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Preface

Pretace

With the completion of this thesis, my time as a student comes to an end. It was a seven-year
journey in which | have had the opportunity to learn, explore, and experience so much. It all
began with my Bachelor's in Clinical Technology, a programme that bridges the gap between
technology and medicine and introduced me to the world of medical innovations. | then took part
in Project MARCH, where | discovered the immense value of collaboration with people from
diverse disciplines. After a year, | continued my studies in the Master's in Technical Medicine,
further specialising at the intersection of technology and healthcare and developing my skills as an

engineer, designer, and medical professional.

Looking back, | realise how much these years have meant to me. The start was unfamiliar, filled
with new experiences and an overwhelming number of choices. Over time, | learned to seize
opportunities, find my own path, and grow in both knowledge and confidence. | discovered that |
enjoy learning most when it's connected to real-world challenges and when | can collaborate with
others toward a shared goal.

Of course, not everything went smoothly. The decisions and setbacks | faced — both personally
and within my family — sometimes threw me off balance. Yet, | emerged stronger, and these
experiences have shaped me into the person | am today — someone who is happy with herself and
the people around her, and who truly enjoys life. These challenges have made me more aware of
all the good things in life. The fact that | will soon be able to celebrate my graduation with my
entire family and circle of friends is incredibly valuable to me, making the conclusion of this

chapter even more special.

| look back with pride on everything | have done and achieved. | am deeply grateful to everyone
who has supported, guided, and inspired me. My supervisors, Mark Mulder and Helma
Torkamaan, for their immense trust in me and for providing direction when | lost it (again). My
friends, for the endless laughter, much-needed relaxation, and our spontaneous plans. And my
family and dear partner, for their unconditional support, genuine interest, listening ear, and

countless warm hugs.

This thesis marks the end of a remarkable phase and the beginning of a new one: my life as a
PhD candidate. With pride and gratitude, | present the result of my work and look forward to
what the future will bring.

Marsha
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Introduction

Cancer-related pain is a prevalent and under-assessed issue in oncological care. Despite the
availability of effective pain treatments, challenges in pain assessment - such as communication
barriers, subjective interpretation, and workflow constraints - continue to hinder accurate pain
recognition and management. In recent years, advances in artificial intelligence (Al), sensor
technology and mobile health have offered promising new opportunities for more consistent,
continuous and context-aware assessment strategies. Facial expressions and vocal cues have been
identified as promising behavioural indicators of pain, and their use in automatic pain assessment

(APA) is gaining increasing attention.

To explore how such technologies could support cancer pain assessment and management, the
SENSAI project was initiated. The project focuses on the development of a human-centred, Al-
empowered tool for APA in cancer care, based on facial expressions and vocal cues captured

through a mobile application.

This thesis presents the initial steps of the SENSAI project. Its objectives were to examine current
pain assessment practices and challenges in oncology, investigate end-user perspectives on Al-
supported assessment, translate research insights into a conceptual tool framework, support the
design of a user-centred APA application, and initiate the development of a multimodal cancer-

related pain database.

Methodology

A multiphase, design-oriented research approach was used, guided by user-centred design, the
Double Diamond framework, and a translational Al development model for healthcare. This thesis

encompassed the Research and Conceptualisation phases and initiated the Development phase.

In the research phase, background studies and an exploratory interview study with oncologists
were conducted to understand current pain assessment practices and challenges. This informed
the problem definition and supported the development of an initial concept for the tool In the
conceptualisation phase, this concept was refined into was structured framework. The second part
of the interview study explored oncologists’ attitudes towards the proposed APA tool, guided by
the mobile health Technology Acceptance Model. These findings, along with expert consultations,
a brainstorm session and feasibility considerations, shaped the envisioned design and
functionalities of the tool. In the development phase, agile application development was initiated
in collaboration with software company Innovattic, with the author serving as product owner. In
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parallel, a clinical study protocol was prepared for the creation of a multimodal cancer-related

pain dataset to support future Al model training.

Results

The interview study identified five key challenges in current cancer pain assessment: the
complexity and subjectivity of pain, ambiguity in responsibility, communication barriers, balancing
all pain information with clinical judgement to come to decision-making, and practical constraints.
Oncologists expressed conditional interest in an APA tool, emphasising the importance of clinical
validation, interpretability, and seamless integration. The conceptual framework proposed three
core functionalities: multimodal data collection via a mobile application, Al-based pain
classification, and feedback for both patients and clinicians. The mobile application is currently
under development and includes measurement and login/authentication modules. A clinical
protocol for database development has been submitted for ethical review.

Conclusion

This thesis establishes a solid interdisciplinary foundation for the development of a human-centred
APA tool tailored to cancer care. While the Al model itself lies beyond the scope of this thesis,
the design process, stakeholder engagement, and technical groundwork contribute to a clinically
grounded and ethically aligned vision for future development. The work advances efforts to
improve how cancer-related pain is recognised, communicated, and managed in clinical practice.
Building on this foundation, future research should focus on user testing with patients, iterative
refinement of the application and measurement protocol, technical development of the Al model,
and broader clinical evaluation to assess its impact on care delivery and patient experience.
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Introduction

Introduction

Pain is a universal human experience [1], yet for cancer patients, it often becomes a defining and
debilitating aspect of their journey [2]. Cancer pain can significantly diminish quality of life [3],
affecting not only the physical well-being of patients but also their psychological and emotional
health [4]. Despite advancements in medical treatments, effective pain management remains a
significant challenge, particularly due to the struggles that both patients and healthcare providers
face with accurate pain assessment [5]. Traditional methods, such as self-reports and clinician
observations, are subjective and prone to misinterpretation, leading to under- and overtreatment
[6, 71.

Recent developments in artificial intelligence (Al) have opened new possibilities for enhancing pain
assessment. Al models, particularly those that integrate multimodal data, such as facial
expressions, voice patterns, and physiological signals, have the potential to provide more
consistent pain assessments. However, the integration of Al for automatic pain assessment (APA)
in clinical settings remains underexplored, especially for cancer patients. The ability to develop an
Al tool that can assess pain automatically and accurately is of great interest, as it could provide
both patients and clinicians with a valuable tool to better understand and manage cancer-related

pain.

With this in mind, the SENSAI-project (Seeing, hEaring, seNsing: Smart, effortless, and objective
pain assessment with mobile Al technology) was initiated by M. Mulder, an oncologist at the
Department of Oncology at Erasmus Medical Centre, in collaboration with H. Torkamaan, an
assistant professor in Al for Health Systems at the Multi-Actor Systems Department of Delft
University of Technology. The project aims to develop an innovative, Al-driven approach to pain

assessment through multimodal data analysis, integrating facial expressions and voice patterns to
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enhance the objectivity and accuracy of pain evaluation. The project follows a structured research
trajectory to ensure the feasibility, acceptance, and effectiveness of Al-based pain assessment in
clinical practice. The project is divided into several key phases: 1) context analysis and
implementation scope, 2) conceptualisation based on end-user acceptance and requirements, 3)
development of core components, including a multimodal database, an Al-APA model and mobile
and web-based applications, and 4) clinical validation and feasibility studies.

This thesis focuses on the initial phases of the project, exploring the clinical context for Al-driven
pain assessment, assessing end-user perspectives, and outlining the foundational steps toward
developing the multimodal database and Al model. By addressing these early-stage components,
this work contributes to the groundwork necessary for future technical development and clinical
validation.

1.1 Problem Statement

Each year, over ten million people worldwide are diagnosed with cancer [8]. For the majority, pain
becomes one of the most distressing and pervasive symptoms [9], significantly impacting their
quality of life. The International Association for the Study of Pain (IASP) defined pain as “an
unpleasant sensory and emotional experience associated with, or resembling that associated with,
actual or potential tissue damage” [10 (p. 1977)]. This definition highlights the multidimensional
nature of pain, encompassing not only physical sensations but also the emotional and
psychological burden it imposes. For cancer patients, these dimensions intertwine, often
amplifying the suffering already caused by their disease.

After decades of advancements in pain management, there is a consensus among experts that
most patients can be well-treated for their pain using knowledge, medications and techniques that
are readily accessible [11]. Nevertheless, over one-third of cancer patients continue to experience
moderate to severe pain during their illness [12]. In the Netherlands, this figure rises to nearly
45% [13]. These statistics underscore a critical issue: pain is often underestimated, poorly

assessed, and insufficiently treated, leaving many patients to suffer unnecessarily.

Effective pain management begins with accurate and consistent pain assessment [14, 15], as it is
an important step in early diagnosis, monitoring disease progression, tailoring treatment plans,
and evaluating the effectiveness of interventions [16]. Yet, this remains a complex and unresolved
challenge. Pain is not a simply matter of intensity, nor a singular or uniform experience [17, 18].
Rather, it is a multifaceted phenomenon that can vary in form and intensity [17] across
individuals and affect the body in multiple ways. Cancer pain, in particular, affects interconnected
dimensions, such as the sensory-discriminative, cognitive, emotional, and behavioural [19], that
evolve with disease progression. Simultaneously, physiological, psychological and emotional factors
such as personality [20], past painful experiences [21], and social context [22], influence the
experience of pain. For example, for cancer patients, this means that pain may be influenced by
not only the physical progression of the disease, but also by psychological conditions such as

anxiety and depression, emotional responses like fear and helplessness, and past experiences with

10
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pain. These individual differences make it exceptionally difficult to develop a standardized

approach to pain management that can effectively address the diverse needs of patients.

Current pain assessment approaches often rely on self-reports, such as the Numerical Rating Scale
(NRS) [23]. This tool asks patients to quantify their pain on a numerical scale. While self-report
methods are simple, proven valuable and widely adopted due to its simplicity, their usefulness is
limited. This method relies on subjective inputs and faces difficulties with interpretation and
application. For example, patients may underreport or overreport their pain due to emotional
distress [24], fear of judgment, cultural norms [25], or simply because they are unable to
articulate their experience fully. Clinicians, on the other hand, are often constrained by time,
expertise, and the complexity of interpreting verbal and non-verbal cues [26]. In outpatient
settings, which are becoming increasingly common due to improvements in treatment options,
limited hospital resources, and the growing number of patients, these challenges are further
amplified [27]. As more cancer patients are treated outside of hospitals or in less intensive care
environments, physicians typically see them infrequently and for brief appointments that address
multiple aspects of care beyond pain management. This can lead to difficulties in accurately
assessing pain intensity or detecting changes over time, resulting in delays in treatment
adjustments and ultimately, suboptimal pain management. All together, these challenges lead to
under- and overtreatment of pain [6, 7], both of which have significant consequences for patients

and healthcare systems alike.

Advances in Al and audiovisual data analysis offer an opportunity to address these limitations. Al-
based APA models can estimate pain intensity by analysing measurable indicators such as facial
expressions and vocal patterns. This cutting-edge approach aims to enhance both the accuracy
and efficiency of evaluating pain levels, offering promising prospects for improving pain
management and patient care. Preliminary studies [28-31] have shown encouraging results,

suggesting that such tools could offer scalable, affordable, and patient-centred solutions.

Despite this potential, clinical implementation remains limited, with only one known commercially
available tool designed for patients with dementia [32]. To date, no publicly available Al-based
pain assessment tool has been developed specifically for cancer patients. Current Al-based APA
models face several challenges that hinder their widespread adoption in clinical settings. These
include issues related to usability, interpretability, and integration into existing healthcare
workflows as found in my earlier literature study. Furthermore, existing APA models are typically
trained on general pain datasets, which fail to capture the unique nature of cancer pain. This lack
of tailored datasets and validation in real-world clinical settings further hinders their effectiveness

and reliability for cancer patients.

To bridge these gaps, there is a pressing need for research that prioritises not only technical
advancements but also human-centred design principles in the development of APA models. This
means involving patients and clinicians throughout the process — ensuring that the technology
aligns with their needs, expectations, and real-world clinical applications. A human-in-the-loop
approach, where users provide input at various stages of model development, is essential for
fostering trust, improving usability, and making APA models more interpretable and actionable in

practice. By embedding Al into a framework that enhances, rather than replaces, human

11
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judgement, such technology has the potential to empower patients in expressing their pain more

effectively while supporting clinicians in making informed decisions.

This thesis takes the first steps toward developing a clinically relevant and patient-friendly Al-
based APA tool for cancer patients. It does so by examining the context and challenges of pain
assessment, exploring the perspectives and needs of future end-users, starting with the design and
development of the tool and contributing to the development of a new dataset tailored to cancer
pain. Central to this approach is a human-in-the-loop design, ensuring that patients and clinicians
play an active role in shaping the technology. By prioritising user-centric development, this
research aims to lay the foundation for an Al-driven tool that enhances pain assessment, supports
clinical decision-making, and ultimately empowers patients in managing their pain. In doing so, it
contributes to the evolving landscape of personalised and data-driven pain management in
oncology.

1.2 Objectives

As part of the broader SENSAI project, this thesis aims to take the first steps toward developing a
clinically relevant and human-centred Al-based APA tool for cancer related-pain. To achieve this,
the following sub-objectives have guided this research:

Explore current pain assessment practices and challenges in oncology
Investigate end-user perspectives on Al-assisted pain assessment

Translate research insights into a conceptual framework for tool development
Support the development of a user-centred APA-application

ok =

Develop the research protocol for a multimodal database development study

1.3 Research Methodology

This project follows an applied, design-oriented research approach aimed at developing a clinically
relevant and human-centred Al-based tool for cancer-related pain assessment. To ensure both,
scientific rigour and practical relevance, the project integrates complementary principles of user-
centred design [33], the Double Diamond framework [34] and an established healthcare-oriented
Al development approach [35]. User-centred design ensures continuous involvement of patients
and oncologists aligning the tool with real-world needs. The Double Diamond framework
structures the design process into four iterative phases: Discover, Define, Develop, and Deliver.
Each pair of phases alternates between divergent thinking—broadly exploring challenges or
potential solutions—and convergent thinking—narrowing down insights to inform focused design
decisions. In parallel, the translational Al development framework guides the technical trajectory
of the project, from problem selection and data collection to model validation and deployment.

The thesis covers the first two phases - Research and Conceptualisation - and the beginning of the
third phase — Development — of the project. These phases are visualised in Figure 1 and described
below.

12
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Figure 1 - The three phases of the applied research. The research phase is focused on understanding the problem space
through divergent and convergent thinking. Next, the conceptualisation phase translates initial insights into a
structured, stakeholder-informed tool concept. These two phases reflect the principle of developing the right tool. The
process then transitions into the development phase, aligned with developing the concept right. In this phase, two
parallel tracks were initiated: app development, focusing on the technical implementation of the mobile and researcher-
facing applications, and database development, aimed at creating a high-quality multimodal dataset for future model
training. This visual representation also highlights the iterative loops within each phase and the progressive refinement
from idea to operational tool.

1. Research Phase: From Idea to Problem Degnition and Initial Concept
The first phase focused on shaping the problem definition and forming an initial concept
for the tool. This phase involved discussions with experts in the field and the formation of
a research group. Additionally, to deepen our understanding of the current challenges in
pain assessment in oncology, an exploratory interview study with cancer patients and
oncologists was conducted. Together, this first part of this study aimed to understand
current pain assessment practices and challenges in oncology.

2. Conceptualisation Phase: From Initial Concept to a Conceptual Framework
The second phase focused on refining the tool from an initial concept into a more
structured and actionable working model. As part of this phase, the second part of the
interview study was conducted to explore oncologists’ attitudes towards the proposed tool,
as well as their preferences and requirements for its development and implementation. To
further strengthen the design, expert consultations were held and a dedicated brainstorm

session with the research team was conducted. These insights — together with findings

13
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from the earlier technical literature review and feasibility considerations — were synthesised
into a conceptual framework to guide the tool’s further development and design.

3. Development Phase: Building the Tool
The third phase involved the actual development of the tool. For the project this was
divided into three key components: application development, database development and
Al-model development. The start of two of these are covered in this thesis:

a. Application development: Conducted in collaboration with Innovattic (a software
company in Delft, The Netherlands), focusing on designing and building the
mobile and web-based platform for the tool.

b. Database development: A clinical study protocol was developed to establish the
dataset needed for Al model development.

1.4 Scope and Limitations

The scope of this thesis encompasses the development of an Al-based APA tool for a specific
population: cancer patients, who experience cancer-related pain or cancer-treatment-related pain.
The research and development focusses on the use of audiovisual data, specifically facial
expressions and paralinguistic patterns, to enable the Al model to capture multidimensional
indicators of pain. These modalities have been selected for their potential to provide rich, non-
invasive insights into patients' pain experiences. In order to allow for future expansion of the input
data modalities, the model development is designed with a modular architecture. The study
prioritises the creation of a high-quality dataset collected in inpatient settings, which serves as the
foundation for training and validating an Al model. The ultimate vision is to implement the tool
in outpatient and ambulatory care, addressing gaps in current pain assessment methods. However,

full clinical deployment and real-world testing are beyond the project’s timeline.

This thesis operates within several constraints that must be considered when interpreting the
findings. First, while each phase of this thesis presents initial conclusions, the research is ongoing.
The exploratory interview study will continue beyond this thesis, dataset development and
application development are planned to extend over the next year, and the Al model development

will be a key focus of my PhD over the coming four years.

Besides this, the focus of this thesis shifted throughout the process. Initially, the plan was to
develop the Al model and begin data collection. However, due to the lack of publicly available
datasets suitable for model training and the ongoing ethics committee approval process for the
database development study, the research priorities had to be adjusted. As a result, the interview
study was initiated first. Later, once funding for the application development was secured—
scheduled to begin at the start of 2025—the focus shifted toward preparing for the app
development alongside the interview study. These adjustments reflect the dynamic nature of the
research process, ensuring that the project progresses efficiently despite external constraints.

Lastly, the trajectory of this thesis was influenced by the decision to continue within the SENSAI
project as a PhD candidate. As this decision was made after the initial project phases had already

commenced, it led to a shift in focus. Rather than concentrating primarily on developing a proof-
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of-concept Al model, the scope broadened to encompass the project as a whole. Key priorities
now included preparing for the development of a high-quality multimodal dataset, defining the
functional and technical requirements of the Al-based APA tool, and taking on the role of product
owner during the app development process. These strategic choices ensure that this thesis lays a
solid foundation for both the continuation of the SENSAI project and the upcoming PhD
trajectory.

1.5 Readers Guide

This thesis is structured into seven chapters, each contributing to a comprehensive exploration of
the development and validation of the Al-based APA tool.

Chapter 1 introduces the research context. It outlines the problem definition, objectives,
methodology and scope of this thesis. By doing so, it sets the stage for chapters to follow.

Chapter 2 provides the necessary technical and clinical background to understand the context of
the research, including key concepts related to cancer pain, pain assessment, artificial intelligence
in healthcare and design and development approaches.

Chapter 3 presents the first findings from the exploratory interview study with oncologists. This
chapter offers valuable insights into the current experiences of both patients and clinicians
regarding pain assessment, highlighting the challenges and limitations they encounter.
Furthermore, it incorporates the mobile health Technology Acceptance Model (mTAM) to explore
the factors influencing the acceptance and adoption of Al-based APA tools. By examining the
perceived ease of use, usefulness, and other critical dimensions, this chapter ensures that the
design of the Al model aligns with the needs and preferences of one key group of end-users —

oncologists — supporting the development of the conceptual framework.

The next chapter, Chapter 4, outlines the conceptualisation process of the Al-based pain
assessment tool, detailing its transition from an initial idea to a working concept. The focus is on
defining the tool’s functionalities, technical components, and intended user interactions. By the
end of this chapter, a structured working concept of the tool is established, forming the

foundation for its further development, described in the next two chapters.

Chapter 5 details the design and development process of the Al-based APA application. The goals
of the development, the planning, design process and outcomes of the first two sprints are
outlined.

Furthermore, Chapter 6 describes the process of creating a multimodal pain assessment database,
which serves as the foundation for training and validating the Al model. Within the chapter, the
database development study protocol is presented.

In Chapter 7, synthesises the main findings of this thesis and translates them into
recommendations for further development of the APA tool. It also outlines keys directions for
future research to support the effective implementation of Al-based pain assessment in oncology.

Each chapter builds upon the previous, offering a systematic approach to the development of the
Al-based APA model.

15
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Background

This chapter lays the clinical and technical foundation for the development of an Al-based
automatic pain assessment (APA) model for cancer care. It first explores the multidimensional
nature of cancer-related pain and the challenges associated with its assessment in clinical practice.
It then introduces key concepts in artificial intelligence, with a focus on machine learning and
human-centred Al approaches. The chapter concludes by presenting a structured development
framework for healthcare Al systems and applying it to the context of APA, illustrating each
design phase with examples relevant to cancer pain assessment. Together, these perspectives

highlight the need for clinically meaningful, technically robust, and user-aligned Al solutions.

2.1 Clinical Background

2.1.1 Understanding Cancer-Related Pain

Pain is something we all experience, but it is often hard to put into words. This was thoughtfully
put by A\W. Frank: “We have plenty of words to describe specific pains: sharp, throbbing,
piercing, burning, even dull. But these words do not describe the experience of pain. We lack
terms to express what it means to live ‘in’ such pain. Unable to express pain, we come to believe
there is nothing to say. Silenced, we become isolated in pain, and the isolation increases the pain.
Like the sick feeling that comes with the recognition of yourself as ill, there is a pain attached to
being in pain.” [36 (p. 29-30)].

16
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Likewise, defining pain proves to be challenging, for clinicians as well as scientists. In the early
days, pain was framed as a direct result of tissue damage, a purely physical phenomenon [37].
According to the early theories, such as the intensity theory, specificity theory, or pattern theory,
pain could be seen as a simple, linear transmission of signals from the site of injury to the brain.
However, neither of these theories could explain why similar injuries produced different pain
experiences in different individuals or how psychological factors influence pain perception. In 1965,
Melzack and Wall transformed this understanding by introducing the gate control theory of pain:
the idea that pain is not simply a direct result of injury but is modulated by the brain through a
"gate" in the spinal cord [38]. This theory acknowledged that psychological factors, such as
emotional states, could influence the perception of pain. Almost thirty years later, Melzack
expanded upon this theory with the neuromatrix theory [39, 40]. This theory proposed that pain is
generated by the brain itself, with multiple brain regions, the “neurosignature” responsible for
creating the pain experience, independent of peripheral injury. It recognised the role of non-
physical factors, including emotions and past experiences, in shaping pain. Nevertheless, even this
did not fully encompass all aspects of pain. The biopsychosocial model emerged as the most
comprehensive explanation. This theory of pain suggests that pain arises from the complex
interplay of biological, psychological, and social factors, and any theory that overlooks one or
more of these elements fails to offer a complete explanation for an individual's pain experience
[41].

Based on our current understanding of pain, the International Association for the Study of Pain
(IASP) defines pain as “an unpleasant sensory and emotional experience associated with actual or
potential tissue damage, or described in terms of such tissue damage” [10 (p. 1977)]. This widely
accepted definition highlights the subjectivity and multidimensional nature of pain, encompassing
sensory-discriminative, emotional-affective, cognitive, and behavioural dimension [19, 40].
Together, these dimensions shape not just how pain is felt, but also how it is endured and
expressed, see Figure 2 for an overview of factors that influence the pain perception and

expression.

The sensory-discriminative dimension refers to the physical and perceptual characteristics of pain,
so how pain is identified and localised in the body. Most commonly the pain arises from somatic
nociception, where noxious stimuli activate pain receptors in the peripheral nervous system.
Signals from the receptors travel along the nerve fibres via the spinal cord to the brain. Within the
brain, the somatosensory cortex plays a key role in processing these signals, allowing individuals to
identify the location, intensity, and type of pain (e.g. sharp, dull, burning, etc.) [42]. This process
is often referred to as the ‘pain pathway’, see Figure 3. The unpleasant feeling that is experienced
motivates behaviour of escape and avoidance and serves as an immediate alarm of harm. It

commands attention and action to minimize injury.

The emotional-affective dimension reflects the feelings associated with pain, such as fear, distress,
or sadness [43]. These emotions are largely influenced by the brain's limbic system [44, 45], which
connects the sensory perception of pain with emotional responses. For instance, chronic pain often
leads to heightened emotional suffering, amplifying the overall experience and making pain harder
to manage.
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The cognitive dimension encompasses the thoughts, beliefs, and interpretations surrounding pain
[47]. This includes how an individual perceives their pain — whether they view it as manageable
or overwhelming — and their expectations for relief or recovery. Cognitive factors, such as
attention, coping mechanisms, and previous experiences, shape how pain is processed and can

either amplify or mitigate the sensation.

Finally, the behavioural dimension, part of the outputs of the self-body neuro matrix model,
involves the observable actions or reactions to pain. These may include verbal expressions (e.g.,
complaining or describing discomfort), physical responses (e.g., limping or guarding a painful
area), or behavioural adaptations like avoiding activities. These behaviours often signal the
presence and severity of pain, helping the individual prioritize escape, protection, or healing.
However, they also influence and are influenced by the person’s environment. For instance, the
visible expression of pain can evoke support, empathy, or frustration from family, friends, or
caregivers, shaping interpersonal dynamics. At the same time, societal or cultural norms regarding
how pain should be expressed or endured may dictate how individuals outwardly respond to their
discomfort. Through this interplay, pain extends its reach beyond the individual, impacting

relationships and social roles.

While the dimensions of pain provide a comprehensive understanding of how pain is experienced,
it is equally important to recognize that pain itself can manifest in different forms. The type of
pain a patient experiences can significantly influence how it is perceived and has to be managed
and treated.

Pain can be classified in various ways, one of the most common distinctions being between acute
and chronic pain. Acute pain typically has a sudden onset and lasts for less than three months,
whereas chronic pain persists for longer than three months, either continuously or intermittently
[48]. While this difference in duration may seem simple, acute and chronic pain are distinct
clinical phenomena. Acute pain arises from a specific injury or disease, serving a protective
biological function by alerting the body to potential harm. It is generally self-limited, meaning it
resolves once the underlying cause heals. In contrast, chronic pain often extends beyond the
expected healing time and may be considered a disease state on its own [49].

Another distinction could be made based on the pathophysiology of the pain. We could
distinguish nociceptive, neuropathic and nociplastic pain. Nociceptive pain is the most common
type of pain and is defined as “pain that arises from actual or threatened damage to non-neural
tissue and is due to activation of nociceptors” [50]. This is often further divided as either somatic
or visceral pain. Somatic pain originates in soft tissue and is due to stimulation of the peripheral
nociceptors, as described in the previous section. Examples of causes of somatic pain are burns
and wounds. Visceral pain is experienced due to damage of internal organs and tissues and is
often described as dull and diffuse, and hard to localise. Examples of causes for visceral pain are
tumour invasion, obstructions, or angina. Neuropathic pain is “pain caused by a lesion or disease
of the somatosensory nervous system’ [50]. It requires damage to peripheral or central nerves.

Nociplastic pain is defined as “pain that arises from altered nociception despite no clear evidence
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of actual or threatened tissue damage causing the activation of peripheral nociceptors or evidence

for disease or lesion of the somatosensory system causing the pain” [50].

Cancer-related pain is defined as pain caused by the primary cancer itself or metastases or its
treatment [51]. It is one of the most frequent and disabling symptoms of cancer, affecting a
significant portion of patients. According to studies, approximately 30-50% of patients with
cancer experience pain during treatment, with the prevalence increasing in those with advanced
stages of the disease [13]. With the global prevalence of cancer on the rise and an increasing
number of cancer survivors due to advancements in modern oncology, cancer-related pain has

become an enduring concern for a growing population of patients.

The nature of cancer-related pain is particularly complex, as it can arise from a variety of sources.
It may result from direct tumour invasion, pressure on surrounding tissues, or the side effects of
cancer treatments such as surgery, chemotherapy, and radiation. Additionally, pain can be
exacerbated by psychological and emotional factors, such as anxiety, depression, and the stress
associated with cancer diagnosis and prognosis. Social factors, including the patient’s support
system and their ability to access effective healthcare, further contribute to the multifaceted
experience of pain.

Cancer-related pain can often present as both acute and chronic pain. Acute pain may occur
following surgery, chemotherapy, or radiation therapy, while chronic pain is typically associated
with advanced or metastatic cancer. One of the most challenging aspects of cancer-related pain is
the presence of breakthrough pain: a severe, sudden exacerbations of pain that occur even when
background pain is being managed [52]. This type of pain is prevalent in approximately 70% of
cancer patients [53]. It can significantly affect the patient's quality of life and requires prompt and

effective management strategies.

2.1.2 Pain Assessment Methods

Accurate pain assessment is the cornerstone of effective pain management [5]. It is essential for
tailoring treatment strategies, monitoring their effectiveness, and improving the overall quality of

life for patients.

To perform a pain assessment, three interconnected stages must be addressed. First, the patient
must communicate their pain experience. Second, the physician must interpret the input the
patient gave. Third, this information must be integrated with clinical findings and contextual
factors, such as the patient’'s medical history, emotional state, and social circumstances, to form a
comprehensive understanding of the pain. Each stage of the assessment process can be done in
various ways, combined leading to different pain assessment methods.

In clinical practice, mainly two approaches are employed to facilitate communication from the
patient to the physician: self-reports, where patients directly describe their pain, and observation-
based methods, where clinicians assess pain through behavioural and/or physiological indicators
[54]. Regarding the interpretation of the input from the patient, this is normally based on the

experience of the physician, the utilisation of validated pain assessment tools or scales to quantify
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and qualify the reported pain [5], and the agreements within the hospital. However, this
interpretation could only take place in combination with the interpretation of the context in which
the patient provided his/her information. The information that is available and considered differs
per situation and physician.

The current clinical practice relies heavily on the ability of the patient to communicate their pain
experience to the physician verbally. Self-report is considered the gold standard for this
communication, as it offers the most direct method for patients to describe their pain experience
[54]. Through self-report, patients are asked to articulate their pain. There are different
approaches to this assessment. Some frequently used mnemonic tools to help assess the pain
systematically are the WILDA-approach [5], the PQRST-method [55] and the SOCRATES-
approach. All approaches aim to cover various aspects of pain, i.e. the intensity, location,
duration, factors that exacerbate or relief, timing, and impact on life. Together this gives a fuller
understanding of the pain experience and the patient’s subjective experience of pain is prioritised.
However, while self-report is valuable, it can be challenging for some patients to fully express their
pain this way, particularly when the pain is complex or difficult to describe.

To aid in this communication, tools like quantitative self-report scales, such as the Visual
Analogue Scale (VAS) [56] and the Numeric Rating Scale (NRS), are commonly used. These
scales have been in use since the 1950s and are popular due to their simplicity, ease of use, and
time efficiency in clinical settings. Patients are asked to rate their pain on a scale from 0 (no
pain) to 10 (the worst pain imaginable), providing a numerical measure of pain intensity. In the
case of the VAS, a visual representation is provided, see Figure 4. This could help patients to
better understand and express their pain levels. Both VAS and NRS have been shown to be

reliable and valid tools for assessing pain and are widely utilized in daily clinical practice [57].

Despite the value of qualitative and quantitative self-report, these methods have several
shortcomings. For instance, these methods of evaluation are solely focussing on pain intensity and
are subject to high variability in individual perceptions of pain [58]. Another significant challenge
is recall bias — patients are often asked to assess their pain retrospectively rather than in the
moment, which can lead to inaccuracies in their estimates [59]. Adding to that, it is shown that
patients have tendencies to catastrophize or underreport their pain in order to provoke a more or
less aggressive treatment [60]. Aside from these difficulties, the practical usability of self-report

can also be limited due to the inability of the patient to communicate and express their pain

Choose a Number from 0 to 10 That Best Describes Your Pain

No Distressing Unbearable
Pain Pain Pain
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Figure 4 - Example of the frequently used Visual Analogue Scale (VAS) for pain assessment [79]
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directly [61]. Groups of people for whom this can be a problem are infants, young children,
elderly, people with a mental illness or cognitive impairments, patients who are sedated or heavily
medicated, etcetera. What these groups have in common is that one or more of the requirements
to communicate (approachability, consciousness, cognitive capability and mental stability) are
underdeveloped or affected.

When self-report is not possible, observation-based pain assessment methods are typically
employed. These observation-based pain assessments make, among others, use of the behavioural
dimension of pain discussed in Section 2.1.1.1 and involve monitoring non-verbal and physiological
responses that signal pain.

First of all, extensive research has shown that facial and vocal expressions are consistently
associated with pain [62-64]. Vocal behavioural responses include among others moaning, crying
and groaning [65], and increased pitch and loudness [66]. Facial expressions of pain also provide a
powerful and often involuntary signal of distress [67]. They are considered among the most
immediate and universal behavioural responses to pain, with specific facial action units reliably
associated with painful experiences [68, 69]. Facial action units (AUs) represent the fundamental
movements of individual facial muscles or muscle groups. Ekman and Friesen, in developing the
Facial Action Coding System (FACS), analysed how these AUs correspond to facial expressions,
proposing that each AU reflects a distinct, externally visible muscle movement [70]. AUs that
have been found to relate to pain expression include among others brow lowering, orbital
tightening, nose wrinkling, and upper lip raising [68]. The consistency of these expressions across
individuals and populations has led to their use in clinical and research settings as indicators of
acute pain.

In addition to facial and vocal expressions, observable physical behaviours provide critical cues for
recognising pain. These include protective actions such as guarding, where an individual
instinctively shields a painful area, and limping or shifting posture to reduce discomfort [71]. Such
behaviours can serve both a defensive function - minimising further harm - and a communicative
one, signalling distress to others [72]. Moreover, pain often prompts broader behavioural
adaptations. Individuals may reduce their overall activity [73], withdraw socially, or avoid specific
movements or contexts that might exacerbate their symptoms [74]. These actions reflect the
motivational shift toward energy conservation and threat avoidance, adaptive in acute pain but

potentially maladaptive when prolonged, as seen in chronic pain conditions [74].

Notably, these behaviours are shaped not only by internal pain mechanisms but also by social and
environmental cues. For instance, people may suppress pain-related behaviours in clinical settings
or in the presence of strangers due to perceived social threat or stigma [75], while expressing
them more freely around trusted others [75, 76]. Understanding this dynamic interplay between

pain, behaviour, and context is crucial for interpreting non-verbal indicators accurately.

Beyond behaviour, physiological responses also serve as valuable pain indicators. These include
changes in heart rate, blood pressure, respiration, and skin conductance - autonomic signals that

reflect the body's stress and arousal responses to pain [77].
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Recognising both behavioural and physiological cues, several observation-based tools have been
developed to assess pain in individuals unable to self-report. Some frequently used scales are the
critical care pain observation tool [78], the non-verbal pain scale [79] and the behavioural pain
scale [80]. These tools rely on third-party assessors - such as caregivers, family members, or
healthcare professionals to - systematically evaluate patients’ non-verbal and physiological
indicators of pain. Nevertheless, with this approach, there are concerns about the intrinsic
subjectivity and potential variability of outcome between the assessors with different background

and levels of expertise [81].

The interpretation of pain is inherently complex, as it involves not only the patient's self-reported
pain but also how that pain fits within the broader context of the patient's medical condition. A
patient's medical history can provide vital clues about the underlying cause of the pain. For
example, a history of cancer or surgery may point toward pain caused by the tumour or post-
operative complications. Similarly, a history of chronic illness such as diabetes or arthritis can help
physicians differentiate between cancer-related pain and other types of pain that may be present
concurrently. Understanding the medical context of pain helps the physician prioritise possible

causes and select the most suitable treatments.

Psychological factors, including emotional distress, anxiety, or depression, also play a crucial role
in pain perception. Psychological factors can amplify the sensation of pain or alter the patient's

threshold for discomfort. As such, assessing the psychological state of the patient is essential for
an accurate understanding of the pain experience and for tailoring treatment that addresses both

physical and emotional aspects of pain.

In addition to psychological and medical factors, social circumstances such as family support,
access to healthcare, and socioeconomic status can influence the pain experience and the
effectiveness of pain management strategies. A lack of social support, for example, can lead to
increased stress and feelings of helplessness, which may exacerbate pain. Similarly, patients with
limited access to healthcare may experience untreated or undertreated pain due to financial
constraints or logistical difficulties. By considering these social factors, physicians can better

address the broader context in which pain occurs and provide more effective, patient-centred care.

When considering the pain and context information, not every physician will come to the same
conclusion and will take the same measures. The interpretation of pain can also vary significantly
depending on the physician's knowledge, experience, and familiarity with pain assessment tools
[82]. Physicians with more experience in managing pain, particularly complex cases such as
cancer-related pain, may be more adept at identifying subtle indicators or symptoms of pain that

less experienced clinicians might overlook.

The use of standardized pain assessment tools, such as the VAS or NRS, can help provide a more
consistent approach to interpreting the patient's pain. These tools help minimize subjective bias

and allow healthcare providers to track pain over time and across clinical settings. However, while
these scores are crucial for assessing pain intensity and tracking changes, they should not be used

in isolation for clinical decision-making [83]. These scores should still be interpreted within the
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context of the patient’s overall condition and clinical history. To improve the usability of these
scores, numerous efforts have been made to categorize pain based on intensity. One commonly
used classification categorizes pain into three severity levels: mild (NRS 1-4), moderate (5-6),
and severe (7-10) [84]. When combined with other clinical factors, these classifications help

healthcare providers gain a more comprehensive understanding of the patient’s pain experience.

Altogether, the interpretation of pain is not a one-size-fits-all process. It is shaped by the
physician's individual experience and expertise, the use of standardized tools, and the institutional
practices that guide pain assessment within different healthcare settings. By integrating these
various components, physicians are better equipped to make an informed, accurate pain
assessment that leads to optimal treatment outcomes for the patient.

Pain assessment plays a central role in clinical practice, especially for cancer patients, where
managing pain effectively is critical to improving quality of life. The integration of pain
assessments into routine clinical care ensures that healthcare providers can make informed
decisions about pain management, monitor treatment effectiveness, and adjust interventions
accordingly [5].

Based on scientific and practical knowledge, the government, many hospitals and healthcare
institutions have established clinical protocols for pain assessment, which may include guidelines
on the frequency of assessments, the specific tools to be used, and the thresholds for escalating
care. In the Netherlands, the VMS-veiligheidsprogramma [85] and the IGJ Indicatoren, Basisset
MSZ Verbeterdoelen en toezichtvragen [86] provide practical frameworks and improvement goals
for the timely recognition and treatment of pain, aiming to ensure that patients receive
appropriate care in a structured and systematic manner. In the Erasmus Medical Centre guidelines

have been made on the cancer-related pain management [87].

Pain assessments are typically performed at various points throughout the patient's care journey,
with particular emphasis during initial consultations, at regular intervals throughout treatment,
and whenever there is a significant change in the patient’s condition. For cancer patients, pain
assessments may occur daily in inpatient settings, where frequent monitoring is essential due to
the acute nature of some cancer treatments and the severity of pain. For instance, protocols
specify that pain should be assessed at least once per shift for hospitalized patients, with
documentation of changes in pain levels and adjustments made to the treatment plan as needed.
In outpatient settings, pain assessments may be conducted less frequently. Pain assessments are
often conducted during every visit, with the results influencing decisions on medication
adjustments or further interventions. While pain monitoring systems are not yet widely
implemented in outpatient cancer care, this area is actively being researched, and the integration
of more systematic pain monitoring tools is gaining increasing attention.

In clinical practice, pain assessments are generally carried out by a range of healthcare
professionals, including oncologists, nurses, and pain specialists. In inpatient settings, nurses
often play a key role in conducting regular pain assessments, typically using standardized tools
such as the NRS or VAS to record the patient’s pain intensity. Oncologists or other specialists
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may also conduct assessments during patient visits and are responsible for interpreting the results
in the context of the patient’s overall condition. In outpatient settings, the responsibility for pain
assessment often rests more with the oncologist or primary care provider, although the patient is
expected to take a more active role in managing their pain. Patients are encouraged to be

proactive in reporting significant changes in their pain status.

2.1.3 Impact of Pain Assessments on Clinical Decision-Making

The results of pain assessments play a critical role in clinical decision-making. For the oncologists
in the Erasmus Medical Centre a guideline has been made [87]. This guideline emphasizes on
understanding the cause of pain, treating the cause of the pain, treating the symptom of
experiencing pain with analgesics (based on the type of pain), and consulting with other
specialists. Additionally, it mentions the importance of regularly assessing pain intensity to
monitor the pain experience and evaluate the pain management strategy. See Appendix A for the

flowchart presented in the protocol.

For cancer patients, pain management follows the principles outlined in the World Health
Organisation's (WHO) Analgesic Ladder, a framework for providing escalating pain relief based on
the severity of the pain [88], see Figure 5. It provides suggestions for clinical decisions regarding
when and what type of medications should be given to patients based on their severity of their
pain as indicated by their self-report. Non-opioid analgesics are recommended for mild to
moderate pain, and opioid analgesics are recommended for moderate to severe pain. This
classification underscores the importance of self-reported pain scores in guiding treatment choices.

While the WHO ladder provides a valuable baseline, it does not account for the complexity of
individual patients' experiences. For example, two patients reporting similar pain intensities may

require different treatments based on their medical history, psychological state, or treatment goals.

WHO Analgesics Ladder

Freedom of
cancer pain

Opioid for moderate
to severe pain
+ non-opioid
+ adjuvant

If pain persists
orincreases

Opioid for mild to
moderate pain
+ non-opioid
* adjuvant

If pain persists
orincreases

Non-opioid

* adjuvant

Figure 5 - Three-step Analgesic Ladder for Cancer Pain Relief, visualisation based on WHO guidelines for the
pharmacological and radiotherapeutic management of cancer pain in adults and adolescents. Geneva: World Health
Organisation; 2018. PubMed [85]
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A holistic approach to pain assessment—one that incorporates not only self-reported pain scores
but also contextual factors such as the patient's emotional, social, and physiological state—can

lead to more personalized and effective pain management strategies [23].

