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Abstract: Alzheimer’s disease is a debilitating neurodegenerative condition which is known to be
the most common cause of dementia. Despite its rapidly growing prevalence, medicine still lacks a
comprehensive definition of the disease. As a result, Alzheimer’s disease remains neither preventa-
ble nor curable. In recent years, broad interdisciplinary collaborations in Alzheimer’s disease re-
search are becoming more common. Furthermore, such collaborations have already demonstrated
their superiority in addressing the complexity of the disease in innovative ways. However, estab-
lishing effective communication and optimal knowledge distribution between researchers and spe-
cialists with different expertise and background is not a straightforward task. To address this chal-
lenge, we propose the Alzheimer’s disease Ontology for Diagnosis and Preclinical Classification
(AD-DPC) as a tool for effective knowledge sharing in interdisciplinary/multidisciplinary teams
working on Alzheimer’s disease. It covers six major conceptual groups, namely Alzheimer's disease
pathology, Alzheimer's disease spectrum, Diagnostic process, Symptoms, Assessments, and Rele-
vant clinical findings. All concepts were annotated with definitions or elucidations and in some
cases enriched with synonyms and additional resources. The potential of AD-DPC to support non-
medical experts is demonstrated through an evaluation of its usability, applicability and correctness.
The results show that the participants in the evaluation process who lack prior medical knowledge
can successfully answer Alzheimer’s disease-related questions by interacting with AD-DPC. Fur-
thermore, their perceived level of knowledge in the field increased leading to effective communica-
tion with medical experts.

Keywords: Ontology; Alzheimer’s disease; Basic Formal Ontology; Interdisciplinary Research;
Knowledge Sharing

1. Introduction

The rise of human life expectancy during the past centuries is a remarkable accom-
plishment of science and medicine. However, living longer means that we are going to
spend more time in our old age, which is going to make us more prone to neurodegener-
ative diseases such as dementia. In 2019 there were about 57 million cases of dementia
globally, and it is estimated that by 2050 this number would increase and reach 152.8 mil-
lion cases [1]. A characteristic hallmark of dementia is a progressive decline in cognitive
functions, which gradually causes a loss of ability to perform basic activities of daily living
[2]. The occurrence of the disease significantly impacts the life of the patient’s family and
is also related to huge financial costs for society [3]. Alzheimer’s disease (AD) is known
as the most common cause of dementia, and it has been implicated in about 80% of all
dementia diagnoses [2]. The severity of AD is rooted in the complexity of the disease and
the fact we are still unaware of what is causing it. As a result, AD remains a disease that
we can neither prevent nor treat.
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It is becoming evident that the multifaceted nature of AD calls for interdisciplinary
collaborations capable of creating novel solutions, that go beyond the capabilities of single
disciplines. There is a severe need for interdisciplinary collaborations to create a compre-
hensive definition of AD, understand the root causes of the disease and find interventions
that can halt its progression or even prevent the disease altogether [4]. Furthermore, in-
terdisciplinary AD research should expand beyond narrow collaborations within biology
and medical sciences. For instance, addressing costs and equity in AD treatment would
require not only clinicians and scientists but also economists and sociologists working
alongside pharmaceutical companies and other stakeholders [4]. Assessing whether a new
treatment is going to be accepted by patients, addressing caregiver burden and offering
adequate support are all topics requiring deep comprehension of human beliefs, percep-
tions and behavior, a task suitable for psychology and cognitive science [4].

The present work is focused on the collaborative efforts of medical and science, tech-
nology, engineering, and mathematics (STEM) field experts towards researching Alz-
heimer’s Disease. According to a study from 2020, 73% of 250 machine-learning articles in
biology and medicine were a result of interdisciplinary collaborations comprising authors
from at least two of the three disciplines: computational sciences, biology, and medicine
[5]. Furthermore, emerging evidence suggests that the rise of new technologies such as
machine learning and artificial intelligence might be the key to unlocking new horizons
in preclinical AD research, early diagnostics of AD and AD risk estimation [6]-[10].

Even though such collaborative endeavours give high promises for advancements in
the field, fulfilling these promises depends on one’s ability to collaborate and communi-
cate effectively. Facilitating effective knowledge sharing between individuals with differ-
ent backgrounds is not a trivial task. Some of the most prominent issues interdisciplinary
teams face are related to different communication and presentation styles, differences in
vocabulary and general differences in concept comprehension [11]. Naturally, the further
apart from each other the cooperating fields of science are, the more prominent these is-
sues become.

These difficulties can be addressed by using ontology-based methods for facilitating
knowledge sharing within interdisciplinary teams. Ontologies consist of concepts, their
definitions and the relationships between these concepts. Importantly, ontologies serve as
a description of a target domain while they also provide a standardized vocabulary for
describing entities and semantic relationships, which can minimize the interpersonal var-
iation of expression and ambiguity of representation [12]. Application ontologies bear
all these properties, but they are built to address one specific task. Thus, they provide a
minimal terminological structure to fit a particular task [13]. In this sense, they appear
lightweight compared to reference ontologies, more compact and easier for navigation
[13].

