Quality Class is added (with all its subclasses) as subclass of “Basic Bioethics related term with the relationship “Basic
Bioethics related to some Quality”

Region Subclasses were added to *Geographical region” class.

Regulation and legislation

Religion related issue

Subclasses were added to *Public_Policies_and_international_regulations_related_term” class with “involves”
relationship

Subclasses were added to “Ethics of end of life related term” and with the relationship “includes”

Research Subclasses were added to “Research” class under * Clinical_trails_ethics_related_term” class

System Class is added (with all its subclasses) as subclass of “Basic Bioethics related term” with the relationship “Basic
Bioethics involves some System”

Technology Subclasses were added to *Technology” class under * Biotechnology related term” class

Value Subclasses were added to *Value” class under * Healthcare professional ethics related term” class
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Actions taken to build the iOntoBioethics COVID19 ontology

A new class is created with the relationship: Part of “Predictive Genetic testing”
A new class is created as a subclass of “Process” under “Basic Bioethics™

A new class is created as a subclass of “Subject” under “Clinical trials ethics” and with the relationship part of “Research”
under “Clinical trials ethics”

Anew class is created with the relationship: Part of “Research” under “Clinical trials ethios”
Anew class is created as a subclass of “Challenge” under “Basic Bioethics”

Anew class is created as a subclass of “Management” under “Ethics committee”

Anew class is created as a subclass of “Process” under “Basic Bioethics”

Anew class is created with the relationship: part of “Process” class under “Basic Bioethics™
Anew class is created with relationship: Part of “Research” under “Clinical trials ethics”
Anew class is created as a sublass of “Subject” under “Clinical trials ethics”

Anew class is created with the relationship: Part of Research

Anew class s created as a subclass of “Process” under “Basic Bioethios”

Anew class is created as a subclass of “Subject” under “Clinical trials ethics”

Anew class s created as a subclass of liness

Anew class is created for Severity Factor as a subclass of “Challenge” under “Basic Bioethics” (Risk is already covered)
Anew class is created as a sublass of “Goal” under “Basic Bioethics”

Anew class is created as a subclass of “Subject” under “Clinical trials ethics”

class is akeady covered

Anew class is created with the relationship: Part of “Process” class under “Basic Bioethics"
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#k: is the number of COVID-19 topics as can be traced to Figure 6,
which is 20 topics
#I: is the number of COVID-19 topic concepts as can be traced to
Figure 6, which is 20 concepts,
# for example the Cycle of Infection COVID-19 topic has 20
concepts such as day, test, respiratory, etc
#
iOntoBioethics COVID-19 Ontology <-
iOntoBioethics Topics_Ontology
For each topic; in the TM&ML COVID-19 Topic Model (1<i<k),
k = no of topics
if topic; does not exist in iOntoBioethics Topics_Ontology, then
add topic; as an ontology class to the iOntoBioethics COVID-
19 Ontology
endif
for concept; in topic i (1<i<y), I = no of concepts in topic i)
if  conceptj does not exist in  iOntoBioethics
Topics_Ontology, then
add concept; to the iOntoBioethics COVID-19 Ontology as
an ontology class
endif
link concept; to topic; in the iOntoBioethics COVID-
19 Ontology
endfor concept;
endfor topic;
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