Regular and systematic pain assessments are crucial for identifying fluctuations in pain levels,
allowing timely adjustments to the treatment plan. For instance, patients experiencing
breakthrough pain may require rapid escalation of analgesic therapy or additional interventions.
Conversely, a sustained decrease in pain levels might indicate an opportunity to de-escalate
treatment, reducing the risk of side effects and medication dependency.

Pain assessments also play a critical role in managing patients' expectations and fostering shared
decision-making. By discussing pain scores and trends with patients, clinicians can align treatment
goals with the patient's preferences and experiences, improving adherence and satisfaction with

the care plan.

2.2 Technical Background

In the era of digitisation, the analysis of vast and complex datasets is becoming increasingly
common in healthcare. Artificial Intelligence (Al) is playing a growing role in this process,
demonstrating its potential to support clinicians, enhance diagnostic precision, and personalise
treatment. In the context of pain management, Al offers promising opportunities to uncover
deeper insights into the underlying mechanisms of pain and improve its assessment, and more
specifically cancer-related pain.

However, the development of clinically useful Al systems is not solely a technical challenge. For
these tools to be trusted, adopted, and integrated into everyday healthcare practice, they must
also be designed with the end users in mind. This includes not only technical robustness, but also

ethical responsibility, transparency, and usability for both clinicians and patients.

This section introduces the core concepts and methods behind Al and machine learning, with a
specific focus on automatic pain assessment (APA) using facial expression and voice analysis. It
also explores the design principles that guide the development of human-centred, user-friendly Al
applications in clinical settings. By combining insights from data science, design thinking, and
healthcare practice, this chapter aims to provide a comprehensive foundation for understanding
the technology and design choices that underpin this thesis.

2.2.1 Artificial Intelligence: Key Concepts and Terminology

Originally, the term ‘Artificial Intelligence’ was introduced by J. McCarthy in the 1950s and called
it “the science and engineering of making intelligent machines” [89]. Initially, Al focused on
enabling computers to recognise patterns with minimal human involvement. Early efforts in Al
focused on rule-based systems that aimed to replicate human reasoning through explicit

programming. Over the decades, the field has evolved significantly, driven by advances in
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computing power, the availability of large datasets, and the development of statistical learning
techniques.

Modern Al systems can perform tasks traditionally requiring human intelligence, such as
prediction, classification, natural language processing, decision support, and generative modelling.
In healthcare, these tasks translate into applications like diagnostic imaging analysis, triage and
risk prediction, personalised treatment recommendations, and clinical documentation support.

In healthcare, Al is increasingly being used for tasks such as image analysis, diagnosis, treatment
planning, and monitoring patient conditions [90]. Its ability to process large, complex datasets —
commonly referred to as “Big Data” — allows Al systems to uncover patterns and make predictions
that might be difficult for humans to detect unaided.

Importantly, the growing interest in Al coincides with the mounting pressure on healthcare
systems worldwide to meet the so-called ‘quadruple aim’: improving population health, improving
the patient experience of care, enhancing caregiver experience and reducing the rising costs of
care [91, 92]. Because of ageing populations, the growing burden of chronic diseases — including
cancer — and the rising costs of healthcare it is challenging for governments, payers, regulators
and providers to achieve these aims [93]. The application of technology and Al has the potential

to address some of these challenges and transform care [94].

In the context of this thesis, Al is explored for its ability to support the assessment of cancer-
related pain through observable cues like facial expressions and vocal characteristics.

Two concepts related to Al are machine learning (ML) and deep learning (DL), see Figure 6.

ML is a subset of Al that enables systems to learn patterns from data and improve performance
over time without being explicitly reprogrammed [95]. ML models rely on statistical methods to

map relationships between inputs and outputs and are often categorised into three types:

o] A subset of ML that

=0 learns through the use
o

q of artificial multi-layer

Deep Learning  neural networks

Figure 6 - Relation of Al Concepts
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e Supervised learning uses labelled data to learn a mapping between input variables (e.g.,
a video recording of a patient) and output labels (e.g., a reported pain score). This is the
most common approach in clinical Al research.

e Unsupervised learning explores unlabelled data to find hidden patterns, such as
clustering patients with similar symptom trajectories.

e Reinforcement learning involves an agent learning to make decisions through feedback

from its environment, useful for sequential decision-making problems.

For a step-by-step explanation of machine learning working mechanisms and development process,
see Section 342.2.4.

DL is a specialised subfield of machine learning that draws inspiration from the structure and
functioning of the human brain. At its core, deep learning involves artificial neural networks—
layered computational models designed to automatically learn to extract meaningful patterns and
develop its own representations from the raw data [96]. These networks are particularly powerful

for processing high-dimensional, unstructured data such as images, video, and audio.

The working mechanism is inspired by the structure and function of neurons in the brain, see
Figure 7. As shown in Figure 7a, a biological neuron receives signals through its dendrites,
processes them in the cell body, and sends the resulting signal through the axon to other neurons
via axon terminals. This simple but highly interconnected communication system forms the basis
of how the brain processes information.

Dendrites
Nucleus Hidden layers
A
Input layer 1 Output layer
& -
3
.
Axon
Axon
terminals
a) Neuron
In,
Out
In,
c) Deep learning model
In, architecture

b) Node

Figure 7 - Representation of the elements of deep learning: a) In the human body, a neuron receives signals at its
dendrites, which then travel through the axon to the axon terminals. b) Similarly, in a deep learning network, nodes
receive multiple inputs, process them, and pass the resulting output to the next layer of neurons. c) In the deep learning
network, an input layer introduces the data. This data is processed through multiple hidden layers, where each node
applies transformations before passing the results to the next layer. All information comes together in the output layer.
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Artificial neural networks mimic this structure. As illustrated Figure 7b, a single artificial neuron —
called a node — receives multiple input signals. These inputs are each assigned a weight, summed
together, and then passed through a nonlinear activation function [97]. This transformation step
is critical, as it enables the model to capture complex, non-linear relationships in the data. The
output of this node is then sent forward to the next layer in the network.

Figure 7c depicts the full architecture of a deep learning model. It consists of an input layer,
multiple hidden layers, and an output layer. Data enters the network through the input layer,
which could consist of, for example, pixel values from an image or acoustic features from an audio
recording. The information then flows through the hidden layers — a process known as forward
propagation — where each layer transforms the data into increasingly abstract representations. As
the data moves deeper into the network, it is progressively reshaped into features that are more
relevant for the task at hand. Eventually, the output layer produces a prediction, such as a pain
intensity score.

Training a deep neural network involves adjusting the weights associated with the connections
between nodes. This is done through a process called backpropagation, where the error between
the model’s prediction and the actual label is calculated and used to update the weights, allowing

the network to learn over time.

One of the most powerful aspects of deep learning is its ability to learn features directly from raw
input data. Rather than requiring handcrafted features — which depend on human intuition — deep
learning models can automatically discover useful patterns in the data. In the context of pain
assessment, this means that a model could learn to recognise subtle muscle movements in the
face or changes in vocal tone associated with discomfort, without needing explicit instructions on

what to look for.

Whereas ML and DL were described as what Al is and how it functions technically, the concept
Human-Centred Al (HCAI) is a design philosophy and development approach that focusses on

how Al could be developed and integrated into real-world contexts.

HCAI is an emerging field focused on designing Al systems that enhance and support human
capabilities rather than replace them. Its goal is to re-position humans at the core of the Al
lifecycle [98, 98, 99] and enhance human performance in ways that are reliable, safe, and
trustworthy by augmenting — rather than replacing — human capabilities [100]. This approach
prioritises human needs, values, expectations, and preferences over algorithmic optimisation,
resulting in systems that are more accessible, transparent, and trustworthy [101]. This way it
promotes the design of Al technologies that are not only technically robust but also usable,
interpretable, and ethically aligned with the people they serve. In healthcare, this means creating

systems that clinicians and patients can understand, control, and trust.

This approach involves developing comprehensive frameworks to guide the entire Al system
lifecycle — from design and implementation to evaluation, operation, maintenance, and eventual

decommissioning — with the aim of ensuring that technologies align with human values, safeguard
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user safety, and preserve human autonomy [102]. HCAI recognises the importance of user
diversity and seeks to accommodate differences in preferences, experiences, and contexts. It
supports the coexistence of high levels of automation and meaningful human control [103] and

encourages an iterative, participatory development process involving end-users at each stage.

By embedding human values into the Al development process, HCAI helps ensure that
technologies are not only intelligent but also responsible and responsive to the realities of clinical
practice. HCAI is beginning to make impacts on medicine [104], but widespread adaptation

remains forthcoming.

2.2.2 Design-Centred Development of AI Systems

As the use of artificial intelligence in healthcare continues to grow, it becomes increasingly
important to ensure that such systems are not only technically accurate but also meaningfully
usable in clinical practice. This requires moving beyond model performance alone to consider how
the technology is developed, implemented, and experienced by its users. Design-centred
development approaches, including user-centred design (UCD) and structured design frameworks
like the Double Diamond, offer practical tools and methodologies for achieving this. These
approaches are highly compatible with the principles HCAI.

Health technologies are designed to support health behaviour change and / or the management of
illness [105]. However, their effectiveness depends not only on technical performance but also on
whether intended users — such as patients and clinicians — find them usable and useful in practice.
Usability refers to the degree to which a system can be safely, effectively, and efficiently learned
and used [1086].

UCD is an approach that incorporates user-focused activities throughout the entire development
process [107]. It allows end-users to influence how a design takes shape, ensuring that the
resulting system better aligns with their needs and preferences [108]. UCD methods include
identifying and understanding the user population, analysing user tasks and requirements, testing
prototypes, evaluating design alternatives, resolving usability issues, and iteratively refining
features and interfaces based on user feedback. By engaging users throughout the development
cycle—often through interviews, observations, prototypes, and usability testing—designers can
build systems that are more likely to be accepted, trusted, and effectively adopted in practice.

Once considered time-consuming or dispensable, the benefits of UCD are now well established
[33, 109]. Research has shown that involving users during the development of a new system
improves the accuracy of user requirements, increases acceptance, and enhances system quality
[110]. In addition, early identification and resolution of usability issues can substantially reduce
development time and costs [111]. In the context of health technologies, UCD has been found to
improve usability and functionality, thereby increasing the likelihood of promoting the intended
health behaviours and achieving better health outcomes [109].
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Figure 8 - The Double Diamond model

A commonly used structure to guide design processes like UCD is the Double Diamond
framework, developed by the British Design Council [34]. This model relies on the interplay
between divergent and convergent thinking and breaks the design process into four distinct stages:
discover, define, develop, and deliver (see Figure 8).

The first diamond consists of the Discover and Define phases. During Discover, designers explore
the problem space openly, engaging users, reviewing literature, and identifying needs. In the
Define phase, the insights gathered are synthesised to clearly articulate the problem to be solved.
The second diamond includes the Develop and Deliver phases. In Develop, solutions are ideated
and prototyped, often in collaboration with stakeholders. Deliver involves testing, refining, and

implementing the final product.

This framework supports iterative development and accommodates uncertainty — two
characteristics that are especially relevant in complex, dynamic fields like healthcare. In the
context of Al, the Double Diamond can be used to structure the development of clinical tools
[112], ensuring that technical design decisions are always grounded in real-world needs and

constraints.

Design-centred methods such as UCD and the Double Diamond framework naturally align with
the principles of Human-Centred Al. Both emphasise the importance of human control, usability,

safety, and ethical alignment throughout the Al lifecycle.

By actively involving end-users in the discovery, design, and evaluation of Al systems, these
approaches help ensure that technologies are not only effective but also meaningful and trusted in
their intended contexts. Furthermore, design-centred development supports key HCAI goals such
as transparency, fairness, and interpretability, especially when complex or opaque Al models are
used.
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In summary, integrating structured design methods into the development of Al systems is not
merely a matter of improving usability—it is a fundamental step toward responsible, human-
aligned Al In the case of automatic pain assessment (APA), such approaches are particularly
valuable given the sensitive, subjective, and deeply personal nature of pain.

2.2.3 Al for Pain Assessment

As outlined in Sections 2.1.1.1 and 2.1.2.1, pain is a multidimensional experience that includes
behavioural expressions such as facial movements, vocalisations, posture adjustments, and activity
avoidance, alongside physiological responses like elevated heart rate or blood pressure. While these
expressions have traditionally been assessed through observation-based tools, such assessments are
inherently subjective and prone to inter-rater variability [113]. In this context, Al offers a
promising solution to support and potentially augment pain assessment practices, by automatically
detecting and interpreting pain-related behaviours and physiological signals.

APA systems use ML to recognise patterns in in observable behaviours and physiological data,
allowing for objective estimation of pain intensity or presence. To achieve this, Al models are
trained on different types of input data, also referred to as modalities. The data reflects different
dimensions of pain expression. Systematic reviews have found that these commonly include
vision/video, audio, and physiological signals [114-117]. Each of these modalities provides unique

insights into a patient's pain experience:

- Vision/Video Modality: Video recordings are used to capture facial expressions, body
posture, and protective behaviours. In particular, facial AUs, such as brow lowering or
orbital tightening [68], have been consistently linked to pain and are frequently used in
APA systems to infer pain presence and intensity.

- Audio Modality: Audio recordings are used to capture vocal expressions such as
moaning, groaning, or variations in pitch and loudness are informative pain cues [65, 66],
especially in situations where visual data is unavailable.

- Physiological Signals: Heart rate variability, skin conductance, and respiration patterns
offer objective insights into the autonomic response to pain [77]. These signals are
typically collected through sensors or wearable devices and are especially valuable in

unconscious or non-verbal patients.

One key advantage of these modalities is that they can all be captured non-invasively. Facial
expressions can be recorded via video; vocalisations can be analysed through ambient
microphones; and physiological parameters can be obtained through external sensors or wearables.
This non-invasive nature makes APA particularly well-suited for real-world clinical applications,
including remote or outpatient settings. It also lowers the threshold for repeated measurements
and improves patient comfort — factors that are especially important in sensitive contexts such as

oncology and palliative care.

While each modality individually captures important aspects of pain, the integration of multiple

modalities — known as multimodal modelling — is increasingly recognised as the most robust
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approach [115]. Multimodal APA models combine complementary information across modalities,

improving predictive accuracy and model generalisability.

While research has explored all three modalities independently and in combination, the non-
invasive nature of these inputs makes them particularly attractive for use in clinical practice.
Among these, audio and video data were considered especially promising due to their ease of
collection (with commonly used smartphones) and alignment with current clinical communication.
As explained in Chapter 4 (Section 4.3.1.2), this study focuses on audiovisual input for these
reasons and due to their proven feasibility and performance in prior APA research.

In my previously performed literature study (see additional provided document), | reviewed recent
developments in APA models using facial expression and voice analysis. The majority of early
research focused on unimodal models - primarily vision-based - that either used raw visual input
(e.g. video frames of facial expressions) or relied on intermediate representations such as facial
AUs. These models employed various machine learning approaches, from traditional classifiers to
deep learning architectures, and explored both static and dynamic features to capture temporal
patterns of pain expression. In parallel, audio-based models analysed features like pitch, prosody,
and breathiness to classify or regress pain intensity, albeit with less popularity than their visual
counterparts.

Only four studies had been identified that have successfully implemented multimodal APA models
combining facial and vocal input [118-121]. While these pioneering efforts demonstrate the
potential of hybrid models to enhance pain assessment, their limited number made it difficult to
draw definitive conclusions about the effectiveness of specific modality combinations or fusion

strategies.

Al-enabled pain assessment systems might offer several key advantages over traditional, clinically
used methods:

o Objectivity: By quantifying behavioural and physiological indicators, Al can reduce
subjective bias and inter-observer variability.

e Automation: Continuous monitoring and analysis of pain-related cues can assist in
detecting underreported or unnoticed pain episodes, particularly in non-verbal or critically
ill patients.

o Personalisation: Al models can adapt to individual expression patterns over time,

potentially enabling more tailored and accurate pain management.

However, important limitations and ethical concerns, identified in the earlier performed literature
study, must also be acknowledged. Dataset limitations hinder progress. High-quality, labelled
datasets of real patient pain expressions - especially in oncology - are scarce due to privacy
concerns and practical constraints in data collection. As a result, many APA models are trained
on small, homogeneous datasets, which may not generalise well to broader clinical populations.

Furthermore, ethical and implementation issues persist. These include concerns about patient
privacy, algorithmic bias, explainability, and integration into existing clinical workflows. Ensuring
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that Al systems are interpretable and trustworthy to both clinicians and patients is essential for

their acceptance and adoption.

In sum, Al-based APA tools represent an innovative and promising frontier in pain medicine,
particularly in complex settings like oncology. By aligning advances in machine learning with
insights from behavioural science and clinical needs, these systems have the potential to improve
pain recognition, facilitate timely intervention, and support more personalised patient care.

2.2.4 Development Process of the Al-based APA Model

The design, development, and implementation of HCAI models for healthcare must follow a
thoughtful, multi-phase approach that centres on clinical relevance, model performance, and real-
world usability. An often-cited approach for healthcare models was published by Chen, Liu and
Peng [35] and serves as guiding in the development process. Their approach consists of six
phases: 1) problem selection, 2) data collection, 3) ML model development, 4) validation, 5)

assessment of impact and 6) deployment and monitoring, see Figure 9.

This section outlines each of these phases and relates them to examples in Al-based APA

development.

When designing an Al model in the healthcare field, first the following questions must be
answered: “What is the purpose of designing this learning model?". To answer this question the
problem and challenges in the healthcare field must be identified. In addition, the existing

solutions presented in the area so far should be considered [122]. Based on this analysis, a clear

Al Development Approach for Healthcare
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Figure 9 - The six-phase approach of developing an ML model for healthcare implementations [based on the approach
described by [121]. The development of machine learning models in healthcare follows a six-phase process: (1) selecting
a relevant and impactful problem, (2) collecting appropriate data, (3) developing the model, (4) validating performance,
(5) assessing clinical impact, and (6) deploying and monitoring the model in real-world settings. Phases 3 and 4 contain

the core machine learning pipeline, which includes processing raw data, extracting relevant features, training and
optimizing the model, and evaluating its generalizability on unseen data.
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problem definition can be formulated, and an appropriate learning task for the model can be
determined. The learning task defines what the model should achieve, whether it involves
classification, regression, anomaly detection, or another approach, based on the specific needs of
the healthcare application. This learning task will determine the further designing process of the
model.

Example: In Al-based APA, the goal could be improving the accuracy and objectivity of pain
evaluation for cancer patients. Based on this, the learning task could involve pain intensity
classification, where the model analyses multimodal data (e.g., facial expressions and vocal
characteristics) to predict pain levels on a predefined scale.

Al models in healthcare rely heavily on data to make accurate predictions. Two key points in the
first stages of designing a model are deciding on the required type of data and reviewing data
availability. The former involves defining the specific characteristics of the data needed, such as
the modality and its format. The latter implies that as a researcher you must be mindful of
existing data sources, as adequate data availability is essential for both developing and evaluating
the learning model. In healthcare, data scarcity can arise from factors such as limited digital
records, patient privacy concerns, commercial restrictions, or the rarity of certain diseases.
Therefore, it could be necessary to collect new data and develop a new dataset. However, if
relevant data is already available, it is important to avoid generating excessive new data, as this
could place an unnecessary burden on both patients and the healthcare system.

Example: To create a valuable database to develop a model that could predict the pain level from
facial expressions and vocal cues, lots of images or videos from people’s faces and audio
recordings from people’s voices while expressing a certain pain level have to be collected. The pain
level has to be labelled to the data. Besides this demographic data could be labelled to these
datapoints to be able to describe the participant. All data has to be saved using a certain
structure to create a dataset.

After the data is collected, the development of the actual ML model could be started. For this the
quality of the data, type of learning scheme, and the learning task must be considered.

First it is essential to prepare the data, as a machine learning model relies on high-quality data for
effective training and optimal performance. Achieving this is one of the most challenging parts. In
general, pre-processing enhances data quality before the learning model is created. What has to
be done depends on the data, the type of model and the goal, but this may involve filtering
outliers, normalising, or resampling outliers. It might also involve annotating the data, i.e. adding

labels to identify specific elements, to make it suitable for training.

Once the data has been prepared, the next step is to develop the machine learning model. First
features can be extracted. During feature extraction relevant patterns or characteristics are
derived from raw data. Features refer to the key attributes or patterns that Al models use to

make predictions. The goal of this process is to preserve the information from the original data
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while improving model performance compared to using the raw data alone. In APA, these may
include facial muscle movements or vocal properties. Toolkits, like OpenFace [123] and
OpenSMILE [124], which extract a predefined set of features based on already trained models,
can support this process. When a lot of features are extracted, it could be expected that not all
are equally informative. Feature selection, in which dimensionality is reduced by identifying the
most informative features for the learning task, helps improving efficiency and performance. Next,
model training and optimisation involves teaching the model to recognise patterns and
relationships within the data. During this process, the model iteratively adjusts its internal
parameters to minimise prediction errors. Supervised learning is typically used in APA, where the
model learns to associate input features with known pain intensity labels (e.g. NRS scores).
Hyperparameter tuning is conducted to improve performance, often guided by feedback from a
validation set. This step is crucial to balance model complexity, ensuring the model is expressive

enough to capture relevant patterns without overfitting to the training data.

Example: During the data-preparation phase, all the faces of patients could be cropped from the
images and video recordings, and audio recordings could be segmented. It may also be necessary
to synchronise the data input streams, i.e. audio and video recordings. Using these inputs, an
algorithm could extract features such as facial muscle movements and vocal tone or pitch.
However, not all features contribute equally to model performance, so selecting the most relevant
ones is essential to prevent unnecessary complexity and overfitting. The selected features would
then be used to train a classifier — a supervised learning model that categorises the input into
discrete pain intensity levels. Labels such as NRS scores guide the learning process. During
training, the classifier iteratively adjusts its parameters to minimise prediction error and can be

fine-tuned using validation data to improve generalisability.

Once the model has been trained and optimised, its performance must be assessed on unseen

data to evaluate how well it generalises beyond the training environment. This is done using a test
dataset that was not used during training or parameter tuning. The goal of this validation phase is
to ensure that the model performs reliably in real-world scenarios, providing an unbiased estimate

of its accuracy and robustness.

A central challenge in this phase is managing the balance between overfitting and underfitting.
Overfitting occurs when a model learns the training data too precisely — including noise or
random fluctuations — and fails to perform well on new data. Underfitting, in contrast, reflects a
model that is too simplistic to capture the underlying patterns in the data. A well-generalising

model strikes a balance between these two extremes.

To improve generalisability and mitigate overfitting, cross-validation (CV) techniques are
commonly employed during model development. In k-fold CV, the dataset is divided into k equal
parts, and the model is trained and tested k times, each time using a different fold for testing. In
leave-one-subject-out CV, the model is iteratively tested on each individual while being trained on
all remaining subjects — a method particularly suitable for person-dependent data, such as pain

expressions.
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Example: Consider a classifier trained to assess a patient’s pain level based on facial and vocal
cues. During training, it learns to associate specific patterns (e.g., brow lowering or increased
vocal pitch) with pain intensity levels. In the validation phase, the model is tested on unseen
recordings from different individuals. Performance metrics such as accuracy, recall, or area under

the ROC curve indicate how well the classifier generalises. Ideally, this evaluation would

After validating the model's performance, it is essential to evaluate its potential clinical utility. A
performant model alone does not guarantee improvement in patient care — it must be assessed
for its real-world relevance, usability, and added value in clinical workflows. This phase involves
both technical and human-centred evaluations, including whether the model improves decision-
making, integrates into existing routines, and is accepted by its users.

Importantly, no model is perfect, and it must remain clinically useful even in the presence of
errors. Therefore, impact assessment also explores how clinicians interact with the model, how its
predictions are used (or ignored), and how it compares to existing standards of care.

Example: Suppose the APA classifier achieves strong validation metrics in lab settings. During
impact assessment, a clinical pilot is initiated where oncologists view the model's pain predictions
alongside patient self-reports. Researchers assess how this influences their decisions, whether it
improves alignment with patient experiences, and whether the tool is perceived as trustworthy and
usable. Insights from this phase help determine if, and how, the model adds value in daily care.

Once a model has demonstrated both performance and impact, it can be deployed into clinical
practice. However, this is not the end of the development process — successful deployment

requires continuous monitoring, ongoing feedback, and possibly retraining the model over time.

During this phase, developers and clinical teams must address practical challenges such as
integration into electronic medical records, user interface design, data privacy, and regulatory
approval. Additionally, model predictions must remain accurate and fair as new patient data
becomes available, which calls for post-deployment monitoring and mechanisms to detect

performance drift.

Feedback loops with users (e.g. patients and clinicians) are valuable here. These loops enable the
system to be updated, adapted to different populations or settings, and maintained over time.
This is especially important in healthcare, where changing practices, technologies, or population

characteristics can influence model performance.

2.3 Bridging Clinical and Technical Perspectives

The assessment and management of cancer-related pain is a deeply complex clinical task,
influenced by the subjective, multidimensional nature of pain and the limitations of current
assessment methods. As this chapter has outlined, Al — particularly ML — offers promising
opportunities to support pain assessment by analysing behavioural cues such as facial expressions
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and vocalisations. Yet, the development of clinically valuable Al models requires more than
technical accuracy; it must be grounded in the realities of clinical practice and guided by the
needs of its intended users. A human-centred, design-informed approach ensures that Al tools are
not only performant but also usable, interpretable, and ethically aligned with the people they aim

to support.
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Exploratory
Interview Study

This chapter presents the exploratory study that forms the foundation for understanding the
perspectives of both cancer patients and oncologists on pain assessment and their considerations
regarding the use of an Al-based APA tool. It outlines the design and objectives of the interviews
conducted, including questions about pain description, interpretation, and the potential use of Al
for pain assessment. Through the analysis of these interviews, the chapter highlights the
challenges faced by both patients and physicians in accurately assessing and communicating
cancer pain. These insights provide valuable context for the development of an Al-based APA

tool, guiding the research methodology and informing the next steps of the project.

3.1 Introduction

Cancer-related pain is a significant and distressing symptom that remains prevalent, even with the
availability of effective treatments [125]. One of the main reasons for this ongoing challenge to
effectively assess and manage pain is the complex and multifaceted nature of pain and the
limitations of current assessment methods to fully capture this [63]. Beyond these intrinsic
challenges, several barriers to effective cancer pain management have been identified [11, 126].
Among the patient-related barriers are beliefs and attitudes, such as a sense of inevitability about

the progression of cancer or negative perceptions of opioid use, both of which can adversely affect
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pain management [127]. On the professional side, barriers include knowledge gaps regarding pain
management, inadequate pain assessment, and suboptimal prescribing of analgesics [128].
Furthermore, healthcare system related barriers include delayed access to care and appropriate

analgesics [11].

In an effort to address these barriers and improve communication and assessment of cancer pain,
there has been growing interest in the application of new technologies [129]. Several facilitators
already support this development, such as the increasing digital literacy and programs for that in
the EU [130, 131], the growing availability of connected devices [132], and a supportive policy
environment encouraging digital health integration [133]. Digital health innovations, such as
smart devices, wearable sensors, mobile health applications, telemedicine platforms, Al-driven
decision support tools, have revolutionized how healthcare is delivered and accessed. These
technologies, for example, enable remote monitoring, streamline clinical workflows, and assist in
medical decision-making. As the development of health technology accelerates [134], their
potential to transform the healthcare landscape continues to expand. In the context of pain
assessment, this potential is reflected in the growing number of technological tools currently
available or in development, and the ongoing research dedicated to advancing this area [135].
Despite these advancements, however, many digital health tools struggle to attract attention and
sustain long-term use in clinical practice [135]. This is not always due to technical shortcomings,
but often because they fail to meet the real-world needs of patients and healthcare providers. For
example, in the systematic review of Allsop et al. [136] 24 studies on digital systems for cancer
pain management were identified. The design processes of these interventions were often
inadequate, failing to incorporate the perspectives of potential end-users. None of these systems
were successfully implemented into clinical practice.

Due to research insights like these, there is a growing recognition of the importance of user-
centred design in the development approach in digital health. Traditionally, healthcare
technologies followed a top-down model, with engineers and developers driving innovation [137].
The perspectives of end-users often went unconsidered [138]. This lack of involvement from end-
users, especially in terms of technology acceptance, is problematic, as it can increase the risk of a
technology being rejected or abandoned after implementation, defeating its development purpose.
Currently the development approach of such technologies is shifting towards a development
process in which design with the user and understanding the existing environment are emphasised
[139]. Being familiar with current processes and challenges and exploring end-user attitudes
towards, for example, technology acceptance could greatly inform design work [140] and increase

the changes of acceptance of the digital health technology [141].

In this project, an Al-based automatic pain assessment (APA) model is developed for cancer
patients. The initial idea is to integrate the Al model into a mobile application patients could use
for the APA. In order to develop a tool that will not only be technologically robust, but also have
clinical value and sustained use, the modern principles of digital design are implemented in the
design process early on. Despite knowledge about current pain assessment processes and potential
barriers to optimal cancer pain management, there is currently no coherent explanatory framework

to describe how patients and professionals approach cancer pain management, and what
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influences the actions that they take to overcome the experienced barriers. Likewise, there is little
known about the attitudes of the end-users towards this technology.

To address these gaps, this exploratory study used semi-structured interviews to examine the
challenges cancer patients face in expressing pain and the difficulties oncologists encounter in
assessing and managing it. The primary objective was to identify these challenges, while secondary
objectives include exploring patient and oncologist views on potential solutions, evaluating their
perspectives on Al-assisted pain assessment, and identifying the prerequisites for adopting the Al
tool. Thematic analysis was conducted to capture the patterns and themes within participants'
responses, providing a rich understanding of the pain assessment process and challenges. For the
evaluation of technology acceptance, the methodology was informed by the constructs of the
mobile health Technology Acceptance Model (mTAM). The insights from this study will serve as
a foundation for refining the problem definition, developing the initial concept, and informing the
design and functional requirements of the Al-based tool. This will help ensure that the tool is
user-centred, clinically relevant, and effectively addressing the key pain management challenges
experienced by both patients and healthcare providers.

The current report on this study presents the findings from the interviews conducted with
oncologists. As the study is ongoing, interviews with patients have not yet been conducted to the

point of saturation and have not yet been analysed; therefore, they are not included in this report.

3.2 Background

3.2.1 Exploratory Research

Exploratory research is an open-ended and flexible approach used to investigate areas where
knowledge is limited or to gain new insights into complex phenomena. Unlike confirmatory
research, which tests specific hypotheses, exploratory studies seek to identify patterns, generate
hypotheses, and lay the groundwork for future investigations [142, 143].

Qualitative research methods are often employed in exploratory research due to their capacity to
capture rich, detailed data. These methods include in-depth interviews, focus groups, and
participant observation, which allow researchers to explore participants’ experiences, beliefs, and
behaviours [142]. Among these, in-depth interviews are particularly effective in uncovering
personal perspectives, providing opportunities to delve into the reasoning, emotions, and contexts

underlying participants’ responses.

Semi-structured interviews are a widely used tool in qualitative exploratory research. They blend
the structure of a predefined question guide with the flexibility to explore unexpected or
particularly interesting responses. This adaptability makes semi-structured interviews well-suited
for investigating complex issues, as they allow for comprehensive exploration while ensuring that
key areas of interest are addressed [142].
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3.2.2 Theory-Driven Qualitative Research

Theory-driven, or directed, qualitative research integrates theoretical frameworks into the research
process to guide the collection, analysis, and interpretation of data. This approach ensures that
findings are not only empirically grounded but also analytically robust and aligned with broader
conceptual models [144]. By applying established theories, researchers can generate insights that
extend beyond individual cases, linking qualitative findings to larger patterns or frameworks.
Theoretical frameworks that are relevant to the performed study are further described in the next
subsections.

The adoption of new technologies, such as mobile health applications for pain management, is
influenced by users’ perceptions and attitudes toward the technology. To understand these
attitudes and predict whether users will adopt and effectively use such technologies, the
Technology Acceptance Model (TAM) provides a valuable theoretical framework. TAM was
introduced by Davis in 1985 to predict and explain how individuals come to accept and use
technology [145]. Currently it is one of the most widely used and influential theories in the field of

information systems [146].
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/ Usefulness
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Figure 10 - The original Technology Acceptance Model [146]

The actual use (U) of a system or technology is the endpoint of the model. The factor that leads
to U is the behavioural intention (Bl) to use, defined as a person’s subjective probability that
he/she will use the system or technology [147]. The model suggests that Bl can be assessed
through a user’s attitude (A) towards using the technology [145]. Two main attitude predictors
have been proposed: perceived usefulness and perceived ease of use [145, 148]. Perceived
usefulness (PU) is defined as "the degree to which a person believes that using a particular
system would enhance his or her job performance", while perceived ease of use (PEOU) refers to
"the degree to which a person believes that using a particular system would be free from effort"
[148 (p. 320)]. So, both factors influence A, which in turn shapes Bl and the final U, see Figure
10. The theory suggests that if users find a technology to be both useful and easy to use, they are
more likely to adopt it, leading to its successful integration and continued use.
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Besides these relations, PEOU is considered to influence PU, because if a system is easy to use,
users are more likely to see it as useful [149]. Moreover, beyond its impact on A, PU also directly
influences Bl, as users who perceive a technology as useful are more likely to intend to use it,
regardless of other factors. In turn, external variables, such as social influence, could affect PU
and PEOU and therefore indirectly influence A and U.

Over the years, the TAM has been extended and refined, with several revisions and new versions
addressing various factors that impact technology acceptance [150, 151]. Those revisions and new
models, like the Unified Theory of Acceptance and Use of Technology [152], have incorporated
additional constructs such as social influence or subjective norm [150] and facilitating factors
[152]. They try to capture the complexities of technology adoption more accurately. Other
versions of the TAM have been developed to better suit the acceptance of technology in a specific
field, such as healthcare or even mobile health [153].

The relationship between TAM constructs and technology acceptance becomes more complex in
healthcare settings. For instance, disease severity may have opposing effects on key factors: it can
positively influence PU, as individuals with more serious conditions may see a form of health
technology as valuable tools for managing their health. However, PEOU may decrease with
disease severity, as patients experiencing greater physical or cognitive burden might find it more
difficult to engage with new technologies. Moreover, research suggests that those who are more
unwell may actually be less likely to adopt those technologies [154], a phenomenon partially
explained by the "Healthy User Effect" [154, 155]. This effect describes how healthier individuals
tend to be more proactive about their health and more inclined to engage with health-promoting
technologies. As a result, the traditional predictive power of PU in the context of health

technology may be less straightforward than in other settings.

Numerous studies have tried to capture these complexities in a technology acceptance model for
the specific domain of healthcare. A large part focussed on finding a model suited for mobile
health (mHealth) applications [156-160]. The World Health Organisation defined mHealth as
“medical or public health practice that is delivered with support of mobile phones, patient
monitoring devices, and other wireless devices’ [161], a definition that will include the developed
Al-based APA tool while used on the mobile phone of the patient. A study of Schnall et al. [162]
introduced the mHealth TAM (mTAM), building on the traditional TAM framework. While the
core TAM constructs remain central, mTAM incorporates additional factors to better capture the
unique challenges of mHealth adoption. Specifically, perceived risk and trust play crucial roles in
user acceptance of mHealth technologies. Perceived Risk (PR) refers to the users' subjective
evaluation of incurring losses while using a technology [163]. Where PR could negatively affect
Bl, while trust could positively affect B, see Figure 11. Trust (T) could be defined as the
willingness of a user to be vulnerable to the actions of a technology based on the expectations
that the technology will perform a particular action important to the trustor, irrespective of the

ability to monitor or control that technology [164]. Trust becomes particularly important when
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Figure 11 - Mobile Health Technology Acceptance Model [161]

uncertainty is high — such as when it is unclear where user information is stored or how it is
tracked.

Despite these advancements, there is no consensus on which TAM adaptation best explains
mHealth technology acceptance [165]. Nevertheless, in the preprint of a recent systematic review
[166] the validity of TAM for mHealth applications was reaffirmed. Based on the 14 included
studies it was demonstrated that PU and PEOU significantly influence behavioural intention to
use MHAs. Besides this the review identified several key themes influencing mHealth along the
constructs of the traditional TAM. These key themes included health risk perception, application

factors, social factors, digital literacy and trust.

For pain assessment technologies, these findings highlight the importance of addressing both

technical usability and patient-specific concerns.

3.2.3 Thematic Analysis

Thematic analysis is a qualitative method for identifying, analysing, and interpreting patterns or
themes within data. Introduced by Braun and Clarke [167], it is a flexible and systematic
approach that can be applied across a variety of theoretical and epistemological frameworks. The
purpose of thematic analysis is to uncover meaningful patterns within the data, providing insights
into participants’ perspectives, behaviours, and experiences. This method is particularly suited to
exploring complex or multifaceted issues, as it allows researchers to distil large datasets into

concise, interpretable themes.
Thematic analysis is typically conducted through six iterative phases:

1. Familiarisation with the data: Immersing oneself in the dataset by reading transcripts

and taking initial notes.
2. Generating initial codes: Identifying significant features of the data systematically.

3. Searching for themes: Grouping codes into broader themes that represent shared ideas.
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4. Reviewing themes: Refining the themes to ensure coherence and representativeness.
Deg¢gning and naming themes: Articulating the central essence of each theme.
Producing the report: Synthesising themes into a narrative supported by evidence from
the data.

3.3 Methodology

3.3.1 Research Design

This exploratory study employed a single centre, prospective, qualitative research design to gain
in-depth insights into the perspectives of cancer-patients and oncologists on pain assessment and
the potential use of Al in this context. Semi-structured interviews were chosen as the primary
data collection method to allow for flexibility in exploring participants' experiences and opinions.
Data were analysed by performing a thematic analysis (TA).

This design was selected to capture deep, rich insights into individuals' experiences and attitudes.
By using this approach, the study aimed to identify key themes and patterns that could inform
the development of an Al-based pain assessment model.

The Standards for Reporting Qualitative Research [168] guided the reporting of this study, to

demonstrate the transparency of all aspects of the qualitative research, see Appendix B.

3.3.2 Study Participants

Two groups of participants were included in this study: 1) cancer patients, and 2) medical
oncologists. Eligible patients were adults (18 years or older) with a confirmed cancer diagnosis
who had experienced cancer-related pain in the past month. Medical oncologists with a minimum
of 2 years of clinical experience were eligible to participate. All eligibility criteria could be found in
Table 3.1.

Participants initially were recruited from the Erasmus University Medical Centre (EMC) located in
Rotterdam, the Netherlands. Recruitment was conducted by a dedicated researcher (MK), who

employed different strategies tailored to each group. No incentives were offered for participation.

Eligible patients were identified by reviewing admission descriptions and outpatient visit schedules
recorded in the Electronic Medical Record (EMR) system of the EMC oncology department.
Based on these records, the researcher approached potential participants either in the oncology
ward or at the end of their outpatient visits, after consultation with the treating oncologist.
Patients were informed about the study's purpose and procedures during a personal conversation
with the researcher. They were provided with a participant information letter and an informed
consent form. At least one day was given for patients to review the materials, ask questions, and
consider their participation. If the patient decided to participate, both the patient and the
researcher signed the informed consent form. Interview dates and times were subsequently

scheduled according to the patient’s availability.
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Table 3.1 Eligibility Criteria

Cancer patients

Inclusion

Adult (=18 years)

Confirmed cancer diagnosis

Experienced cancer-related pain in the past
month

Receives or received treatment for cancer-

related pain

Exclusion

Does not speak Dutch or English

Unable to understand and give informed
consent to participate in this study

Does not use a smartphone for professional or
personal purposes at least weekly or is
unfamiliar with basic smartphone functionalities
(e.g., using apps, sending messages, or
recording audio)

Medical Oncologists

Inclusion

Employed as a medical oncologist

> 2 years of clinical experience with treating

cancer-related pain

Exclusion

Does not speak Dutch or English

Does not use a smartphone for professional or
personal purposes at least weekly or is
unfamiliar with basic smartphone functionalities
(e.g., using apps, sending messages, or
recording audio)

Eligible oncologists were identified through the research team's professional network and
approached via email. The email included a brief explanation of the study and an invitation to
participate. Interested oncologists received a detailed information letter and an informed consent
form. Upon agreement, they provided written consent, and an interview was scheduled at a

mutually convenient time.

3.3.3 Ethical Considerations

Ethical approval for the study was obtained from the medical ethics review committee of the
EMC, who reviewed the study protocol (MEC-2024-0743) made by MK. All participants were
provided with detailed information about the study, including its objectives, procedures, and
potential risks by providing a participants information letter and verbal explanation. Participants

were required to give written consent before participation.

To protect participant privacy, all interviews were pseudonymized, and identifying information was
removed from the transcripts. Audio recordings were stored on secure, encrypted servers,
accessible only to researcher MK. Participants were informed of their right to withdraw from the

study at any time without providing a reason.

3.3.4 Procedure

Semi-structured interviews with oncologists were conducted between January 2025 and February
2025 by one researcher (MK). The interviews with cancer-patients started February 2025 and are

still ongoing. Participants attended the interviews individually and were conducted in a quiet,
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private setting to ensure confidentiality. The interviews were conducted either in person or via a
secure online video conferencing platform, depending on their preferences and availability.

The interviews were created to last between 30 and 60 minutes, depending on the length of the
answers given by the participant. Before the interview started, the participants were informed
about the research project, and the interviewer's (MK) professional background, role and training.
With participants’ consent, interviews were then conducted and audio-recorded using both a
mobile phone and a computer. At the beginning of the interview, participant characteristics were
collected. For oncologists, this included sex [M/F], age [years], years of experience [years], and the
(estimated) frequency with which they treat patients experiencing cancer-related pain [never,
rarely, sometimes, regularly, often]. For patients, demographics included sex, age, type of cancer,
current pain score, highest pain score in the past three months, and whether they were receiving
treatment for their pain.