The present work aims to demonstrate how application ontologies can facilitate
knowledge transfer in interdisciplinary teams working on Alzheimer’s disease. In partic-
ular, we sought to demonstrate that application ontologies can serve as an effective source
of expert knowledge to researchers and technology specialists who lack prior knowledge
of Alzheimer’s disease. Thus, the present work aims to improve the distribution of spe-
cialized medical knowledge in interdisciplinary research teams. Furthermore, expert
knowledge in medicine is a valuable commodity that is usually hard to find and access. It
is costly to have expert clinicians providing domain expertise and support at all times.
Additionally, such experts are often preoccupied and have little to no time available. Ap-
plication ontologies, on the other hand, can be utilized as an on-site source of the expert
knowledge that is available at all times and is related with minimal expenses.

With this, we propose the Alzheimer’s disease Ontology for Diagnosis and Preclini-
cal Classification (AD-DPC) as a remedy for the difficulties of knowledge sharing in the
context of AD-related interdisciplinary projects. AD-DPC is meant to support nonmedical
experts in three ways: (1) faster comprehension of the domain of AD, (2) provision of real-
time expert knowledge to non-medical experts and (3) facilitating optimal communication
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with medical experts by providing a standardized vocabulary. To demonstrate this, we
conducted a user evaluation trial to test three dimensions vital to the successful interaction
with AD-DPC — usability, applicability and correctness.

The rest of the paper is structured as follows. First, the methods used to build and
evaluate AD-DPC are discussed. Next, the scope, structure and contents of AD-DPC are
presented together with the results from the user evaluation. Then, the results and their
implications are discussed, and the existing limitations are summarized. Finally, conclu-
sions and directions for future work are outlined.

2. Materials and Methods

AD-DPC was built using the skeletal methodology for ontology building proposed
by Unschold and Gruninger in 1996 [14]. According to their methodology, the process of
building ontologies consists of four key activities: identifying ontology’s purpose and
scope, building the ontology, ontology evaluation and ontology documentation [14]. Fig-
ure 1 depicts the skeletal methodology, representing the processes of ontology develop-
ment as well as their temporal distribution. There are four key activities in ontology de-
velopment — defining purpose and scope, building the ontology, evaluating the ontology
and documenting the process. The ontology building can be partitioned into three tasks —
ontology capture, ontology coding and integration of existing ontologies. Dashed lines
represent the backward movement between the activities. Note that the process of docu-
menting the ontology spans the whole cycle. The scheme is based on the original descrip-
tion of the methodology presented by Uschold and Gruninger.

Build

Ontology Capture
Purpose and scope |:> , :{> Evaluation
Ontology Coding

Ontology Integration

v

Documentation

Figure 1. Representation of the skeletal methodology used during the development of AD-DPC. The
figure is based on the original methodology proposed by Unschold and Gruninger.

AD-DPC is an extension of a top-level ontology, namely Basic Formal Ontology
(BFO) [15]. AD-DPC was built in the Ontology Web Language (OWL) format using the
Protégé OWL editor (version 5.5.0). Protégé is a widely used tool for ontology develop-
ment and visualization [16].

2.1. Purpose and Scope

The scope of AD-DPC was defined based on several competency questions (CQ) that
were later used also for the validation of the ontology. AD-DPC aims to facilitate
knowledge exchange in interdisciplinary teams that perform research on Alzheimer’s dis-
ease. Therefore, we divided the stakeholders into two groups — (1) those with a medical
background and (2) those without a medical background. While the first group is vital to
the correct definition of the scope and the validity of the included terms, we expect that
the second group would generally have higher benefits from using AD-DPC. Therefore,
our competency questions were defined based on the input from both groups. After re-
viewing the questions and notes made by representatives of both groups, we constructed
5 competency questions that summarize all the outlined points.
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What are the stages within the Alzheimer’s disease spectrum and their differences?
How is Alzheimer’s disease diagnosed?

Why is the preclinical stage important and how can we do preclinical research?
What are the assessments that clinicians usually use whenever Alzheimer’s disease
is suspected and which are the most informative ones?

5. What are the symptoms and pathological hallmarks of AD?

2.2. Building AD-DPC

The initial collection of terms and concepts was gathered from various online re-
sources such as scholarly articles, review articles and websites. The selection was carefully
reviewed and edited by a neurologist. The resulting set of terms was arranged in a hier-
archy with outlined relations between the concepts. A domain expert also validated this
primary hierarchy. Terms and term definitions were either inherited from other ontolo-
gies, imported from other ontologies, adapted from other ontologies or defined with the
assistance of a domain expert. Regardless, every term contains information about the
source used to define it.

AD-DPC is defined as an extension of BFO — a top-level ontology designed to support
the integration of scientific data [15]. Using shared top-level ontologies ensures interoper-
ability by simplifying ontology integration and term reusing [15]. By building on top of
BFO, we adopt the defined BFO principles and guidelines for defining terms and building
ontological hierarchies such as using Aristotelian style definitions and adhering to the
single inheritance principle [15].

In line with all best practices for ontology building [17], we set out to incorporate the
available knowledge from other ontologies and keep the door open for future extensions.
Therefore, apart from reusing BFO, we incorporated terms from several other ontologies
— the ontology for precision medicine and investigation (OPMI) [18] and the information
artefact ontology (IAO) [19].

Although term reuse was of high priority for us, there were instances in which we
would find an appropriate term defined in another ontology, but the definition would
significantly vary from our intended use case, and therefore we couldn’t fully reuse the
term. In such cases, we would fallback to creating a term that is ‘adapted from’ the origin
ontology.

AD-DPC was tested with regard to formal consistency with the HermiT 1.4.3.456 rea-
soner [20].

LS

2.3. Ontology evaluation

AD-DPC is meant to support non-medical STEM experts doing research in the do-
main of Alzheimer's disease. Therefore, it is important to validate that AD-DPC is fit to
serve this purpose. However, one of the difficulties in ontology validation is the selection
of the properties and characteristics that will be evaluated. Which ontology features to
evaluate depends heavily on the type of ontology and the focus of the evaluation. In the
case of application ontologies, it is enough to evaluate the features important to the task
that the ontology was designed to fulfil [21]. Thus, by evaluating AD-DPC, we sought to
demonstrate that AD-DPC can indeed support nonexperts in the domain of Alzheimer’s
disease in handling medical data and making inference. Our secondary goal was to show
that the interaction with AD-DPC induces knowledge acquisition in a particular domain.

For this purpose, we designed a user evaluation setup that focuses on usability, ap-
plicability and correctness. These three properties traditionally vary in their definitions
across the literature. To address this variation, we adopted the definitions provided in
[21]. Namely, we adopt the following definitions - usability to be defined as ‘a set of at-
tributes that describe the effort needed by a human to make use of the ontology’, correct-
ness as ‘the degree to which the information asserted in the ontology conforms to the in-
formation that need be represented in the ontology” and finally applicability as ‘the qual-
ity of the ontology regarding its appropriateness for a particular application, task or pur-
pose’ [21].
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Since we also wanted to evaluate whether AD-DPC facilitates knowledge acquisition,
we consider the perceived level of knowledge as the fourth component in our evaluation
method.

2.4. Procedure and participants

We assessed the usability, applicability and correctness of the AD-DPC ontology by
tasking experts in different STEM fields to answer a series of questions about Alzheimer’s
disease with the help of AD-DPC. While the applicability and the correctness of the ontol-
ogy were assessed directly from the performance on this task, we used the System Usa-
bility Scale (SUS) to estimate the usability of the ontology.

We evaluated the baseline knowledge about Alzheimer’s disease and ontologies of
each participant by asking them to fill in a baseline questionnaire. This questionnaire also
contained questions about the participants’ field of work and their previous experience
with biomedical projects and data. All participants were given a 15-minute walk-through
Protégé and its functionality. Then participants were given alone time to get familiar and
comfortable with the Protégé environment. There was no time limitation, instead, partic-
ipants were instructed to signal the experimenter whenever they felt comfortable enough
with Protégé. Once the self-learning phase was over, participants were given the two main
questionnaires and tasked to answer questions about Alzheimer’s disease with the help
of ontology. Finally, participants were asked to complete a usability questionnaire and to
provide a self-assessment of the acquired knowledge.

The total number of participants was 10, all members of the scientific staff of Sofia
University. The only inclusion criterion was that all participants should actively exercise
a profession within the STEM field. The only exception to this were medical graduates
since they would already be familiar with all of the concepts related to AD. All question-
naires were paper-based. However, to complete the main task participants had to interact
in real-time with Protégé and the preloaded version of the AD-DPC ontology.

2.5. Questionnaires and scales

We assess the correctness of AD-DPC by empirically testing whether the imple-
mented ontology indeed represents the scope that was initially set with the competency
questions. We took the initial CQs and stripped them down to 6 narrow and specific ques-
tions (Table 1 left). Participants were instructed to give written answers to the 6 questions
by interacting with AD-DPC in real-time. Each answer was evaluated and given a numeric
grade: -1 for an incorrect answer; 0 for no answer; 1 for a correct answer and 2 for a par-
tially correct answer.

Table 1. CQ-based and scenario-based questionnaires for assessment of AD-DPC. The left panel
contains the questions used to estimate the level of correctness and the right panel shows the two
scenario-based questions used to assess the applicability.

CQs-based Scenario-based
Q1: What are the stages Q1: You are given a dataset containing full range of medical
within the Alzheimer’s data (demographic data, medical history, csf biomarkers,
disease spectrum? cognitive assessments and clinical scales, etc.) of patients di-
Q2: What is the ATN agnosed either with mild cognitive impairment (MCI) or
framework? In what con-  with Alzheimer’s disease (AD). However, you notice that the
text is it being used? labels with the diagnosis were omitted. Unfortunately, your

collaborator is on vacation, and it appears that you have to
Q3: What are the patholog- wait a month before you get the actual labels. You decide to

ical hallmarks of Alz- run a preliminary analysis by estimating the diagnosis (MCI
heimer’s disease? What or AD) from the rest of the data. Which modalities of the
methods can we use to medical data ordinary collected for such patients would be

check for their presence?  informative for your task to distinguish MCI from AD pa-
tients? Why did you choose these modalities?



https://doi.org/10.20944/preprints202302.0309.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 February 2023 d0i:10.20944/preprints202302.0309.v1

6 of 16

Q4: What are the symp-

toms of Alzheimer’s dis-

ease? What methods can ~ Q2: You are interested in the preclinical course of Alz-
we use to check for their ~ heimer’s disease. You would like to look for pathologic
presence? changes that might take place in the brain long before the
Q5: On the base of whatis onset of any symptoms. What assessments and methods
Alzheimer’s disease diag- would you use to address this task? What assessments are
nosed? unlikely to be informative in the preclinical stage of Alz-
Q6: Name some of the bi- heimer’s disease? Motivate your answers.

omarkers for Alzheimer’s

disease?