The interview was divided into two parts and covered five different sections:

1. Perspectives on the current pain assessment process:
a. Current pain assessment process
b. Challenges related to the current pain assessments

c. ldeas for improvement

Intermezzo - Explanation and demonstration of the Al-based pain assessment tool concept

2. Acceptance of the Al-based pain assessment tool:
d. Attitudes towards the Al-based pain assessment tool

e. Design and implementation preferences

After the first part of the interview, the interviewer introduced the concept of the Al-based APA
tool being developed by the research group. A clickable prototype, created by Innovattic (a
software company located in Delft, the Netherlands), of the concept was demonstrated, see Figure
12. The prototype showcased an application designed for patients to capture audiovisual data
using the front camera. In this application, the patient is guided through a specific task while
being recorded. After completing the recording, the patient can submit it through the app. The Al
model integrated into the application then analyses the recording and presents its assessment
within the app.

The second part of the interview protocol was informed by the constructs incorporated in the
mTAM of Schnall et al. [162]. This model was selected as a theoretical framework because it
offers a structured approach to understanding how users evaluate and adopt mobile health
technologies. The constructs and applied definitions are outlined in Table 3.2 and the
operationalisation of the constructs could be found in Appendix C. The interview protocol
comprised open-ended questions and follow-up questions / prompts, which are detailed for the
interviews with oncologists in Appendix D and are fully outlined in the additionally provided
interview protocol documents for patients and oncologists. This format of the protocol meant to
encourage in-depth discussions and personal insights, and to clarify questions if necessary.
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Figure 12 - Screenshots of the Dutch clickable prototype developed by Innovattic: a) Explanation of the recording
task, b) Prompt recording task, and c) Presented outcome of the Al-model

Table 3.2 Constructs and applied definitions based on the mTAM

Construct Applied Definition

Attitude towards Using (A) The overall positive or negative evaluation that a participant

holds regarding the use of the Al-based pain assessment tool.

Behavioural Intention to Use The likelihood that a participant intends to use the Al-based
(BI) pain assessment tool in the future.
Perceived Usefulness (PU) The degree to which a participant believes that using an Al-

based pain assessment tool will be advantageous to him/her.

Perceived Ease of Use (PEOU)  The degree to which a participant believes that using an Al-

based pain assessment tool will be free of effort.

Trust (T) The participant's belief that the system will operate
responsibly, fairly, and without exploiting the vulnerabilities of

patients or clinicians.

Perceived Risks (PR) The participant’s perception of uncertainty and potential
negative consequences associated with using the Al-based
pain assessment tool.
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Before the study began, the interview protocols were piloted with one cancer patient and one
individual who simulated the role of an oncologist. This helped refine the questions and words for
clarity and ease of understanding (pilot data not presented here).

During the interview, the interviewer adopted a flexible approach, allowing participants to
elaborate on their experiences and perspectives while ensuring that all predefined topics were
addressed. After each section of questions, participants were asked if there was anything they
would like to add before moving on to the next section. This approach ensured a balance between
maintaining the structure of the protocol, adapting to the natural flow of the conversation, and
ensuring that their perspectives were comprehensively captured.

Additional interviews were conducted until data saturation was achieved, defined as the point at
which limited new insights or themes emerged from additional interviews [169].

3.3.5 Data Analysis

Each audio-recorded interview was transcribed verbatim by the interviewer (MK), adhering to the
transcription protocol outlined in Appendix E. The transcripts were imported into ATLAS.ti, V25
for Windows, a software tool widely used for structuring and conducting qualitative analyses.
Dutch transcripts were translated into English by MK to enable review by non-Dutch-speaking
members of the research team and to ensure that a broader accessibility of the findings.

To explore how oncologists assess and manage cancer-related pain, a process mapping exercise
was first conducted. MK reviewed and coded the transcripts to identify key components of the
pain assessment workflow, such as the tools used and the timing and context of assessment. The
codes were grouped into stages of the process and synthesised into a structured outline. To
visually communicate the flow of pain assessment and its influencing factors, a process map was

created to support a clearer understanding of the process and its contextual challenges.

Next, for the qualitative analysis reflexive TA was used, guided by Braun and Clarke's six-phase
approach and recommendations [167]. This method was chosen for its flexibility and suitability in
exploring complex, contextual experiences. It enabled both semantic (explicit) and latent

(underlying) meanings to be captured, providing a comprehensive understanding of the data.

TA was performed using a hybrid inductive and deductive approach. Sections a, b, ¢, and e of the
interviews — i.e. assessment process, challenges, ideas for improvement and design and
implementation preferences — were analysed inductively to allow for an open exploration of
participants' perspectives and themes to develop directly from participants’ responses. Section d —
i.e. attitudes towards the Al-based pian assessment tool — was analysed using a directed,
deductive approach informed by the mobile health Technology Acceptance Model (mTAM) [144].
Parent codes were defined based on the mTAM constructs, while subthemes were identified
inductively. The inductive component allowed for an open exploration of participants'
perspectives, while the deductive component provided structure, ensuring alignment with
established theoretical frameworks. Responses that fell outside the initial framework were reviewed
and, if needed, used to refine the model or captured as new insights.
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The coding and theme development were conducted iteratively by MK, with feedback and review
from HT and MM. Initial codes were grouped into conceptual clusters, and thematic maps were
created to visualise relationships. Meanings united by a central organising concept were used as
the foundation for the initial theme identification. Final themes were reviewed collaboratively and
organised into a coherent structure. Representative quotes were selected to support the
presentation of results.

3.4 Results

3.4.1 Description of Participants

Data saturation was reached for the group of oncologists. In total, 11 medical oncologists
participated in this interview study, see Table 3.3. The interviews lasted 40-60 minutes. At the
moment, two patients participated in this study. Data saturation is not yet achieved for this
patient group, due to the limited time of this thesis. Interviews with patients will continue beyond
the scope of this report and findings from these two patient interviews are not included in this
report.

3.4.2 Pain Assessment Process & Context Mapping

The pain assessment process for an oncologist focuses on gathering information about the
patient’s pain state to guide pain management decisions and ultimately improve the patient’s pain
experience. To obtain this information, oncologists interact with patients, other healthcare
providers, important others for the patient and digital systems. Given the central role of
information gathering in pain assessment, the oncology department (and hospital in general) offer
various ways for patients to report their pain. During interviews with oncologists, several
interactions were identified through which patients can communicate their pain experiences.
Important interactions that were identified for the oncologist and patient were mapped in Figure

13. See Appendix F for more information on the interactions mapping.

As can be extracted from those interactions, the pain assessment process occurs within a specific
clinical context and even differs depending on the setting and mode of interaction between the
oncologist and the patient. Based on interviews with oncologists, four key contexts were
identified:

1. Inpatient consultation: Assessing pain during a face-to-face consultation with a
hospitalised patient

2. Outpatient consultation (in-person): Evaluating pain during a scheduled in-person visit
with a patient in an outpatient setting

3. Outpatient consultation (remote): Conducting a pain assessment via telephone or video
consultations

4. Indirect pain assessment: Evaluating a patient’s pain without direct interaction, relying on
medical records, reports from healthcare specialists, such as colleague oncologists or

nurses, or input from important others.
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Table 3.3 Participant characteristics of medical oncologists

Participant Sex (M/F) Age(y) Exp. (y)  Specialty Freq. (ord.)

001 M 37 4 Urologic oncology Regularly

002 F 39 10 Urologic oncology Regularly
Phase-1 trials

003 F 56 20 Breast cancer oncology Regularly

004 M 41 8 Clinical oncology Regularly
Melanoma and renal oncology
Immunotherapy

005 F 48 13 Pancreatic and biliary tract Regularly
oncology

006 F 45 10 Melanoma and renal oncology =~ Sometimes
Immunotherapy

007 M 35 6 No specialty Often

008 M 62 28 Gastrointestinal oncology Regularly

Neuroendocrine oncology
Phase-1 trials

009 F 48 18 Palliative oncology Often
Sarcoma
010 M 37 4 Phase-1 trials Regularly-
Often
011 F 53 21 Head and neck oncology Regularly

Gastrointestinal oncology

n=11 5M;6F 46+9 13+£8

Abbreviations: F: female, M: male, y: years, Exp.: years of experience as a medical oncologist including residency,
Specialty: specialty within the field of oncology, Freq.: frequency of contact with patients for cancer-related pain

("never" — "rarely" — "sometimes" — "regularly" — "often"), ord.: ordinal scale
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Figure 13 - Mapping of the interactions patients and oncologists have regarding pain assessment, derived from the
interviews with oncologists. The most important interaction is the interaction between the oncologist and the patient. All
other interactions are secondary (dotted lines). The patient is closely related to the people within the patients’ inner
circle (pink circle). The patient has the option to interact with the first line of care (yellow circle), being the general
practitioner, and the second/third line of care (blue circle), being healthcare providers in the hospital. The oncologist
could interact with the same persons but could in addition to this also interact with the digital systems for
documentation and research.
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Figure 14 - Process mapping of the pain assessment and management as performed by the oncologist. Seven steps were
identified: 1) Identifying the need to discuss pain, 2) Initiating the pain conversation, 3) Conducting the pain anamnesis,
4) Decision-making on the pain management, 5) Communicating pain management decisions, 6) Documenting the
assessment and decisions, and 7) Follow-up and monitoring. Steps 2, 3, and 5 ideally involve direct interaction with the
patient and are therefore placed between the patient and the oncologist. Steps 1, 4, and 7 primarily consist of oncologists’
considerations and clinical reasoning to reach a conclusion before proceeding to the next step. Step 6 involves interactions
with digital systems for documentation and record-keeping.
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The preferred approach was direct interaction, as the patient is the one experiencing pain and can

provide the most valuable information needed for an accurate pain assessment. Indirect interaction

was only mentioned as an alternative when direct contact was not possible or as a supplement to

direct assessment.

Although the pain assessment and management process varied depending on the context, several

key stages that oncologists consistently followed could be identified from the interviews, see

Figure 14.The seven key stages are:

1) Identifying the need to discuss pain

All but one oncologist (O11) highlighted that pain isn't discussed with all patients,
although it is in the protocol for outpatient consultations. The reasons for this are that it
is not always perceived as necessary to discuss it and that they have to prioritise topics
during their consultations. One oncologist explained in response to the question ‘How
often do you discuss pain with your patients?’:

"Almost always. Well, when | know that pain is an issue, | check in every consultation to
see if the current pain management is sufficient. And always during the first intake. But if
there are no pain complaints at all, then sometimes it fades into the background — but

almost always.” — 007

Therefore, the first step in assessing pain is determining whether it needs to be addressed
with the patient (or, if needed, another person). This decision is typically based on :1) the
degree to which pain is expected to be experienced by the patient, 2) the degree to which
the patient is expected to mention pain as a problem if experienced and 3) the degree to
which the oncologist sees himself as responsible for discussing and/or treating pain.
Initiating the pain conversation

Once the need to discuss pain is identified, the oncologist or patient initiates the
conversation on pain experience. This stage often involves establishing rapport and
ensuring that the patient feels comfortable discussing their pain experience. It also
includes the oncologist observing the direction the conversation takes and noting whether
the patient independently introduces the topic of pain. Both can offer valuable insights
into the patient’s desire to talk about it and the perceived burden of pain on their daily
life that could be expected by the oncologist.

Conducting the pain anamnesis

During this stage, the oncologists conduct a thorough pain anamnesis, where they ask the
patient about several aspects of pain, including the intensity, duration, and characteristics
of their pain. This is a critical stage for gathering information.

Decision-making on the pain management actions

After collecting the information from the patient (or best other available person),
oncologists evaluate all available data, including patient-reported pain levels, type of pain,
perceived origin of pain, medical history, the oncologists’ medical knowledge, treatment-
options and any other relevant factors. If important information is missing and the patient
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can't provide it, the oncologist could interact with other people or systems, as mapped in
Figure 14, to retrieve it. After considering all factors, oncologists decide on the
appropriate course of action for pain management.

5) Communicating the pain management decisions to the patient
Following the evaluation, oncologists communicate the pain management plan to the
patient. Some (004, O08) emphasised the importance of explaining the rationale behind
the chosen approach, as clear communication fosters understanding and shared decision-
making. One oncologist explained:

"Most people are very reasonable, very fair, and good. It is easy to explain to them why
you make certain choices the way you do. (...) Essentially, | have the impression that you
can create a good plan together, especially when you clearly state, ‘I will do this, but not
that. This is why, that is why.’ You know, that’s really the explanation behind the policy.”

- 004

6) Documenting the assessment and treatment decisions
All aspects of the pain assessment and the subsequent decisions are documented for
future reference, ensuring continuity of care and compliance with medical protocols.

7) Follow-up and monitoring pain management
The final stage involves scheduling follow-up appointments to monitor the effectiveness of
the pain management strategies and perform a new pain assessment if needed.

While the process varies depending on the oncologists’ preferences and routines, as well as
logistical factors and the patient’s individual circumstances, these key stages form the backbone of
the current pain assessment approach found in oncological practice of the interviewed medical
oncologists’ Medical Centre. A more detailed description of the stages and the topic summaries of

the oncologists’ considerations at those stages are provided in Appendix F.

3.4.3 Current Pain Assessment Challenges

The analysis of participants’ responses identified five key themes, providing a comprehensive
framework for understanding the challenges oncologists face in the current pain assessment and
management process, see ... . For clarity, numerical identifiers have been assigned to the themes.
However, in practice, the themes are interconnected and ranked based on the line of the story
that is told. The first theme focuses on pain as a complex, dynamic and subjective experience of
an individual that integrates physical, emotional and social dimensions. Oncologists reported that
this multidimensional and subjective nature of pain makes assessment inherently challenging. The
second theme concerns an ethical issue, that oncologists perceived as a challenge, but that also
could reflect broader societal debates about the division of responsibility in healthcare —
specifically, the extent to which pain management is the patient's responsibility versus the
oncologist’s duty to intervene. The responsibility for assessing and managing pain is shared
between patient and oncologist, but raises ethical questions about ownership, self-management,
and medical intervention. The third focuses on the challenge of expressing and interpreting pain.
Effective pain assessment depends on overcoming communication barriers, where both patients
and oncologists must navigate verbal, non-verbal, and interpretative challenges. As a fourth
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Figure 15 - lllustrated summary of the five key challenges in cancer pain assessment identified through thematic
analysis. In an attempt to assess and manage pain, the oncologist initiates a conversation based on visible non-verbal
cues of discomfort. The patient, however, struggles to verbalise their pain experience, complicating mutual
understanding (Challenge of Communicating and Interpreting). This difficulty is compounded by the Subjective and
Multidimensional Nature of Pain, as pain integrates physical, emotional, and social components that cannot be
objectively measured. While navigating vague or inconsistent information, the oncologist must weigh multiple factors to
make a well-informed treatment decision, balancing clinical observations, patient preferences, and feasibility (Challenge
of Decision-Making). These tasks become even more difficult in real-world practice due to Practical Challenges, such as
time constraints, limited continuity of care, and distance in outpatient settings. Finally, the Ethical Challenge reflects a
broader tension around responsibility: who is ultimately accountable for addressing the patient's pain — the patient, the
oncologist, or the healthcare system as a whole?

theme, the challenge of decision-making is considered. Oncologists must balance subjective
patient reports, clinical reasoning, practical possibilities and their own capabilities to make
informed treatment decisions in a sometimes-uncertain landscape. Combining all this information
and making decisions forms the task of the oncologist but is also considered a challenge itself.
Lastly, the context in which pain assessment takes place forms the fifth theme. The context
shapes the ability to monitor, follow-up and act on pain-related concerns, leading to practical
challenges.

3.4.3.1 Theme 1 — The Subjective and Multidimensional Challenge

Oncologists navigate a fundamental tension in pain assessment: pain is a deeply subjective and
multidimensional experience, yet they, as an outsider to this experience, must capture this and all
its dimensions. Unlike other clinical parameters, pain lacks an objective reference point - its
presence, intensity, and impact manifests mainly within the realm of the patient’s own perception.
As one oncologist put it:
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“I always call it pain experience because that is what pain is, of course. It really is an experience.”
- 011

This framing emphasizes that pain is not just a physical sensation but a deeply personal
experience, shaped by emotions, beliefs, and circumstances. While medical frameworks often
define pain as a physiological response, oncologists recognize that it cannot be separated from the
person experiencing it. One oncologist reflected on the shift in perspective required to

acknowledge this complexity:

“The difficult thing about pain is, of course, that it is always subjective. [...] | was taught in
medical school, ‘Pain is what the patient says it is.” At first, | found that very difficult because |
am a scientist, and | want to objectify things. But ultimately, at the end of the day, that is the

reality.” - 007

This definition of pain, echoed by many oncologists, underscores that pain is not a uniform
sensation but an individual experience shaped by numerous factors. Each patient perceives pain
differently, influenced by character, emotional state, personality, culture, and beliefs about pain

and illness as reported by the oncologists.

"Of course, we also have patients who are very afraid, extremely afraid, who raise the alarm at
every little pain, especially because they are terrified that it means something is wrong with their

cancer." - 009

This interplay between physical and emotional factors means that patients with similar clinical
presentations may report vastly different levels of pain. Some patients normalize pain as part of

their condition, while others perceive even mild pain as overwhelming:

“There is, of course, a great deal of variation in that [the expression of pain]. Some patients think
pain is just part of their condition and don’t even mention it. And then there are patients who
experience even very mild pain as extremely burdensome, dominating the entire conversation —

and, of course, everything in between.” - 004

But also cultural background and societal norms shape how patients perceive and relate to pain:

“You just know that people from different cultural backgrounds have very different views. For
example, some believe that morphine is bad, just to name one. But there are also cultures where
it is very common that if you are sick, you stay in bed and act very ill. So, they often have a high
level of illness perception and also a kind of illness benefit, because it is expected in their culture

that they will be cared for by their family. And so, all symptoms are heavily emphasized.”
- 004

These individual, emotional, and cultural differences in pain experience and expression reinforce
the idea that pain cannot be treated purely as a somatic phenomenon. The multidimensional
nature of pain extends beyond personal beliefs to include the interplay between physical

symptoms, emotional distress, and cognitive interpretations:
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“Pain is not just one thing. | think pain is really a complex of different elements, including, for
example, fear and worry, which can play a role in the pain experience. That makes it difficult to
properly assess the severity of the pain.” - 002

Oncologists recognize that pain must be assessed in relation to the whole patient — their story,
their affective states, and their broader life circumstances. Focusing solely on one dimension of
pain — such as somatic symptoms — risks overlooking the broader distress a patient may feel:

“There are so many different facets to pain experience and pain, things that come with pain. |
think that is different for everyone, and | notice that if | approach it one way, it doesn’t always
address all questions or all the dissatisfaction a patient may have.” - 010

Thus, pain remains a fundamentally multidimensional phenomenon, requiring oncologists to
continuously interpret, contextualize, and adapt their assessment strategies. The challenge of pain
assessment is not merely about measuring intensity but about understanding the patient's lived

experience — one that is shaped by a complex interplay of biological, emotional, and social factors.

Pain assessment in oncology is not just a clinical task but also an ethical challenge. Oncologists
must determine who holds responsibility for managing pain — the patient, who experiences it, the
oncologist, who has the means to treat it, or the multidisciplinary team of healthcare
professionals, who altogether treat the patient. The tension between patient autonomy and

medical intervention presents a recurring dilemma in oncological care.

A central view among oncologists is that the patient is the owner of their disease and, by

extension, their pain:

“Very simply put, perhaps the biggest challenge is: Who owns the problem? Is it the patient, or
is it the doctor? In principle, it's the patient.” - O08

This perspective aligns with the broader principle of patient autonomy and self-management,
which assumes that individuals are also responsible for their care. Oncologists therefore encourage
patient to be proactive and try to lower the barrier to report pain if present. This is why

oncologists expect patients to recognise and report their own pain.

“I try as much as possible to make sure people have the space to say, ‘That's all well and good,
but can | talk to you about my pain?’ So | do think a part of the responsibility also lies with the
person experiencing the pain." - 008

“"And when you ask, ‘How are you?" and ‘Do you have any complaints?’, you hope they will say
something.” - 004

"On the moments that they are with me, they say they're doing fine. Then | feel | should assume
that they are actually doing fine." - O10

Despite efforts to encourage openness, oncologists frequently encounter patients who are reluctant
to report pain. They speculate that this reluctance stems from multiple factors, including

personality traits, emotional and cognitive aspects of pain, and perceived barriers to contacting
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their oncologist. This raises an ethical question: to what extent should oncologists proactively
assess pain rather than relying on patients to report it? Some oncologists worry that being too
proactive in assessing pain might override patient autonomy, while others see an ethical obligation
to ensure that pain does not go untreated. The latter group decided to consistently discuss pain
during each moment of contact.

Another thing that might affect how responsible the oncologist feels to discuss and mange pain, is
the perception of pain management as either an individual or a shared responsibility. While this
was never explicitly stated about themselves, one oncologist mentioned that some colleagues feel
less compelled to take an active role in pain management:

"Not everyone feels called to treat pain. [...] Some colleagues say, ‘I'm an oncologist, | treat

cancer—I’'m not here to manage pain every day. That's someone else’s job."" — 009

This statement suggests that some oncologists see pain management as a multidisciplinary

responsibility, which may reduce their emphasis on pain assessment as an individual task.

Together with the degree to which pain is expected and is expected to be reported by the patient,
this sense of responsibility shapes the oncologists perceived need to discuss pain with the patient,
see Appendix F.

The variation in oncologists' attitudes towards pain assessment highlights a key ethical challenge —
how actively should they screen for pain? Some take a patient-led approach, assuming that if a
patient does not bring up pain, it is not a major issue. Others make deliberate efforts to initiate
discussions, ensuring that pain is not overlooked. The dilemma lies in striking a balance: relying
entirely on patient-initiated discussions may leave some patients suffering in silence, while taking a
more forceful approach could feel intrusive or unnecessary. The question of who “owns” the pain

problem remains unresolved, reflecting the broader complexity of pain management in oncology.

Pain assessment in oncology is fundamentally dependent on communication, yet it remains one of
the most challenging aspects of the process. Patients must verbalize their pain experience, while
oncologists must interpret and validate these subjective reports. However, oncologists report that
both expression and interpretation are prone to barriers. This results in a complex interplay
between verbal and non-verbal communication, questioning strategies, and observational

assessments.

Patients often struggle to articulate their pain experience in a way that is clinically useful. Pain,
by nature, is difficult to articulate. Oncologist noted that many patients provide vague or non-

specific responses:

“When | ask, ‘Can you describe your pain?’, patients often just say, ‘It's pain.” Then | have to use

more closed-ended questions to guide them.” - 002

“When you ask, ‘How was your pain in the past three weeks?’, you often get generalized answers.”
- 007
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This communication barrier means oncologists must rely on structured questioning techniques to
break pain down into more concrete components — such as location, duration, intensity, and
impact on daily life. However, even with careful questioning, the descriptions remain subjective
and open to interpretation.

Beyond the general difficulty of describing pain, oncologist identified that specific barriers further

complicate expression:

1) Language barriers: Patients who do not speak the same language as their oncologist, pain
descriptions may become oversimplified or misunderstood:

“The main challenge remains the language barrier. ‘Doctor, pain, pain, pain,” [spoken with an
accent] ‘Where do you have pain?’ ‘Here.” [Points to a spot on their body.] That makes it really
difficult.” - O08

2) Limited cognitive abilities: Some patients struggle to articulate their pain or understand
instructions due to limited cognitive abilities:

“With people with limited understanding, it's really hard to explain how they should use pain

medication at home. And also in how they express their pain.” - 003

3) Self-informed patients: Some patients enter consultations with medical terminology they have
read online, sometimes misrepresenting their pain by using diagnostic language rather than
describing their symptoms:

“Patients don't say, ‘| have pain in my left flank’ anymore; they say, ‘I have pain in my spleen.” Or
they say, ‘I have kidney pain.” That makes taking a proper history more difficult.” - O03

These barriers illustrate a core limitation of self-reporting: pain exists within the patient’s
experience, but their ability to communicate it effectively varies significantly.

Beyond difficulties in articulation, oncologists identified substantial variability in how patients
express and articulate pain. Some patients are highly vocal about their pain, while others are
hesitant to report it at all:

“How people express their pain experience — how they are used to presenting themselves to those
around them — greatly influences how their pain is discussed in the consultation room.”
- 010

Since verbal reports are not always sufficient, oncologists often rely on indirect clues to assess and
interpret pain. These clues include observations of non-verbal behaviour, physical functioning, and
the patient’s use of pain medication:

“You also look at whether people seem to be in pain — that's more common in the clinical
setting, but even in outpatient care, you see it when patients enter the room and get up from
their chair.” - 006

"“Of course, you always look at what kind of pain medication they're already taking. And from
that, you can often infer something — | mean, if people are taking a lot of rescue medication in a
day, then you estimate that their pain is probably high, or at least not well controlled.” — O05
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While these indirect cues can be helpful, oncologists also emphasised their limitations. Pain is a
dynamic and fluctuating experience, and any observation made during a consultation offers only a
snapshot of the patient’s condition. As one oncologist noted:

“You always take non-verbal communication into account, but you have to realize that it's just

a snapshot. Someone might be fine now but in severe pain at night.” - 005

Even with careful questioning and observation, misunderstandings remain inevitable. One
oncologist reflected on this persistent challenge:

“There will always be a gap between what a patient experiences, what they communicate to me,
and what | interpret from that. It will never be 100% perfect.” - 008

To bridge this gap, oncologists emphasize repeated questioning, verification strategies, and
experience-based intuition. However, they acknowledge that no method can completely eliminate
uncertainty. The balance between patient self-report and oncologist interpretation remains an
ongoing challenge in clinical practice, and a pain assessment still is an ongoing interpretative

process.

Oncologists face another fundamental challenge in pain management: deciding how to act on
complex, often conflicting, and inherently subjective pain reports. This decision-making process
requires balancing the goal of pain relief with treatment feasibility, patient preferences, and

potential risks, all while working in an environment of uncertainty.

A recurring theme in the interviews was that oncologists do not necessarily aim for complete pain
elimination but rather for acceptable or tolerable pain levels that allow for a manageable quality of
life. This shift is influenced by two factors: 1) focus on the patients’ desire for changes in pain
management, and 2) the practical limitations of pain treatment, where pain relief often comes at

the cost of side effects, dependency risks, and diminishing returns in pain reduction.

Oncologists described how the impact of pain on the life of the patient is overlooked and how
they must assess not just pain intensity but also its impact on daily life and the patient’s

perception of tolerability:

"[There are patients who say] ‘I don’t want any pain. | can't handle it. It must be an NRS
[Numerical Rating Scale] 0." And then there are also patients who say, ‘| have an NRS of 7, fine. |
can deal with it.” There are huge differences in that regard.”" — 009

"We talk a lot about the pain score in the clinic, but we don't actually ask whether that number
reflects something tolerable. And that’s a huge variation — some people find a 7 unbearable,
others find a 7 quite mild. [...] So we might consider a score of 7 to be very high, but we forget to
ask, ‘Is 7 something you can manage?’ And that's where the real meaning lies." — 004

By shifting their focus from absolute pain reduction to pain acceptability, oncologists acknowledge
that pain is a lived experience rather than a purely medical symptom. This requires a patient-
centred approach, where treatment decisions depend not just on clinical data but on the patient's
individual experience, values, and coping strategies.
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However, translating this approach into practice is not always straightforward. One of the greatest
challenges in decision-making is handling discrepancies between different sources of information.
Oncologists frequently encounter cases where self-reported pain intensity does not align with their

clinical observations, or information received from others:

“And that’s not always the case, right? Last week, | saw someone where | thought, ‘Yes, I've seen
your scan. I've seen your lab results. You must be in excruciating pain.” But they absolutely
refused to take morphine. That is really ditficult to assess, | think. So, that's what | find the

biggest challenge.”" — 001

“Some people say, ‘My pain is unbearable,” yet they sit at the table doing puzzles, eating and
drinking, and then get up and walk to the bathroom without issues. But they insist, ‘I have
terrible pain.” That's a difficult situation.”- 004

To resolve these discrepancies, oncologists try to deepen, objectify, standardise and validate the
story of the patient. Examples of efforts to validate the reports are additional questioning, follow-
up, and taking the use of medication and observations into account, as mentioned in theme 3
(section 3.4.3.3). However, trying to validate and objectify pain, creates a tension:

"Clinically, we can monitor patients closely, which allows us to add some objectivity to
subjectivity. But even that is risky. We have more information about how pain affects behaviour,
but it's still difficult." — 010

When trying to standardize pain assessments, pain scores could be used. Oncologists report to use
pain scores, specifically the NRS-score. They do so, because it is part of standard protocol, or
because they believe it provides insights into pain trends within a patient:

“One patient’s 8 is another’s 3. You have to know the patient — some lie still with a 10, others are

walking around with a 6. That's why | place scores in context.” — 001

“We hope that a patient at least uses the same standard for themselves — so if today is a 7 and

tomorrow an 8, we know it's worsening.” — O04

Oncologists described pain scores as too simplistic to capture the complexity of pain, leading to
concerns that they: 1) lack direct correlation to pain tolerability, 2) vary significantly between
patients, and 3) oversimply the multidimensional nature of pain. This suggests that while pain
scores remain a necessary tool, they are insufficient for decision-making unless combined with

patient history, functional assessments, and clinical judgment.

Besides those attempts, as mentioned, oncologists also rely on their relationship with the patient,
their clinical experience and intuition to navigate discrepancies in pain reports. Familiarity with a
patient allows them to distinguish between what is typical for that individual and what signals a

significant change. However, when treating an unfamiliar patient, this becomes more difficult,

underscoring the importance of continuity for oncologists:

“You have to know your patient, understand what their baseline pain score is, and whether it is
above or below that — | find that very difficult.” - O01
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Experienced oncologists often rely on their intuition, do follow-up questions, and make sure they

get the whole story:

“If someone says, ‘| have a pain score of 8," | always follow up — always. | think that doesn't
always happen. If my colleagues are on duty over the weekend and the nurses report a pain score
of 8, the immediate reaction is, ‘Increase the dose.” But | don’t do that. | go see the patient first

to determine if that 8 is actually a realistic 8.” — 009

While clinical intuition plays a crucial role, all oncologists recognise that no matter the
contradicting information, the story of the patient is the most important component in pain
assessment and management. Otherwise, there is a risk of allowing subjective impressions to

overshadow patient-reported pain:

“There are moments of doubt — does the patient really have that much pain? And then you

realize, you can't override their experience just because it doesn't align with what you expect.” —
008

This reflects a fundamental challenge: oncologists must decide how much weight to give to

patient narratives versus their own clinical reasoning.

Beyond assessment, oncologists also face challenges in the feasibility of pain treatment. Even
when a patient expresses significant pain, treatment decisions are constrained by determining the
cause of pain, balancing pain relief with side effects and determining use of and adherence to pain

medication.

"A major challenge is always finding the right balance between the side effects of pain medication
and its effect on pain. Sometimes you want to give more, but you reach the limits of what the
body can tolerate." — O07

These challenges highlight that pain management is not a linear process but a complex, ongoing
balancing act between patient needs, clinical reasoning, and the constraints of medical treatment

options.

Pain assessment in oncology is shaped by systemic constraints, including time pressures,
discontinuity in care, and differences between inpatient and outpatient settings. These factors

affect oncologists’ ability to monitor, evaluate, and act on pain reports.

A frequently mentioned challenge was limited time, particularly in the outpatient setting, where
consultations must cover multiple medical concerns within a short timeframe. Oncologists must
prioritise discussions, often focusing on cancer progression and treatment options rather than
symptom management. As a result, pain—and especially pain scores—may not always be
addressed in depth:

“If you have a follow-up plan, you need time to explain it and provide information about the next
treatments, and you only have 20 minutes. So those are definitely the challenges.” — 004
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“Well, time is always a factor, of course. That is [...] an important factor, which might sometimes
even lead to a deliberate decision to temporarily set something aside during the initial assessment.
But of course, the people who come in never deserve that.” — 008

Patients themselves also contribute to this dynamic, as their primary concerns during

consultations are often treatment outcomes rather than pain control:

“In the outpatient setting, time is a problem. And pain, you know, is rarely the main reason for a
consultation. If a patient comes in, they don’t want to start by talking about pain. They want to
hear the results of their scan, which they've been anxiously waiting for all week." — 004

This limited time means oncologists must actively create space for pain discussions, which is

challenging in a busy schedule:

"Do | create enough space for my patients to bring up concerns? That's a challenge—especially
when I'm running behind on my clinic. Everything becomes a little shorter, a little more abrupt.”
- 008

Pain assessment is further complicated by disruptions in continuity. Although this is mentioned by
just one oncologist (006), it is believed that this fits in the current societal state of limited
healthcare capacity. The lack of continuity in care is particularly a challenge different oncologists
see the same patient at different appointments. This fragmentation can lead to inconsistencies in

tracking pain over time:

"If a different oncologist sees the patient at the next appointment, they might not be aware of
the previous pain discussion. That makes follow-up decisions harder.”" — 006

Similarly, in inpatient settings, oncologists rely on nurses’ reports:

“One nurse says one thing, another says something else, and then you think, ‘Wait, but yesterday

they said something different.” So, you sometimes lose track of what's actually going on." — 006

Comparable challenges arise in indirect pain assessments from family members or general

practitioners.

Lastly, context-based challenges are those related to the outpatient setting. Compared to inpatient
settings, where pain can be monitored frequently relatively easily, outpatient pain assessment is
constrained by the distance between the oncologist and the patient. Without direct observation,

oncologists must rely almost entirely on self-reported pain, which presents several difficulties:

“You depend on what the patient shares with you at that moment, right? So, in the outpatient

clinic, you don’t have the opportunity to observe patients for a longer period, let alone in their

own environment. And that’s actually what you would want if you really want to get a complete
picture.” - 009

"Because of the distance between the doctor at the hospital and the patient at home, you don't
get the full picture of how they're doing, what their pain experience is like, or how well they
tolerate their pain medication.”" — 002
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This lack of direct monitoring can lead to delays in pain reporting, as patients may not reach out
when their pain worsens. Oncologists suspect that some pain cases go unnoticed. Where one
oncologists thinks this is a small group, another acknowledged that the actual extent remained

uncertain to her:

“That is certainly overlooked or postponed. It's not the case for the majority of patients, though.
It's a minority of patients, but it definitely happens.” - 002

“So actually, for the patients | have identified with pain, things seem to be going quite okay. But |

don’t know what we're missing — that's more where the issue lies.” - 009

The combination of time constraints, discontinuity in care, and challenges related to in- and
outpatient settings makes pain assessment a practical challenge in daily oncological care. While
oncologists aim to remain attentive to pain, the structural limitations of clinical practice create
inevitable gaps, for now.

3.4.4 Reported areas for improvement

Based on the responses to the questions of part 3 of the interview protocol, six themes related to
areas for improvement were identified: 1) Improved monitoring in outpatient settings, 2) More
objective pain assessment methods, 3) Capture more aspects of pain in the outpatient setting, 4)
Enhancing communication and information flow, 5) Stronger collaboration between specialties,
and 6) Education on a proactive approach of the patient regarding pain management. Since those
reported areas for improvement are mainly in line of the expectations based on the reported
challenges, these themes are further described in Appendix G.

3.4.5 Attitudes Towards Al-Based Pain Assessment Tool

The second part of the interviews focussed on the perspectives of the oncologists on the Al-based
pain assessment tool. The participants’ feedback centred on the five main themes of the mTAM

model: perceived usefulness, perceived ease of use, perceived risks, trust, behavioural intention.

The usefulness theme is related to the extent to which oncologists believed that the technology
would be advantageous to him or her. Participants were asked whether they perceived the tool as
useful, whether they believed that it would serve a purpose to them and how it would be useful to
them if so. A total of seven oncologists considered the tool useful on the condition that the tool
was scientifically proven to be accurate, while three (001, 009, and O10) expressed their
reservations, and one (O07) anticipated limited usefulness.

Five subthemes were identified including: 1) improved pain detection and monitoring in the
outpatient setting, 2) improved pain communication, 3) enhanced pain assessment consistency, 4)
enhanced patient-engagement, and 5) conditions and barriers to usefulness. Table 3.4 presents

quotes relating to the sub-themes for participants’ perceptions of usefulness of the technology.

To start, oncologists perceived the concept particularly useful for providing more frequent and

structured pain measurements. This way the tool allows for the creation of a clearer trend over
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time, which was considered valuable for assessing a patient’s pain trajectory. Rather than relying
on a single point-in-time report during a consultation, they believed that tracking fluctuations and
long-term patterns could provide a more comprehensive understanding of the patient’s pain state,
helping them make more informed treatment decisions. Being informed about the patient’s pain
status at any given time, along with access to a trend that visualises changes over days or weeks,
could help oncologists identify patients who might not proactively report increasing pain. This, in
turn, allows for timely intervention and potentially even the prevention of more severe pain
episodes. Additionally, some oncologists suggested that an automated alert system based on the
recorded pain trends could help prioritise patients needing urgent attention.

Following this, oncologists perceived the Al-based tool as a potential facilitator of more effective
communication about pain. By providing structured and visualised pain data over time, the tool
could serve as an objective reference during consultations, enabling clinicians to better assess a
patient’s pain trajectory. Instead of relying solely on patient recall, oncologists would have access
to a more complete picture of pain trends, making discussions more data-driven and reducing
uncertainty in pain reporting. Additionally, the tool could prompt oncologists to address pain
issues more frequently, ensuring that pain management remains an integral part of clinical

conversations.

Another potential advantage identified by oncologists was the tool’s capacity to support more
consistent and objective pain assessment across time and across professionals. Pain was described
as a highly subjective phenomenon, making it difficult to assess reliably — particularly when
different clinicians are involved in a patient’s care. Several oncologists noted that current pain
assessments often vary depending on who performs them, when they are performed, and how
patients express their pain. In this context, the Al-based tool was viewed as a promising means to
reduce this variability by providing a more standardised and reproducible input into clinical
decision-making. By analysing facial expressions and vocal cues in a consistent way, the tool could
help ensure greater continuity in pain evaluation, particularly in settings with rotating staff or
limited time. Some oncologists also saw value in using the tool to monitor intra-patient changes

over time, offering a more calibrated perspective on pain progression or treatment response.

Lastly, the tool was also seen as a way to empower patients to take a more active role in
managing and understanding their pain. By regularly tracking their pain patterns, patients might
not only become more aware of fluctuations and potential triggers but also gain deeper insight
into their own pain experiences. Some oncologists suggested that this increased awareness could
help patients recognise trends in their pain, understand what influences it, and identify whether
treatments are effective over time. This process of self-monitoring could also lead to more
proactive pain management, with patients recognising changes in their pain earlier and reporting
them more accurately. Additionally, oncologists noted that by encouraging patients to reflect on
their pain, the tool could lower the threshold for discussing pain openly, ensuring that discomfort
is addressed sooner rather than being overlooked in routine consultations.

While many oncologists acknowledged the potential benefits of the Al-based pain assessment tool,
several emphasized specific conditions that must be met before it could be considered truly useful.
Scientific validation emerged as the most frequently emphasised condition for considering using
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the tool. All but one oncologist (O07) stated that robust scientific research is essential to
establish the tool's accuracy, reliability, and clinical relevance and that seeing strong evidence
from these studies is a prerequisite for them to consider the tool useful in clinical practice and to
trust its assessments. This scepticism aligns with the critical and evidence-based approach that
defines clinical decision-making, where new tools and interventions must be rigorously tested
before they are integrated into routine care. Oncologists emphasized that, without such validation,
they would remain cautious about relying on Al-generated pain scores for treatment decisions,
limiting the tools usefulness.

Additionally, some oncologists questioned whether the tool would provide sufficient information to
meaningfully support clinical decision-making and have a real added value. They argued that pain
assessment involves more than just numerical values or Al-generated predictions, as treatment
decisions are based on a comprehensive understanding of the patient’s overall condition, medical
history, and response to previous treatments. Some oncologists felt that the Al-generated pain
assessment alone would not provide enough information to justify treatment changes and that
confirmation with the patient’s narrative would always be necessary. When asked whether they
would use the tool as a supplementary aid or a replacement for existing pain assessment methods,
all oncologists stated that they would use it as an additional tool rather than a substitute. They
emphasized that Al-assisted pain assessment should serve as a complementary data point,
supporting clinical judgment rather than replacing direct communication with the patient.
However, one oncologist (O04) suggested that, if validated as equally or more reliable, the tool
could potentially replace self-reported pain scores in the future. The perception that the tool
might have limited added value was more prominent when oncologists considered its use in the
inpatient setting. Oncologists noted that nurses already monitor pain closely and provide real-time
assessments. They questioned whether the Al-based tool would offer significant advantages over
existing clinical evaluations, particularly when trained healthcare professionals already assess pain

in face-to-face interactions.