Applicability was evaluated with the means of two scenario-based questions that
were given after completing the CQs-based questionnaire (Table 1 right). Unlike the ques-
tions used in the correctness task, scenario-based questions require a level of reasoning
with the knowledge that one can acquire from AD-DPC. This task is designed to mimic a
real-life situation where a person is supposed to navigate a more loosely defined task out-
side of their field of expertise. Since such situations are often observed in interdisciplinary
dynamics, we consider their emulation as the ultimate test of applicability. The provided
answers were graded on a scale from -1 to 2 as described above.

For both correctness and applicability, success rates were defined based on the qual-
ity of answers provided by participants. Success was defined as providing a fully correct
answer. Partially correct answers were considered for partial success and incorrect an-
swers were treated as failures. Finally, a lacking answer was considered for an omission.
If participants were unable to answer a question they were asked to explicitly indicate this
by writing ‘IDK’ or ‘I don’t know’.

Finally, to assess the usability of the AD-DPC we used a modified version of the
System Usability Scale (SUS) [22]. SUS was originally proposed in 1986 as a general tool
for assessing the usability of a wide range of systems and products. Therefore, to be suit-
able for ontology evaluation the scale needed to be modified to address the specifics of
the task at hand. Previous work has already demonstrated that a modified version of SUS
can be used to evaluate the usability of ontologies [21], [23], [24]. In the present work, we
adhered to the SUS modification for ontology evaluation described in [21]. This modifica-
tion contains 10 questions each with possible answers on a scale of 1 to 5 (1=strongly dis-
agree, 2=disagree, 3=no preference, 4=agree, 5=strongly agree). The scale was given to the
participants after they had answered the scenario-based questions. Therefore, the results
from SUS reflect how participants have evaluated their experience of using AD-DPC to
answer real-world questions related to AD.

3. Results

This section presents the scope, structure and contents of AD-DPC as well as the re-
sults from its evaluation following the procedure described in the previous section.

3.1. AD-DPC definition

AD-DPC encodes domain knowledge in two ways - through the hierarchical struc-
ture of concepts and relations between them, and through definitions and elucidations.
The scope of AD-DPC covers 6 major conceptual groups relevant to the domain: (1) Alz-
heimer's disease pathology, (2) Alzheimer's disease spectrum, (3) Diagnostic process, (4)
Symptoms, (5) Assessments, and (6) Relevant clinical findings. All concepts were anno-
tated with definitions or elucidations and in some cases enriched with synonyms and ad-
ditional resources. AD-DPC features a total of 126 concepts including inherited concepts
from BFO. Figure 2 shows how AD-DPC is answering the predefined CQs.
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Figure 2. Visual representation of the key concepts and relations in AD-DPC. All rectangles repre-
sent concepts, and all arrows represent relations. The text under the concepts represents their def-
initions and descriptions in AD-DPC.

Part A depicts the temporal sequence of the diagnostic process for MCI and AD. Sev-
eral assessments are conducted to extract clinical findings that can support/reject a hy-
pothesis about the patient’s condition. Together with collected anamnestic data these find-
ings form the clinical picture of the patient’s condition. The clinical picture is formed with
respect to a diagnostic guideline or diagnostic criteria, and subsequently, it is evaluated
according to the same. Finally, this process of evaluation produces a diagnosis. Part B
shows the process of detecting pathological features of AD as represented in AD-DPC.
Each of the three hallmarks can be measured in at least two ways listed under “Assess-
ments’. The output from these assessments undergoes interpretation which results in the
production of clinical findings. These findings either confirm or reject a hypothesized di-
agnosis. However, AD-DPC lists clinical findings that confirm abnormalities related to
AD (listed under ‘Findings’) since these are relevant to our work. Part C shows concepts
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that do not form rich taxonomies. These concepts convey information through their defi-
nitions and attached resources.

The following sections offer a detailed description of the 6 conceptual groups in-
cluded in AD-DPC.

3.3.1. Alzheimer’s disease pathology

As a neurodegenerative disease, AD is a condition which slowly unfolds in time and presents itself
with multiple deficits related to memory, reasoning and cognition. However, it is now well-estab-
lished that AD runs a prolonged preclinical course characterized by a lack of symptoms [25]. Despite
the lack of cognitive deficits, there are pathological changes in the brain that are already observable
during the preclinical stage [25]. These early pathophysiological changes are considered to be dis-
tinctive hallmarks of AD. According to the current understanding AD pathological hallmarks in-
clude 1) accumulation of amyloid plaques; 2) aggregation of tau proteins into neurofibrillary tangles
(NFTs); 3) neurodegeneration and brain atrophy [25]. In particular atrophy of the medial temporal
lobe is highly associated with Alzheimer’s disease [26]. AD-DPC goes on to describe the pathologi-
cal features of AD, commonly used methods of measurement and relevant clinical findings suggest-
ing that a particular pathology is present (Figure 2B). As postulated by the CQs, AD-DPC underlines
the distinction between symptoms of AD and pathological features of AD.

3.3.2. Alzheimer's disease spectrum

In line with the latest understanding of Alzheimer’s disease, AD-DPC describes the
disease as a spectrum (Figure 2C). After a long asymptomatic stage, the clinical manifes-
tation of AD begins with the gradual onset of cognitive impairment. The first clinical stage
of the disease is mild cognitive impairment (MCI) where patients are exhibiting a mild
form of cognitive deficits that are not causing functional impairment nor interfering with
the daily life of the patient [27]. The gradual worsening of the symptoms leads to the more
severe and final stage — Alzheimer’s disease. To emphasize the importance of preclinical
research, AD-DPC provides concepts related to the amyloid/tau/neurodegeneration
framework (ATN framework) used to classify the biological state of AD independent of
observable symptoms [28]. AD-DPC also emphasizes that the ATN framework is used in
research settings and is making use of biomarkers that are observable before the onset of
symptoms.

3.3.3. Diagnostic process

Since diagnosis was a prominent topic among the questions collected before the con-
struction of the final CQs, AD-DPC was designed to include classes and relations describ-
ing the diagnostic process for MCI and AD (Figure 2A). AD-DPC also describes the cur-
rent diagnostic guidelines for MCI and AD and how they are applied in practice. While
the inclusion of these guidelines might be considered as unnecessary detail, we believe
that they are likely to enable non-medical experts to better differentiate between the stages
of the disease. The descriptions of the guidelines were derived from the updated diagnos-
tic guidelines for Alzheimer’s disease [29].

3.3.4. Symptoms

The early symptoms of AD include memory impairments as well as deficits in addi-
tional cognitive domains [30]. The manifestation of the symptoms is gradual, and their
severity increases over time. Eventually, the severity of the symptoms disrupts patients’
ability to execute normal living activities. AD-DPC describes some of the common symp-
toms of AD by providing general concepts such as 'impaired learning’, 'impaired memory
function’, 'impaired language capacity’, 'impaired visuospatial function', 'impaired exec-
utive function'. While the concepts are general, their descriptions contain particular ex-
amples of how such impairments might be manifested. For example, 'impaired visuospa-
tial function' can be manifested as difficulty in recognizing places or getting lost in familiar
places. Note, that the severity of each of the symptoms can vary and this is not explicitly
stated in AD-DPC in the form of having separate concepts for mild and severe symptoms.
Rather it is communicated through the examples of particular manifestations. AD-DPC
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also provides information on how the severity of the symptoms is tested - namely with
neuropsychological scales.

3.3.5. Assessments

While there is a variety of assessments that can be used during the evaluation of pa-
tients with a potential diagnosis of AD, we included the assessments used traditionally in
clinical practice and considered as most informative. The selected assessments were seg-
mented into the following classes — imaging assessments, neuropsychological assess-
ments, CSF biomarkers, genetic biomarkers, physical examination and neurological ex-
amination (Figure 2A).

Brain imaging is a technique that produces brain images for diagnostic or treatment
purposes. While there are several different imaging techniques, the most commonly used
techniques in the context of AD are magnetic resonance imaging (MRI) and positron emis-
sion tomography (PET). These are the imaging techniques that AD-DPC is describing as
well.

MRI imaging is used to identify brain atrophy and neurodegeneration in regions of
interest. One way to evaluate atrophy from an MRI image is by using visual rating scales
where a physician is manually grading the observed atrophy (Figure 2B). Visual scales are
widely used in clinical practice. A visual scale commonly used in evaluating AD is Schel-
tens’ scale [31]. Scheltens” scale evaluates bilateral medial temporal atrophy (MTA). A
similar evaluation of atrophy can be achieved with volumetric MRI (vMRI) where one is
directly working with the volumes of brain regions/structures of interest (Figure 2B). Un-
like visual scales this process is automated. However, it is still predominantly used in
research settings.

While MRI shows the structural state of the brain, PET is commonly used to image
how the brain functions. In the context of AD, PET imaging is used to image the accumu-
lation of amyloid-beta (Afs42) and tau proteins as well as the metabolism of the brain (Fig-
ure 2B). While PET imaging is the most accurate method for measuring amyloid and tau
accumulations in the brain, it is still an expensive procedure with limited availability. A
highly accurate alternative is measuring amyloid beta (A342) and tau from cerebrospinal
fluid (CSF). Measuring CSF biomarkers is a far more affordable procedure widely used in
clinical practice. AD-DPC reflects this by featuring concepts defining CSF biomarkers
such as Afs42, phosphorylated tau (p-tau) and total tau (t-tau).