Another barrier oncologists highlighted was the tool’s applicability across different patient groups
and clinical scenarios. They noted that certain situations may not benefit from Al-based pain
assessment, particularly when direct communication with the patient is already effective or when
patients themselves do not perceive added value in using the tool. Additionally, oncologists
pointed out that the tool's reliance on facial expressions and vocal cues may limit its accuracy in
specific patient populations, such as individuals with facial deformations, voice alterations due to
illness or treatment, or neurological conditions that affect their ability to express pain verbally or
nonverbally. These concerns raise questions about how broadly the tool can be applied and
whether its use should be tailored to specific cases rather than implemented as a universal
solution. Oncologists emphasized the importance of clearly defining the target population to
ensure that the tool is used in situations where it genuinely adds value to clinical decision-making
rather than introducing unnecessary complexity or misinterpretation.
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Table 3.4 Quotes relevant to Perceived Usefulness

Subtheme

Relevant Quotes

Improved pain
detection and

monitoring

“I think that if you are better informed during the period between consultations, when you are
not in contact with the patient, you could provide better assistance. [...] | believe you could
certainly identify a group of patients that you are currently missing.” - 011

“A lot of the decisions we make now are based on interval anamnesis. If, in advance, you could
see how things have been going over time, without having to ask the patient, ‘Did you have
pain on Friday? And on Saturday? And what about last Sunday afternoon?’, then | think this
would be useful. It would be minimally burdensome for the patient and informative for me,
particularly in helping to identify trends."- O08

“In an outpatient setting, this provides a lot of information that we wouldn't normally have, so |
think there is great added value there.” - 006

“I think you actually need some kind of alert system so that we don’t miss severe issues. And
who knows, maybe with such an alert system, we could intervene earlier in critical situations.” -
003

“The patient population | see often has pain, particularly bone pain. In those cases, this tool
could be quite helpful in detecting early signs that something is going wrong, something we
might not have expected. So in that sense, | can see how this could enable earlier intervention.”
- 001

“If the trend clearly shows what has been happening, whether or not due to a change in
intervention, then that would trigger me more than just a single momentary measurement.
Patients often come to me and say, ‘Well, doctor, | feel fine now.’ But if | could see that over
the past days their pain had only been increasing, | would interpret that very differently than if |
saw their pain had consistently remained at a 0 or 1, in which case | would assume things are
stable.” - 008

Improved pain

communication

“It acts as a kind of trigger to bring up the topic of pain more often, so | think it would reduce
the number of times patients experience pain at home without us ever hearing about it in the
consultation room.” - 010

“l think it might make it easier to initiate conversations with the patient. You could say, ‘I see
that your pain scores have been increasing—does that match your experience? How are you
feeling?’ It would replace the need to explicitly ask the same question every time." — 007

“It is possible that this tool could prompt more frequent discussions about pain problems. In
that sense, it could serve as a supportive tool for conversations between doctors and patients.” -
002

Enhanced pain
assessment

consistency

“This [the tool] can provide more information, which could open the door to reducing the
subjectivity of pain assessments.” - 010

“Clinically, it might help relieve the burden on nurses. But in a hospital setting, | think the
greatest added value is continuity. You often have multiple nurse shifts per day and different
nurses throughout the week, so there is rarely the same nurse assessing pain consistently. In
that sense, it could be very beneficial for maintaining continuity in care.” - 006

“It could help address the challenge of obtaining an objective pain score, where one patient
might rate their pain as a 7 and another as a 3, even though, as a healthcare provider, you have
the strong impression that their pain levels are actually similar. The variability in scoring is so
significant that an Al model that removes subjectivity could be very helpful. It could also help
within individual patients—if the model is well-calibrated for that specific patient, then it could
provide a more objective indication of whether their pain is improving or worsening. It would

give us a more reliable way to determine whether things are getting better or not.” - 004

Enhanced
patient-

engagement

"Patients could become more aware of their pain management. They could actively engage with

it, pay more attention to it, and | think that could certainly play a role in the future.” - O07

67



Chapter 3 - Exploratory Interview Study

“| strongly believe in giving control back to the patient whenever possible, and this tool
contributes to that. Patients can see their own data and respond to it. In the sense of
‘measuring is knowing," | think this could be educational for patients.” - 003

“From a broader perspective, you could see this as the beginning of self-reporting, something
that could be expanded in many other ways.” - 008

Conditions and “I don't know [how useful this tool would be]. It depends—if it turns out to be a very good pain
barriers to monitoring tool, and we can identify more patients with inadequately treated pain, then it could
usefulness be highly beneficial. But that all depends on the tool's performance.” — 009

“If the performance is good, and it achieves its intended goal, then it would be an advantage for
patients.”— 002

“l think if it were expanded beyond just assessing pain itself—because that's the challenge of
pain objectivity—and instead incorporated additional metrics, like a step counter to track
reduced movement due to pain, then it could become a much more valuable tool. It would be
more than just pain assessment; it would be a pain-driven quality-of-life measure, making it
more useful for clinical decision-making than a standalone pain score.” - 007

“I will always call patients to ask, ‘How are you?' So, you asked earlier, ‘Is this a supplement or
a replacement?’ It is a supplement. You always have to ask, ‘Was this an incidental occurrence?
Do you experience pain more frequently?’ It always comes back to the anamnesis.” — 001

“Yes, maybe as a kind of replacement for the pain score, which would then become more
reliable and objective.” — 004

“Ultimately, you still need to have the conversation with the patient. There are many factors to
consider: How is the patient doing overall? What pain medication are they using? How does
that correlate with the data from the app? That's a key issue. How do you factor in medication
use when interpreting the pain scores? This tool should serve as a starting point for that
conversation, not a replacement for it." - O09

“I think in a clinical setting, it would play a lesser role because, essentially, the app does what a
nurse already does—assessing pain based on all available observations. At home, where there is
no nurse, it could add value. But in a hospital setting, if the patient is awake and responsive, |
don't think it would provide much additional information beyond what we already gather from
our clinical assessment and what the patient reports.”- O07

“I think there will always be patients who simply don’t engage with this kind of tool. Some
people are resistant to using technology like this, or they may not see its value in their daily
lives." - O11

Perceived ease of use refers to how effortless oncologists and patients believe the Al-based pain
assessment tool will be to use. During the interviews, oncologists assessed usability from both the
patient’s perspective and their own. Before discussing their own experience, they first described
how they envisioned the tool's implementation in clinical practice. By leaving the implementation
open-ended, the interviewer allowed oncologists to express their expectations about its integration.

The feedback on the perceived ease of use was categorized into four subthemes: 1) intuitive and
simple interface and task for patients, 2) factors influencing patient usability, 3) integration with
current systems, 4) presentation and interpretation of the outcomes. Quotes relevant to the

perceived ease of use are presented in Table 3.5.
Ease of use for patients

Oncologists generally agreed that the presented prototype of the application was considered

intuitive, simple and easy to understand for the patient. Several compared it to everyday digital
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interactions, such as taking a selfie or using an app, which are already familiar to most people.
They noted that opening an app, reading a short sentence, or recording a video are relatively low-
threshold tasks, making the tool accessible to a wide range of users.

Despite the tool's intuitive design, oncologists identified several moderating factors that could
affect its ease of use for different patient groups: 1) familiarity with technology: Patients with
higher digital literacy would likely find the tool easier to use, whereas older patients or those with
limited experience with smartphones may struggle, 2) physical and cognitive limitations: Patients
experiencing severe pain, fatigue, or cognitive impairments due to cancer treatment might have
difficulty using the tool consistently, and 3) device and financial access: Not all patients may own
a smartphone capable of running the app, potentially limiting adoption in certain populations.
These factors suggest that while the tool is designed to be intuitive, some patient groups may
require additional support or alternative methods to ensure accessibility. Additionally, oncologists
noted that some patients may perceive the tool as unnatural or unnecessary, affecting their
willingness to use it. One oncologist (O04) pointed out that talking to an app about pain might
feel unfamiliar or uncomfortable for some patients, potentially reducing engagement.

These concerns suggest that while the tool is designed to be intuitive, individual patient
characteristics — such as comfort with technology, pain severity, and perception of necessity —
could influence engagement and adoption. To ensure accessibility for a diverse patient population,
additional support strategies or alternative approaches may be needed.

Ease of use for oncologists

For oncologists, ease of use was closely tied to how well the tool integrates into their existing
clinical workflows. When asked whether the oncologist thought it was easy to integrate the tool
outcomes into their clinical practices, all but two (004 and 009) believed that seamless
integration would be feasible. However, they emphasized that the outcomes of the tool must be
easy to access without creating additional administrative burden. Key considerations for
integration included: 1) seamless connection with electronic medical records so oncologists do not
have to use separate platforms to retrieve pain assessments, and 2) automatic notifications or
alerts when a patient’s pain reaches a concerning threshold, rather than requiring oncologists to
manually search for the data. One oncologist (O04) expressed frustration with previous attempts
to integrate digital tools into their workflows, citing slow-loading systems and excessive manual
input requirements as barriers to adoption. This highlights that even if a tool is clinically
promising, its real-world usefulness will depend on how well it fits into existing systems and time-

pressured workflows.

Another critical aspect of ease of use for oncologists was how the Al-generated pain assessments
are presented and could be interpreted. Oncologists emphasized that the tool should provide clear,
actionable insights rather than complex or ambiguous data. Preferred formats included: 1) a
simple score or categorization that aligns with existing pain assessment methods, 2) graphical
visualization of pain trends, similar to how blood test results are reported, allowing oncologists to
assess a patients’ pain trajectory at a glance, and 3) a one-sentence summary integrated into the
EMR. Oncologists stressed that if the tool presents too much raw Al-generated data without clear

interpretation, it could lead to confusion or yet another component to considered rather than
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Table 3.5 Quotes relevant to Perceived Ease of Use

Subtheme

Relevant Quotes

Intuitive and
simple interface
and task for the
patient

“In principle [l think the app is easy to use], yes. | mean, if we compare it to things we do
daily with our phones, like taking a selfie or whatever? We're all used to that, so | think
opening an app and doing something in it is quite accessible.”- 001

“When | quickly look at the video, in essence, you're just doing this [Oncologist holds phone
in selfie position]. How many people take selfies in a day? ‘Good afternoon. I'm going to talk
about my pain now." They first read this text, yes, you need to focus for a moment. But if it
means you can advocate better for your own situation, | think this is accessible enough for
anyone to use effectively.” — 008

Factors
influencing
patient usability

“If | were a patient, | think it would feel very unnatural, very strange, to talk to my phone. |
would already feel a barrier, and I'm not even sick. If | were seriously ill in bed, | think it
would be a significant hurdle to have to read a long sentence aloud like ‘Lydia, who...", that
seems difficult to me. And even harder to verbally describe my pain to a phone.” — 004

“If someone is technologically literate, then yes. But when | see how precisely you need to
look into the camera, | think it might not work well at the moments when you actually want
to measure pain, because you might miss those critical moments.” — 010

“Someone experiencing a real pain crisis is definitely not going to use an app and read a text
aloud. | don't believe that at all. [...] | wonder if they would even be capable of doing it.” —
009

“How well patients can use such an application also depends on their age, their level of
digital literacy, and whether they even have a device capable of running the app. There
could also be financial limitations.” — 002

“If people are in pain while they need to move around, then that's not the moment they'll
want to pick up their phone. If they're in pain multiple times a day, they'll experience the
pain regardless of whether they report it. | think that because the tool samples at certain
moments, you end up capturing only the moments when things are relatively okay, so I'd be
concerned about sampling error and drawing conclusions that you could just as easily get
from talking to the patient.” - 010

Integration into
current workflows

and systems

“If you simply receive the results via email, then | don't see much difference between getting
a lab result or getting a tool-generated result.” — O01

“For me, it is essential that this is integrated into HIX [the EMR system used in the EMC] .
| don’t want to have to use a second, third, or fourth system just to access this data. If this
is to be truly useful, then it must be integrated into HIX." — 008

“This [information from the tool] is, with all due respect, yet another piece of data added to
the overwhelming amount we already receive. [...] If this happens, | would want active
notifications rather than having to sift through half the patient file to see if they used the
tool. | would mainly want to receive alerts if a certain threshold is exceeded—if there is a
reason for concern. And ideally, you'd get those notifications in real time, not just when
preparing for a consultation.” — 009

“l think this is going to be difficult. As soon as it takes longer than simply asking, ‘Do you
have pain?’ and ‘What is your pain score?’, then it becomes a problem for doctors. [...] If
opening the tool in HIX takes even 10 seconds to load, then I'm not going to use it. [...]
Right now, | just ask, ‘Do you have pain?’ and ‘Can you rate it?' If this takes longer than
that, it's going to be very difficult to integrate into daily practice.” — 004

Presentation and
interpretation of

the outcomes

“If it's a simple score, then why not? | don't think it should be too complicated, but you do
have to make sure that all the information leads to something that is easy to interpret. The
tool analyses who knows how many different factors, but in the end, it needs to produce a
clear score.” 001

“l think a graphical representation would always be best—something where you can
immediately see what's going on at a glance.” — 009

“If there is a well-designed interface that allows for a one-sentence summary in the medical
record, then yes, | would use it. We check blood test results every week, so if we can
translate this into similar kinds of values, then | think we should assess it in the same way.”
- 010
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support clinical decision-making. One oncologist (O01 added that the ability to interpret such
data would likely improve over time, as clinicians become more familiar with the tool and its
outputs.

The theme of perceived risks relates to the participant’s perception of uncertainty and potential
negative consequences associated with using the Al-based pain assessment tool. Participants were
asked: “What concerns or risks do you see in integrating such a tool into current clinical practice?”
Their responses highlighted concerns regarding four subthemes: 1) working mechanism concerns,
2) workflow disruption and increased workload, 3) privacy and data security concerns, and 4)
negative impact on the patient-oncologist relationship. Quotes relevant to perceived risks are
presented in Table 3.6.

A core tension centred around the tool's working mechanisms and epistemic limitations.
Oncologists expressed scepticism about whether a system based solely on facial expressions and
vocal cues could validly capture something as nuanced and multifaceted as pain. They questioned
whether the tool would measure pain itself or instead infer related states such as discomfort,
distress, or fatigue — experiences that are closely linked to pain but not necessarily equivalent.
This reflected a broader uncertainty about whether an algorithm could meaningfully interpret pain
across different individuals, especially given known variations in how pain is expressed culturally,
psychologically, or due to illness. Some oncologists noted that patients who internalise their
discomfort may be overlooked by a model trained on more expressive patterns. Others raised
concerns about potential bias in the recordings, particularly if patients are more likely to use the
tool during moments of intense pain, or about the possibility of unintentional or intentional
manipulation of pain expressions. These uncertainties contributed to a cautious attitude toward
the tool's reliability. Rather than rejecting the concept entirely, oncologists emphasised the
importance of contextual information and clinical interpretation to complement any Al-generated
assessment, suggesting that the tool's role would need to be clearly defined and carefully
integrated into existing clinical judgement.

Another major concern among oncologists was that the tool could increase workload rather than
reduce it. Many feared that managing additional data, handling notifications, and explaining the
tool to patients would add to their administrative burden. Two oncologists (004 and 009)
explicitly questioned who would be responsible for processing Al-generated pain assessments.
While some acknowledged that it is essential to act on the data collected, they feared that this
responsibility would fall entirely on them. Some oncologists (002, 007, and O11) suggested that
a nurse or supportive co-worker could triage the results and escalate cases when necessary.
However, given existing staff shortages, most oncologists preferred a system that only notifies
them when a specific threshold is reached. Despite this, many oncologists worried that the tool
could generate an excessive number of alerts, including pain scores that do not require immediate
intervention, ultimately adding to rather than streamlining workload. If this were the case, they
feared that using the tool could become more time-consuming than simply asking the patient
about their pain during consultations, making its use impractical and potentially outweighing its
intended benefits or even creating the risk of overtreating pain that would have been solved by
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Table 3.6 Quotes relevant to Perceived Risks

Subtheme

Relevant Quotes

Working
mechanisms

concerns

“Can a computer really read from your face how much pain you are in, considering what | just
mentioned—that we see so much variation? What a patient experiences and what is externally visible
don't always align, and how they rate their pain can differ significantly.” — 004

“Are you actually measuring pain, or are you measuring, | don't know, overall well-being? How do you
know if you're detecting pain and not just a general sense of discomfort? I'm not sure if the system
can distinguish between the two effectively. Those things are very closely related, so | find that quite
concerning.” — 009

“l can imagine that if you, you know, to make your plea, you could manipulate it. Patients can
manipulate me as a doctor too, but they could record something that, quite literally and figuratively,
does not reflect what they are actually feeling. So the possibility of manipulation cannot be ruled
out." — 008

“l think there's a risk of bias, simply because awareness of pain is heightened when you open the app.
If people only use the app when their pain is severe, then you're going to get a skewed dataset. |
don’'t know exactly how it works in detail, but if only people with high pain levels are using it, you
end up with a dataset that is shifted compared to normal conditions.” — 007

Workflow
disruption
and
increased

workload

“We would be setting up a system where doctors get alerts whenever someone at home uses the pain
app and reports higher pain levels. Then we face the issue of who is supposed to handle all those
notifications? Who is going to go through all those signals from the computer? Who will call all those
patients back? And of course, there's the risk of getting way too many alerts, because people—well,
people experience pain. That could quickly become unmanageable in an outpatient setting.” — 004
“Who is going to process all these notifications? | have serious concerns about that. You need
healthcare providers to handle them. If you start measuring something, then you have to do
something with that data—at least, that's my opinion. [...] So | see this as a major challenge, and in
fact, | think it's the biggest challenge of all.” — 009

“Ultimately, | want to know how my patients are doing. But no, | don’t want more emails and phone
calls—I just can't handle any more. If I'm going to receive reports, it really needs to go through
another person, some kind of intermediary, where triage happens, just like it does now when patients
call with complaints. Only the truly important cases should reach me.” — 002

“Ideally, | would only receive the data when | choose to access it. The reality is that in a centre like
this, we are bombarded with new tools that could potentially work very well, but in the end, they
create more work. Maybe it leads to better care—because otherwise, these patients would just be
sitting at home in pain, and that's not good either. But we don't have the time to solve all the
problems for all patients. [...] We simply cannot handle that kind of signalling system in a healthcare
system that is already short on personnel, where every day we're struggling just to get through our
essential tasks.” — 004

“It leads to a bit of over-hospitalisation of the patient. | think this adds another level to what we
already do. | don't mean it to sound harsh, but there’s a slightly paternalistic element to all of this—
where we feel the need to take over everything and evaluate everything. And sometimes, | think
decisions are made that aren't really necessary, or where additional pain treatment doesn't actually
provide any benefit to the patient.” — 010

Data
security and

privacy

“Privacy is a general concern, but of course, that's something we always need to consider.” — Q08
“There's also the general unease in society about using artificial intelligence in healthcare. People are
hesitant because of the fear that data might end up being exposed.” — 002

Negative
impact on
patient-
oncologists

relationship

“Essentially, we are all looking for more objective measures to properly assess a patient’s pain
experience. On one hand, that can be a great thing. But on the other hand, it risks creating a
dynamic based on distrust. And that should never be the emotion that comes out of something like
this. You don't want it to feel like, ‘Just tell the machine, so the doctor doesn't have to discuss it
with you anymore, and they'll just prescribe a pill." That's not the kind of interaction | want.” — O08
“You have to be careful that you don't turn into some kind of Inspector Morse, where you say, ‘See,
you're not telling the truth at all.” That would be incredibly condescending, and that makes it tricky.”
- 008

“"l don't know if, maybe, if this replaces some patient interactions or activities, then you already start
to lose that connection. It risks making everything more robotic.” — 006
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itself. To mitigate this risk, oncologists emphasized that the tool must integrate seamlessly into
clinical workflows, avoid creating excessive administrative burden and have a measure that would

help decide whether action is really needed.

Additionally, five oncologists (002, 005, 007, 008, O11) mentioned the importance of data
security and privacy. The use of facial expressions and vocal cues for pain assessment introduces
sensitive data that must be handled with strict safeguards to prevent misuse and maintain patient
trust. While oncologists acknowledged the need for secure data storage, restricted access, and
clear policies on data usage, these concerns were not explored in depth during the interviews, as
the discussion remained at a general level rather than addressing specific security measures or
regulatory frameworks.

A more subtle, but deeply meaningful concern raised two oncologists (006 and O08) related to
the potential negative impact of using this tool on patient-oncologist relationship. They cautioned
that if the Al-based pain assessment were to substitute rather than supplement direct interactions,
it could risk depersonalising care. The oncologists worried that patients might feel reduced to data
points — as though they were reporting their pain to a machine, rather than being heard by a
clinician. While objectivity and efficiency were perceived as potential benefits of the tool, the
relational dimension of care — the feeling of being seen, heard, and taken seriously — remains
central to pain management, particularly in oncology. From this perspective, the risk is not only
that the tool could disrupt the flow of communication, but that it might unintentionally signal
distrust or disinterest. These reflections highlight the importance of positioning this concept as a
supportive tool within the therapeutic relationship — one that enhances, rather than replaces,
interpersonal engagement.

The construct of trust was defined as the participant's belief that the system will operate
responsibly, fairly, and without exploiting the vulnerabilities of patients or clinicians. Participants
were asked whether they would trust the tool and its outcomes. While trust is considered a key
determinant in the adoption of new technologies in the mTAM model, oncologists in this study
did not perceive it as an independent factor influencing their willingness to use the Al-based pain
assessment tool. Trust in the tool was seen as conditional, requiring: 1) scientific validation, 2)
experience in practice, and 3) confirmation from the patient, before they would feel confident in

its assessments. Table 3.7 shows the quotes relevant to trust.

These findings suggest that trust does not function as a standalone predictor of adoption but
rather as a moderator that influences oncologists' perceptions of usefulness and risk. Oncologists
were not inherently distrustful of Al-based pain assessment but rather conditioned their trust on
validation and personal experience. If scientific evidence confirms the tool's accuracy, oncologists
would be more likely to perceive it as useful and adopt it in practice. If the tool proves unreliable
or inconsistent, trust would decline, reinforcing concerns about risks and potential
misinterpretation of pain.

73



Chapter 3 - Exploratory Interview Study

Table 3.7 Quotes relevant to Trust

Subtheme Relevant Quotes
Trust requires “If the research outcomes are valid and the performance proves to be good, then yes.” — 002
scientific validation “Not directly. [...] For me, this very much depends on the study design, as we just

discussed.” — 003
“l would really like to see the tool’s performance in a study. Only then would | trust it. So |
need a well-designed study and results proving that it works.” — 006

Trust requires “Yes, | think that ultimately, if you see that it aligns very well or that it helps, then yes. |
experience with it in  think, in the end, reality and how you experience it will determine trust.”— 005

practice “I think | would first need to experience it. Trust wouldn't be gained immediately.” — 011
Trust requires “l think it would take a very long time before | would trust it completely. That naturally
confirmation from takes time. And even if you gain good experience with it over time, you would still always

the patient and other ask the patient, ‘Do you think this result is accurate?’” — 004
factors “| trust it just as little as | trust what patients say themselves—it is just one part of a much

bigger conversation, not a standalone decision.” — 010

Behavioural intention refers to the likelihood that oncologists would use the Al-based pain
assessment tool if it were available in clinical practice. Oncologists were asked how likely they
would be to adopt the tool and under what conditions they would consider implementing and
continuing to use it. Their responses varied, reflecting a mix of openness to experimentation and
conditional willingness based on scientific validation and perception of ease of use and handling of

the perceived risks. Quotes relevant to behavioural intention are shown in Table 3.8.

Several oncologists expressed a willingness to experiment with the tool if it became available,
particularly out of curiosity and to assess its potential impact. O07 stated that they would
immediately start using it, but mainly to explore its functionalities rather than with a clear
expectation of clinical benefit. Similarly, 001 compared adopting the tool to integrating a new lab
test—suggesting that, as with any new diagnostic method, clinicians would gradually experiment
with it in selected cases before implementing it more broadly. This indicates that while oncologists
are not immediately committed to using the tool long-term, but that they are interested and open

to testing it in real-world settings.

The strongest determinant of intention to use the tool was scientific validation. Oncologists were
generally unwilling to integrate the tool into routine practice unless it was rigorously tested and
proven to be reliable and effective. 002, 003 and 004 explicitly stated that their willingness to
use the tool depended on whether research demonstrated its accuracy and clinical value. These
responses highlight a cautious but science-driven approach to technology adoption. Oncologists
are not resistant to Al-based tools, but they require strong clinical evidence before integrating

them into their practice.

Beyond scientific validation, oncologists emphasized that practical feasibility would also determine
whether they would actually use the tool. Ease of use and overcoming perceived risks were key
concerns for 005, 006, O08 and O009.

Interestingly, while many oncologists expressed conditional willingness to use the tool, one
oncologist (O07) noted that they do not feel an urgent need for such a solution. This suggests
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Table 3.8 Quotes relevant to Behavioural Intention

Subtheme Relevant Quotes
Openness to “l think that if it's available, | would immediately start using it, but mainly out of curiosity and
experimentation to experiment with it—to see what it can do. In the long run, though, for me, it ultimately

comes down to ‘How much impact does this pain have on the patient?’ And so far, that hasn't
really been clear.” — O07

“l think that if there is good data showing that this tool is helpful, then | would experiment with
it. It's similar to, well, | can’t think of many other examples, but it's like when we get a new lab
test. You might think, ‘Let’s try this with this patient,’ and then you gradually start selecting
who it is and isn't suitable for. You experiment a little to see where it works, and then you apply
it more broadly.” — 001

Conditionally “If it has been validated, works well, and is reliable, then | would use it.” — 002

willing based on “Well, | am a critical scientist, so if | am convinced that it provides meaningful measurements,
scientific then | would be very enthusiastic about implementing it because | see a lot of potential benefits.
validation | would definitely participate in research on it, and if | ultimately see that it has added value and

that patients are motivated and benefit from it, then | would certainly use it.” — 003
“If it is evidence-based, then yes, | would use it.” — Q04

Conditionally "It depends on how easy it is for us to use.” — 005

willing based on “If it works well and doesn't add too much workload [...] then yes. If it's feasible in practice, |
feasibility and think it would be interesting to try.” — 006

overcoming risks  “If | can just instruct a patient to use it at certain times—something like, ‘Just press the button

five times a day for a few days before your appointment, and | can see the results'—then | think
| could implement it easily. At my age, I'm still a little curious about these things."— 008

“Well, | think it's likely, because I'm part of the palliative care team, and | see a lot of patients,
so | think | would cooperate with it. But at the same time, | wonder, ‘How exactly would that
work?'" — 009

Lack of perceived  “Look, if it's available, | might be interested in using it, but only if it's readily accessible in the

need for the tool hospital. If it isn't, | don't think | would actively seek it out because, for me, | don't currently
see a major gap in how we assess pain.” — Q07

that some oncologists may not perceive a strong need for Al-based pain assessment, particularly if
they feel that current methods are sufficient. This lack of urgency may be a barrier to widespread

adoption.

Overall, oncologists' intention to use the Al-based pain assessment tool was largely conditional,
shaped by the need for scientific validation, ease of use, and perceived clinical value. Their
attitude can be described as cautiously interested — open to exploring the tool's potential but
sceptical about its working mechanisms, immediate usefulness and integration into routine

practice.

3.4.6 Design and Implementation Preferences

In the final part of the interviews with the oncologists, questions were asked related to the design
and implementation preferences regarding the tool. Their responses highlighted both essential
technical and practical requirements for successful adoption and additional features that could
enhance the tool's usability and impact. Five key themes were identified: 1) accessibility, 2)
graphical representations, 3) notification preferences, 4) capturing additional contextual
information, 5) providing clinical advice. Additional information on these themes could be found in
Appendix H.
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3.5 Discussion

This study explored oncologists' perspectives on cancer pain assessment and their attitudes
towards the initial concept of an Al-based automatic pain assessment tool. The interviews
identified five interrelated themes that reflect the challenges in current pain assessment: 1) the
subjective and multidimensional nature of pain; 2) ethical tensions around responsibility for pain
management; 3) barriers in the communication and interpretation of pain; 4) challenges in clinical
decision-making; 5) the practical constraints imposed by time, continuity and care context.
Together these themes form a broader conceptual understanding of the oncologist's role in pain
assessment and the structural and fundamental limitations of current practices. It illustrated that
pain assessment is not merely a clinical measurement task, but rather a dynamic, interactive, and
ethically layered process shaped by personal, relational, and systemic factors.

3.5.1 Current challenges

Oncologists consistently recognised pain as more than a physiological symptom. Instead, they
viewed it as a lived experience, shaped by emotional, cognitive, and cultural factors. This aligns
with longstanding understandings of Melzack et al. [170] of pain as a multidimensional
phenomenon, and more recent work emphasising the importance of incorporating patients’
narratives into assessment, instead of focusing solely on symptom measurement [171]. In clinical
practice, however, this understanding often collides with the use of standardised pain scores,
which may reduce pain to a single dimension of intensity. Several oncologists described the
difficulty of assessing the severity or impact of pain without losing sight of the broader person
behind the score. These findings underscore the need for pain assessment methods that can reflect
pain’s emotional, social, and existential dimensions — particularly in cancer care, where pain is

often entangled with uncertainty, fear, and personal reflections about illness and the future.

Additionally, a central tension identified by participants was the question of who “owns” the pain
problem — the patient, the oncologist, or the broader care team. While oncologists generally
agreed that pain is ultimately the patient’s experience, they differed in how much responsibility
they felt for actively initiating pain discussions. Many expressed the expectation and
encouragement that patients would report pain themselves, reflecting broader trends in oncology
toward patient self-management [172] and shared decision-making [173]. While this approach
supports autonomy and personalised care, it can also risk shifting the burden of responsibility onto
patients — particularly in settings where pain is under-recognised or inadequately managed. Some
oncologists acknowledged this risk and pointed to structural blind spots in routine pain
assessment, while others believed that only a small number of cases go unnoticed. However, this
belief is not fully consistent with research showing that more than a third of cancer patients
continue to experience moderate to severe pain [13], suggesting that missed pain remains a
significant issue and that greater awareness and education may be needed. This ethical dilemma —
relying on patients to initiate pain discussions versus proactively addressing pain — remains
unresolved. Oncologists in this study attempted to lower the threshold for communication by
creating a safe space for patients to raise concerns, yet some questioned whether this was

sufficient. Stigma, fears surrounding medication use, and the belief that pain is simply part of
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having cancer may still prevent patients from speaking up. Similar concerns have been reported in
a recent qualitative study where cancer patients expressed uncertainty about who was responsible
for managing their pain, and a sense of being let down by the healthcare system when no one
took ownership of their pain management [174]. This suggests that the dilemma is felt on both
sides of the care relationship. A parallel challenge has also been described in chronic pain care,
where “the challenge faced by healthcare providers during encounters with patients with chronic
pain is described by the incompatible requirements of empowering patients while maintaining a
professional perspective to avoid disempowering themselves” [175]. Together, these findings
underline the need for clearer structures, shared expectations, and potentially new tools that
support both patients and clinicians in collaboratively addressing cancer-related pain. Further
research is needed to explore how oncologists can take a more proactive role in pain management

without undermining patient autonomy.

Communication and interpretation of pain emerged as a deeply intertwined challenge in pain
assessment. Oncologists in this study described not only the difficulty of eliciting clear information
about pain but also the complexity of interpreting how it is expressed. Many patients reportedly
struggled to verbalise their pain, downplayed their symptoms, or provided descriptions that felt
vague or inconsistent over time. These challenges align with established patient-related barriers in
the literature, such as underreporting due to stigma, uncertainty, or difficulty finding the right
words to describe the pain experience [11, 128, 176, 177]. As a result, interpreting these
expressions required oncologists in this study also to rely on their own clinical intuition, non-verbal
cues, and contextual information. While the role of non-verbal pain expressiveness in influencing
clinician judgement has been reported in studies examining the effect of non-verbal expressiveness
of pain [178], this study is, to my knowledge, among the first to qualitatively highlight how
oncologists actively draw on such cues during routine cancer care. This reliance on implicit
interpretation reveals the interpretive nature of pain assessment — where understanding pain is not
simply a matter of collecting data, but of reading between the lines in emotionally and relationally
complex encounters. It also raises concerns about potential misinterpretation, particularly when
communicative barriers are encountered, and non-verbal expressiveness is low or culturally
modulated. In this light, the findings point to the importance of supporting both clearer patient
expression and more consistent clinician interpretation — both of which were also identified by

oncologists as key areas for improvement in the current pain assessment process.

Beyond communication and interpretation, a distinct challenge reported by oncologists was the
complexity of clinical decision-making in response to pain assessments. Pain management was not
described as a linear or strictly protocol-driven process, but rather as a nuanced balancing act.
While pain relief remains a central goal, decisions about interventions are shaped by feasibility,
patient preferences, anticipated side effects, and the broader context of cancer treatment. Several
oncologists noted that the goal is often not complete pain elimination, but achieving a level of
pain that is tolerable and compatible with the patient’s desired quality of life. This perspective
aligns with current clinical guidelines that encourage a careful, individualised approach to pain
assessment and management [179]. Although participants stressed the importance of assessing
pain in relation to a patient’s coping capacity, functional status, and personal values, their

reflections also indicate a need for clearer guidance on how to integrate these dimensions into
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clinical decision-making — particularly in situations where patient-reported experiences conflict
with clinical observations, or where treatment options are constrained. In this context, tools like
the NRS offer a standardised way to quantify pain and are sometimes linked to treatment
protocols. However, oncologists in this study described using pain scores primarily to monitor
trends within a patient over time, rather than as reliable cross-patient benchmarks or direct
indicators for action. They emphasised that the NRS does not reflect tolerability, the functional
impact of pain, or individual variability in pain expression. This aligns with concerns in the
literature about the limitations of numeric scores in guiding nuanced pain management decisions,
particularly in complex cancer care [180]. Taken together, these findings highlight the need for
decision-support approaches that move beyond numeric thresholds and better account for the full

clinical and personal context in which pain decisions are made.

Lastly, this study highlights broader structural challenges in oncology care. Time constraints, staff
shortages, and disruptions in continuity of care were reported as significant barriers to consistent
pain assessment. These challenges are widely documented in the literature [181] and align with
the increasing pressure on healthcare systems, which has been linked to fragmented care and
reduced clinician capacity to address symptom management comprehensively. Oncologists in this
study reported that they often have to prioritise topics during consultations, with pain assessment
not always taking precedence — despite hospital protocols and clinical guidelines advocating for
pain to be assessed at every visit [182]. These challenges are especially pronounced in the
outpatient setting, where clinicians have limited visibility into patients’ experiences between visits.
Without systems for longitudinal pain monitoring, changes in symptoms or responses to treatment
may go undetected, limiting timely intervention. This lack of monitoring has also been identified
in literature as a barrier to adequate outpatient pain management [183]. Together, these findings
underscore the need for solutions that enable more continuous monitoring and ensure that pain

remains a central focus of care, even in resource-constrained settings.

3.5.2 Acceptance of the Al-based Pain Assessment Tool

In this context of experienced challenges, the second part of this study examined oncologists'
attitudes towards the initial concept of an Al-based automatic cancer pain assessment tool,
guided by the mTAM framework, assessing perceptions of usefulness, ease of use, risks, trust, and

behavioural intention.

Oncologists generally recognised that the Al tool could offer valuable support in addressing
existing pain assessment challenges — particularly in the outpatient setting, where continuity of
symptom monitoring remains difficult. They perceived the tool as potentially beneficial in
identifying unreported pain, monitoring trends over time, improving communication, and
enhancing consistency across assessments. These perceived benefits align with the well-established
challenges in cancer pain management of the first part of this study. The tool's capacity to
provide longitudinal pain data was seen as a particular strength, supporting calls for dynamic pain
monitoring approaches that move beyond single-point self-reports [184]. These perceived benefits

show the tool’s potential to complement and enhance clinical decision-making.
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Despite this cautious optimism, acceptance of the tool was highly conditional. Across interviews,
scientific validation emerged as a key prerequisite. Oncologists emphasised that the tool must be
proven to be accurate, reliable, and clinically meaningful before they could incorporate it into
decision-making. This reflects a broader evidence-based ethos within clinical practice, where new
technologies are met with cautious interest rather than immediate enthusiasm. As highlighted in
the Topol Review [185], digital healthcare technologies hold great promise for improving
diagnostic accuracy, efficiency, and clinician workflow, but their implementation “must only be
carried out when there has been robust clinical validation.” The alignment between these policy-
level insights and oncologists' views in this study underscores the importance of transparent
validation and careful integration of Al tools into real-world practice. For developers, this finding
reinforces the importance of prioritising transparency and performance validation as part of the

development process, particularly across diverse patient populations and clinical settings.

Beyond validation, seamless integration into existing workflows was described as a prerequisite for
use. Oncologists were pragmatic in their reflections, highlighting that even promising tools risk
rejection if they increase workload or disrupt clinical routines. These concerns reflect broader
findings on digital health adoption, where usability, interoperability, and time-efficiency
consistently emerge as key factors for implementation success [186]. The idea that the tool should
not introduce “yet another data stream” but instead offer actionable, synthesised insights is
particularly relevant in light of the earlier identified challenges — specifically, the cognitive burden
of balancing multiple inputs in pain assessment and the structural time limitations that often
restrict the depth of pain discussions. This suggests that user-centred interface design and strong
interoperability with EMR systems will be critical to ensure real-world feasibility. For example, a
one-sentence trend summary (as suggested by several participants) or colour-coded alerts could

enable fast interpretation without disrupting consultation flow.

A further insight was oncologists’ concern that the current concept of the Al-based tool may
oversimplify the complexity of pain by focussing too narrowly on intensity of expressed pain.
Several oncologists warned that by reducing pain to a numeric trend or Al-generated score, the
tool might misrepresent patients’ lived experiences. This critique was also mentioned for the NRS-
score in the first part of this study and echoes long-standing concerns in pain research about the
limitations of quantitative pain scales [180]. To address this limitation, future iterations of the
tool could consider incorporating indicators of pain-related distress, functional interference, or
mood — elements recommended in multidimensional pain assessment frameworks like the Brief
Pain Inventory [187]. Likewise, the tool could be expanded to recognise additional affective states,
as facial expressions — composed of specific facial action units as described in FACS [70] — are

known to convey a wide range of emotional experiences beyond pain [188].

In addition to concerns about conceptual scope, several oncologists raised more technical
questions about how the Al model would interpret pain. Specifically, they expressed scepticism
about the tool's reliance on facial expressions and vocal cues as proxies for pain intensity,
highlighting individual variability in pain expressiveness and the risk of misinterpretation. Some
oncologists noted that patients who internalise their discomfort, or who express pain in less
conventional ways, may not be accurately represented by a model trained on generalised patterns.
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This concern aligns with literature presenting that different ‘faces of pain’ exist [189, 190].
Moreover, oncologists questioned the underlying protocol for when patients would record their
pain. If recordings are made primarily during moments of severe pain — or conversely, only when
patients feel well enough to engage — the resulting data may be skewed, creating a biased picture
of the patient’s overall pain experience. This concern aligns with studies warning of “sampling
bias” in ecological momentary assessment and digital health data collection [191]. These concerns
suggest that careful attention must be paid to how, when, and in what context pain is measured
and interpreted by the tool. For example, more passive or frequent sampling strategies could be
explored, such as running facial analysis in the background when patients interact with their other
healthcare-related applications (e.g., Digizorg), thereby reducing the burden of active input and
capturing a broader range of expressions across different moments. Clarifying the tool's analytical
focus and defining consistent measurement protocols will be critical next steps for the
conceptualisation process to ultimately gain clinician confidence and ensuring fair, context-aware

interpretation of Al-generated outcomes.

The findings suggest that oncologists’ behavioural intention to use the Al-based pain assessment
tool is best characterised as cautiously exploratory. While few oncologists envisioned immediate
adoption, many expressed openness to testing the tool in practice, particularly to evaluate its
added value for outpatient pain monitoring. This exploratory attitude aligns with broader patterns
in digital health adoption, where clinicians may initially engage with novel tools on a trial basis
before deciding whether to incorporate them more systematically [192]. The relatively low sense
of urgency among some oncologists suggests that future adoption efforts should target settings
where pain is currently under-monitored or difficult to assess. Demonstrating real added value —
both in patient outcomes and clinician efficiency — will be essential to move from experimentation

to sustained use.

In sum, this study highlights that for an Al-based pain assessment tool to be acceptable and
valuable to oncologists, its development must align with their clinical logic and practical
constraints. Key priorities include: ensuring robust scientific validation; designing for seamless
workflow integration; expanding beyond unidimensional pain intensity; clarifying measurement
protocols to reduce bias; and designing the interface around clinician interpretability. By
embedding these insights into further development stages, the tool can be better tailored to
address real-world pain assessment needs and support high-quality cancer care.

3.5.3 Limitations

While this study provides valuable insights into oncologists' perspectives on cancer pain
assessment and Al-assisted pain evaluation, several limitations must be acknowledged. These
limitations primarily relate to the study's sample size and composition, methodological

constraints, and the evolving nature of Al in healthcare.

One of the primary limitations of this study is the exclusive focus on oncologists. While their
perspectives provide valuable insights into the challenges of pain assessment and Al-assisted
evaluation, the views of patients—the other key stakeholders in pain assessment—remain
underexplored. Due to time constraints, patient interviews had not reached data saturation at the
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time of analysis, limiting the extent to which their perspectives could be integrated into the
findings. Additionally, while data saturation was achieved for oncologists, a larger and more
diverse sample — including oncologists from different institutions and healthcare systems — could
have provided a broader range of perspectives, potentially revealing variations in attitudes based
on institutional resources, workflows, or regional differences in pain management practices.
Another limitation is the absence of perspectives from other relevant healthcare professionals. As
found during the interactions mapping of the pain assessment process, pain management is
inherently multidisciplinary, often involving pain specialists, palliative care teams, and nurses.
Insights from these professionals could provide a more comprehensive understanding of the current
gaps in pain assessment and how Al-assisted tools might integrate into existing pain management
strategies. Future studies should incorporate these perspectives to ensure a holistic evaluation of
Al-based pain assessment in oncology care.

Besides this, the study relied on voluntary participation, which introduces the possibility of
selection bias. Oncologists who chose to participate may have had a greater interest in pain
management or digital health technologies, potentially influencing the findings toward more
favourable or critical viewpoints. Conversely, oncologists who are less engaged in pain
management or sceptical about digital health tools may have opted not to participate, meaning
that some perspectives may be underrepresented. Similarly, social desirability bias cannot be ruled
out, as participants may have provided responses that they believed were expected or aligned with
best clinical practices rather than reflecting their actual day-to-day behaviours.

Next, the study employed semi-structured interviews, which offer depth and flexibility but also
pose limitations in terms of standardisation and comparability. While the interview guide ensured
coverage of key themes, the open-ended nature of the interviews meant that discussions varied
between participants, potentially leading to differences in emphasis across interviews. Additionally,
given that oncologists often faced time constraints, some interviews may have been shorter than
ideal, potentially limiting the depth of discussion on complex topics such as ethical dilemmas in

pain management or long-term Al adoption concerns.

Following on the methodological limitations, this study explored oncologists' hypothetical
acceptance of an Al-based pain assessment tool rather than its actual implementation in practice.
While oncologists provided thoughtful insights into potential benefits, risks, and barriers, their
perspectives may change when using the tool in real-world clinical settings. Although the insights
of this study could inform the development and design of the Al-based pain assessment tool, it

must be kept in mind that oncologists' attitudes may evolve when the tool is actually developed.

Lastly, the use of the mMTAM model in this study revealed some challenges in capturing distinct
aspects of oncologists’ acceptance of Al-assisted pain assessment. There was notable redundancy
in responses, with oncologists frequently referring to their previous answers, suggesting overlap
between the model’s constructs. While risks associated with the technology were clearly identified,
trust appeared to be more of an outcome of perceived risks and perceived usefulness rather than
an independent construct influencing acceptance. This raises questions about whether mTAM is
the most suitable framework for assessing oncologists’ perspectives on such an Al tool in clinical

practice. The model may be more applicable when evaluating patient acceptance, as their primary
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focus would likely be on the technology as an mHealth tool for self-monitoring and
communication, rather than its integration into clinical decision-making. Future studies should
consider refining the framework or complementing it with additional theoretical models that better

capture the complexities of Al adoption in medical practice.

3.5.4 Future Directions

Building on this study, several key steps are needed to further explore the feasibility and impact of
Al-assisted pain assessment in oncology. Expanding the interview study to include patients and
pain specialists, as well as oncologists from other institutions, would provide a more
comprehensive understanding of diverse perspectives. Additionally, involving patients directly in
the design and iterative testing of the prototype could offer valuable insights into user acceptance,
usability, and potential barriers to engagement. To ensure clinical relevance, future research should
focus on developing a clear integration concept for oncologists to evaluate, ensuring alignment
with existing workflows.

Some oncologists in this study suggested exploring collaborations with existing initiatives that aim
to capture multiple dimensions of pain beyond facial expressions and vocal cues. Integrating the
Al tool into a broader, multimodal pain assessment framework — potentially combining patient-
reported outcomes, physiological data, and behavioural indicators — could enhance its clinical
utility and increase its chances of adoption. For the future development of the tool and the Al
model, the insights from this study should be translated into specific, measurable, achievable,
relevant, and testable (SMART) requirements. Doing so will support the conceptualisation of a
workable and iterative concept that bridges the gap between current clinical challenges,
technological potential, and practical application. Moreover, embedding these requirements into
the next design phase — including decisions about measurement moments, interface design, data
outputs, and EMR integration — will help ensure that the tool is perceived not just as innovative,

but as usable, trustworthy, and aligned with oncologists’ real-world workflow and reasoning.

Lastly, several oncologists in this study emphasised the importance of scientific validation and
real-world testing to ensure that any Al-assisted solution is not only theoretically sound but also
practically reliable. As such, future development should include clinical validation studies to
evaluate the model's accuracy, reliability, and potential impact on pain management. In parallel,
optimising workflow integration and implementation strategies will be essential to ensure that the
tool supports, rather than disrupts, daily clinical practice.

3.6 Conclusion

This study explored oncologists' perspectives on cancer pain assessment and their attitudes
toward an Al-based automatic pain assessment tool. The findings revealed five key challenges in
current pain assessment: the subjective and multidimensional nature of pain, ethical dilemmas
surrounding patient autonomy and professional responsibility, communication barriers in pain
expression and interpretation, complex decision-making processes that integrate multiple clinical
considerations, and contextual constraints such as time limitations and continuity of care issues.
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These challenges do not exist in isolation but are deeply interconnected, shaping how oncologists

assess and manage pain within the structural and epistemic limitations of clinical practice.

The results further highlight that oncologists recognise the need for improvements in pain
assessment, particularly in outpatient settings where monitoring is less continuous. Their
perspectives on the initial concept for an Al-assisted pain assessment reflected both interest and
caution. Oncologists saw potential benefits, particularly in improving pain monitoring, enhancing
communication, and addressing unreported pain. However, they emphasised the necessity of
scientific validation, seamless integration into clinical workflows, and maintaining direct clinician-

patient interactions to ensure meaningful adoption.

Beyond these attitudinal insights, the findings offer concrete directions for the ongoing
conceptualisation of the Al-based pain assessment tool. Future development should prioritise
multidimensionality, usability, and seamless integration, with clearly defined design and validation
criteria aligned to clinical needs. This study underscores the importance of aligning technological
innovation with real-world practice and clinical reasoning, ensuring that Al-driven tools enhance,

rather than hinder, the quality of interaction and trust between clinicians and patients.

To increase feasibility and clinical value, further research should expand the range of perspectives
included — particularly those of patients and pain specialists — and focus on the co-development
and evaluation of the tool in real-world clinical settings. Ultimately, a user-centred and evidence-
based approach will be key to realising the promise of Al-based APA in oncology.
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onceptualisation

This chapter presents the conceptual framework for the Al-based APA tool, detailing its core
functionalities, data collection approach, Al model processing, and feedback mechanisms for
patients and oncologists. It describes the methodology behind its development, incorporating
literature review, expert input, and insights from the exploratory interview study. The chapter
outlines system workflows, design considerations, and the rationale for using a mobile application
for data collection and a web-based platform for oncologist access. Additionally, it addresses
technical feasibility, user experience, and ethical considerations, ensuring the tool aligns with

clinical needs while maintaining security and usability.

4.1 Introduction

Currently, many cancer patients experience cancer-related pain [13], despite the availability of
effective treatments [11]. To address this issue, improving pain management is essential. Accurate
pain assessment is the cornerstone of such efforts [5]. Currently, oncologists face significant
difficulties in assessing and managing cancer-related pain, as discussed in Chapter 3. To overcome

these challenges, an innovative solution is needed.

Drawing from practical experience with the challenges of pain assessment in oncology, as well as
an understanding of recent technological advancements and the believed potential for technology
to address these issues, the idea emerged to develop an Al-based APA tool. Following an initial
research phase that thoroughly explored and defined the current pain assessment challenges in
oncological care, an initial concept for the tool was developed. The tool would collect audiovisual
recordings of facial expressions and vocal cues, which an Al model would process to generate an
automatic pain assessment. This assessment would be shared with both the patient and the
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oncologist, with the goal of enhancing self-management and improving pain management
strategies.

However, before progressing to full development, this initial concept must be further refined into a
detailed and viable conceptual framework. To ensure the tool is both relevant and effective, and
aligned with the needs of both patients and clinicians, a user-centred design approach is essential.
This approach, informed by insights from end-users, ensures that the tool remains responsive to
real-world needs and experiences. It also aligns with the recommendations from the Topol Review
[185], which emphasizes keeping patients at the core of healthcare innovation. By integrating
human-centred Al principles, the tool's design will better meet the needs of its users, improving
both its acceptance and effectiveness.

Building on insights gained from the exploratory interview study (see Chapter 3) and the earlier
performed literature review (see additional provided document), this chapter outlines the
conceptualisation process and presents the development of the working concept for the Al-based
APA tool. This conceptual framework forms the foundation for subsequent stages of application
development, database structuring, and Al model training, ensuring that the tool aligns with
clinical requirements and contributes meaningfully to the improvement of pain assessment in

oncology.

4.2 Methodology

4.2.1 Concept Development Approach

The conceptualisation of the Al-based APA tool followed an iterative, evidence-based approach
that integrated theoretical insights, clinical expertise, and technical feasibility considerations. The
development approach for the concept, illustrated in Figure 16, consisted of two main phases.
While the research phase primarily focused on defining the problem, as presented in Chapter 1, it
also contributed to shaping the initial concept and is therefore briefly addressed in this chapter.
To avoid redundancy, the emphasis is placed on the conceptualisation phase, which followed a
structured process of diverging to explore various design possibilities before converging on a
working concept, useable during the application development (Chapter 5), database development
(Chapter 6) and Al-model development. This approach ensured that the tool was systematically
refined to address the identified challenges effectively.

The development of the Al-based APA tool began with the initial idea of automating pain
assessment in cancer patients. The initiator of the project (MM) identified challenges in the
current pain assessment process and hypothesized that Al-driven automation could address these
issues. To validate the relevance of this problem, an exploratory interview study with oncologists
was conducted to identify existing challenges in pain assessment and management. This study
confirmed that the difficulties perceived by the project initiator were shared by other healthcare

professionals, reinforcing the need for an improved approach (see Chapter 3).
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Figure 16 - Concept Development Approach

To further refine the initial idea, a dedicated research group was established, bringing together
experts from medical (MM, CR, WO, MK), technical (HT, MK), and Al backgrounds (HT, DL).
This group was consulted to gather insights, define the core challenges, and formulate an initial
concept for the tool. Additionally, consultations with external experts were conducted to
incorporate broader perspectives and expertise beyond the research team. An overview of the
contacted experts is detailed in Appendix |. These consultations provided valuable input on
current advancements in pain assessment, existing technological solutions, and best practices for
developing and validating Al-driven healthcare applications. Their advice contributed to refining

the problem scope, defining the research strategy and the initial concept.

The conceptualisation phase aimed to refine the initial concept into a structured and feasible
working concept by integrating insights from literature, expert consultations, and practical

considerations.

To establish the technical feasibility and research foundations, a literature study was conducted to
explore current advancements in Al-driven pain assessment, identify existing methodologies, and
outline the technical requirements for Al model development. This study helped define key

considerations for data collection, model architecture, and potential challenges in implementation.

Following this, a brainstorming session was organised with the research team, which included
experts in Al (HT, DL), technical medicine (MK), and clinical oncology (MM). This 120-minute
session focused on exploring end-user expectations, possible functionalities, technical feasibility,

and research-oriented design decisions. To facilitate structured discussions, a Figma board was
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prepared, which provided a visual representation of potential workflows and conceptual elements

(see Appendix J).

To further refine the concept, a new round of expert consultations was conducted with specialists
outside the core research team (see Appendix ). These sessions provided additional insights into
best practices for Al-based medical applications, usability considerations, and potential clinical

implementation pathways.

Additionally, the outcomes of the second part of the interview study (see Chapter 3) informed the
conceptualisation process. This study assessed oncologists' acceptance of the concept, identified
areas for improvement, and gathered their requirements and preferences concerning its
functionality and integration into clinical workflows.

Finally, practical research considerations, such as data collection strategies, system usability, and
technical and financial constraints, helped guide the convergence towards a working concept. This
structured approach ensured that the Al-based APA tool was conceptually sound, technically
feasible, and aligned with both clinical and research objectives.

4.2.2 Working Concept

Based on the conceptualisation process, a structured working concept was formulated. The first
step in this process was defining the core functionalities of the tool — establishing what the tool

will do.

Following the definition of core functionalities, the system workflow was developed to determine
how the tool will operate in practice. This included conceptualising the interactions between the
user, the Al model, and the feedback mechanisms, ensuring that the tool is both intuitive and

efficient. The workflow was designed to integrate seamlessly into the patient's daily routine and

clinical and research practice, considering technical, usability, and ethical aspects.

4.3 Functionalities of the AI-Based APA Tool

The Al-based APA tool will be designed to enhance pain evaluation in oncology by performing

three main functions, see Figure 17.

This approach enables patients to track their pain patterns through self-monitoring while
providing oncologists with valuable insights into the patient's pain experience, potentially
improving pain management and treatment decisions. Additional functionalities identified during
the brainstorming session with the research group (see Appendix K) and the interview study (see
Chapter 3) were not included in the working concept at this stage but may be considered for

future iterations.

The following sections describe and justify the choices made for each functionality.

4.3.1 Data Collection

The first core functionality of the Al-based pain assessment tool is data collection. The tool must

gather sufficient and relevant data to enable pain experience monitoring, serve as input for the Al

87



Chapter 4 - Conceptualisation

4 B
(¢

Data Collection
\ J

Self Reported
Pain Score

Mood
Questionnaire

Impact
on Life

Audiovisual
Recordings

Optional
Note

Figure 17 - Overview of the three core functionalities of the tool: 1) Collecting data (blue / left) — Capturing relevant
multimodal information for pain experience description and input for the Al-based pain assessment, 2) Analysing data using
the Al model (pink / middle) — Processing and interpreting the collected data to predict pain levels, and 3) Presenting data

(yellow / right) — Presenting meaningful insights to both patients and oncologists.

model to assess pain accurately, and provide researchers and developers with insights to evaluate

and enhance the tool’s performance.

Based on the decision to develop an Al model that analyses facial expressions and vocal cues, as
well as insights from the literature, the model requires audiovisual recordings of cancer patients
experiencing pain, along with a ground truth for training and validation. Additionally,
incorporating supplementary contextual information about the patient’s pain experience and

characteristics may further enhance the model's accuracy and applicability.

The Al model is specifically designed to assess pain in cancer patients. This population differs
from others, as discussed in the Chapter 2, making it necessary to collect data directly from
cancer patients experiencing different levels of pain. The dataset should be representative of
diverse patient demographics, including variations in age, gender, and ethnic backgrounds, to

ensure broad applicability and fairness in the model's predictions.

To assess a patient’s pain experience, the tool must collect data that contains relevant pain-
related information. As outlined in Chapter 2, audio, visual, and physiological signals have been

shown to reflect pain-related cues analysable by Al-models. These cues are also found to be used
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by human who try to perceive pain in others [193]. Concerning observable actions relevant to pain
communication, facial expression is typically the most salient and instructive for the observer
[194, 195]. While all three modalities can be captured non-invasively, audio and visual data are
more easily obtained and align with the pain anamnesis in current clinical practices. Additionally,
the literature review indicates that models trained solely on these inputs achieve strong
performances (accuracy: 0.6-0.95). Based on this all together, it was decided that using
audiovisual input data would be a suitable starting point for this tool.

To capture facial expressions and vocal characteristics, the tool can either record the audio and
visual data simultaneously or separately and the visual data in the format of images or videos.
The literature study showed that the temporal dimension of facial expression of pain might
provide valuable information on pain dynamics, but the outcomes were not conclusive. To have
the opportunity to evaluate the effects of temporal information from facial expressions on the
model's performance and to maintain synchronisation between modalities, it was decided that

audiovisual recordings were the preferred input.

These audiovisual recordings must capture pain expressions at varying intensity levels to train the
model to recognise and interpret pain-related cues effectively. But in addition to pain-related
information, it can be hypothesised that the Al model may benefit from data on the patient's
neutral expression state. When humans interpret pain expressions, different mechanisms are at
play [193]. One of the mechanisms include that we naturally and often unaware compare what a
person is displaying to their baseline (neutral) expression to identify deviations that we have
learned to indicate discomfort or distress. Similarly, providing the Al model with a reference point
for each patient’s typical facial and vocal characteristics may improve its ability to detect pain-
related changes. The literature study identified the study of Wu et al. [196], which demonstrated

that the model's performance improved when a neutral facial state was provided as a reference.

Since capturing the neutral state of both the face and voice was considered feasible and required
minimal additional resources, it was decided to include this step in the data collection process.

For an Al-model to learn from the data, two types of approaches could be used: supervised
learning and unsupervised learning. In the field of Al-based APA models, supervised learning has
been applied much more frequently. As identified in the literature study, different types of ground
truth could be used for this supervised learning process: 1) self-report pain-scores, 2) observer-
report pain-scores, 3) stimulus levels, and 4) facial action unit codes from the facial action coding
system (FACS). Since the aim is to assess naturally occurring pain in cancer patients, using a
stimulus-based ground truth was not desired nor practical. While FACS could provide insight into
facial muscle movements associated with pain, it does not directly capture the subjective pain
experience of the patient. Observer ratings were also deemed suboptimal due to their inherent
limitations, as they rely on external interpretation rather than the patient’s own perception of

pain.

Given these considerations, self-reported pain scores were chosen as the ground truth, as they

represent the patient’s actual experience and are widely regarded as the gold standard in clinical
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practice [197]. Since the model will initially be developed using a supervised learning approach,
incorporating self-reported pain scores ensures that the training data aligns with established
assessment methods.

Although audiovisual data and ground truth provide essential inputs for the Al-model, findings
from the literature review and exploratory interview study suggest that incorporating additional
contextual information could potentially further enhance the Al model’s accuracy.

As discussed in Chapter 2 and emphasized by oncologists in the interview study (see Chapter 3),
pain is a subjective and multidimensional experience that varies across individuals. Several factors
contribute to these differences, including patient characteristics such as age [198], gender [199]
and cultural and ethnical background [200]. The effect of these characteristics on facial expression
and vocal cues associated with pain are also established [201, 202]. The literature study identified
two studies, those of Li et al. [203] and Liu et al. [204], which incorporated age and gender in
their models, reporting significantly improved outcomes. Based on these findings, it was expected
that age and gender information could enhance the Al model's performance, leading to the
decision to collect this data from patients.

Beyond these demographic factors, oncologists in the interview study also highlighted that
patients differ in how expressively they display pain, particularly through facial expressions. They
raised concerns that such variations could influence the outcomes of an Al-based APA model.
Supporting this, the studies of Kunz et al. [190, 205] found that patients can be grouped into
distinct ‘faces of pain’, representing varying levels of facial pain expressiveness. As they concluded
distinct expression patterns may inform both human and Al-based pain recognition training. The
literature study also identified a relevant approach by Lopez-Martinez et al. [206], who improved
their model's accuracy by incorporating a facial expressiveness score, allowing for a more
personalised assessment. However, while the level of expressiveness was considered a potentially
valuable feature, it was deemed challenging to capture reliably at this stage. One possible method
would be to have patients or observers rate expressiveness, but there were concerns about the
accuracy of such subjective ratings. As a result, expressiveness scoring was not included in the

current implementation but remains a consideration for future improvements.

In addition to patient characteristics, pain type was also identified as a relevant contextual factor.
Acute, chronic, and breakthrough pain present differently. Acute pain is typically more visibly
expressed, whereas chronic pain often exists in the background and may be less prominently
reflected in facial expressions. Patients with chronic pain may also adapt to their pain over time,
leading to a reduced outward display of discomfort. Studies indicate that chronic pain is generally
less pronounced in facial expressions [207]. Given its potential influence on the Al model's ability
to interpret pain cues and the fact that current pain databases mostly contain acute pain data
(see Chapter 6), information on chronic pain presence was considered valuable and therefore it

was decided to collect this information as well.

Furthermore, oncologists in the interview study stressed the importance of pain context in clinical

decision-making, suggesting that this information could also benefit the Al model. They
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highlighted several contextual factors, including activity tracking, medication use, sleep quality,
pain tolerance and the impact of pain on daily life. Additionally, they emphasized that pain is
more than just intensity — other dimensions, such as emotional state, also shape the pain
experience. Although adding activity tracking and (rescue) medication tracking was considered,
their implementation would shift the app's focus toward general health monitoring, rather than
pain assessment. Since multiple existing applications already specialize in these areas, it was
decided not to include them. However, prescribed medication data could still be valuable and
could more easily be obtained. Even though it may not fully reflect the patient’s actual

medication usage, it is perceived as a good start.

The suggestion to capture information on the impact of pain on daily life and pain tolerability is
driven by the oncologists' need to assess whether an adjustment in pain management is necessary.
While a patient may experience pain, it does not always constitute a significant burden or requires
medical intervention. The impact of pain on daily life can serve as a measure for pain tolerability,
providing valuable insight into whether pain is manageable or interfering with essential activities.
Findings from the exploratory study highlighted the challenge of balancing patient preferences
with medical decision-making. Oncologists must navigate between respecting a patient’s
perception of their pain and determining whether treatment adjustments are clinically justified. To
support a more actionable approach to pain management, additional information on pain impact
and tolerability could enhance decision-making by shifting the focus from pain intensity alone to
whether intervention is truly warranted. Since this information can be captured using simple self-
reported questions, imposing minimal burden on the patient, it was decided to incorporate
assessments of pain impact on daily life and pain tolerability as part of the tool’s data collection
process. These insights may play an increasingly valuable role in the future development of the
tool, helping to refine treatment recommendations and patient-centred pain management

strategies.

Additionally, given the significant influence of emotional state on pain perception, the possibility
of capturing mood-related information was considered. The exploratory interview study
highlighted the challenge oncologists face in integrating all dimensions of pain, as well as the risk
that this tool might still not fully capture pain's multidimensional nature. Oncologists emphasized
that affective states play a crucial role in pain perception, yet they are often difficult to assess
systematically in clinical practice. The literature review confirmed that Al models can incorporate
affective state information to enhance pain assessment accuracy [118]. Based on these findings, it
was decided to include mood assessment as part of the tool's data collection process. This is
expected to provide valuable insights into the emotional component of pain, while also allowing

for future evaluation of its contribution to improving Al-based pain assessment outcomes.

Similarly, the research group considered capturing information on the physical dimension of pain,
including its location. However, since the exploratory interview study did not strongly highlight
the clinical importance of this information and the literature study did not identify its use as input
for Al models, it was decided that this would not be a focus at this stage. In a later phase of the
project, a dedicated module could potentially be added to explore its relevance and contribution

to improving pain assessment.
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Figure 18 - Overview of which and how the data elements will be collected by the mobile patient application

Lastly, as highlighted by oncologists in the interview study, allowing patients to provide free-text
notes about their pain experience may offer valuable additional insights. By having the option to
include personal notes, patients can document aspects of their pain that may not be fully
captured through structured assessments. While free-text input may contain a wide range of
information, some of which may not be immediately useful for the Al model, offering this option
aligns with the principles of user-friendly design. It could also serve as a valuable exploratory tool,
potentially revealing new types of information that could enhance pain assessment in future
iterations of the model. Therefore, it was decided to include an optional notes section, allowing
patients to share any relevant observations or experiences related to their pain.

To conclude the data collection considerations, the Al-based pain assessment tool requires a
comprehensive and high-quality dataset to enable accurate and reliable pain analysis. The data
collection process must therefore include the elements presented in Figure 18, ensuring that all

relevant modalities and contextual information are captured.

4.3.2 AT-Based Pain Assessment

Once the necessary data has been collected, the Al-based APA model must process the input and
generate a prediction of the expressed pain level. Different learning tasks can be used for this
purpose, as identified in the literature review:

—_

Detecting the presence of pain (binary classification: pain vs. no pain).

N

Classifying pain intensity (categorising pain into discrete levels)

w

Estimating pain on a continuous scale (regression-based approach).

)
)
)
)

~

Determining pain signigcance (evaluating the clinical relevance of pain for treatment

decisions).

While pain detection (task 1) is useful in confirming whether a patient is in pain, its clinical value
is limited. Oncologists require a pain intensity assessment, as different levels of pain necessitate
different treatment approaches, as outlined in clinical pain management protocols discussed in
Chapter 2. Both categorical classification (task 2) and continuous estimation (task 3) could meet

this need, but they offer different levels of granularity.

Currently, clinical practice primarily relies on the NRS (11-point scale), but in practical decision-
making clinical protocols often group pain into four main categories with advice on the pain

management strategy:
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e No pain (NRS = 0): No action required.

e Mild pain (1 < NRS < 4): No immediate action needed, but proactive monitoring
advised.

e Moderate pain (5 < NRS < 6): Action needed—first assess the cause, then adjust pain
medication if necessary.

e Severe pain (NRS = 7): Immediate action required—first assess the cause, then escalate

pain management.

This classification also supports de-escalation strategies, guiding medication tapering when pain
levels decrease.

An Al model output aligned with these four categories could potentially offer oncologists clinical
value comparable to current pain assessment practices. However, findings from the exploratory
interview study indicate that not all oncologists adhere strictly to this categorical framework.
Many base their assessment on patients’ verbal descriptions or medication use history, rather than
precise NRS scores. As such, a four-category output may not be sufficient for every clinician.
Some oncologists may benefit from a more nuanced representation of pain intensity, potentially
requiring a finer-grained scale or additional contextual information to support their clinical
judgment.

When considering increasing granularity, the quality of the ground truth becomes a crucial factor.
Although the NRS score is widely regarded as the gold standard, it has inherent limitations that
affect what an Al model should aim to achieve. The literature review and oncologist interviews
confirm that patients assign NRS scores subjectively, based on personal interpretations of pain
intensity rather than a fixed definition. As a result, inter-patient variability is high, making exact
NRS predictions inherently unreliable. Rather than attempting to replicate NRS scores exactly, the
Al model may be better positioned to provide a consistent and reproducible measure of expressed
pain, independent of patient-to-patient variability. This would allow for a more objective and
standardised approach to pain assessment, while still aligning with clinical needs.

From a technical perspective, increasing granularity — whether by adding more categories or
predicting pain on a continuous scale — introduces greater model complexity. More fine-grained
predictions increase the likelihood of classification errors and make model training more
challenging, as slight variations in patient expressions could lead to misclassifications. Therefore, a
stepwise approach is recommended. Initially, develop a model that classifies pain into four
clinically relevant categories. Once a robust foundation is established, explore more granular pain

intensity predictions.

When determining the optimal Al output, granularity is not the only consideration. What the
model's prediction actually represents is equally important. The fourth learning task identified in
the literature — determining pain significance — introduces another perspective: instead of merely
classifying or estimating pain intensity, the Al could assess the clinical relevance of the pain in
terms of impact on function, tolerability, and treatment necessity. This aligns with oncologists'
real-world decision-making, where factors beyond intensity — such as pain acceptability and its
impact on daily life — play a role in treatment adjustments, as found in the interview study. If pain
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significance were the target, the model might need a different ground truth, such as treatment

decisions or patient-reported pain tolerability, rather than just NRS scores.

For now, the NRS-based four-category classification remains the preferred approach, as it aligns
with current clinical practices while maintaining technical feasibility. However, future research may
explore whether a more detailed pain scale improves clinical usefulness, the feasibility of assessing
pain significance rather than just intensity or alternative ground truths that better reflect pain
tolerability and functional impact rather than subjective NRS values.

4.3.3 Feedback to the Patient

One of the key functionalities of the Al-based APA tool is providing feedback to the patient. As
identified in the exploratory interview study, enhancing patient understanding of their pain
experience is a potential benefit of the tool. Feedback can support self-learning, self-management,
and improved patient engagement, while also facilitating better communication with healthcare
providers.

To achieve this, the tool could provide patients with two types of feedback:

e An overview of their recorded measurements, allowing them to track pain trends over
time.
e Al-based pain assessments, though this requires careful consideration regarding its

impact on patient perception.

Based on the data captured by the tool, it can generate a structured summary of recorded pain
information, providing patients with insights into their pain trends. While patient interviews are
still ongoing, findings from oncologist interviews suggest that patients may benefit from an
overview that lists when they have completed pain measurements, a visual trend of reported VAS
scores to help identify patterns or fluctuations in their pain experience, and access to personal
notes to facilitate more accurate recall of their pain rather than relying solely on memory.

Given these insights, the tool will present a timeline of recorded measurements, allowing patients
to track when pain assessments were conducted. Additionally, a visual representation of reported
NRS scores will be provided to highlight trends over time, and an option will be available to
review personal notes, supporting better pain recall and self-reflection. The list of feedback
features will be further refined based on insights gained from ongoing patient interviews, ensuring

that the tool effectively meets patient needs.

Another option is to present the Al-based pain assessments. Providing Al assessments could help
patients learn from the model's output, potentially improving their awareness of how their pain is
expressed and how it fluctuates. However, displaying Al-generated pain levels comes with risks,
particularly if the model’s assessment differs from the patient’s self-perceived pain. This could lead

to confusion, frustration, or distrust in the tool. For this reason, it has been decided for now not
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to show Al-generated pain assessments directly to the patient. The primary focus will be on self-
reported pain scores and pain trends, allowing patients to engage with their own pain data
without the potential complications of an Al-predicted score. This decision may be re-evaluated in
future iterations, based on patient feedback and further research.

4.3.4 Feedback to the Oncologist

The greatest potential benefit of the Al-based APA tool, as identified in the exploratory interview
study, is its ability to provide oncologists with additional information about a patient's pain
experience. This information could help identify previously overlooked cases of pain, particularly in
the outpatient setting, where pain may not always be actively discussed. Furthermore, by offering
insights into pain trends over time, the tool could assist in prioritising pain management during
consultations, improving doctor-patient communication, and even overcoming some

communication barriers to effective pain assessment.

Yet proven, a major challenge in pain management is the subjectivity and inconsistency of pain
assessments. Patients’ self-reports can vary based on individual perception, recall biases, or
communication styles, and oncologists must balance patient autonomy with their professional
responsibility to manage pain effectively. By providing structured and objective feedback, this tool
has the potential to improve pain evaluations and inform more consistent and data-driven

treatment decisions.

The tool will present an overview of recorded pain data, including a timeline of completed pain
assessments that displays when recordings were made. A visual representation of measured VAS
scores over time will illustrate pain trends and fluctuations. Additionally, the tool will provide

access to patient notes on pain experiences, offering additional context beyond numerical scores.

For the oncologists, presenting the Al assessments is particularly important, as they provide a
more consistently measured and, therefore, sometimes perceived as a more objective
representation of pain. As identified in the exploratory interview study, oncologists may view the
Al-generated assessments as a new type of clinical measure, like laboratory values that can be
referenced during decision-making. To support interpretation, oncologists suggested to include a
brief explanation of the Al-generated outcomes, along with contextual information such as
population-based reference values. Therefore, it has been decided to present Al-estimated pain
levels based on audiovisual data analysis and provide comparisons between Al-predicted pain and
self-reported pain scores where applicable. A summary of population-based reference trends will
also be included.

To ensure that oncologists receive relevant pain assessment insights without unnecessary
disruptions, the tool will include a notification system that highlights important updates related to
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the patient's pain experience. These notifications will serve to improve awareness of pain trends,

assist in prioritising pain management, and support timely clinical decision-making.

Rather than requiring oncologists to actively search for updates, notifications will provide targeted
prompts when significant pain-related changes occur. This ensures that pain assessments remain
actionable and integrated into clinical workflows, without overwhelming oncologists with excessive

or redundant information.

The notification system will be designed to align with the tool's overall goal of enhancing pain
management by making pain data readily accessible while maintaining efficiency and usability in a
clinical setting. Further refinements may be made based on feedback from oncologists as the tool

is implemented in practice.

4.4 System Workflow

To effectively implement the functionalities of the Al-based APA tool, a structured approach has
been developed to determine how each component will operate. This section outlines the
workflows that govern data collection, Al-based pain assessment, and feedback presentation.
These workflows have been designed based on technical requirements and feasibility, insights from
the exploratory interview study, and key design principles and goals, including usability, reliability,
and seamless integration into clinical practice.

Figure 19 shows an overview of the different components of the tool (focussing on the core
functionalities) and the dataflow.

4.4.1 Data Collection

To collect the selected types of data, multiple sources could be considered. However, since the
goal is to develop a tool that patients can use independently and outside the hospital for daily
pain assessment, it was determined that patients themselves should provide the information. This
approach ensures that no additional workload is placed on healthcare providers or hospital staff
while enabling continuous data collection in real-world settings.

To facilitate this, a device capable of capturing audiovisual data and communicating with a server
is required. Given the widespread availability and technical capabilities of modern digital devices,
mobile application was chosen as the most practical and accessible solution. Mobile technologies
are now widely adopted and well-integrated into healthcare practices, making them a natural fit

for this tool.

This decision aligns with the broader mobile health (mHealth) movement, which has become an
essential component of medical communication and remote monitoring [208]. mHealth — defined
as medical and public health practices supported by mobile devices [209] — has rapidly expanded
due to the growing adoption of smartphones [132] and their increasing capacity to support high-
quality data collection [210] and real-time health interventions. Studies have demonstrated that
mHealth solutions enhance patient engagement, facilitate remote monitoring, and improve data-

driven healthcare decision-making [211]. Given these advantages, a mobile application serves as
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Figure 19 - Systemic architecture of the Al-based pain assessment tool. This schematic illustrates the interaction
between the mobile patient application, the backend processing system, and the web-based oncologist application: 1)
Patients use the mobile application to record audiovisual data, which is transmitted to the backend and stored in the
central database, 2) The raw, unprocessed data (i.e. without Al inference) is also communicated back to the patient

app and displayed via the data presentation module, 3) On the backend, the stored audiovisual data serves as input for
the Al pain assessment model, which classifies the patient's pain expression, 4) The resulting pain assessment is sent to
the web-based oncologist application and displayed in the data presentation module, 5) Additional data entered by the
patient—such as VAS scores and textual notes—is also presented to the oncologist, 6) Based on a predefined set of
rules, the backend system evaluates whether a notification should be triggered, and 7) If criteria are met, a notification
is sent to the oncologist’s application to support timely follow-up.

the most effective interface for Al-driven pain assessment, allowing patients to record audiovisual
data and receive personalized feedback based on Al model predictions [212].

Instead of developing a new standalone mobile application, the concept could also be integrated
into an existing healthcare application. As highlighted in the interviews with oncologists,
integrating the tool into established systems offers several advantages. It would allow the use of
existing protocols rather than requiring the development of an entirely new platform. Additionally,
it would streamline the monitoring process by minimizing the number of new systems that both
oncologists and patients need to learn, improving workflow efficiency and adoption. However, since
the concept has not yet been validated and its impact on pain management outcomes remains
unproven, a standalone application was chosen for the research phase. Developing the tool
independently ensures greater flexibility in testing and refinement before considering integration
into hospital-specific applications. Furthermore, different hospitals use different digital health

platforms, making early integration complex and limiting generalizability. To keep the option open
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for future integration into existing applications used by hospitals, such as the DigiZorg application
used at EMC, initial contact has already been established. Considerations for future
interoperability and seamless integration have been shared, ensuring that the system remains

adaptable for potential clinical implementation in later stages of the project.

To ensure that the tool is accessible to as many patients as possible, the application will have to
be developed for both Android and iOS platforms. This cross-platform approach allows patients to
use the tool on their own smartphones, regardless of operating system, and supports the goal of

enabling independent use in diverse outpatient settings.

The next sections explain how the data collection using a mobile application is envisioned to be

achieved.

The tool is primarily being developed for cancer patients. How patients will access and use the
application will depend on the phase of research and its eventual integration into clinical
workflows, which will be discussed further in the next two chapters.

For the Al model to be trained and validated effectively within this patient population, certain
quality considerations must be considered regarding the composition of the database. A
representative dataset is essential to ensure that the model can generalize effectively across
diverse patient groups. This requires a balanced distribution of patients across key demographic
and clinical variables, including ethnic background, age, gender, and varying levels of pain
intensity. A dataset that lacks diversity may introduce biases, potentially limiting the model’s
ability to provide accurate and equitable pain assessments across different populations. To address
this, efforts will be made to collect data from a broad and heterogeneous patient cohort, ensuring
that the Al model remains clinically relevant, unbiased, and applicable across diverse demographic

groups.

To capture audiovisual data in which the patients express their experienced pain, a task will have

to be set up in the application.

In the first place, audiovisual data of patients who express pain has to be captured. The literature
review identified several methods for creating such data: 1) inducing pain stimuli in healthy
individuals to elicit controlled pain responses, 2) evoking pain in patients with injuries or
conditions through movement tasks that engage affected limbs, 3) recording spontaneous pain
expressions from patients experiencing acute pain in emergency or intensive care settings, 4)
eliciting pain-related expressions by showing potentially painful scenarios to participants, and 5)
capturing pain expression during routine daily assessments, reflecting naturally occurring pain
states. Since experimentally inducing pain is invasive and impractical for daily assessments, and
acute pain is not consistently present in all cancer patients, a more clinically relevant and feasible
approach was chosen: patients will be asked to describe their pain experience over the past day,
aligning with standard clinical practices. This method closely resembles the fourth and fifth

approaches identified in the literature.
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This approach is expected to provide three types of pain-related information:

1. Spontaneous pain expressions — If the patient is experiencing pain at the time of
recording, their facial and vocal cues will naturally reflect it.

2. Pain recall expressions — Describing a past pain experience may trigger subtle facial or
vocal markers associated with pain memory.

3. Verbal pain descriptions — The spoken content itself provides valuable insights, shown

by the fact that this is what is mainly used by oncologists during a pain anamnesis.

The first two types of pain-related information — spontaneous pain expressions and pain recall
expressions — will coexist and be utilised by the Al model in this project. However, the third type,
verbal pain descriptions, will not be directly incorporated into the current Al model. As a follow-
up study or parallel research, this spoken content could be analysed using methods such as large
language models to interpret patient narratives in a manner like how physicians assess pain. This
could enhance the tool's ability to extract semantic and contextual insights from patient-reported
pain descriptions, potentially improving the overall accuracy and depth of pain assessment in
future iterations of the model.

Since capturing audiovisual data of a patient in a neutral state was also considered important, a
specific task was introduced in which the patient reads a neutral text, or prompt, aloud. This
approach is commonly used in mood induction and conditioning trials, where a neutral, non-
emotion-inducing prompt serves as a control against emotionally charged responses in
experimental conditions [213]. However, introducing a reading task adds extra time to the
assessment process and introduces an additional layer of complexity for patients. This could
potentially exclude individuals with lower literacy levels from using the application. To ensure the
task remains accessible and easy to complete, it was decided that the reading passage should be
short, lasting no longer than 10 seconds, and written at a grade 3 reading level. This adaptation
ensures that a broader patient population can participate while still maintaining the integrity of
the neutral-state recording. At a later stage, if the added value of capturing a neutral state proves
to be absent or minimal, this task may be reconsidered or removed to further streamline the data

collection process.

To collect a self-reported pain score, varies ways exist. The NRS and VAS were the most
frequently used measures in literature, see the literature study. Looking at clinical practice, the
patient should be asked to report their pain using the NRS-score as part of standard clinical
protocol. Although seen in the exploratory study this isn't always the case, the patient will be
familiar with the method. Since this method could also be easily captured in a mobile application,

it was chosen to use the VAS-score, the visual representation of the NRS-score, as ground truth.

To collect patient demographic information, the application will require patients to complete a
simple form providing their age and sex. While ethnic background could also be collected through

self-report, this was considered a more sensitive topic. Therefore, during the database
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development phase, it was decided that this information would initially be retrieved by the
researcher from the EMR, where it is already documented. This allows for accurate and
standardized data collection without placing an additional burden on the patient. However, if
accessing this information through the EMR proves challenging, an optional feature will be
included in the application, allowing patients to voluntarily provide their ethnic background. This
approach ensures flexibility while respecting patient comfort and data sensitivity.

The same approach has been chosen for medication information. The researcher will retrieve data
on prescribed medications from the EMR, ensuring accuracy and consistency in data collection.
However, if accessing this information places too great a burden on the researcher or if it proves
to be uninformative for the model, this step will be omitted.

All other contextual information will be collected during the measurement tasks, as it is directly
related to the specific moment of assessment. This ensures that the data accurately reflects the
patient's current state and experience at the time of recording. To obtain the information on the
type of pain (acute or chronic), patients will be asked a simple screening question: “Do you have
pain related to your cancer that has lasted for more than three months?”. To assess pain
interference with daily life and tolerance of the pain, patients will be asked: “Is your experienced
pain interfering with your daily activities?" and "“Is the pain tolerable at this moment?".

To capture the emotional context, it was chosen to ask the patient to fill out a mood
questionnaire. One of the most widely used and validated tools for measuring positive and
negative affect is the Positive and Negative Affect Scale — Short Form (PANAS-SF) [214].
However, the original 20-item questionnaire was deemed too time-consuming for patients to
complete during routine pain assessments. To enhance the feasibility of frequent measurements
while still capturing the emotional dimension of pain, the i-PANAS-SF, a 10-item shortened

version, was selected.

The exact protocol for when patients will be asked to perform measurements has not yet been
finalized. Insights from the exploratory interview study with oncologists highlighted several
challenges that need to be carefully considered in designing an effective and clinically meaningful

measurement schedule.

One primary concern is the risk of introducing bias depending on how and when patients are
prompted to use the application. If patients are asked to record their pain only when they
experience pain, the dataset may overrepresent pain episodes, failing to capture fluctuations in
pain intensity or the presence of pain-free moments. Conversely, if patients are instructed to
complete assessments at fixed time points, there is a risk that pain may not be present at the
time of measurement, limiting the ability to collect data on pain-related expressions and

experiences.

Beyond data quality and representation, practical considerations regarding patient burden and
engagement must also be addressed. Patients experiencing a pain crisis may find it difficult to

complete the assessment tasks, raising concerns about feasibility and compliance. Additionally, the
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frequency of measurements must be carefully balanced to capture sufficient data without placing
excessive demands on the patient, which could lead to dropout or disengagement over time.

These considerations require further deliberation and refinement in the next phase of the project.
The final protocol will need to strike a balance between minimizing bias, ensuring feasibility for
patients, and maintaining engagement over time, while still collecting the necessary data to
develop a robust Al-based pain assessment model.

Ensuring the quality of the collected data is crucial for the Al model’s performance and reliability,
as concluded from the literature study. A high-quality database must be both representative and
technically robust, allowing the model to learn from diverse and high-resolution inputs. This
resulted in quality considerations to keep in mind for the application.