Neuropsychological evaluation is widely used in clinical practice to assess the cogni-
tive state and abilities of a patient. While the diagnostic criteria for AD depends on the
presence of cognitive impairment, typically the patient undergoes an additional assess-
ment of functional capabilities, depression and overall dementia severity [32]. AD-DPC
reflects the variety of assessments that is usually applied by listing 14 scales among which
Mini-Mental State Examination (MMSE) [33], Montreal Cognitive Assessment (MoCA)
[34], Alzheimer’s Disease Assessment Scale (ADAS) [35], Clinical Dementia Rating (CDR)
[36], The Functional Activities Questionnaire (FAQ) [37]. The list includes commonly used
cognitive assessments, scales assessing the functional capabilities regarding daily activi-
ties as well as scales assessing the neuropsychiatric state of the patient and dementia se-
verity assessments. While the list of scales offered by AD-DPC is not exhaustive, it still
provides information about the most commonly used scales and gives an overview of how
cognitive functions and psychiatric state are measured in general.

To reflect the genetic component in the occurrence of Alzheimer’s disease, AD-DPC
includes concepts of genetic biomarkers. However, currently, the ontology features only
the APOE4 gene as a genetic risk factor. Future work will expand the concept to include
other genes that have been implicated in the development of AD.

Finally, AD-DPC also accounts for first-line assessments such as physiological and
neurological assessments. While these two concepts do not have child concepts, they are
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provided with definitions and additional resources which are informative of the proce-
dure. We do not consider this a flow in AD-DPC since these evaluations detect unspecific
to Alzheimer’s disease symptoms and are the least informative in the context of AD.

3.3.6. Relevant clinical findings

As seen in Figure 2, AD-DPC includes descriptions of the assessments as well as de-
scriptions of the relevant clinical findings produced by the assessments. Clinical findings
include neuropsychological, genetic, imaging and CSF findings. This way AD-DPC ena-
bles the reader to make sense of raw medical data and thus be able to make a basic infer-
ence as to whether there are abnormalities in the results or not. While the wording of some
clinical findings might seem unspecific — for example ‘increased CSF p-tau’, note that there
are a number of assays and kits to make such measurements. As a result, the cut-offs in-
dicating abnormality are different depending on the assay that was used. Therefore, AD-
DPC provides only a general description of what a relevant finding would be.

AD-DPC evaluation

A total of 10 participants took part in the evaluation procedure. About 80% of them
reported having an occupational background in science with half of them having an in-
terdisciplinary background in science and one or two other STEM fields. Overall, partici-
pants reported low familiarity with ontologies (1.6 + 0.69 points) and no experience with
Protégé (1.0 £ 0.0 points). While the average reported familiarity with Alzheimer’s disease
was slightly higher (2.6 + 0.96 points) only two participants reported having previous ex-
perience with medical data and only one had been involved in biomedical research before
the experiment (Table 2).

Table 2. Baseline knowledge and prior experience questionnaire. All included questions are de-
picted with the respective answers provided by each participant. Note that only the first question
allowed multiple choice.

Questions PT1 PT2 PI3 PT4 PT5 PTe PT7 PT8 PT9 PTI10

Your occupation is within the field of:

L Science; 123 5 1 1 313 13 123 1 1
2.Technology; 3.Engineering;

4.Mathematics; 5.0ther

To what extent do you consider yourself famil-

iar with ontologies? 1 2 2 1 1 1 1 2 1 3

From 1 (not at all) to 5 (to a great extent)

To what extent do you consider yourself famil-
iar with the ontology building tool Protégé? 1 1 1 1 1 1 1 1 1 1
From 1 (not at all) to 5 (to a great extent)

How familiar are you with Alzheimer's Dis-
ease? 1 2 2 3 3 2 2 4 2 3

From 1 (not at all) to 5 (very familiar)

Have you ever been involved in projects re-

garding Alzheimer's Disease? No No Yes No No No No No No No
Yes/No

Do you have any previous experience in bio-

medical research or a related field? No No Yes No No No No No No No
Yes/No

Do you have any previous experience with
No No Yes No No No No Yes No Yes
medical data?
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Yes/No

The correctness of AD-DPC was evaluated by measuring the ability of the partici-
pants to answer derivations of the competency questions with the assistance of ontology.
The results are provided in Table 3. The overall performance was high with success rates
per question ranging from 70% to 100%. The only exception was Q3 where only half of
the participants could answer correctly, another 20% gave partially correct answers, and
the rest answered incorrectly. Interestingly, 30% of the participants did not make an at-
tempt at answering Q6 while the rest gave fully correct answers.

Table 3. Success rates per question estimated for both correctness and applicability tasks. Success
refers to the percentage of fully correct answers. Partial success is defined by the percentage of par-
tially correct answers. The percentage of incorrect answers is represented by the ‘Failure” column
and all unanswered questions were regarded as omissions.

Questions Success Partial Success Failure = Omission
Q1: What are the stages within the Alzheimer’s dis- 100% 0% 0% 0%
ease spectrum?
Q2: What is the ATN framework? In what context is 80% 20% 0% 0%

it being used?

Q3: What are the pathological hallmarks of Alz-

heimer’s disease? What methods can we use to check 50% 20% 30% 0%
for their presence?

Q4: What are the symptoms of Alzheimer’s disease?

What methods can we use to check for their pres- 80% 20% 0% 0%
ence?