Providing a mobile application that patients can use on their own devices introduces limitations
on the technological requirements that can be enforced. To ensure that a broad patient
population can participate in clinical studies using the application, the app must remain accessible
and compatible with a wide range of devices. However, for the purpose of developing a high-
quality database, certain technical measures may be considered to ensure data reliability and
model accuracy. One key consideration is camera resolution, which must be sufficiently high to
capture subtle facial micro-expressions that play a crucial role in distinguishing genuine pain from
exaggerated or manipulated expressions [215]. Oncologists expressed concerns about potential
misuse of the technology, particularly the possibility that patients may attempt to manipulate the
system to influence pain management decisions. Developing an Al model that is robust against
such manipulations is essential to build trust among healthcare professionals and ensure that the
tool provides reliable clinical support. Similarly, audio recordings must be of sufficient quality to
detect low-volume vocal changes, such as tremors, hesitations, or tonal shifts, which can be
important indicators of pain. Additionally, synchronisation between audio and video is necessary
for the Al model to accurately analyse temporal correlations between facial expressions and vocal
cues. To address this, collaboration has been established with a specialised department at TU
Delft that focuses on data synchronisation. Their expertise will be leveraged to ensure precise
alignment of audiovisual modalities, improving the model's ability to analyse pain expressions
effectively. Since these technical requirements cannot be strictly enforced for patients using their
own devices, additional research could explore the effect of varying technical quality on model
performance. Understanding how differences in camera resolution, microphone sensitivity, and
synchronisation accuracy impact Al-based pain assessment will be critical in determining how
device variability affects real-world applicability.

Lastly, to ensure data consistency, recording conditions should be optimised by minimising facial
occlusions (e.g., hair covering the face, glasses reflecting light) and avoiding poor lighting
conditions, which could obscure facial expressions or introduce artefacts that interfere with Al
processing. A controlled and standardised data collection environment would allow the model to
focus on relevant pain-related cues, improving its ability to generate accurate and clinically

meaningful pain assessments. However, achieving optimal recording conditions becomes more
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challenging when data is collected by patients themselves in non-controlled environments. While
some variability is inevitable, efforts should be made to emphasise the importance of high-quality
recordings. Patients could, for instance, be instructed to complete the submission alone, in a
quiet, well-lit room, preferably against a uniform background to reduce distractions. At the same
time, real-world data collection inherently involves uncontrolled conditions, and the model must
be designed to be robust to these variations. Instead of relying solely on ideal recording
conditions, the Al should be developed to handle inconsistencies and still provide reliable pain
assessments across diverse settings. Several studies addressing this challenge have been identified
in the literature review [216-218] and could serve as a foundation for developing strategies to

enhance the model’s robustness to variations in real-world data collection.

The interview study with oncologists highlighted the importance of designing the Al-based APA
tool to be accessible and user-friendly for a diverse patient population. Since digital literacy levels
vary, the user experience (UX) and user interface (Ul) design must ensure that the tool is intuitive
and requires minimal effort from patients, particularly those who may already be experiencing
discomfort.

To ensure broad accessibility, the application must support multiple languages, allowing patients
from different linguistic backgrounds to use the tool comfortably. The interface should be simple
and clear, with step-by-step guidance to help users navigate the measurement tasks with ease.

Beyond accessibility, oncologists also raised concerns about patient burden. The tool should be
lightweight and efficient, avoiding excessive input requirements that could make it difficult for
patients to complete assessments, especially during moments of severe pain. Minimizing the
number of interactions while still capturing the necessary data is crucial to maintaining a balance

between usability and data completeness.

Another key consideration is patient engagement. Since regular measurements are needed for the
tool to be effective, it should be considered to provide non-intrusive reminders to encourage
adherence. Patients should have some level of control over notifications and interaction

preferences, ensuring that they remain engaged without feeling overwhelmed.

As patient interviews are still ongoing, further UX/UI refinements may be identified based on
direct patient feedback. These considerations will guide future iterations of the design to ensure
that the tool is inclusive, effective, and easy to use for all patients.

As found in both the interview study as well as the literature study, the collection of audiovisual
and contextual data for Al-based pain assessment raises several ethical considerations that must
be carefully addressed to ensure patient privacy, informed consent, and responsible data handling.

A primary concern is patient autonomy and informed consent. Patients must fully understand
what data is being collected, how it will be used, and the potential implications of their
participation. Clear and transparent informed consent procedures must be in place to ensure that

patients can make a well-informed decision about their involvement.

102



Chapter 4 - Conceptualisation

Data privacy and security are also critical. Given that the tool collects sensitive audiovisual data,
strict data protection measures must be implemented to prevent unauthorised access, misuse, or
breaches. This includes secure data storage, encryption, and controlled access policies in
compliance with ethical guidelines and legal frameworks, such as GDPR or other applicable

regulations. How this will be achieved, will be discussed in the next two chapters.

Additionally, the use of Al in pain assessment must not lead to over-reliance on automated
predictions at the expense of clinical judgment. The tool should be developed and positioned as a
support system rather than a replacement for human assessment, ensuring that oncologists
maintain their professional autonomy in making patient care decisions.

4.4.2 AI-Based Pain Assessment

The Al-based APA model will be designed to process audiovisual data collected from cancer
patients and generate a pain prediction based on this. This section outlines the concept proposed
for the APA model, including the chosen learning task, data pre-processing strategies, model
architecture, feature extraction, classification method, fusion approach, and the use of contextual
information. The training and evaluation strategies are also discussed to ensure the development

of robust model.

The learning task of the Al-based APA model is designed to align with the preferred model
outcome, as outlined in the previous section. Given the clinical necessity of assessing pain intensity
rather than simply detecting its presence, the model will be developed as a multi-class
classification system, categorising pain into four clinically relevant levels: no pain, mild pain,

moderate pain, and severe pain.

Data pre-processing is essential for improving model performance by enhancing input quality and
reducing noise. Based on findings from the literature review and the expected quality of data, the

following pre-processing techniques will be evaluated and applied if useful:

e Facial Data Pre-Processing:
o Face detection and alignment to ensure standardised input.
o Cropping and resizing of facial regions to maintain consistency across recordings.
o Data augmentation techniques (such as flipping, rotation, and brightness
adjustments) to improve model robustness to variations in lighting, angles, and
occlusions.
e Audio Data Pre-Processing:
o Segmentation of speech-based audio recordings to isolate relevant speech features.
o Noise reduction techniques to remove background interference.

o Standardisation of audio amplitude and pitch variations.
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These pre-processing strategies will ensure that the data used for model training and inference is

of high quality and representative of real-world conditions.

The model architecture for the Al-based APA tool will be developed through a phased approach,
ensuring feasibility while allowing for iterative improvements based on data availability and model
performance. The choices made in designing the model are informed by findings from the
literature review, prioritising interpretability, technical feasibility, and computational efficiency.

Machine Learning vs. Deep Learning

A fundamental decision in model development is whether to use traditional machine learning or
deep learning techniques. Given the current scarcity of high-quality training data, a traditional
machine learning approach will be pursued first, as these models require less data to achieve
reasonable performance. Deep learning methods typically require significantly larger datasets to
avoid overfitting and generalisation issues. Since the development of a representative dataset will
take time, starting with a traditional approach allows for a functional proof-of-concept model
while the database is being expanded. Once more data is available, deep-learning-based
approaches will be explored, and a comparison between the two methodologies will be conducted.
This comparison will provide insights into the trade-offs between data efficiency, interpretability,

and performance in clinical pain assessment applications.
One-Step vs. Two-Step Approach

For traditional machine learning models, a two-step approach will be adopted, where an
intermediate representation of facial expressions is first extracted before classifying pain levels.
This decision is based on findings from the literature review, which indicate that two-step models
offer better interpretability and explainability, making them more suitable for clinical applications.
Unlike one-step models, which learn pain classifications directly from raw data, the two-step
approach enables oncologists to understand how the model arrives at its conclusions, fostering
trust in Al-assisted pain assessment.

Feature Extraction

Feature extraction plays a crucial role in the performance and interpretability of traditional
machine learning models. The literature review identified OpenFace [219] and OpenSmile [220] as
widely used and validated toolkits for extracting facial and vocal features, respectively. Given their
proven effectiveness in previous APA studies, and the fact that they provide access to features
identified as relevant in the literature study, these toolkits will be used for the initial proof-of-
concept model. This decision ensures that the development process remains manageable while
leveraging established methodologies. At a later stage, custom feature engineering techniques may
be explored to enhance model performance.

Choice of Classification Model

Since the learning task involves classifying pain expressions into discrete categories, a classification

model must be used. For the initial proof-of-concept, support vector machines (SVMs) and
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random forests will be tested. These models were selected because they have been successfully
applied in previous APA research, offering robust performance, interpretability, and computational
efficiency. SVMs are particularly useful for handling high-dimensional data, while random forests
provide an ensemble learning approach that can reduce overfitting. Once the traditional models
are validated, deep learning methods — such as convolutional neural networks and recurrent neural

networks — will be explored, allowing for a comparison of their advantages and limitations.
Fusion Method for Multimodal Input

Since the APA model integrates both facial expression and vocal cues, the fusion of these
modalities requires careful consideration. The literature review identified two primary fusion
approaches: 1) feature-level fusion, where extracted features from both modalities are combined
before classification, and 2) decision-level fusion, where separate models for facial and vocal data

generate independent predictions, which are then combined at a later stage.

The literature did not provide a definitive recommendation on which fusion method is superior.
However, for the proof-of-concept model, decision-level fusion will be used first, as it is
computationally more efficient and allows for independent evaluation of each modality’s
contribution. Given that cross-modal relationships may provide valuable insights, feature-level
fusion will also be explored in later iterations to assess its impact on model performance.

Incorporation of Context Information

As discussed earlier, contextual factors — such as demographic characteristics and neutral states —
could enhance model accuracy by accounting for individual differences in pain expression.
However, to avoid overcomplicating the proof-of-concept model, contextual information will not
be included in the initial version. Once the model is validated, further research will assess the
impact of incorporating contextual data to determine whether it improves performance and

clinical applicability.

To ensure clinical applicability, the model will be trained and evaluated using rigorous validation
methods. The literature study identified four primary validation approaches: 1) leave-one-subject-
out (LOSO), 2) k-fold cross-validation, 3) hold-out validation, and 4) external validation. More
than half of the reviewed studies applied the LOSO method, indicating its widespread acceptance
as an objective validation technique that enhances model generalisability compared to k-fold and
hold-out methods. However, despite its advantages, LOSO may not be optimal due to the

computational demands and extended training time required, particularly for large models.

For practical implementation, it is also crucial to consider the risk of highly correlated frames from
the same subject appearing in both the training and evaluation sets, which can artificially inflate
performance metrics. External validation offers the most robust assessment of model
generalisability, as it tests performance on an entirely independent dataset. To explore this
approach, discussions are ongoing with the Intelligent Sight and Sound research team, who are
developing a similar database [221]. Potential collaboration opportunities are being investigated to
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determine whether their dataset could be used for external validation, ensuring a more reliable

assessment of the model’s clinical applicability.

In addition to rigorous validation, interpretability is an important consideration for clinical
adoption. Al models must be transparent and understandable to healthcare professionals to
support informed decision-making. The literature review highlighted various efforts to improve
explainability, including studies such as Liu et al. [204], which employed visualisation techniques
to illustrate the contribution of facial landmarks to model predictions. While alternative
explanation methods have also been explored, further research is needed to enhance
interpretability specifically for clinical applications. At this stage, no specific interpretability
approach has been selected for investigation. Given that the current focus is on developing a
proof-of-concept, prioritising interpretability may introduce unnecessary complexity. Additionally,
during interviews with oncologists, model explainability was not explicitly mentioned as a critical
requirement for initial implementation. However, while not an immediate priority, explainability
remains an important aspect of Al-based pain assessment and will be explored in future research
phases to ensure that the model's outputs are both clinically meaningful and accessible to end-

users.

The development of the Al-based APA model will be implemented using Python due to its strong
support for machine learning and data processing. For facial expression analysis, OpenFace will be
used to extract facial action units, while OpenCV and Dlib will assist in video preprocessing and
facial landmark detection. For audio analysis, OpenSmile will be applied to extract paralinguistic
features relevant to pain-related vocal characteristics. Machine learning models will initially be
developed using Scikit-learn for initial experiments with traditional methods, and

TensorFlow/Keras for deep learning approaches when sufficient data becomes available.

The development will take place in a structured programming environment, using Visual Studio
Code or PyCharm, with Jupyter Notebook facilitating rapid prototyping. Version control will be

managed through Git to ensure reproducibility and collaborative development.

4.4.3 Feedback to the Patient

Patients will have access to an overview of their recorded pain measurements, which will include a
list of completed assessments along with their corresponding timestamps. The tool will also
feature a detailed graphical representation of reported NRS scores, visually displaying pain trends

over time.

To allow for deeper insights, patients will have the option to tap on specific data points for
additional details. However, it remains undecided whether the application should provide a written
summary of the measurements or include interpretative guidance to help patients understand their
pain patterns. These aspects will be further explored in upcoming patient interviews to align the
tool’s feedback with user preferences and needs.

106



Chapter 4 - Conceptualisation

4.4.4 Feedback to the Oncologist

As outlined in previous sections, the measurements and Al assessments must be presented to
oncologists in a structured and accessible manner. During the interviews with oncologists, they
indicated a strong preference for receiving this information directly through the EMR. The EMR
already centralizes all patient information and includes similar integrated features, such as quality
of life questionnaires.

While EMR integration is likely a requirement for final clinical implementation, it is not considered
feasible during the research phase. Integration with complex hospital systems like the EMR is
time-intensive and would significantly slow down the development and testing process. Moreover,
it is not strictly necessary at this stage. Although using a separate system would create some
workflow disruptions, such as requiring oncologists to log into an additional platform, interview
findings suggest that oncologists are willing to accept this limitation during the research phase, as
they are familiar with such constraints in early-stage digital health studies.

One approach would be to rely entirely on the patient for sharing their results. In this scenario, no
dedicated digital environment would be provided for oncologists, and patients would either show
their results directly via the mobile application or receive automated guidance advising them to
contact the hospital when certain pain thresholds are met. While these options minimize technical
development, it places the responsibility on the patient and may still lead to inconsistencies in
how and when pain data is communicated to healthcare providers, which is one of the defining
problems this project is trying to address in the first place.

Another option would be to allow patients to generate and send structured reports containing
their pain assessment data to their treating physician via email. This would provide oncologists
with standardized documentation of pain measurements without requiring them to log into an
additional platform. However, this method introduces potential security and workflow challenges,
as sensitive patient data would be transmitted via email, and the information would not be stored

in a structured, interactive format.

A more structured solution would be to develop a web-based application where oncologists could
log in and access patient pain data in a clear and organized manner. This approach ensures direct
access to standardized pain assessments, allowing oncologists to view trends and Al-generated
insights within a dedicated interface. However, developing such an application would be
technologically more complex, requiring more development time and financial resources compared
to the other options. This additional investment in infrastructure may not be justified during the
research phase, where the primary goal is to validate the concept rather than to create a fully
integrated clinical system.

While full EMR integration remains the preferred long-term solution, the research phase requires a
practical and feasible alternative. Currently, discussions are still ongoing to determine the best
approach for presenting the pain assessment data to oncologists. At this stage, a web-based
application is considered the most effective solution, as it would provide a structured and
interactive way to present the outcomes. This approach is expected to best support the perceived

benefits identified by oncologists in the exploratory interview study, including improved access to
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pain trends and structured Al-generated insights. Since the web-based application is the preferred
direction, the next steps in the conceptualization will be developed from this perspective.
However, if it is later determined that this approach is not feasible due to technical, financial, or
practical constraints, an alternative plan will be devised to ensure that oncologists can still access
and utilize the pain assessment data effectively.

To present pain measurement data effectively, the web-based application will structure the
information in a way that supports oncologist decision-making while maintaining usability. The
interface will allow oncologists to navigate through recorded pain assessments efficiently, ensuring
that all relevant pain data is accessible without requiring excessive interaction.

The system will provide flexible filtering options, allowing oncologists to view data across different
time frames or focus on specific periods of interest. Additionally, oncologists will have the ability
to select individual pain assessments to access additional contextual information beyond the
standard pain score, ensuring that they can explore trends at varying levels of detail.

To complement self-reported pain scores, the Al-generated assessments will be displayed in a
format that allows for quick comparison while ensuring that oncologists can easily access more in-
depth explanations if needed. The presentation of Al assessments will align with the structured
workflow of the application, ensuring that oncologists can integrate the Al insights into their
existing evaluation process without disrupting their workflow.

The interface will provide an overview of Al-estimated pain levels, with the option to access
further explanation on how the model arrived at its predictions. To maintain transparency and
usability, interactive elements will allow oncologists to compare Al assessments with self-reported
scores across different time points, reinforcing trend-based insights rather than static, isolated

values.

To ensure actionable and relevant alerts, the notification system will be customizable, allowing
oncologists to adjust the sensitivity and type of notifications they receive based on their workflow
preferences. The system will be designed to ensure that notifications are clinically meaningful,
alerting oncologists to significant trends or deviations rather than routine updates.

The application will include a structured notification log, where oncologists can review past
notifications in case they need to revisit an alert. This will ensure that important insights are not
lost, even if they are not addressed immediately upon receipt. Additionally, oncologists will have
the option to silence or modify notifications based on their clinical priorities, providing flexibility in

how they engage with the system.

These design considerations will be continuously refined based on oncologist feedback, ensuring
that the notification system remains efficient, informative, and aligned with clinical decision-

making needs.
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The design of the web-based application for oncologists must balance usability, efficiency, and
clinical relevance to ensure seamless integration into their workflow. Based on the exploratory
interview study, several key considerations have been identified to guide the development of the
interface.

First, clarity and simplicity are essential. The application should present pain assessment data in a
structured and visually intuitive manner, minimizing the time required to interpret results.
Graphical representations, trend analysis, and side-by-side comparisons between self-reported and
Al-assessed pain levels should be easily accessible, without requiring excessive navigation.

Second, workflow efficiency must be prioritized. The system should allow oncologists to quickly
retrieve relevant patient data without unnecessary steps or distractions. Filtering and search
functions will enable users to view data over specific time frames or focus on individual cases,

ensuring that insights remain actionable.

Third, the interface should be adaptive to accommodate different levels of user interaction. While
some oncologists may prefer high-level summaries, others may want to explore detailed Al
assessments or access raw data for deeper analysis. The design should allow for scalability so that
additional features, such as integration with hospital systems, can be incorporated in the future.

Lastly, the system should be minimally disruptive while ensuring critical information is highlighted.
The use of notifications and alerts must be well-calibrated to draw attention to important changes

in a patient’s pain status, while avoiding excessive interruptions that could lead to alert fatigue.

These considerations will be continuously refined based on oncologist feedback, ensuring that the

final design remains clinically relevant, intuitive, and aligned with user needs.

Given the sensitive nature of patient data, robust data security measures must be implemented to

ensure confidentiality, integrity, and compliance with healthcare privacy regulations.

A secure authentication system will be required to control access, ensuring that only authorized
healthcare professionals can view patient data. This will include role-based access controls,
preventing unauthorized individuals from retrieving sensitive information. Similar to how EMRs
function, oncologists should only have access to data from their own patients, rather than a full
dataset of all app users. This restriction will ensure patient privacy and compliance with hospital
data governance policies.

To protect stored data, all patient records, Al assessments, and pain measurement data will be
encrypted, both at rest and in transit. This prevents unauthorized interception and ensures that

information remains secure even if the system is compromised.
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4.5 Discussion

This chapter presented the conceptual framework for the Al-based APA tool, outlining its core
functionalities — data collection, Al-based pain assessment, and outcome presentation. The
concept envisions a mobile application for patients to record audiovisual pain data and receive
feedback, paired with a web-based application for oncologists to access structured pain insights.
This concept integrates findings from a literature review, expert consultations, and an exploratory
interview study with oncologists. Together, these elements form a coherent and clinically relevant
response to the identified challenges in cancer pain assessment.

One of the main strengths of the conceptual framework is its interdisciplinary and user-centred
development process. Insights from clinical stakeholders, technical experts, and scientific literature
were successfully synthesised into a coherent and clinically meaningful design. Practical and
technical feasibility were considered early in the process, resulting in a concept that is both
ambitious and grounded in realistic design objectives. This is reflected, for example, in the
decision to initially focus on cancer pain — a condition often underrepresented in existing datasets
and models — thereby addressing a clear gap in current APA research. Similarly, the choice to first
develop a standalone mobile and web application, rather than integrate directly into EMRs,
enhances development flexibility while preserving long-term implementation potential. Together,
these decisions demonstrate a careful balance between innovation and feasibility, positioning the
tool for both effective research deployment and future clinical integration.

Nonetheless, several limitations and methodological considerations must be acknowledged. First,
while this chapter presents a detailed and well-reasoned concept, the conceptualisation process
remains incomplete. Although efforts were made to anticipate clinical needs, technical constraints,
and practical feasibility, some crucial perspectives — particularly from software developers and
implementation partners — have not yet been fully integrated. Their input will be essential for
assessing the technical and financial feasibility of the proposed architecture, determining whether
the envisioned features can be realistically implemented, and identifying possible constraints that

were not accounted for during conceptual design.

Moreover, specific assumptions have been made regarding the Al model development process that
merit critical reflection. Although the architecture is informed by findings from the literature and
insights from Al experts, many of the detailed modelling decisions — such as opting for a two-step
traditional machine learning pipeline, using OpenFace and OpenSmile for feature extraction, and
initially applying decision-level fusion — are shaped by the developer's (MK) limited practical
experience. In this case, that experience is primarily drawn from programming projects during the
Bachelor's and Master's phases of the Technical Medicine programme. While this offers a
meaningful starting point, it cannot substitute for the real-world complexity of building and
validating clinically robust Al systems. It is therefore expected that the actual development and
evaluation process will surface new technical constraints, data limitations, and trade-offs that may
require substantial revisions to the current plan. Flexibility and openness to adjusting the

modelling approach and re-scoping functionalities will be critical moving forward.
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Additionally, although the conceptual framework outlines a comprehensive and well-integrated set
of features, not all of them may be technically or logistically achievable within the current scope
of the research project. The development of a clinically usable Al-based APA tool — particularly
one that integrates context-aware modelling, cross-modal fusion, and structured feedback
interfaces — will require iterative design, testing, and optimisation over an extended period. Given
the time constraints and available resources of the current project, it is unlikely that all envisioned
elements can be implemented at once. Strategic prioritisation will therefore be crucial:
development should begin with a robust proof-of-concept based on a minimal viable feature set.
Additional funding and the involvement of a broader multidisciplinary team may be required to

support the tool's long-term development and clinical implementation.

Another important limitation concerns the nature of the conceptual design process. In an ideal
setting, one would begin with a clearly defined problem, explore a broad range of possible
solutions, and then converge on the most promising option through iterative evaluation. In this
project, however, the idea of using Al to support pain assessment was adopted from the outset
and subsequently explored and substantiated through literature review, expert input, and clinician
interviews. While this approach is common in applied research contexts, it limited the exploration
of alternative solutions that might also address the identified clinical challenges — potentially in
simpler, more cost-effective, or more immediately scalable ways. This is a trade-off that must be
acknowledged, particularly when considering long-term implementation and generalisability.
Nonetheless, the research phase demonstrated that the proposed solution is regarded by
stakeholders as both interesting and potentially valuable. Moreover, the chosen direction aligns
with the research team'’s interests and, crucially, with the available technical and clinical expertise
required for development. To ensure the solution remains relevant and adaptable, openness to
revisiting the concept in light of future evidence or constraints will be essential as development

progresses.

A final consideration concerns the stakeholder involvement during conceptualisation. While
oncologists contributed valuable insights through interviews, and external experts were consulted
at various points, only the core research team was continuously involved throughout the process.
There was no formal feedback loop in which oncologists could iteratively review and respond to
the evolving concept. To strengthen clinical alignment, future iterations should incorporate
participatory design elements, such as feedback workshops or structured testing rounds, with
external clinicians. Additionally, patient perspectives — currently missing from the concept — will
need to be integrated following the completion of the ongoing interview study. These perspectives

are expected to refine the tool's usability, feedback presentation, and emotional impact.

Taken together, this chapter presents a solid conceptual foundation for the Al-based APA tool.
The design is grounded in current clinical challenges and developed with attention to both
feasibility and future scalability. While the framework is still evolving, it offers a well-structured
and thoughtfully considered direction for developing a clinically valuable, user-informed pain
assessment tool. The next phases of research will be essential to validate, refine, and prioritise its
components through iterative development, technical testing, and continued stakeholder
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engagement. By doing so, the concept can mature into a robust application that meaningfully

supports pain communication and management in oncology care.

4.6 Conclusion

This chapter outlined the conceptual design of the Al-based APA tool, which is structured around
three core functionalities: data collection, Al-based pain assessment, and outcome presentation.
The tool will use audiovisual recordings and self-reported pain scores to assess pain levels in
cancer patients, with an Al model classifying pain into four clinically relevant categories: no pain,
mild pain, moderate pain and severe pain.

To ensure feasibility, the first version of the model will use a traditional machine learning
approach with OpenFace and OpenSmile for feature extraction and decision-level fusion for
multimodal processing. A mobile application will enable patients to record their pain experiences,
while a web-based platform will provide oncologists with structured pain data and Al-generated
insights.

This concept ensures that pain assessments align with clinical workflows while remaining
technically viable. Future development will focus on application development, data collection, Al
model validation, and usability testing, refining the tool based on patient and oncologist feedback
to enhance its accuracy and clinical applicability.
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Application

Development

This chapter presents the design and development of the Al-based pain assessment application. It
outlines the goals, the design and development strategy, and the key design decisions, which
shaped the functionality, usability, and technical implementation of the application. Additionally,
the chapter discusses the iterative development process, incorporating insights from stakeholders

to ensure the application meets clinical, research, and user needs.

5.1 Introduction

The integration of digital technologies in healthcare has transformed patient care, with
smartphones becoming an essential tool for medical communication and monitoring [208]. Mobile
health (mHealth) — medical and public health practice supported by mobile devices, such as
mobile phones, patient monitoring devices, etc. [209] — has rapidly expanded in recent years,
leveraging the widespread availability [132] and increasing technical capabilities of smartphones
[210]. As more patients have access to high-quality mobile devices, these technologies present a
valuable opportunity for healthcare interventions that enhance patient engagement and data
collection [211].

Given this trend, a mobile application serves as a natural and effective interface for Al-driven pain

assessment [212]. It enables patients to record audiovisual data while receiving personalised
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feedback based on the model’s predictions. However, many existing mHealth interventions are
designed based on traditional healthcare system frameworks, which may not fully harness the
potential of mobile technology or align with user needs [222]. To address these limitations, a user-
centred design approach is required, ensuring that applications are developed in close
collaboration with end users to enhance usability, accessibility, and clinical relevance. The user
interface (Ul) and user experience (UX) play a fundamental role in ensuring the accessibility, ease

of use, and trustworthiness of the system.

In the context of Al-based pain assessment, a well-designed patient application must be capable
of reliably collecting structured pain data while also providing meaningful feedback on recorded
pain experiences, as outlined in Chapter 4. To complement this tool and support oncologists in
pain management, a web-based application for oncologists can serve as an interface for reviewing
Al-based pain assessments and integrating this information into clinical workflows. However,
before Al-based pain assessments can be provided, a robust Al model must first be developed,
requiring high-quality data. To this end, a clinical database development study will be conducted
(see Chapter 6) to capture pain-related audiovisual data in a controlled clinical environment.

Since the primary function of the patient application is to facilitate structured and standardised
data collection, this functionality can also be leveraged in the database development study. Using
the same mobile application for data collection during the database development study ensures
that the Al model is trained on high-quality, clinically relevant data, while also simulating how
patients would interact with the application in real-world settings. This approach improves data
consistency, enables early usability testing, and enhances the generalisability of the Al model.

To develop these applications for patients, oncologists, and researchers, a collaboration was
established with Innovattic, a company specialising in the design and development of digital
health solutions. This partnership ensures that the applications are developed with technical
expertise while maintaining a user-centred approach. In this process, | have assumed the role of
product owner, guiding the development process and ensuring that the application aligns with

clinical, research, and user requirements.

This chapter presents the application design and development strategy for the patient, oncologist,
and researcher applications, as well as the outcomes of the first two sprints. It details the iterative
development process, including stakeholder input and key design considerations. By establishing a
structured and validated approach to data collection and Al integration, this work lays the

foundation for future clinical studies and potential implementation of Al-assisted pain assessment.

5.2 Methodology

5.2.1 Design Objectives

The objectives of this phase of the project are threefold and align with the required tools for

future clinical studies:
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1. Develop a smartphone application (iOS) for researchers to facilitate data collection
during the database development study in the hospital, enabling efficient recording,
annotation and management of audiovisual pain data.

2. Develop a smartphone application (iOS and Android) for patients participating in a
clinical feasibility study, allowing them to record pain experiences while receiving Al-
generated feedback on their pain assessment.

3. Develop a web-based application for oncologists to visualise and interpret the Al
model's pain assessments for patients enrolled in the clinical feasibility study, integrating

key measures and outcomes to support clinical decision-making.

5.2.2 Design Approach

The development of the Al-based pain assessment application was carried out in collaboration
with Innovattic (Delft, Netherlands). Innovattic was responsible for the technical implementation,
including software development, user interface design, and system integration. To ensure a
seamless and consistent user experience across both iOS and Android devices, the mobile
application was developed using React Native, a cross-platform framework that allows for efficient
development while maintaining high performance and native-like interactions. The web-based
application for oncologists was developed separately to ensure optimal integration with clinical

workflows.

The development process followed a user-centric design approach, ensuring that the application
was accessible, intuitive, and aligned with the needs of patients, oncologists, and researchers. In
this process, | assumed the role of product owner, coordinating between the research team and
the development team to ensure that the application’s requirements were grounded in clinical and

Develop the actual tool

APP DEVELOPMENT

Figure 20 - User-centric App Development Process: from working concept to operational application
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Agile Sprint Cycle
Team

* Project manager

* Tech lead

» Design lead 2-week
* Software developers sprint
Product owner

Requirements Planning Design

Figure 21 - Agile sprint cycle used during technical development of the application

research needs while being technically feasible. A multidisciplinary team was involved in the
development, consisting of a project manager, tech lead, Android / iOS / React Native
developers, UX/UI designers, product owner and key stakeholders from the research team. This
collaboration ensured that the application was designed with both technical robustness and

clinical relevance in mind.

To guide the overall design trajectory, the team adopted a high-level iterative development cycle
that moves from a working concept, presented in Chapter 4, to a tested operational application.
This cycle is illustrated in Figure 20, which captures the continuous feedback loops between
ideation, development, and user testing.

Based on this foundation, an Agile methodology was adopted to implement the technical
development process in structured and iterative steps. Five two-week Agile sprint cycles enabled
frequent delivery of usable components, integrated feedback loops, and continuous alignment with
evolving research needs. The development sprints followed the classic Agile rhythm of planning,
design, development, testing, and review, with daily stand-ups, as shown in Figure 21.

5.2.2.1 Agile Sprints

Each sprint followed a set process, beginning with defining its objectives based on project
priorities and stakeholder feedback. Requirements derived from the conceptual framework (see
Chapter 4) were further refined and prioritised using the MoSCoW method (Must-have, Should-
have, Could-have, and Won't-have) to ensure alignment with user needs while maintaining
technical feasibility.

Once the sprint objectives were set, UX/UI designers developed wireframes to conceptualise the
application layout and functionality. Regular design discussions between UX/UI developers and
product owner ensured that usability and functionality aligned with clinical and research
requirements. The team created detailed user stories to break down features into actionable
development tasks.
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During refinement and planning sessions, the team evaluated and prioritised user stories, ensuring
a structured and efficient development process. These sessions focused on clarifying feature
specifications, determining development priorities based on urgency and impact, and assessing
technical feasibility with software developers. Sprint planning meetings finalised the roadmap for
each development cycle, allocating tasks and setting clear timelines.

During sprint execution, daily stand-up meetings provided a platform for developers, designers,
and product owner to review progress, address challenges, and align on short-term goals. At the
end of each sprint cycle, a demonstration session was held to showcase the newly implemented
features and collect feedback. The testing was conducted in two phases, beginning with internal
testing, where the development team evaluated the system to identify and resolve usability and
technical issues. To also assess the application’s functionality and accessibility with end-users,
user-tests have been scheduled.

Following each sprint, a retrospective session was held to reflect on the sprint’s outcomes,
evaluating what worked well and identifying areas for improvement. These sessions helped refine
the development process by addressing challenges and optimising workflows for subsequent

sprints, ensuring continuous improvement and alignment with project goals.

The user testing phase has been incorporated as an addendum to the exploratory interview study
and will be conducted at the Erasmus University Medical Centre (EMC). The structure of the
interview remains unchanged; however, between the first and second part, patients will interact
with a clickable prototype of the application. This hands-on experience provides a clearer
understanding of the tool's concept, enabling more informed discussions during the second part of
the interview, where participants will share their attitudes toward the technology.

The usability test sessions are designed to last approximately thirty minutes, focusing on assessing
the clarity of the interface, the intuitiveness of interactions, and the overall user experience.
Recruitment is currently ongoing and is being facilitated through collaboration with the
Nederlandse Federatie van Kankerpatiéntenorganisaties (NFK). To ensure sufficient patient
participation, a news announcement was published on the NFK website, and relevant sub-

organisations were contacted.

User tests are scheduled for May 2025, with findings expected to inform iterative refinements to
the application. The outcomes of these tests will help identify potential usability challenges,
enhance the interface design, and optimise the overall user experience before proceeding to further
clinical validation. Insights gathered from patient interactions will be directly integrated into the
development process, ensuring that the application remains accessible, intuitive, and aligned with

patient needs.

5.2.3 Planning

The development of the Al-based pain assessment application is structured into five Agile sprints,
each focusing on different aspects of the mobile and web-based applications. While the planning

provides a structured roadmap, it remains flexible to accommodate insights gained from user
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feedback and iterative development. At present, the first two sprints have been completed, while

the remaining sprints are scheduled for the rest of the year.

The first sprint focused on delivering a minimum viable product (MVP) for the research
application used in the database development study. This version included the recording module,
allowing researchers to collect audiovisual pain data in a structured and controlled manner. This
foundational component ensured that high-quality training data could be gathered for the Al
model.

The second sprint addressed the development of the patient application, implementing essential
features such as authentication, sign-in, and onboarding. These functionalities were crucial to
providing a secure and user-friendly experience, enabling patients to access the application and

navigate it with ease.

The remaining sprints will take place throughout the year, further refining the application and
expanding its functionalities. The third sprint will focus on the home screen, further development
of the recording module, and the integration of an outcome presentation module for the patient
application. The fourth sprint will shift attention to the web-based application for oncologists,
establishing authentication, sign-in, and onboarding processes to ensure a secure and structured
user experience for clinicians. Finally, the fifth sprint will focus on the outcome presentation
module for the web-based application, ensuring that oncologists can easily interpret and utilise Al-
generated pain assessments in their clinical workflow.

5.3 Results

5.3.1 Software Architecture

The software architecture is presented in Figure 22, illustrating the interaction between the
patient application, oncologist application, admin panel, backend, Al model, and research
database. The patient application, oncologist application, and admin panel interact with the
backend through defined application programming interface (API) endpoints to exchange data
securely. The Al Module is integrated into the system via an internal API, allowing model
predictions and updates to be handled programmatically. Synchronisation with the Research
Database is also managed through APIl-based data flows, ensuring modularity and controlled

aCCess.

The Al-based pain assessment tool is being developed and hosted by Innovattic, ensuring a stable
and secure infrastructure for both the patient-facing mobile application, the web-based application
for oncologists, and an administrative panel. These components communicate with Innovattic's
backend, which manages data flow, storage, and interaction with the Al model.
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Figure 22 - Software architecture for the SENSAI-project

At the core of the system is a backend server, which includes a database where patient and
oncologist interactions with the application are securely stored. While Innovattic is responsible for
hosting and maintaining the backend, the Al model itself is developed and managed by the
research team. Innovattic's system does not include Al development but instead facilitates
communication with the Al model via an application programming interface.

The backend serves as a bridge between the applications and the research database. The patient
application, oncologist application, and admin panel interact with the backend to retrieve and
update information. In turn, the backend securely transmits relevant data to the research
database, which plays a critical role in training and refining Al models. As the research team
develops new iterations of the Al model, updates are occasionally sent back to Innovattic's
backend, ensuring that the Al module running on the server remains up to date with the latest

improvements.

This architecture enables a clear separation of responsibilities: Innovattic manages the
application’s infrastructure and backend, while the research team retains control over Al
development and model training. By establishing a structured APl for communication, the system
ensures scalability, security, and flexibility, allowing future iterations of the Al model to be
seamlessly integrated without disrupting clinical workflows.

5.3.25 Sprint 1

The focus of the first sprint was to deliver the MVP for the application that could be used on a
research phone during the database development study. The requirements for this MVP were
divided into Must-have, Should-have, Could-have, and Won't-have categories based on their
importance for early-stage development and feasibility within the sprint. The MoSCoW overview is
presented in Appendix L.
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The primary Must-have requirements focused on ensuring the accurate and reliable collection of
all necessary data for the database development study, while also implementing secure data
storage measures to comply with data protection and privacy regulations. Additionally, the
requirements were designed to ensure that the MVP seamlessly integrated into the practical
workflow of the database development study.

The established user flows integrate both researcher and patient interactions and are presented in
Figure 23.

The process begins with the researcher entering the participant ID of the patient into the mobile
application. This step ensures that the collected data is correctly assigned to the respective
participant, maintaining data integrity and traceability. Once the participant ID has been entered,
the researcher hands over the mobile device to the patient, allowing them to independently
complete their data collection tasks.

The patient is first presented with the VAS-score input screen, where they are asked to rate their
current pain intensity. Once this is completed, the application proceeds to the mood
questionnaire, where the patient evaluates their affective state using a validated Likert-scale
format.

Following the questionnaire, the patient is introduced to the recording tasks. The application
provides instructions on how to perform the recordings, including guidance on maintaining proper
positioning within the frame. The patient is also given the option to pre-read the recording
prompt before starting. The first recording task then begins, in which the patient is given a
structured prompt to respond to. After completing the recording, the system asks whether a
retake is needed, allowing the patient to repeat the recording if they were disturbed or dissatisfied
with their response.

Next, the patient is guided through the narrative recording task, which follows a similar process.
The application provides instructions, allows the patient to pre-read the prompt, and then
proceeds to the recording session. Once completed, the system again offers the option for a retake
if necessary. If the patient chooses not to redo the recording, they are given the opportunity to
leave a free-text note, allowing them to provide additional context or comments about their pain

experience.

Upon completing all tasks, a final screen notifies the patient that the data collection session is
complete and instructs them to return the mobile device to the researcher. The researcher then
reviews the collected data through an overview screen, which displays the recordings, VAS score,
and mood questionnaire responses. The researcher can play back the video recordings to check for
technical issues, such as ensuring that the patient's face is fully visible and correctly positioned in
the frame. If a recording does not meet quality requirements, the researcher has the option to
redo the recording session. Once all data has been approved, the researcher selects the option to
save the data to the mobile device, ensuring that all collected information is securely stored for

future analysis.
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Figure 23 - User Flows for the researcher application, which will be used during the database development study for data collection (see Chapter 6)
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VAS-score

For the user interface design of the VAS-score, various interaction models were evaluated,
including radio buttons, dropdown menus, and discrete sliders. The selection process was guided
by existing research on the validity and reliability of response widgets for self-reported pain
assessment. Studies have shown that both radio buttons and sliders provide reliable data
collection methods for numerical pain scales [223]. Additionally, research comparing endpoint-only
labels versus fully defined choice points found no significant difference in user preference or

response accuracy [224].

A slider format was ultimately chosen due to its ease of use, intuitive interaction, and consistency
with validated pain assessment methods. Studies indicate that sliders can be used without
compromising data quality [225], making them a suitable alternative to traditional radio buttons.
Furthermore, research comparing different response scales (VAS, Likert-7, and Likert-11)
highlights high agreement rates among formats but suggests that multi-point scales (7 or 11

choices) facilitate more precise self-reporting [226].
Some concepts that were considered are shown in Figure 24.

In implementing the slider, a "touch-and-go" interaction model was integrated to allow users to
quickly select their pain level without requiring excessive interaction, enhancing usability. A colour

gradient was incorporated to visually indicate increasing pain intensity, and descriptive labels ("no

pain," "moderate pain," "worst pain imaginable") were included to maintain clarity. These design
choices ensure that the interface remains both clinically valid and user-friendly, facilitating

accurate pain reporting while minimizing cognitive and interactional burden on patients.
Mood Questionnaire

For the mood questionnaire, the patient is asked to complete the i-PANAS-SF [227] (or Dutch
version [228]) questionnaire. The patient will rate the applicability of 10 affective states on a 5-
point Likert Scale, from ‘not at all’ till ‘extremely’, as in the validated version. This questionnaire
assesses mood by having patients rate the applicability of 10 affective states using a 5-point Likert
scale, ranging from "Not at all" to "Extremely", consistent with the validated format.

Regarding the presentation format, both horizontal and vertical orientations were considered, see
Figure 24. Research suggests that a horizontal layout is preferable when users are expected to
make relative comparisons, as it allows for quicker scanning and more intuitive selection [229].
Conversely, a vertical layout is often recommended for independent questions, as it reduces
cognitive load and ensures clear differentiation between items. In addition to readability and
cognitive effort, the number of required interactions (e.g., clicks or scroll actions) was considered
to minimise patient burden. Although the independent nature of the i-PANAS-SF items would
typically suggest a vertical layout, this approach would require patients to scroll frequently or
navigate through multiple pages to complete the questionnaire. To optimise usability, it was
determined that a horizontal format with radio buttons could accommodate five questionnaire

items per screen without requiring additional scrolling or page transitions. This design choice
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aimed to balance efficiency and clarity, ensuring that patients could complete the questionnaire
with minimal effort while maintaining the validated structure of the i-PANAS-SF.

Recording Tasks

To ensure standardized and high-quality audiovisual data collection, the recording tasks were
designed with clear guidance and intuitive visual aids. Patients receive instructions on how to
position themselves correctly while filming, ensuring their face remains within the frame.

To facilitate proper alignment, a ‘+' symbol is displayed on the screen, indicating the correct
placement of the nose, while a head-shaped overlay provides a visual cue for maintaining the
appropriate distance between the face and the camera. These elements help ensure consistent
framing across recordings, which is essential for accurate Al-based pain assessment.

Additionally, recognizing that some users may have difficulty reading or require additional support,
an option to pre-read the recording prompt before starting the task was integrated. This feature
allows patients to read the instructions at their own speed, reducing cognitive strain and ensuring
that all users can fully understand the task requirements before beginning their recording.

After the first sprint, three out of the four components of the patient task were successfully
implemented. Figure 25 presents screenshots of the completed sections, which include the VAS-

score input, the recording task, and the outcome presentation module. However, due to time
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Figure 25 - Screenshots of the delivered product after the first sprint.
Developed in collaboration with Innovattic, Delft, the Netherlands.
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constraints, the mood questionnaire component was not delivered within this sprint and was
deferred to a later development phase.

The patient input was successfully recorded and, after review, could be saved directly to the
researcher's phone. This ensured that data integrity was maintained while allowing researchers to
verify recordings before storage. The implemented functionality enabled secure local data
management, laying the groundwork for future synchronization with the research database.

5.3.3 Sprint 2

As in the first sprint, the requirements from the conceptual framework were discussed with the
development team, and those specific to the patient application were structured into a MoSCoW-

requirements overview, see Appendix L.

Given that the second sprint focused on authentication and onboarding, the requirements were
further refined in consultation with privacy officers at EMC to ensure compliance with security
and data protection standards.

This process led to the establishment of key Must-have requirements, including two-factor
authentication (2FA) and automatic logout after a period of inactivity, both essential for
safeguarding patient data. Since a seamless and intuitive first-time login experience was a priority,
the onboarding process was also a key area of focus. As a result, an introductory guide was
integrated into the application to clearly explain its purpose. In a following sprint a tutorial will be

added to this to ensure that patients could navigate the system with ease and confidence.

The established user flow is presented in Figure 26.

The process begins when the patient receives their participant identification number (ID) and a
first-time password from their oncologist on paper. Along with these credentials, they are given
instructions on how to install the application. Upon opening the app for the first time, the patient
is prompted to enter their participant ID and the provided password. After submitting this
information, a one-time authentication code is automatically sent to the email address or phone
number on record with the research team. To proceed, the patient must enter this code in the
app, completing the 2FA verification step.

Following successful authentication, the onboarding process begins. The patient is introduced to
the purpose of the application and guided through its key functionalities. At this stage, they are
required to create a 4-digit PIN and confirm it by entering it twice. Once the PIN is set, it
becomes the default method for logging into the application, eliminating the need for 2FA during
future logins. If the patient’s device supports biometric authentication, such as fingerprint or facial
recognition, they are given the option to enable it. If activated, biometric login becomes the

preferred method for future access.
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After completing the onboarding process, the patient is directed to the home page. Upon their
first visit, a request appears asking them to provide basic demographic information, including age
and gender. Additionally, they are given the option to enter their name, which the app will use in
personalized messages and prompts. Completing this step finalizes the initial setup and allows the
patient to begin using the application's features.

For subsequent logins, the patient can use their chosen authentication method, either the PIN
code or biometric login. Upon successful authentication, they are taken directly to the home page.
From there, they can access the menu, which provides options to adjust personal preferences, view
additional information about the SENSAI project and participation in medical research, and
retrieve contact details for the research team. If they wish to contact the research team, the app
includes a direct contact button that automatically drafts an email addressed to the product

owner, pre-filled with their participant ID to facilitate communication.

To enhance security, the system includes a reactivation measure for inactive users. If a patient has
not used the application for more than one week, the app will require them to complete the 2FA
process again upon their next login. This additional security step ensures that access remains
protected while maintaining a balance between convenience and safeguarding patient data.

The implementation of multiple authentication options (biometric login, PIN-based
authentication, and email confirmation) was based on research indicating that multimodal
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Figure 27 - Screenshots of the delivered product after the second sprint.
Developed in collaboration with Innovattic, Delft, the Netherlands.
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authentication methods improve both security and user experience in mobile health applications
[230]. Studies suggest that biometric authentication reduces login time and cognitive burden,
particularly for older or less tech-savvy users, while PIN codes provide an essential fallback

mechanism [231].

The decision to implement an automatic logout function was informed by security guidelines for
mobile health applications, which recommend automatic session termination after prolonged
inactivity to mitigate unauthorized access risks.

After the second sprint, a part of the authentication and log-in procedure was delivered, see
Figure 27 for screenshots. While the front-end components of these features have been
implemented, internal testing is still ongoing to assess usability and performance. The backend
functionality is not yet fully operational.

5.4 Discussion

This chapter presented the design and development process of the Al-based pain assessment
applications for patients, oncologists, and researchers, as well as the outcomes of the first two
development sprints. The first sprint resulted in an initial prototype of the researcher application,
enabling structured audiovisual data collection for the database development study. However, due
to time constraints, the mood questionnaire component was not completed within the sprint and
was deferred to a later phase. Despite this, the data collection workflow was validated, allowing
researchers to efficiently review and store collected data. The second sprint focused on the
authentication and onboarding process for the patient application. 2FA, PIN-based login, and
optional biometric authentication were introduced to enhance security while maintaining usability.
A structured onboarding process was designed to familiarise patients with the application’s
functionalities and collect demographic information. While the front-end components were
successfully implemented, backend authentication functionalities remain under development and

require further testing before full integration.

Although the development process is still in its early stages, an important challenge has already
emerged. Despite careful planning and structuring of sprints, not all user stories were fully
delivered as expected. This highlights the need for continuous evaluation and refinement to
optimise the Agile development approach, ensuring that the application aligns with the three

folded design objectives.

The development process remains ongoing, with future sprints focusing on completing key
components. The next phases will involve the design and implementation of the mood
questionnaire, the development of the measurement presentation module for patients, and the
creation of the web-based application for oncologists. Additionally, the backend infrastructure
needs to be finalised to ensure secure data management and enable seamless communication with
the Al module.
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Usability testing with patients has been initiated but still needs to be conducted. These tests will
provide valuable input for iterative refinements, ensuring that the design and functionality of the
applications align with user needs. The findings will directly inform further design adjustments,

contributing to the usability, accessibility, and clinical relevance of the system.

These next steps are essential to progress towards its usage in clinical research, ensuring that the
application functions effectively in real-world settings. Ultimately, this development aims to lay the
foundation for the integration of Al-assisted pain assessment into oncology care, enhancing both

patient self-reporting and clinical decision-making.

5.5 Conclusion

This chapter presented the iterative development process of the Al-based pain assessment
applications for patients, oncologists, and researchers. The first two sprints resulted in a functional
prototype of the researcher application for structured data collection and the authentication and
onboarding system for the patient application. While progress has been made, challenges in
feature prioritisation and sprint planning have led to the postponement of certain functionalities.
Future development will focus on completing the remaining components, integrating the Al
module, and conducting usability testing. These steps are essential for moving towards usage in
clinical research and potential implementation of Al-based pain assessment in oncology care.
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Database
Development Study

This chapter presents the study protocol for a prospective clinical study to develop a high-quality,
multimodal database of cancer patients experiencing pain. The primary goal is to collect
audiovisual data — specifically facial expressions and vocal characteristics — together with clinical,
demographic, and self-reported information to support the development of an Al-based automatic
pain assessment model. The chapter outlines the background, protocol, setup, and ethical
considerations. The protocol is currently under review by the ethics committee. Data collection is

expected to begin in May 2025 at the Erasmus MC Cancer Institute, Rotterdam, the Netherlands.

6.1 Introduction

The automatic assessment of pain experiences and behaviours is a well-established research field
aimed at enhancing personalised care, empowering patients, and supporting self-management in
clinical context [30, 232, 233]. By leveraging advanced machine learning models, APA systems

hold the potential to revolutionise pain management, but currently high-quality dataset for this

purpose are lacking.

Despite the growing body of research in affective computing and the clear need for training and
testing data, there remains a notable limitation in the availability of publicly accessible pain
databases with (audio-)visual data. The few that are available, including the most frequently used
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ones i.e. the UNBC McMaster Shoulder Pain database [234] and the BioVid heat pain database
[235], suffer from significant shortcomings. These include small sample sizes, inadequate
representation of chronic pain, limited diversity in patient demographics and environmental
contexts, and a lack of multimodal data.

When searching for cancer-related pain databases the options become even more limited. Ideally,
data for developing an AI-APA system for cancer patients would include cancer-related pain,
which differs from non-cancer-related pain in its presentation and experience [236]. To the best of
my knowledge, just one project group [221] published on the development of a cancer-related
pain database with data of facial expressions, paralinguistics, and / or physiological
measurements. This database, the Intelligent Sight and Sound (ISS) database [221], will provide
facial expression and paralinguistic data from chronic cancer pain patients. While the ISS project
is still in development, and only a fraction of the intended patient pool (29/112 (25.9%)) has
been recruited, the database promises to be an important resource for future research in Al-based
cancer pain assessment. However, until these types of comprehensive, multimodal datasets
become more accessible, the advancement of Al-driven APA systems for cancer pain will remain
limited.

To address this problem, we aim to develop a high-quality, multimodal cancer-related pain
database that meet the needs and expectations of the scientific community. Therefore, the
primary objective of this study is to create a training and validation database of short (no more
than 60 seconds) audiovisual recordings (from the shoulders up) of cancer patients for the future
development of an Al algorithm to assess pain in cancer patients based on audiovisual face and

voice analysis. The estimated start date for inclusion is May 1, 2025.

6.2 Background

Table 6.1, adapted from the previously performed literature study (see separately provided
document), summarises the seven identified publicly available pain databases used in APA
research that contain data on facial expressions and/or vocal indicators of pain. Among the seven
identified databases, three — SenseEmotion, EmoPain, and X-ITE Pain — contain both video and
audio data.

Besides publicly available databases, the literature review identified three studies that used cancer-
related pain data. Adibuzzaman et al. [237] collected images of 14 breast cancer patients in rural
Bangladesh and 513 clinic-visit images of advanced cancer patients. Cascella et al. [238] recorded
short interviews with cancer patients, capturing facial expressions and verbal reports. Wilkie et al.
[239] developed a database that contains videos of facial expressions of lung cancer patients.
Although these datasets might have contained interesting data, the datasets were briefly

described, limited to video recordings, and not accessible for external researchers.
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Table 6.1 Summary of available databases contain facial expressions and / or audio-recordings of subjects experiencing pain

Database Subjects Data
Participants Pain source Type of pain Sample size  Modalities Annotation Pain labelling
and setting granularity
SenseEmotion 45 healthy subjects Heat stimuli at 3 Acute, 8.1k seq. Video of face, audio, EDA, Sequence  Stimulus
[240] intensities with 30 experimental ECG, EMG, RSP level (calibrated per
repetitions 2 stimulus  setting person)
sites
EmoPain [241] 22 chronic lower back Physical exercises Acute, 50 seq. Video, audio, EMG, Sequence  Self-report, OPI
pain patients, 28 experimental MoCap level
healthy controls setting
X-ITE pain [242] 134 healthy subjects  Electrical and heat Acute, 24k phasic + RGB-thermal video of face, Sequence  Stimulus
stimuli, each at 3 experimental 804 tonic RGB-depth video of body, level (calibrated per
intensities setting pain seq. audio, EDA, ECG, EMG person)
Delaware Pain 240 healthy Potentially painful Acute, 229 images  Image of face Frame level FACS
Database [243] individuals scenarios experimental
setting
UNBC-McMaster 25 shoulder pain Range of motion Acute, 200 seq. RGB video of face Frame level FACS
[234] patients exercises with affected experimental Sequence  VAS, OPI
and unaffected limbs  setting level
BioVid Heat Pain 87 healthy subjects Heat stimuli at 4 Acute, 14k seq. Video of face, EDA, ECG, Sequence  Stimulus
Database [235] intensities with 20 experimental EMG level (calibrated per
repetitions at 2 sites setting person)
MintPAIN [244] 20 healthy subjects Electrical stimuli at 4  Acute, 2k seq. RGB, depth and thermal  Sequence  Stimulus
intensities with 40 experimental video of face level (calibrated per
repetitions in 2 trials  setting person, VAS

Modalities BP: blood pressure, EDA: electrodermal activity, EMG: electromyogram, HR: heart rate, MoCap: motion capture, NIRS: near-infrared spectroscopy, RSP: respiration rate, SpO2:

peripheral oxygen saturation rate Pain labelling FACS: facial action coding system, OPI: observer pain intensity, VAS: visual analogue scale

132



Chapter 6 - Database Development Study

Across all identified databases, several key limitations persist for using those databases to develop
an Al-based APA for cancer pain:

- Limited sample sizes: Most databases contain fewer than 100 participants, restricting
model generalisability.

- Lack of multimodal data: The majority of datasets include only facial expressions,
omitting vocal and physiological indicators.

- Focus on induced pain: Many datasets rely on controlled stimuli (e.g., heat, electrical
pain) rather than spontaneous, clinical pain.

- Underrepresentation of cancer pain: Cancer-related pain is rarely included, despite its
distinct characteristics and frequent occurrence.

- Restricted access: Many datasets remain unavailable for external researchers, limiting
progress in Al-based pain assessment.

6.3 Methodology

6.3.1 Study Design and Setting

This study is a prospective, single-centre database development study conducted at the EMC
Cancer Institute. The aim is to collect audiovisual recordings of cancer patients experiencing pain,
along with relevant clinical and demographic information, to develop an Al-driven pain assessment
model in a later stage of the project.

Patients will be recruited from the oncology ward of EMC and divided into two groups:
- Patient group — cancer patients admitted for cancer-related pain.
- Control group — cancer patients admitted for chemotherapy who report no pain.

The audiovisual recordings will be collected in a real-world, but controlled clinical setting, with
patients filmed from the shoulders up. The patients are asked to perform two tasks that will be
audiovisually recorded. Besides this, they are asked to self-report their pain intensity using the

Visual Analogue Scale (VAS 0-10) and fill out a mood questionnaire (i-PANAS-SF [227] (and

Dutch version [228])). Additional clinical data will be retrieved from the EMR.

6.3.2 Study Population

Participants must meet the following criteria:
- Aged 18 years or older.
- Diagnosed with cancer and admitted to the oncology ward of EMC.
- Patient group: Admitted for cancer-related pain (NRS > 0).
- Control group: Admitted for chemotherapy, reporting no pain (NRS = 0).
- Able to understand and provide informed consent.

Participants will be excluded if they:
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- Are unable to provide informed consent.
- Have pain unrelated to cancer or its treatment.
- Have conditions that significantly affect facial expressions, such as neurological

impairments, excessive dyspnoea, or severe drowsiness.

Machine learning algorithms typically require large datasets and likewise large sample sizes to
increase the stability and generalisability of the model [245]. Currently, there is no formal method
to determine appropriate pre-hoc sample sizes for machine learning algorithms [246]. The required
sample size depends on the specific context, including the used prediction modelling method,
number of features, the proportion of the predicted health outcome and the desired predictive
performance as stated in the guidelines and quality criteria in the review of de Hond et al. [247].
Since the model architecture has not yet been decided, specific details on data requirements
cannot be provided at this stage. However, based on closely related datasets that currently have
been used, it can be expected that traditional machine learning models could achieve accuracies
above 80% with approximately 200 audiovisual recordings. If a deep learning approach is chosen,
significantly larger datasets will be required, as current datasets have proven too small for
effective deep-learning model training (see the literature review and Chapter 2).

Beyond the need for sufficient data to develop a robust Al model, practical constraints and ethical
considerations must also be considered. The principle of proportionality is particularly relevant
here: data collection should be limited to what is necessary and justifiable, as excessive data
collection consumes resources and, although small, places a burden on the participants. Therefore,
it has been decided to do interim and posteriori evaluations of the sample size. For this evaluation
a proof-of-concept Al model will be used. This model will be developed in parallel with the data
collection for the database. Once data from 40 patients (excluding controls) is available, the
initial interim evaluation will be conducted. The proof-of-concept model will then be trained and
tested on the available data. The results of the model will be compared based on the data
collected from different numbers of patients. If the results improve as more data is added, data
collection and dataset expansion will continue. This process will be repeated with larger datasets

until no further improvement is observed.

Since it could be expected that a dataset with about 200 audiovisual recording is enough and that
with 200 admissions per year to the oncology ward for pain treatment optimisation all participants
could be recruited in one year, the study aims to recruit 75 — 100 patients with cancer-related

pain and 75 — 100 controls.

Eligible subjects will be selected based on their reason for admission: for the patient group this is
an exacerbation of cancer related pain; for the control group this is chemotherapy. Suitable
patients will be identified by a dedicated researcher based on the admission description as stated
in the EMR patient admission overview of the EMC oncology department.
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To recruit the patients, the researcher will visit the identified patients in the oncology ward to ask
them for their willingness to participate in this study. They will be verbally informed of this
study's details by the researcher. The patient will also be provided with the information letter and
informed consent form. After patients have been given at least 24 hours to read the informed
consent form, the researcher will visit the patient again. The patient could ask questions and, if
willing to participate, the patient could provide the signed informed consent form. The
contribution of the patient ends when they no longer want to be filmed or when they are
discharged from the hospital. Patients who are readmitted for pain management will not be filmed

again.

Patients can withdraw their consent at any time for any reason. When a patient objects to the
(re-)use of their data, at any point in time, after initially giving informed consent, the
documented data for that patient, that has not yet been processed, will be deleted. Processed
data cannot be withdrawn as it might compromise the reproducibility of the results obtained at
that point.

6.3.3 Study Interventions

Clinical Protocol

As part of standard care, hospitalised patients are routinely asked to report their pain multiple
times per day, typically using the NRS. For the purpose of this study, audiovisual recordings will
be made during one of these standard pain assessment moments. The researcher will position the

recording setup

The researcher will set up the recording equipment in the patient’'s room, ensuring the
environment is quiet, well-lit, and, where possible, has a consistent background to maximise
recording quality. Once the setup is complete, the patient will be guided through the study-
specific protocol (see Section 6.3.3.2).

Following completion of the recording, the researcher will securely transfer the audiovisual data to
the protected digital storage environment of EMC, in accordance with the approved Data
Management Plan (DMP). Once transfer is complete and data integrity is confirmed, the original
recordings will be deleted from both the video recording device and the smartphone.

For patients in the control group, this procedure will be performed once. For patients in the other

group, the recording will be repeated daily until the patient is discharged from the hospital.
Setup

The recording setup consists of a high-quality video recorder, a high-quality audio recorder, and a
mid-range quality smartphone, enabling dual recordings, see Figure 28. In a later phase of the
study, this setup will allow for an evaluation of how recording quality affects model outcomes, as
well as an assessment of the feasibility of using smartphone cameras and audio recorders for
audiovisual data collection. The video-recorder and audio-recorder are physically connected to

allow for precise data synchronisation. A shared timecode system ensures that both modalities are
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Figure 28 - Recording setup for the data collection in the hospital room of the patient

aligned accurately, preventing drift between the video and audio streams. This method enables
seamless integration of multimodal data for analysis.

The patient will be asked to sit upright, which allows the researcher to position the recording
setup. The recording setup is placed on a movable hospital table, which can slide over the
patient’s bed, ensuring a stable and adjustable recording position while maintaining patient
comfort. Additionally, the mobility of the table allows the setup to be easily repositioned within

patient rooms, adapting to different room layouts and bedside environments as needed.

The video-recorder and smartphone are positioned in a vertical stack, to minimize parallax effects.
The video-recorder is placed on a tripod, while the smartphone is placed on a phone-holder.
Although it might have been more representative to let the patient hold the phone, this would
have created the risk of occluding the view of the video-recorder. The setup is positioned at the
armlength of the patient, to mimic the use of the phone in their own hands, in a frontal position.

For the same reason, the front camera of the phone is used.

For more information on the setup and equipment, see Appendices M and N.

Patients are asked to perform four tasks: 1) Provide their self-reported pain score, 2) Complete a
mood-questionnaire, 3) Perform recording task 1 (prompt), and 4) Perform recording task 2
(narrative). Patients engage using a custom developed mobile application, that runs on the
smartphone. The application is available in English and Dutch. Figure 29 provides a series of
screens showing the different tasks in the application. Performing the four tasks will take
approximately 3 minutes. When performing the first two tasks, the patient is allowed to take the
smartphone in their hand. For the last two tasks the phone must be placed in the phone holder.
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Self-reported pain score

First, the patient is asked to rate their pain score on a scale from 0, no pain, to 10, worst pain
imaginable, by using a slider.

Mood-questionnaire

Second, the patient is asked to complete the i-PANAS-SF [227] (or Dutch version [228])
questionnaire. The patient will rate the applicability of 10 affective states on a 5-point Likert
Scale, from ‘not at all’ till ‘extremely’. This questionnaire assesses an individual's affect, which is
useful since literature suggests that cancer patients experience complex emotions and beliefs that
can influence their pain perception and, consequently, their clinical treatment [248, 249].

Recording task 1 - Prompt

Following the questionnaire, the patient is asked to read a 10 to 15 second passage aloud, when
recorded by the cameras. The passage consists of a neutral text at a grade 3 reading level
randomly selected. For example, the following passage will be used:

“The old man sat on the park bench, feeding the pigeons, unaware that one of them carried a tiny
note tied to its leg.”

Before the patient starts with the recording task, the patient is instructed to place their face
within a frame of the scree and place their nose in the middle, indicated with a ‘+'-sign (see
Figure 29 c/d).

When starting with the task, the patient is allowed to pre-read the text before the recording
starts. When the patient is ready, the ‘start recording’ button must be pressed. This is also the
sign for the researcher to start the recording of the other video-recorder. The patient will read the
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Figure 29 - Screenshots of the four elements of the patient tasks in the mobile application developed in collaboration
with Innovattic, Delft, the Netherlands: a) Self-report pain score, b) Mood-questionnaire, c) Prompt recording task, d)
Narrative recording task
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passage aloud and press ‘stop recording’ if finished. After the recording the patient is asked

whether the recording has to be redone, in case there was any disruption.
Recording task 2 - Narrative

Finally, in the second recording task the patient is asked to verbally describe their pain experience
of the past day. Similar to the previous recording task, the recording instructions are shown before
the recording, and patients could start and stop the recording themselves.

Apart from newly created data, the researcher will retrieve several relevant parameters, see
Section 6.3.4.2, from the patient's EMR and add it to the database by using the hospitals systems
in place. The recordings of recording task 1 and 2 will be saved as separate entities.

Patients will be treated according to standard clinical care. There are no additional visits required
and there is no additional burden associated with participation in this study, except for the 1-

minute mood questionnaire.

The risk associated with participation in this study with respect to the safe storage of audiovisual
data of face and voice samples of patients is limited but present, as patients are, by nature of the
recorded audiovisual information, identifiable. This risk is limited by using a secure storage facility
that fulfils all requirements of the GDPR and that is only accessible by the researchers associated
with this project. All data is handled according to the data management plan.

6.3.4 Outcomes

The outcome of this study will be a dataset, that contains data of 150 — 200 adult cancer-
patients with VAS-scores variating from 0 to 10, obtained in a controlled clinical environment.

The primary outcome parameters for this study are the VAS-score and the audiovisual recordings
(.mp4/.avi/.wav-files, 30 frames per second) of the patient’s face from the shoulders up and
his/her voice when reading a prompt and describing their pain experience of the past day.

The secondary outcome parameters are the outcomes of the i-PANAS-SF questionnaire and the
parameters collected from the EMR: pain and affect measures (observer reported pain description,
reported quality of life), analgesics in use (number of analgesics, drug names, dose, frequency),
tumour specifications (type of cancer, stage, Karnofsky-score), general patient descriptors (age,

sex).
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6.3.5 Ethical Considerations

The study will be conducted according to the principles of the Declaration of Helsinki,
Gedragscode Gezondheidsonderzoek 2022 and in accordance with other guidelines, regulations,
and the General Data Protection Regulation (GDPR).

Ethical approval for the study is requested from the Medical Ethics Commission of the EMC and
expected to be obtained by the beginning May, 2025.

All participants were provided with detailed information about the study, including its objectives,
procedures, and potential risks by providing a participants information letter and verbal
explanation. Participants were required to give written consent before participation.

Results will be published in a relevant scientific journal and communicated to participants and

relevant institutions.

6.3.6 Data Storage, Privacy and Accessibility

Given the sensitive audiovisual recordings that are collected, strict measures have been set in
place to ensure patient privacy and compliance with legal and ethical guidelines. The audiovisual
recordings inherently contain personally identifiable information, making them subject to strict
data protection regulations.

Ensuring the security and confidentiality of participant data is a critical aspect of this study.
Therefore, the following measures have been implemented: 1) consultation with the data stewards,
privacy contact persons, chief information security officer, privacy knowledge organisation and
legal representative, 2) development and thorough review of a data management plan, and 3)
completion of a data protection impact assessment. For the data management plan and the data

protection impact assessment, the researcher could be contacted.

All collected audiovisual and clinical data will be handled in compliance with GDPR guidelines and
institutional data management policies.

All audiovisual recordings will be securely stored on the Research IT — Storage & Compute
platform at EMC. Immediately after collection, data will be transferred from the recording
devices, which are protected by encryption, to this secure storage system. Once successfully
transferred, the original files will be deleted from the recording devices to prevent unauthorised

access.

Access to stored data will be strictly restricted to authorised research personnel. Only the
researchers who are part of the research team will have access to the data. Access to the data will
be managed by the principal investigator. Team members will be denied access to the data as
soon as they are no longer part of the research team. New team members will only be given
access to the data by the principal investigator if their role in the investigation requires access to
the data.

Given the identifiable nature of audiovisual recordings, the raw video and audio data will not be
made publicly available. However, considering the scarcity of open datasets for Al-based pain

assessment, a secondary, anonymised version of the dataset will be created after development.
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This version will consist of extracted features from the audiovisual recordings using widely used
toolkits such as OpenFace [219] (facial features) and OpenSMILE [124] (vocal features). These
features are not directly traceable to individuals, enabling broader scientific use while safeguarding
patient privacy. Access to this processed dataset will be granted to non-profit academic
researchers upon request and approval by the principal investigator. The data will be archived in a
certified repository such as DataverseNL and described using standard metadata schemas (e.g.
DublinCore), with persistent identifiers (DOI) to ensure findability and traceability. The
anonymised dataset is expected to be made available to academic researcher after the Al-model

development phase has been concluded.

Data will be stored for 10 years in accordance with EMC's data management policies.

6.4 Discussion

This protocol outlines a novel approach to developing a high-quality, multimodal dataset for Al-
based pain assessment in cancer patients. By collecting audiovisual recordings alongside clinical
and self-reported data in a controlled hospital setting, the study aims to address a critical gap in
current affective computing research. The focus on cancer-related pain — a complex and
underrepresented condition in existing datasets — adds important clinical relevance.

The study protocol was designed to balance scientific value with practical feasibility. Within this
protocol patients are asked to complete four tasks: a VAS score, a mood questionnaire, and two
short audiovisual recordings. While this structure allows for standardised and efficient data
collection, it does not yet include information on the impact of pain on daily life or the patient’s
tolerability of pain — dimensions that were highlighted as clinically meaningful in the conceptual
framework of the tool presented in Chapter 4. At the time the protocol was submitted for ethical
approval, those insights were not yet available because the interview study was still conducted.
However, in light of the insights gained since, it should be considered whether these additional
parameters could be included in a future protocol amendment to further enhance the clinical
relevance of the dataset.

Other practical considerations may emerge during implementation. While the protocol was
designed to ensure adaptability across clinical settings, differences in patient room layout and
environmental conditions may influence recording quality. Moreover, although the sample size
estimates are informed by literature, they will be evaluated iteratively using a proof-of-concept Al

model to ensure the final dataset is both robust and proportional to its intended use.

Lastly, the dual-recording setup using both high-end and mid-range devices offers an opportunity
to explore how recording quality influences model performance. This is especially relevant for
assessing whether smartphones could serve as a feasible data source in future patient-facing
applications. However, as the final equipment selection is still pending, this aspect of the study

remains subject to refinement.

Overall, this protocol provides a strong foundation for creating a unique, clinically meaningful
dataset. As the study progresses, flexibility, reflexivity, and a commitment to integrating emerging
insights will be essential to ensure the dataset meets both scientific and clinical needs.
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6.5 Conclusion

This chapter has outlined the study protocol made for the development of a high-quality,
multimodal database of cancer patients experiencing pain. The study aims to collect recordings of
facial expressions and vocal characteristics, alongside clinical and demographic data, to support
the development of an Al-based automatic pain assessment system. A prospective, single-centre
approach is employed, with data collection taking place in a controlled clinical environment at
Erasmus MC. Ethical approval is currently pending, but data collection is expected to begin on
May 1, 2025.

A carefully designed methodology ensures that the dataset is representative, reliable, and ethically
obtained and in line with the requirements for a high-quality dataset for machine learning
algorithms. By creating one of the first dedicated cancer pain audiovisual databases, this study
addresses the critical gap in available datasets and provides a foundation for future Al-driven
advancements in pain assessment. The resulting dataset will not only contribute to improving pain
management for cancer patients but also advance the broader field of affective computing and

automated healthcare solutions.
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Conclusions and

Recommendations

7.1 Overview

This thesis presented the initial steps towards the development of a human-centred, Al-
empowered tool for the automatic assessment of cancer-related pain. Recognising that methods
used in current clinical practice — particularly in the outpatient oncology - are limited in their
ability to capture all patients experiencing pain and also come with several challenges, this
research project was started to address the question whether HCAI technologies might enhance
both the accuracy and usability of pain assessment in this context.

To investigate how Al could support pain assessment, this thesis adopted a user-centred,
multiphase design process inspired by the Double Diamond framework. The project moved
through the phases of discovering the broader problem space, defining the specific design focus,
developing a conceptual framework, and initiating the first steps of technical development.

During the discovery phase, background research was conducted to examine the current state of
cancer-related pain assessment. This involved familiarisation with key literature on the
multidimensional nature of pain, the methods used in clinical practice, and the technical
possibilities of APA. In addition, an exploratory interview study with medical oncologists at the

EMC provided in-depth insight into how pain is assessed in practice, sometimes deviating from
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standard protocols. Moreover, thematic analysis revealed significant challenges in the current pain
assessment and management process: the complexity and subjectivity of pain, ambiguity in
responsibility for addressing pain, communication and interpretation barriers, balancing all types of
information with clinical judgement, and practical barriers. These insights were supported by
existing literature and trends in medicine and formed the foundation for the next phase of the
project.

In the definition phase, expert consultations were used to refine the problem focus and guide the
development of the tool concept. The second part of the interview study explored oncologists'
attitudes towards the idea of an Al-based pain assessment application, using the mTAM as
framework. It was found that the oncologists are interested and perceive the potential value of
such a tool — but only under specific conditions. They emphasised the need for clinical validation,
contextual interpretation, integration with existing workflows, and a design that supports rather
than replaces human judgement.

Building on these insights, the development phase focused on creating a structured conceptual
framework for the APA model and tool, to be used in the next separate parts of the technical
development phase. Through expert workshops, design brainstorming, insights from the earlier
research phase and assumptions on feasibility, the concept crystallised around three core
functionalities: 1) data collection via using a mobile application for patients, 2) Al-based pain
prediction that categorises pain, and 3) feedback mechanisms for both patients and clinicians.
These components were integrated into a modular architecture that allows for future technical
expansion and clinical adaptation.

Concurrently, two development tracks were initiated. First, in collaboration with the software
development company Innovattic, the design and technical implementation of the APA tool were
initiated using agile development sprints. As product owner, | coordinated the design goals and
ensured alignment with the research aims. After two sprints, the researcher application is nearly
ready to be used in the database development study. Besides this, first efforts are made on the
patient application development, and the prototype will soon be tested with cancer patients
recruited through NFK. Second, a study protocol was developed for the database development
study, which will support the creation of a high-quality, multimodal dataset. Ethical approval is

underway, and data collection is scheduled to begin in the coming months.

Together, these efforts represent the initial steps toward a clinically relevant and technically
feasible Al-based APA tool for cancer patients. By integrating stakeholder insights, expert
guidance, and iterative development, this thesis has laid a strong interdisciplinary foundation for
the continuation of the SENSAI project. While the technical implementation of the Al model itself
lies beyond the scope of this thesis, the work presented here demonstrates the viability and
importance of developing such tools in close alignment with clinical realities and end-user needs.
In doing so, it lays the groundwork for a novel approach to pain assessment in oncology — one
that has the potential to improve how pain is recognised, monitored, and ultimately managed in
clinical practice.
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7.2 Key Limitations

While this thesis provides a coherent foundation for the development of a clinically relevant and
user-centred APA tool, several key limitations must be acknowledged.

First, although the exploratory interview study provided valuable insights into current pain
assessment practices and oncologists' attitudes, the data reflects only the first half of the planned
study. Interviews with patients are still ongoing and therefore not yet included, limiting the
completeness of the thematic analysis and resulting in an unbalanced view of stakeholder needs.
Consequently, the design process did not yet incorporate direct input from patients, constraining
the extent to which usability, acceptability, and lived experience could be embedded in the early
development. While initial steps toward patient involvement have been taken, broader engagement
will be essential in subsequent phases.

Second, the qualitative findings are based on interviews with a small group of oncologists from a
single academic medical centre. While insightful, this limited sample lacks diversity in institutional
setting, clinical role, and geographical region, reducing the generalisability of findings to other
oncology contexts, particularly those outside tertiary care.

Third, several components of the conceptual framework—such as the selected functionalities,
measurement tasks, and feedback mechanisms—were based on expert consultation, literature, and
anticipated feasibility. However, these assumptions have not yet been empirically tested. The
measurement protocol—referring to the defined procedures for collecting patient data, including
task structure, timing, and contextual inputs—is still under development, and no usability testing
of the application has yet been conducted. As such, the framework should be viewed as an initial

concept that requires further validation and refinement.

Moreover, although the design process was informed by literature, expert input, and exploratory
interviews, structured iteration across stakeholder groups was limited. Design decisions were
primarily shaped within the research group and iterated through software development sprints,
without formally revisiting earlier stages in response to new feedback. Given the exploratory
nature of this phase, this is understandable; however, future development should include more

extensive, cross-stakeholder iteration to strengthen the user-centred approach.

Finally, several project components were initiated but could not be completed within the scope of
this thesis due to time constraints, staged funding, and dependencies such as ethical approval.
These include the development of the multimodal database, patient testing of the application, and
the implementation of the measurement protocol. In addition, the transition of the project into a
PhD trajectory led to a strategic shift in priorities: instead of completing a single part in full, the
focus was placed on initiating and aligning multiple components to ensure continuity and
readiness for further development in the next phases of the SENSAI project.

144



Chapter 7 - Conclusions and Recommendations

7.3 Recommendations

7.3.1 Continuation of the Project

Based on the findings and limitations of this thesis, several recommendations can be made to
guide the next phases of the SENSAI project. These recommendations span ongoing clinical
research, technical development, model design, and publication.

To ensure the tool aligns with the needs, preferences, and capabilities of its end users, patient
involvement should be prioritised in upcoming stages. The continuation of the interview study
with cancer patients will be crucial to better understand how patients experience pain
communication and how they view the potential role of Al in supporting it. In parallel, usability
testing of the patient-facing application should be conducted with a diverse patient group to
evaluate feasibility, burden, and user experience. Insights from these activities should inform
iterative refinements to both the user interface and the measurement protocol. In the longer term,
a study should be conducted to examine the impact of the APA tool on pain management
practices, patient-clinician communication, and patients’ self-reflection or learning about their own
pain patterns. Such a study would provide insight into the broader clinical and behavioural value
of the tool beyond its predictive performance.

Beyond design considerations, the measurement protocol should be clearly defined in terms of
frequency, conditions, and required inputs, using both expert feedback and empirical testing. Key
considerations include balancing the richness of data with patient burden, avoiding sampling bias,

and ensuring consistency across recordings.

The development of both the patient mobile application and the researcher application should
continue, with a focus on building stable, fully functional prototypes. For the patient application,
priority features include audiovisual recording, integration of pain and mood questionnaires, and
secure data transfer. The researcher-facing application should support participant management,
structured data review, and linkage with anonymised clinical information.

In addition, the possibility of developing a web-based interface for oncologists should be further
explored. Such an interface could allow clinicians to view relevant patient-reported data and
model outputs within their workflow. However, the feasibility of this feature — particularly with
respect to funding, integration, and clinical priorities — requires further assessment.

Iterative testing and refinement of the patient application should be informed by user feedback.
Particular attention should be given to digital literacy, emotional burden, clarity of instructions,
and patient preferences regarding notification frequency and task scheduling, to ensure high

usability and long-term engagement.
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With ethical approval in progress, the data collection study should be initiated as soon as possible
to build a high-quality, representative, and diverse multimodal database. Quality control
procedures should be implemented to handle variability in recordings and ensure proper
synchronisation of modalities. Metadata such as pain type, affective state, and contextual factors
should be consistently captured. To ensure efficient and feasible data collection in clinical settings,
the project team should consider involving additional colleagues or student assistants. Expanding
the team in this way would help distribute the workload and support a more systematic,

consistent, and timely data collection process.

The technical development of the Al model should proceed in parallel with data collection. An
initial proof-of-concept model may be developed using early data from the project-specific
database to explore suitable modelling strategies and prepare for pipeline integration. Once the
full dataset is available, a full-scale model can be trained and evaluated. Studies should be
conducted to examine how technical variables—such as device quality, background noise, and
lighting—affect model performance. In addition, the value of contextual data (e.g., mood, pain
interference, time of day) in improving prediction accuracy and relevance should be explored.

In addition, explainability should be a key focus from the outset: research into explainable Al
techniques will be important for supporting clinical acceptance and trust.

As the project progresses, early planning for integration into clinical systems will be essential. This
includes exploring how the APA tool can eventually be embedded into platforms such as DigiZorg
and linked with EMRs, while ensuring that patient data remains secure and privacy regulations
(e.g. GDPR) are upheld. Close collaboration with IT and Al departments, hospital systems, and
legal /ethical advisors should begin in parallel with technical development to avoid delays during

the implementation phase.

the success of the project will depend on sustained interdisciplinary collaboration. Ongoing
engagement with clinicians, developers, Al researchers, and patient representatives is vital to
ensure the tool remains clinically relevant, technically robust, and ethically sound. This also
includes the collaboration with the Intelligent Sight and Sound research group, who are currently
working on the development of a multimodal cancer-related pain database. The ISS group has
expressed interest in continued collaboration, and there are clear opportunities for knowledge

sharing and mutual support between the SENSAI project and their work.

To contribute to the broader scientific and clinical discourse, relevant parts of this thesis should

be prepared for publication. This includes the findings from the earlier performed technical
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literature study, the current exploratory interview study, the scheduled user-tests and the ultimate
results database development study. Publishing in interdisciplinary journals focused on digital
health, oncology, or medical Al will help position the SENSAI project within the academic field
and enable early peer feedback, collaboration opportunities, and visibility within the clinical and

research communities.

7.3.2 Future Research

While the SENSAI project will continue to develop and evaluate the APA tool within a defined
clinical and technical framework, several broader research directions remain open for future

exploration beyond the scope of this project.

Future research could investigate the use of alternative modelling strategies to capture the
complexity of subjective pain experiences. This includes probabilistic or ordinal regression models,
clustering techniques, or semi-supervised learning methods that do not rely solely on traditional
self-report scales. Such approaches may help address the limitations of binary classification and

better reflect the multidimensional nature of pain.

Beyond audiovisual input, future APA models may benefit from the integration of additional data
sources, such as wearable sensor data, EMR-derived clinical information, or patient-reported
outcomes collected through other digital tools. Multimodal fusion techniques could support a
more comprehensive understanding of pain and its interaction with physiological, behavioural, and

contextual factors.

While verbal descriptions were not yet included in the Al model in this thesis, future research
could explore the use of large language models to analyse spoken or written pain narratives. This
may help simulate aspects of clinical reasoning and improve the interpretability of patient-reported

experiences.

7.4 Conclusion

This thesis presented the initial steps toward the development of a human-centred, Al-empowered
tool for the automatic assessment of cancer-related pain. Through a multiphase design process, it
explored the challenges of current clinical pain assessment, examined oncologists’ attitudes toward
the concept, proposed a conceptual framework for the APA tool, and initiated its technical
development. While several components remain in progress, the project has established a strong
interdisciplinary foundation for future research and development. By aligning technical innovation
with clinical realities and stakeholder input, this work contributes to the broader ambition of

improving how pain is recognised, communicated, and managed in cancer care.

147



References

10.

11.

12.

13.

14.

15.

16.