Q5: Based on what is Alzheimer’s disease diagnosed? 70% 20% 10% 0%
Q6: Name some of the biomarkers for Alzheimer’s 70% 0% 0% 30%
disease.

Applicability task Success Partial Success Failure Omission
Scenario 1 30% 20% 50% 0%
Scenario 2 50% 30% 0% 20%

Applicability on the other hand was measured through the ability of the participants
to answer scenario-based questions that require reasoning with the knowledge contained
within the competency questions. The results from the applicability task are characterized
by low success rates (30% and 50%) with partial success rates of 20% and 30% respectively
(Table 3). Scenario 1 is marked by worse performance with half of the participants failing
to provide even a partially correct answer. Curiously, it seems that participants were uti-
lizing different strategies in answering the two scenario-based questions. Even though the
first question has a higher failure rate, all participants made an attempt to provide an
answer. The picture seems slightly different for the second question — despite the higher
success rate, only 80% of the participants made an attempt at providing an answer and
the rest committed omissions (Table 3). Out of these 80% percent, all answers were either
correct or partially correct.

A modified version of SUS was used to evaluate the usability of AD-DPC in solving
the main task. SUS produces a number between 0 and 100 where the higher the score is
the better. However, understanding how this score translates to deciding the permissible
levels of usability is not a straightforward task. Therefore, additional grading ranges were
proposed to accompany SUS scores to provide a higher level of clarity as to which appli-
cations have an acceptable level of usability [38]. Table 4 displays the total SUS scores
along with adjective and acceptability grades assigned according to the ranges described
in [38].
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Table 4. Baseline knowledge and prior experience questionnaire. All included questions are de-
picted with the respective answers provided by each participant. Note that only the first question
allowed multiple choice.

Questions PT1 PT2 PT3 PT4 PT5 PT6 PT7 PT8 PT9 PT10
SUS Total 675 750 700 425 450 700 700 775 650 475
Adjective Grade OK Good OK Poor Poor OK OK Good OK  Poor
Acceptability Grade M A A NA NA A A A M NA
SUS Total 675 750 700 425 450 700 700 775 650 475

The SUS scores for half of the participants fall within the acceptable range and 70%
of the SUS scores have an adjective grade ‘OK’ or “Good’. However, one should note that
70.0 is the lower boundary for acceptability and therefore the majority of our acceptable
SUS scores seem to be borderline.

4. Discussion

The presented work demonstrated that the AD-DPC ontology has the potential to at
least partially mitigate the difficulties of interdisciplinary research in the field of Alz-
heimer’s disease. We conducted a user evaluation to assess the correctness, applicability
and usability of AD-DPC by having 10 participants answer AD-related questions with the
help of ontology. Our findings suggest that ontologies can potentially provide effective
support to team members that lack medical training and expertise in the field.

The overall correctness of AD-DPC was high with success rates between 70% and
100% on the respective task. Since the questions in the task were derived from the compe-
tency questions, these results confirm that AD-DPC successfully covers the initially set
scope. Furthermore, high success rates suggest that the information encoded in AD-DPC
is accessible and discoverable whenever needed. Overall, the results suggest that individ-
uals without a medical background benefit from using AD-DPC as a real-time consultant
in answering questions from the AD domain. While on average AD-DPC scored high in
correctness, Q3 was characterized by notably lower success rates and higher failure rates
in comparison to all other questions from the questionnaire (Table 3). This might be, at
least partially, due to the question’s wording. In particular, the usage of the word “hall-
marks’ might have posed difficulties for the participants for two reasons: (1) the word
‘hallmark’ is not used in the ontology (2) our sample consisted of non-native English
speakers. This theory is seconded by the fact that several participants explicitly asked for
the meaning of the word ‘hallmark’.

Interestingly, Q6 was the only question to which 30% of participants did not provide
an answer and gave no indication that they did not know the answer (performed omis-
sions). We believe this result is a byproduct of having a paper-based questionnaire where
Q6 was the only question printed on the back of the sheet. Despite the fact that all partic-
ipants were instructed to check both sides of the sheets, it might have been the case that
several participants failed to notice the last question.

In contrast to the correctness results, applicability scores derived from the context-
based questions were not as positive. The estimated success rates were 30% for Q1 and
50% for Q2. Such results indicate that participants were unable to accurately answer ques-
tions that require a level of reasoning even with the assistance of AD-DPC. While the cor-
rectness task featured well-directed questions which can be answered simply by looking
for their keywords in AD-DPC, the applicability task contained questions that required
not only understanding the meaning of the keywords but also reasoning with the ex-
tracted knowledge. While we acknowledge that the low success rates might be due to the
insufficient level of domain understanding on the side of the participants, the results nev-
ertheless demonstrate that ontologies cannot provide the level of consulting that experts
can. Therefore, AD-DPC can be used to partially consult non-specialists, but task defini-
tions and execution procedures should still be provided by experts.
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On the same note, the results suggest that participants were overall more confident
in their capability to answer Q1 with 100% of the participants providing an answer. In
contrast, Q2 was answered only by 80% of the participants. Despite exhibiting higher con-
fidence in answering Q1, 50% of the participants actually gave wrong answers. This might
signal that some concepts and relations in the ontology need better definitions, however
further evaluations are required to confirm this hypothesis.

On the other hand, no wrong answers were given to Q2, and 80% of the participants
answered either correctly or partially correctly. The lower confidence for Q2 is compen-
sated by higher accuracy, suggesting that even though Q2 was perceived as more difficult,
AD-DPC provided well-understood definitions and did not cause confusion among par-
ticipants.

Next, we asked all participants to complete SUS and evaluate their experience with
AD-DPC in answering AD-related questions. After processing the scores, we obtained a
measure of usability relative to the particular task. The average usability score of AD-DPC
was 63.0, and according to the classification presented in [25] it falls within the “OK’ band.
However, 63.0 is well below the acceptance cut-off of 70.0, suggesting that while the score
seems above average, the reported usability is still low compared to what is expected from
a ready-for-use tool. Nevertheless, we still interpret this result as encouraging since the
usability scores might have been influenced by the lack of experience with Protégé and
ontologies in general. This assumption is in line with previous studies that have used SUS
to evaluate ontology usability and have reported similar scores [15]. Furthermore, several
participants gave feedback referring to the fact that there were difficulties arising from the
interaction with Protégé. Other comments mentioned the need for additional training
with Protégé and elaboration on the ontological structure. As a result, we conclude that
while the usability scores are encouraging, the lack of experience with Protégé and ontol-
ogies, in general, may hinder the quality of user experience. Therefore, one should con-
sider ensuring sufficient training time before incorporating ontologies as consulting tools.

Finally, participants were asked to report their perceived level of acquired
knowledge during their interaction with AD-DPC. All participants reported that they had
acquired some knowledge of Alzheimer’s disease. The perceived increase in acquired
knowledge was 2.55 points on average. The increase in perceived level of knowledge sug-
gests that AD-DPC may find use not only as a consulting tool but also as an educational
instrument.

Our study has several limitations that remain to be addressed in future work. First,
we evaluated AD-DPC with a sample of 10 participants. Even though such a sample can
provide some indication of the usefulness of AD-DPC, there is a need for a bigger sample
of evaluators to confirm our findings. Furthermore, a bigger and more diverse sample
might shed light on various interaction and knowledge extraction strategies relative to the
participant’s experience.

Another limitation is the lack of evaluators who are experts or at least well-versed
with ontologies. However, such experts are indeed hard to find, and this remains to be
addressed in future studies. Including experts as evaluators would provide more realistic
feedback on the structure and the quality of the ontology in terms of conceptualization
and implementation. Also, such experts would not suffer from the ‘lack of experience’
bias observed in the usability evaluation (SUS scale).

Finally, some of the scales we used were based on self-evaluation and perceived
measures rather than objective ones. While we acknowledge that this approach might
generate a level of bias, we still believe that this type of measure was fit to serve the pur-
pose. However, future work might look into the actual level of acquired knowledge rather
than the perceived one.

5. Conclusions

The current work proposes the application ontology AD-DPC as a tool for mitigating
the difficulties of interdisciplinary research on Alzheimer’s disease. AD-DPC features 126
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terms spanning five major branches relevant to the domain — Alzheimer's disease pathol-
ogy, Alzheimer's disease spectrum, diagnostic process, symptoms, assessments and rele-
vant clinical findings. The evaluation of the ontology showed that it holds the potential to
provide effective support to team members that lack medical training and expertise in the
field. The results from the evaluation demonstrate that participants can answer AD-re-
lated questions with the help of AD-DPC. However, whether AD-DPC is saving time
compared to searches in traditional resources, such as scientific journals, is a question that
remains to be answered.

Future work will be focused on improving AD-DPC and improving the methods of
evaluation. First, while AD-DPC provides a comprehensive description of the domain of
AD, the ontology can be extended to cover a wider range of concepts. For instance, AD-
DPC can be easily integrated with Alzheimer's disease ontology (ADO) [39] since both of
them are based on BFO. Such integration will enrich AD-DPC with various concepts cov-
ering the etiological, molecular and cellular mechanisms involved in the pathogenesis of
AD. Furthermore, while AD-DPC describes main processes by fully utilizing the ontolog-
ical structure of concepts and relations (Figure 2A, B), some concepts have underdevel-
oped taxonomy but compensate with a highly informative definition or elucidations (Fig-
ure 2 C). This decision was made for the sake of simplicity and ease of interaction. How-
ever, future work will improve the ontological structure by expanding such singular con-
cepts to full-flown hierarchies without making the content heavier for interpretation.

In terms of evaluation methods, future work will be focused on evaluation with big-
ger and more diverse samples. Furthermore, the evaluation process might benefit from
introducing a domain expert in the grading of the questionnaires. This would give an even
more accurate idea of correctness and applicability since we expect experts to be stricter
and detail-oriented in their grading. To complete the evaluation cycle, evaluators with
ontology expertise should be involved. On one hand, ontology specialists will not be
prone to interferences caused by the lack of experience with ontologies and Protégé. On
the other hand, their evaluation will provide a clear picture of the structural and concep-
tual quality of AD-DPC.

Last, we believe that AD-DPC can also be used to support the interoperability and
integration of medical data. However, this remains to be demonstrated in future studies.
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