148

References

Cupples SA (1992) Pain as “hurtful experience:" a philosophical analysis and implications for
holistic nursing care. Nurs Forum (Auckl) 27:5-11

Cancer Pain. Int. Assoc. Study Pain IASP

Kroenke K, Theobald D, Wu J, Loza JK, Carpenter JS, Tu W (2010) The Association of
Depression and Pain with Health-Related Quality of Life, Disability, and Health Care Use in
Cancer Patients. J Pain Symptom Manage 40:327-341

Porter LS, Keefe FJ (2011) Psychosocial Issues in Cancer Pain. Curr Pain Headache Rep
15:263-270

Fink R (2000) Pain assessment: the cornerstone to optimal pain management. Proc Bayl Univ
Med Cent 13:236-239

Fairchild A (2010) Under-treatment of cancer pain. Curr Opin Support Palliat Care 4:11-15
Paice JA, Von Roenn JH (2014) Under- or overtreatment of pain in the patient with cancer:
how to achieve proper balance. J Clin Oncol Off J Am Soc Clin Oncol 32:1721-1726

Cancer Pain. Int. Assoc. Study Pain IASP

Neufeld NJ, Elnahal SM, Alvarez RH (2017) Cancer pain: a review of epidemiology, clinical
quality and value impact. Future Oncol Lond Engl 13:833-841

Raja SN, Carr DB, Cohen M, et al (2020) The revised International Association for the Study
of Pain definition of pain: concepts, challenges, and compromises. Pain 161:1976-1982
Grossman SA (1993) Undertreatment of cancer pain: barriers and remedies. Support Care
Cancer Off J Multinatl Assoc Support Care Cancer 1:74-78

van den Beuken-van Everdingen MHJ, Hochstenbach LMJ, Joosten EAJ, Tjan-Heijnen VCG,
Janssen DJA (2016) Update on Prevalence of Pain in Patients With Cancer: Systematic
Review and Meta-Analysis. J Pain Symptom Manage 51:1070-1090.€9

Snijders RAH, Brom L, Theunissen M, van den Beuken-van Everdingen MHJ (2023) Update
on Prevalence of Pain in Patients with Cancer 2022: A Systematic Literature Review and
Meta-Analysis. Cancers 15:591

Robert J. Romanelli P, Sonali N. Shah Rp, Laurence lkeda MD, Braden Lynch P, Terri L.
Craig P, Joseph C. Cappelleri P, Trevor Jukes MS, Denis Ishisaka P (2017) Patient
Characteristics and Healthcare Utilization of a Chronic Pain Population Within an Integrated
Healthcare System. 23:

Clewley D, Rhon D, Flynn T, Koppenhaver S, Cook C (2018) Health seeking behavior as a
predictor of healthcare utilization in a population of patients with spinal pain. PLOS ONE
13:e0201348

Gebke KB, McCarberg B, Shaw E, Turk DC, Wright WL, Semel D (2023) A practical guide
to recognize, assess, treat and evaluate (RATE) primary care patients with chronic pain.
Postgrad Med 135:244-253



17.

18.

19.

20.

21.

22.

23.

24,

25,

26.

27.

28.

29.

30.

31.

32.

33.

34.

References

Minello C, George B, Allano G, Maindet C, Burnod A, Lemaire A (2019) Assessing cancer
pain-the first step toward improving patients’ quality of life. Support Care Cancer Off J
Multinatl Assoc Support Care Cancer 27:3095-3104

Cascella M, Petrucci E, Marinangeli F, Vittori A (2023) “Emerging Topics in Pain Medicine™:
Advancing Research and Patient-Centered Health Strategies. J Pers Med 13:1246

Coderre TJ, Katz J, Vaccarino AL, Melzack R (1993) Contribution of central neuroplasticity
to pathological pain: review of clinical and experimental evidence. Pain 52:259-285

Grouper H, Eisenberg E, Pud D (2021) <p>More Insight on the Role of Personality Traits
and Sensitivity to Experimental Pain</p>. J Pain Res 14:1837-1844

Yoo H, Cho Y, Cho S (2023) Does past/current pain change pain experience? Comparing
self-reports and pupillary responses. Front Psychol 14:1094903

Sturgeon JA, Zautra AJ (2016) Social pain and physical pain: shared paths to resilience. Pain
Manag 6:63-74

Breivik H, Borchgrevink PC, Allen SM, Rosseland LA, Romundstad L, Hals EKB, Kvarstein
G, Stubhaug A (2008) Assessment of pain. Br J Anaesth 101:17-24

Linton SJ, Shaw WS (2011) Impact of Psychological Factors in the Experience of Pain. Phys
Ther 91:700-711

Rogger R, Bello C, Romero CS, Urman RD, Luedi MM, Filipovic MG (2023) Cultural
Framing and the Impact On Acute Pain and Pain Services. Curr Pain Headache Rep 27:429—
436

Chen J, Wijesundara JG, Patterson A, Cutrona SL, Aiello S, McManus DD, McKee MD,
Wang B, Houston TK (2021) Facilitators and barriers to post-discharge pain assessment and
triage: a qualitative study of nurses’ and patients’ perspectives. BMC Health Serv Res
21:1021

te Boveldt ND, Vernooij-Dassen MJFJ, Jansen A, Vissers KCP, Engels Y (2015) Pain is not
Systematically Registered in Dutch Medical Oncology Outpatients. Pain Pract 15:364-370
Hassan T, Seus D, Wollenberg J, Weitz K, Kunz M, Lautenbacher S, Garbas J-U, Schmid U
(2021) Automatic Detection of Pain from Facial Expressions: A Survey. IEEE Trans Pattern
Anal Mach Intell 43:1815-1831

Borna S, Haider CR, Maita KC, et al (2023) A Review of Voice-Based Pain Detection in
Adults Using Artificial Intelligence. Bioeng. Basel 10:

Werner P, Lopez-Martinez D, Walter S, Al-Hamadi A, Gruss S, Picard RW (2022) Automatic
Recognition Methods Supporting Pain Assessment: A Survey. IEEE Trans Affect Comput
13:530-552

Prkachin KM, Hammal Z (2021) Computer Mediated Automatic Detection of Pain-Related
Behavior: Prospect, Progress, Perils. Front Pain Res.
https://doi.org/10.3389/fpain.2021.788606

Atee M, Hoti K, Chivers P, Hughes JD (2022) Faces of Pain in Dementia: Learnings From a
Real-World Study Using a Technology-Enabled Pain Assessment Tool. Front Pain Res.
https://doi.org/10.3389/fpain.2022.827551

ISO 9241-210:2019 Ergonomics of human-system interaction - Part 210: Human-centred
design for interactive systems.

The Double Diamond - Design Council. https://www.designcouncil.org.uk/our-resources/the-
double-diamond/. Accessed 27 Mar 2025

149



References

35.

36.
37.
38.
39.
40.
41.
42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

150

Chen P-HC, Liu Y, Peng L (2019) How to develop machine learning models for healthcare.
Nat Mater 18:410-414

Frank AW (2002) At the will of the body: Reflections on illness. Houghton Mifflin Harcourt
Trachsel LA, Munakomi S, Cascella M (2024) Pain Theory. StatPearls

Melzack R, Wall PD (1965) Pain Mechanisms: A New Theory. Science 150:971-979

Melzack R (1999) From the gate to the neuromatrix. Pain Suppl 6:5121-S126

Melzack R (2001) Pain and the neuromatrix in the brain. J Dent Educ 65:1378-1382

Meints SM, Edwards RR (2018) Evaluating Psychosocial Contributions to Chronic Pain
Outcomes. Prog Neuropsychopharmacol Biol Psychiatry 87:168—182

Vierck CJ, Whitsel BL, Favorov OV, Brown AW, Tommerdahl M (2013) The roles of primary
somatosensory cortex in the coding of pain. Pain 154:334-344

Gracely RH, Harte SE (2009) Emotional/Affective Aspects of Pain. In: Binder MD, Hirokawa
N, Windhorst U (eds) Encycl. Neurosci. Springer Berlin Heidelberg, Berlin, Heidelberg, pp
1092-1095

Kulkarni B, Bentley DE, Elliott R, Youell P, Watson A, Derbyshire SWG, Frackowiak RSJ,
Friston KJ, Jones AKP (2005) Attention to pain localization and unpleasantness discriminates
the functions of the medial and lateral pain systems. Eur J Neurosci 21:3133-3142

Jones AKP, Friston K, Frackowiak RSJ (1992) Localization of Responses to Pain in Human
Cerebral Cortex. Science 255:215-216

Pain: Types and Pathways | Concise Medical Knowledge.
https://www.lecturio.com/concepts/physiology-of-pain/. Accessed 16 Mar 2025

Ciccone DS, Grzesiak RC (1984) Cognitive dimensions of chronic pain. Soc Sci Med 1982
19:1339-1345

Treede R-D, Rief W, Barke A, et al (2019) Chronic pain as a symptom or a disease: the IASP
Classification of Chronic Pain for the International Classification of Diseases (ICD-11). Pain
160:19-27

Grichnik KP, Ferrante FM (1991) The difference between acute and chronic pain. Mt Sinai J
Med N Y 58:217-220

Terminology | International Association for the Study of Pain. Int. Assoc. Study Pain IASP
Bennett MI, Kaasa S, Barke A, Korwisi B, Rief W, Treede R-D, IASP Taskforce for the
Classification of Chronic Pain (2019) The IASP classification of chronic pain for ICD-11:
chronic cancer-related pain. Pain 160:38—44

(2011) Definition of breakthrough pain - NCI Dictionary of Cancer Terms - NCI.
https://www.cancer.gov/publications/dictionaries/cancer-terms/def/breakthrough-pain.
Accessed 3 Jan 2025

Mercadante S, Maltoni M, Russo D, Adile C, Ferrera P, Rossi R, Rosati M, Casuccio A
(2021) The Prevalence and Characteristics of Breakthrough Cancer Pain in Patients Receiving
Low Doses of Opioids for Background Pain. Cancers 13:1058

Fillingim RB, Loeser JD, Baron R, Edwards RR (2016) Assessment of Chronic Pain: Domains,
Methods, and Mechanisms. J Pain Off J Am Pain Soc 17:T10-T20

Barnard A, Gwyther E (2006) Pain management in palliative care. South Afr Fam Pract
48:30-33

Freyd M (1923) The Graphic Rating Scale. J Educ Psychol 14:83-102



57.

58.

59.

60.

61.

62.

63.

64.

65.

06.

67.

68.

69.

70.

71.

72.

73.

74.

References

Hjermstad MJ, Fayers PM, Haugen DF, Caraceni A, Hanks GW, Loge JH, Fainsinger R, Aass
N, Kaasa S, European Palliative Care Research Collaborative (EPCRC) (2011) Studies
comparing Numerical Rating Scales, Verbal Rating Scales, and Visual Analogue Scales for
assessment of pain intensity in adults: a systematic literature review. J Pain Symptom
Manage 41:1073-1093

Link P, Venkatachalam AM, Aguilera V, Stutzman SE, Olson DM (2021) Exploring the Face
Validity of the Pain Numeric Rating Scale Among Healthcare Providers. J Neurosci Nurs J
Am Assoc Neurosci Nurses 53:215-219

Haase | (2023) Accuracy of retrospective pain measurement in patients with chronic pain.
Med Int 3:1-5

Weissman DE, Haddox DJ (1989) Opioid pseudoaddiction--an iatrogenic syndrome. Pain
36:363-366

Samolsky Dekel BG, Gori A, Vasarri A, Sorella MC, Di Nino G, Melotti RM (2016) Medical
Evidence Influence on Inpatients and Nurses Pain Ratings Agreement. Pain Res Manag
2016:9267536

Chapman CR, Casey KL, Dubner R, Foley KM, Gracely RH, Reading AE (1985) Pain
measurement: an overview. Pain 22:1-31

Craig KD (2015) Social communication model of pain. PAIN 156:1198

Rowbotham S, Wardy AJ, Lloyd DM, Wearden A, Holler J (2014) Increased Pain Intensity Is
Associated with Greater Verbal Communication Difficulty and Increased Production of Speech
and Co-Speech Gestures. PLOS ONE 9:e110779

Davis KD (2011) Neuroimaging of pain: what does it tell us? Curr Opin Support Palliat Care
5:116

Lautenbacher S, Salinas-Ranneberg M, Niebuhr O, Kunz M (2017) Phonetic characteristics of
vocalizations during pain. Pain Rep 2:e597

Williams AC de C (2002) Facial expression of pain: an evolutionary account. Behav Brain Sci
25:439-455; discussion 455-488

Prkachin KM, Solomon PE (2008) The structure, reliability and validity of pain expression:
evidence from patients with shoulder pain. Pain 139:267-274

Littlewort GC, Bartlett MS, Lee K (2007) Faces of pain: automated measurement of
spontaneousallfacial expressions of genuine and posed pain. In: Proc. 9th Int. Conf.
Multimodal Interfaces. Association for Computing Machinery, New York, NY, USA, pp 15-21
Ekman P, Friesen WV (2019) Facial Action Coding System. https://doi.org/10.1037/t27734-
000

Wilkie DJ, Keefe FJ, Dodd MJ, Copp LA (1992) Behavior of patients with lung cancer:
description and associations with oncologic and pain variables. PAIN 51:231

Crook RJ, Dickson K, Hanlon RT, Walters ET (2014) Nociceptive Sensitization Reduces
Predation Risk. Curr Biol 24:1121-1125

McBeth J, Nicholl BI, Cordingley L, Davies KA, Macfarlane GJ (2010) Chronic widespread
pain predicts physical inactivity: Results from the prospective EPIFUND study. Eur J Pain
Lond Engl 14:972-979

Vlaeyen JWS, Linton SJ (2000) Fear-avoidance and its consequences in chronic
musculoskeletal pain: a state of the art. PAIN 85:317

151



References

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.
90.

91.

92.

93.

94.

152

Karos K, Meulders A, Goubert L, Vlaeyen JWS (2020) Hide Your Pain: Social Threat
Increases Pain Reports and Aggression, but Reduces Facial Pain Expression and Empathy. J
Pain 21:334-346

Krahé C, Springer A, Weinman JA, Fotopoulou A (Katerina) (2013) The Social Modulation
of Pain: Others as Predictive Signals of Salience — a Systematic Review. Front Hum Neurosci.
https://doi.org/10.3389/fnhum.2013.00386

Bannister K, Dickenson AH (2016) What the brain tells the spinal cord. PAIN 157:2148
Gélinas C, Fillion L, Puntillo KA, Viens C, Fortier M (2006) Validation of the critical-care
pain observation tool in adult patients. Am J Crit Care Off Publ Am Assoc Crit-Care Nurses
15:420-427

Odhner M, Wegman D, Freeland N, Steinmetz A, Ingersoll GL (2003) Assessing Pain Control
in Nonverbal Critically Ill Adults. Dimens Crit Care Nurs 22:260

Payen JF, Bru O, Bosson JL, Lagrasta A, Novel E, Deschaux I, Lavagne P, Jacquot C (2001)
Assessing pain in critically ill sedated patients by using a behavioral pain scale. Crit Care Med
29:2258-2263

Adami C, Filipas M, John C, Skews K, Dobson E (2023) Inter-observer reliability of three
feline pain scales used in clinical practice. J Feline Med Surg 25:1098612X231194423

Ruben MA, van Osch M, Blanch-Hartigan D (2015) Healthcare providers' accuracy in
assessing patients’ pain: A systematic review. Patient Educ Couns 98:1197-1206

Tsze DS, Hirschfeld G, Dayan PS (2022) Clinical Interpretation of Self-Reported Pain Scores
in Children with Acute Pain. J Pediatr 240:192-198.e2

Serlin RC, Mendoza TR, Nakamura Y, Edwards KR, Cleeland CS (1995) When is cancer pain
mild, moderate or severe? Grading pain severity by its interference with function. Pain
61:277-284

Bohn Stafleu van Loghum (2012) Vroege herkenning en behandeling van pijn in het
ziekenhuis. Bijzijn 7:8-8

Ministerie van Volksgezondheid W en S (2023) Basisset Medisch Specialistische Zorg 2024 -
Indicatorenset - Inspectie Gezondheidszorg en Jeugd. https://doi.org/10/16/basisset-medisch-
specialistische-zorg-2024

van der Rijt C, Oldenmenger W (2024) Oncologische pijn, multidimensioneel behandeling bij
volwassenen.

Anekar AA, Hendrix JM, Cascella M (2024) WHO Analgesic Ladder. StatPearls

McCarthy J, others (2007) What is artificial intelligence.

Bajwa J, Munir U, Nori A, Williams B (2021) Artificial intelligence in healthcare: transforming
the practice of medicine. Future Healthc J 8:e188—e194

Berwick DM, Nolan TW, Whittington J (2008) The triple aim: care, health, and cost. Health
Aff Proj Hope 27:759-769

Bodenheimer T, Sinsky C (2014) From Triple to Quadruple Aim: Care of the Patient Requires
Care of the Provider. Ann Fam Med 12:573-576

Bajwa J, Munir U, Nori A, Williams B (2021) Artificial intelligence in healthcare: transforming
the practice of medicine. Future Healthc J 8:e188—e194

Nachev P, Herron D, McNally N, Rees G, Williams B (2019) Redefining the research hospital.
NPJ Digit Med 2:119



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

111.
112.

113.

114.

115.

References

Helm JM, Swiergosz AM, Haeberle HS, Karnuta JM, Schaffer JL, Krebs VE, Spitzer Al,
Ramkumar PN (2020) Machine Learning and Artificial Intelligence: Definitions, Applications,
and Future Directions. Curr Rev Musculoskelet Med 13:69-76

Heilbroner SP, Miotto R (2023) Deep Learning in Medicine. Clin J Am Soc Nephrol CJASN
18:397-399

Mueller B, Kinoshita T, Peebles A, Graber MA, Lee S (2022) Artificial intelligence and
machine learning in emergency medicine: a narrative review. Acute Med Surg 9:e740

Xu W (2019) Toward human-centered Al: a perspective from human-computer interaction.
interactions 26:42-46

Riedl MO (2019) Human-centered artificial intelligence and machine learning. Hum Behav
Emerg Technol 1:33-36

Shneiderman B (2020) Bridging the gap between ethics and practice: guidelines for reliable,
safe, and trustworthy human-centered Al systems. ACM Trans Interact Intell Syst TiiS 10:1-
31

Sarakiotis V (2020) Human-centered Al: Challenges and opportunities. UBIACTION 2020

Ozmen Garibay O, Winslow ,Brent, Andolina ,Salvatore, et al (2023) Six Human-Centered
Artificial Intelligence Grand Challenges. Int J Human—Computer Interact 39:391-437

Shneiderman B (2020) Human-centered artificial intelligence: Three fresh ideas. AIS Trans
Hum-Comput Interact 12:109-124

Gong J, Currano R, Sirkin D, Yeung S, Holsinger FC (2021) NICE: Four Human-Centered Al
principles for bridging the Al-to-clinic translational gap. In: ACM CHI 2021. p 7

Ahern DK, Kreslake JM, Phalen JM (2006) What Is eHealth (6): Perspectives on the
Evolution of eHealth Research. J Med Internet Res 8:e490

Preece J, Rogers Y, Sharp H, Benyon D, Holland S, Carey T (1994) Human-computer
interaction. Addison-Wesley Longman Ltd.

Abras C, Maloney-Krichmar D, Preece J, Bainbridge W (2004) Encyclopedia of human-
computer interaction. Thousand Oaks Sage Publ 37:445-456

Lee SH (1999) Usability testing for developing effective interactive multimedia software:
concepts, dimensions, and procedures. J. Educ. Technol. Soc. 2:

Nielsen J (1994) Usability engineering. Morgan Kaufmann

Mayhew DJ (1998) The usability engineering lifecycle. In: CHI 98 Conf. Summ. Hum. Factors
Comput. Syst. pp 127-128

Mayhew DJ, Bias RG (2003) Cost-justifying web usability. Hum Factors Web Dev 63-87

Bucher A, Chaudhry BM, Davis JW, et al (2024) How to design equitable digital health tools:
A narrative review of design tactics, case studies, and opportunities. PLOS Digit Health
3:e0000591

de Waal MWM, van Dalen-Kok AH, de Vet HCW, et al (2020) Observational pain
assessment in older persons with dementia in four countries: Observer agreement of items and
factor structure of the Pain Assessment in Impaired Cognition. Eur J Pain Lond Engl 24:279—
296

Fang R, Hosseini E, Zhang R, Fang C, Rafatirad S, Homayoun H (2025) Survey on Pain
Detection Using Machine Learning Models: Narrative Review. JMIR Al 4:€53026

De Sario GD, Haider CR, Maita KC, et al (2023) Using Al to Detect Pain through Facial
Expressions: A Review. Bioeng. Basel 10:

153



References

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

154

Gkikas S, Tsiknakis M (2023) Automatic assessment of pain based on deep learning methods:
A systematic review. Comput Methods Programs Biomed.
https://doi.org/10.1016/j.cmpb.2023.107365

Cascella M, Schiavo D, Cuomo A, Ottaiano A, Perri F, Patrone R, Migliarelli S, Bignami EG,
Vittori A, Cutugno F (2023) Artificial Intelligence for Automatic Pain Assessment: Research
Methods and Perspectives. Pain Res Manag. https://doi.org/10.1155/2023/6018736

Tsai, F S, Weng, Y M, Ng, C J, Lee, C C (2019) Pain versus Affect? An Investigation in the
Relationship between Observed Emotional States and Self-Reported Pain. In: 2019 Asia-Pac.
Signal Inf. Process. Assoc. Annu. Summit Conf. APSIPA ASC. pp 508-512

Thiam P, Kessler V, Walter S, Palm G, Schwenker F (2017) Audio-Visual Recognition of Pain
Intensity. In: Schwenker F, Scherer S (eds) Multimodal Pattern Recognit. Soc. Signals Hum.-
Comput.-Interact. Springer International Publishing, Cham, pp 110-126

Tsai F-S, Hsu Y-L, Chen W-C, Weng Y-M, Ng C-J, Lee C-C (2016) Toward Development and
Evaluation of Pain Level-Rating Scale for Emergency Triage based on Vocal Characteristics
and Facial Expressions. 96

Hossain MS, Muhammad G (2015) Cloud-Assisted Speech and Face Recognition Framework
for Health Monitoring. Mob Netw Appl 20:391-399

Shouval R, Fein JA, Savani B, Mohty M, Nagler A (2021) Machine learning and artificial
intelligence in haematology. Br J Haematol 192:239-250

Baltrusaitis T, Zadeh A, Lim YC, Morency L-P (2018) OpenFace 2.0: Facial Behavior
Analysis Toolkit. In: 2018 13th IEEE Int. Conf. Autom. Face Gesture Recognit. FG 2018. pp
59-66

Eyben F, Weninger F, Gross F, Schuller B (2013) Recent developments in openSMILE, the
munich open-source multimedia feature extractor. In: Proc. 21st ACM Int. Conf. Multimed.
Association for Computing Machinery, New York, NY, USA, pp 835-838

van den Beuken-van Everdingen MHJ, de Rijke JM, Kessels AG, Schouten HC, van Kleef M,
Patijn J (2007) Prevalence of pain in patients with cancer: a systematic review of the past 40
years. Ann Oncol Off J Eur Soc Med Oncol 18:1437-1449

Gunnarsdottir S, Donovan HS, Serlin RC, Voge C, Ward S (2002) Patient-related barriers to
pain management: the barriers questionnaire Il (BQ-I1). PAIN 99:385

Potter VT, Wiseman CE, Dunn SM, Boyle FM (2003) Patient barriers to optimal cancer pain
control. Psychooncology 12:153-160

Oldenmenger WH, Smitt PAES, Dooren S van, Stoter G, Rijt CCD van der (2009) A
systematic review on barriers hindering adequate cancer pain management and interventions
to reduce them: A critical appraisal. Eur J Cancer 45:1370-1380

Agboola SO, Ju W, Elfiky A, Kvedar JC, Jethwani K (2015) The Effect of Technology-Based
Interventions on Pain, Depression, and Quality of Life in Patients With Cancer: A Systematic
Review of Randomized Controlled Trials. J Med Internet Res 17:e4009

(2025) Europe’s Digital Decade | Shaping Europe's digital future. https://digital-
strategy.ec.europa.eu/en/policies/europes-digital-decade. Accessed 24 Mar 2025

CBS ICT-gebruik van huishoudens en personen - ICT, kennis en economie 2020 | CBS. In:
ICT-Gebr. Van Huishoud. En Pers. - ICT Kennis En Econ. 2020 CBS.
https://longreads.cbs.nl/ /ict-kennis-en-economie-2020/ict-gebruik-van-huishoudens-en-
personen. Accessed 24 Mar 2025



132.

133.

134.

135.

136.

137.

138.

139.
140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

References

Carter A, Liddle J, Hall W, Chenery H (2015) Mobile Phones in Research and Treatment:
Ethical Guidelines and Future Directions. JMIR MHealth UHealth 3:e4538

(2025) Digital health and care - European Commission. https://health.ec.europa.eu/ehealth-
digital-health-and-care/digital-health-and-care _en. Accessed 24 Mar 2025

Abernethy A, Adams L, Barrett M, et al The Promise of Digital Health: Then, Now, and the
Future. NAM Perspect 2022:10.31478/202206e

Silva AG, Queir6s A, Caravau H, Ferreira A, Rocha NP (2020) Systematic review and
evaluation of pain-related mobile applications. In: Altern. Pain Manag. Solut. Avoid. Prescr.
Drug Overuse. Medical Information Science Reference/IGI Global, Hershey, PA, US, pp 168—
190

Allsop MJ, Taylor S, Mulvey MR, Bennett MI, Bewick BM (2015) Information and
communication technology for managing pain in palliative care: a review of the literature.
BMJ Support Palliat Care 5:481-489

Gilbert RM (2022) Reimagining digital healthcare with a patient-centric approach: The role of
user experience (UX) research. Front Digit Health.
https://doi.org/10.3389/fdgth.2022.899976

Birnbaum F, Lewis D, Rosen RK, Ranney ML (2015) Patient Engagement and the Design of
Digital Health. Acad Emerg Med 22:754-756

Principles for Digital Development. https://digitalprinciples.org/. Accessed 30 Jan 2025
Matthews M, Voida S, Abdullah S, Doherty G, Choudhury T, Im S, Gay G (2015) In Situ
Design for Mental lllness: Considering the Pathology of Bipolar Disorder in mHealth Design.
In: Proc. 17th Int. Conf. Hum.-Comput. Interact. Mob. Devices Serv. Association for
Computing Machinery, New York, NY, USA, pp 86-97

Madanian S, Nakarada-Kordic |, Reay S, Chetty T (2023) Patients’ perspectives on digital
health tools. PEC Innov 2:100171

Lim WM (2024) What Is Qualitative Research? An Overview and Guidelines. Australas Mark
J 14413582241264619

Davies P (2006) Exploratory Research. In: SAGE Dict. Soc. Res. Methods. SAGE
Publications, Ltd, pp 111-111

Hsieh H-F, Shannon SE (2005) Three approaches to qualitative content analysis. Qual Health
Res 15:1277-1288

Davis FD (1985) A technology acceptance model for empirically testing new end-user
information systems : theory and results. Thesis, Massachusetts Institute of Technology
Legris P, Ingham J, Collerette P (2003) Why do people use information technology? A critical
review of the technology acceptance model. Inf Manage 40:191-204

Fishbein M, Ajzen | (1975) Belief, attitude, intention and behaviour: An introduction to
theory and research.

Davis FD (1989) Perceived Usefulness, Perceived Ease of Use, and User Acceptance of
Information Technology. MIS Q 13:319-340

Alsyouf A, Masa'deh R, Albugami M, Al-Bsheish M, Lutfi A, Alsubahi N (2021) Risk of Fear
and Anxiety in Utilising Health App Surveillance Due to COVID-19: Gender Differences
Analysis. Risks 9:179

Venkatesh V, Davis F (2000) A Theoretical Extension of the Technology Acceptance Model:
Four Longitudinal Field Studies.

155



References

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

156

Venkatesh V, Bala H (2008) Technology Acceptance Model 3 and a Research Agenda on
Interventions. Decis Sci 39:273-315

Venkatesh V, Morris MG, Davis GB, Davis FD (2003) User Acceptance of Information
Technology: Toward a Unified View. MIS Q 27:425-478

Holden RJ, Karsh B-T (2010) The technology acceptance model: its past and its future in
health care. J Biomed Inform 43:159-172

Palos-Sanchez PR, Saura JR, Martin MAR, Aguayo-Camacho M (2021) Toward a Better
Understanding of the Intention to Use mHealth Apps: Exploratory Study. JMIR MHealth
UHealth 9:e27021

Paré G, Leaver C, Bourget C (2018) Diffusion of the Digital Health Self-Tracking Movement
in Canada: Results of a National Survey. J Med Internet Res 20:e177

Mohamed AHHM, Tawfik H, Al-Jumeily D, Norton L (2011) MoHTAM: A Technology
Acceptance Model for Mobile Health Applications. In: 2011 Dev. E-Syst. Eng. pp 13-18

Kim J, Park H-A (2012) Development of a Health Information Technology Acceptance Model
Using Consumers' Health Behavior Intention. J Med Internet Res 14:€2143

Connelly K (2007) On developing a technology acceptance model for pervasive computing. In:
9th Int. Conf. Ubiquitous Comput. Ubicomp-Workshop Ubiquitous Syst. Eval. Use Springer
Innsbr. Austria. Citeseer, p 520

Dou K, Yu P, Deng N, Liu F, Guan Y, Li Z, JiY, Du N, Lu X, Duan H (2017) Patients’
Acceptance of Smartphone Health Technology for Chronic Disease Management: A
Theoretical Model and Empirical Test. JMIR MHealth UHealth 5:67886

Cheung ML, Chau KY, Lam MHS, Tse G, Ho KY, Flint SW, Broom DR, Tso EKH, Lee KY
(2019) Examining Consumers’ Adoption of Wearable Healthcare Technology: The Role of
Health Attributes. Int J Environ Res Public Health 16:2257

Executive Board 142 (2017) mHealth: use of appropriate digital technologies for public health:
report by the Director-General. World Health Organization, Geneva

Schnall R, Higgins T, Brown Il W, Carballo-Dieguez A, Bakken S (2015) Trust, Perceived
Risk, Perceived Ease of Use and Perceived Usefulness as Factors Related to mHealth
Technology Use. Stud Health Technol Inform 216:467-71

Paul A. Pavlou (2003) Consumer Acceptance of Electronic Commerce: Integrating Trust and
Risk with the Technology Acceptance Model. Int J Electron Commer 7:101-134

Mayer RC, Davis JH, Schoorman FD (1995) An Integrative Model Of Organizational Trust.
Acad Manage Rev 20:709-734

Nadal C, Sas C, Doherty G (2020) Technology Acceptance in Mobile Health: Scoping Review
of Definitions, Models, and Measurement. J Med Internet Res 22:17256

Adnan A, Williams A, Harris M, Antonacci G (2024) Improving Acceptability of Mobile
Health Applications (mHealth) - The Use of the Technology Acceptance Model to Assess the
Acceptability of mHealth: A Systematic Review. https://doi.org/10.2139/ssrn.4938147
Braun V, Clarke V (2021) Thematic Analysis: A Practical Guide. SAGE

O’Brien BC, Harris IB, Beckman TJ, Reed DA, Cook DA (2014) Standards for Reporting
Qualitative Research: A Synthesis of Recommendations. Acad Med 89:1245

Guest G, Bunce A, Johnson L (2006) How Many Interviews Are Enough?: An Experiment
with Data Saturation and Variability. Field Methods 18:59-82

Melzack R (2001) Pain and the neuromatrix in the brain. J Dent Educ 65:1378-1382



171.

172.

173.

174.

175.

176.

177.

178.

179.
180.

181.

182.

183.

184.

185.

186.

187.

References

Mestdagh F, Steyaert A, Lavand’homme P (2023) Cancer Pain Management: A Narrative
Review of Current Concepts, Strategies, and Techniques. Curr Oncol 30:6838-6858

Howell D, Mayer DK, Fielding R, et al (2021) Management of Cancer and Health After the
Clinic Visit: A Call to Action for Self-Management in Cancer Care. J Natl Cancer Inst
113:523-531

Elwyn G, Frosch D, Thomson R, et al (2012) Shared Decision Making: A Model for Clinical
Practice. J Gen Intern Med 27:1361-1367

Ikander T, Raunkizer M, Voetmann C, Pedersen CV, Jarlbaek L (2024) Cancer-related pain
experienced in daily life is difficult to communicate and to manage - for patients and for
professionals. Scand J Pain. https://doi.org/10.1515/sjpain-2023-0107

Hambraeus J, Hambraeus KS, Sahlen K-G (2020) Patient perspectives on interventional pain
management: thematic analysis of a qualitative interview study. BMC Health Serv Res 20:604
Rababa M, Al-Sabbah S, Hayajneh AA (2021) Nurses' Perceived Barriers to and Facilitators
of Pain Assessment and Management in Critical Care Patients: A Systematic Review. J Pain
Res 14:3475-3491

Yates PM, Edwards HE, Nash RE, Walsh AM, Fentiman BJ, Skerman HM, Najman JM
(2002) Barriers to effective cancer pain management: A survey of hospitalized cancer patients
in Australia. J Pain Symptom Manage 23:393-405

von Baeyer CL, Johnson ME, McMillan MJ (1984) Consequences of nonverbal expression of
pain: Patient distress and observer concern. Soc Sci Med 19:1319-1324

Paice JA, Ferrell B (2011) The management of cancer pain. CA Cancer J Clin 61:157-182
Willems AAJM, Kudrashou AF, Theunissen M, Hoeben A, Everdingen MHJV den B-V (2021)
Measuring pain in oncology outpatients: Numeric Rating Scale versus acceptable/non
acceptable pain. A prospective single center study. Pain Pract 21:871

Gerber K, Willmott L, White B, Yates P, Mitchell G, Currow DC, Piper D (2022) Barriers to
adequate pain and symptom relief at the end of life: A qualitative study capturing nurses’
perspectives. Collegian 29:1-8

Scarborough B, Smith CB (2018) Optimal Pain Management for Patients with Cancer in the
Modern Era. CA Cancer J Clin 68:182-196

Schumacher KL, Plano Clark VL, West CM, Dodd MJ, Rabow MW, Miaskowski C (2014)
Pain Medication Management Processes Used by Oncology Outpatients and Family
Caregivers Part |: Health Systems Contexts. J Pain Symptom Manage 48:770-783

Bennett MI, Eisenberg E, Ahmedzai SH, et al (2019) Standards for the management of
cancer-related pain across Europe—A position paper from the EFIC Task Force on Cancer
Pain. Eur J Pain Lond Engl 23:660-668

Topol E (2020) The Topol review—preparing the healthcare workforce to deliver the digital
future: an independent report on behalf of the Secretary of State for Health and Social Care.
2019. HEE-Topol-Rev.-2019 Pdf Accessed 11 May 2021Google Sch.

Weik L, Fehring L, Mortsiefer A, Meister S (2024) Understanding inherent influencing factors
to digital health adoption in general practices through a mixed-methods analysis. NPJ Digit
Med 7:47

Cleeland CS, Ryan KM (1994) Pain assessment: Global use of the Brief Pain Inventory. Ann
Acad Med Singap 23:129-138

157



References

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.
201.

202.

203.

204.

205.

206.

207.

158

Zhi R, Zhou C, Li T, Liu S, Jin Y (2021) Action unit analysis enhanced facial expression
recognition by deep neural network evolution. Neurocomputing 425:135-148

Kunz M, Lautenbacher S (2014) The faces of pain: A cluster analysis of individual differences
in facial activity patterns of pain. Eur J Pain 18:813-823

Kunz M, Prkachin K, Solomon PE, Lautenbacher S (2021) Faces of clinical pain: Inter-
individual facial activity patterns in shoulder pain patients. Eur J Pain 25:529-540

Stone AA, Shiffman S (2002) Capturing momentary, self-report data: A proposal for reporting
guidelines. Ann Behav Med 24:236-243

Shuren J, Patel B, Gottlieb S (2018) FDA Regulation of Mobile Medical Apps. JAMA
320:337-338

Craig KD, Versloot J, Goubert L, Vervoort T, Crombez G (2010) Perceiving Pain in Others:
Automatic and Controlled Mechanisms. J Pain 11:101-108

Craig KD, Prkachin KM, Grunau RVE (1992) The facial expression of pain. In: Handb. Pain
Assess. The Guilford Press, New York, NY, US, pp 257-276

(2020) What the face reveals: Basic and applied studies of spontaneous expression using the
Facial Action Coding System (FACS), 3rd ed. xvii, 627

Wu C-L, Liu S-F, Yu T-L, Shih S-J, Chang C-H, Yang Mao S-F, Li Y-S, Chen H-J, Chen C-C,
Chao W-C (2022) Deep Learning-Based Pain Classifier Based on the Facial Expression in
Critically Ill Patients. Front Med. https://doi.org/10.3389/fmed.2022.851690

Chanques G, Viel E, Constantin J-M, Jung B, de Lattre S, Carr J, Cissé M, Lefrant J-Y,
Jaber S (2010) The measurement of pain in intensive care unit: comparison of 5 self-report
intensity scales. Pain 151:711-721

Gibson SJ, Helme RD (2001) Age-related differences in pain perception and report. Clin
Geriatr Med 17:433-456, v—vi

Nascimento MG, Kosminsky M, Chi M (2020) Gender role in pain perception and expression:
an integrative review. BrJP 3:58-62

Peacock S, Patel S (2008) Cultural Influences on Pain. Rev Pain 1:6-9

Goller PJ, Reicherts P, Lautenbacher S, Kunz M (2023) How gender affects the decoding of
facial expressions of pain. Scand J Pain 23:372-381

Gingras F, Fiset D, Plouffe-Demers M-P, Deschénes A, Cormier S, Forget H, Blais C (2023)
Pain in the eye of the beholder: Variations in pain visual representations as a function of face
ethnicity and culture. Br J Psychol 114:621-637

Li J-L, Weng Y-M, Ng C-J, Lee C-C (2018) Learning Conditional Acoustic Latent
Representation with Gender and Age Attributes for Automatic Pain Level Recognition. 3442
Liu D, Peng F, Shea A, Ognjen, Rudovic O, Picard R (2017) DeepFaceLIFT: Interpretable
Personalized Models for Automatic Estimation of Self-Reported Pain.

Kunz M, Lautenbacher S (2014) The faces of pain: a cluster analysis of individual differences
in facial activity patterns of pain. Eur J Pain Lond Engl 18:813-823

D. L. Martinez, O. Rudovic, R. Picard (2017) Personalized Automatic Estimation of Self-

Reported Pain Intensity from Facial Expressions. In: 2017 IEEE Conf. Comput. Vis. Pattern
Recognit. Workshop CVPRW. pp 2318-2327

Vachon-Presseau E, Roy M, Woo C-W, Kunz M, Martel M-O, Sullivan MJ, Jackson PL,
Wager TD, Rainville P (2016) Multiple faces of pain: effects of chronic pain on the brain
regulation of facial expression. Pain 157:1819-1830



References

208. Portz J, Moore S, Bull S (2024) Evolutionary Trends in the Adoption, Adaptation, and
Abandonment of Mobile Health Technologies: Viewpoint Based on 25 Years of Research. J
Med Internet Res 26:62790

209. Indicator Metadata Registry Details. https://www.who.int/data/gho/indicator-metadata-
registry/imr-details/4774. Accessed 16 Mar 2025

210. Deniz-Garcia A, Fabelo H, Rodriguez-Almeida AJ, et al (2023) Quality, Usability, and
Effectiveness of mHealth Apps and the Role of Artificial Intelligence: Current Scenario and
Challenges. J Med Internet Res 25:e44030

211. Marcolino MS, Oliveira JAQ, D'Agostino M, Ribeiro AL, Alkmim MBM, Novillo-Ortiz D
(2018) The Impact of mHealth Interventions: Systematic Review of Systematic Reviews.
JMIR MHealth UHealth 6:e23

212. Wu W, Graziano T, Salner A, Chen M-H, Judge MP, Cong X, Xu W (2024) Acceptability,
Effectiveness, and Roles of mHealth Applications in Supporting Cancer Pain Self-
Management: Integrative Review. JMIR MHealth UHealth 12:€53652

213. Frontiers | Attentional Processing of Disgust and Fear and Its Relationship With
Contamination-Based Obsessive—Compulsive Symptoms: Stronger Response Urgency to
Disgusting Stimuli in Disgust-Prone Individuals.
https://www.frontiersin.org/journals/psychiatry/articles/10.3389/fpsyt.2021.596557 /full.
Accessed 10 Mar 2025

214. Watson D, Clark LA, Tellegen A (1988) Development and validation of brief measures of
positive and negative affect: the PANAS scales. J Pers Soc Psychol 54:1063-1070

215. Yildirim S, Chimeumanu MS, Rana ZA (2023) The influence of micro-expressions on
deception detection. Multimed Tools Appl 82:29115-29133

216. Lee J-S, Wang C-W (2019) Facial pain intensity estimation for ICU patient with partial
occlusion coming from treatment. In: BIBE 2019 Third Int. Conf. Biol. Inf. Biomed. Eng. pp
1-4

217. Florea C, Florea L, Butnaru R, Bandrabur A, Vertan C (2016) Pain intensity estimation by a
self-taught selection of histograms of topographical features. Image Vis Comput 56:13-27

218. Casti P, Mencattini A, Filippi J, D'Orazio M, Comes MC, Giuseppe DD, Martinelli E (2021)
Metrological Characterization of a Pain Detection System Based on Transfer Entropy of
Facial Landmarks. IEEE Trans Instrum Meas 70:1-8

219. Amos B, Ludwiczuk B, Satyanarayanan M (2016) OpenFace: A general-purpose face
recognition library with mobile applications. CMU-CS-16-118, CMU School of Computer
Science

220. openSMILE 3.0 - audEERING.

221. Ordun C, Cha AN, Raff E, Gaskin B, Hanson A, Rule M, Purushotham S, Gulley JL (2022)
Intelligent Sight and Sound: A Chronic Cancer Pain Dataset.
https://doi.org/10.48550/arXiv.2204.04214

222. McCurdie T, Taneva S, Casselman M, Yeung M, McDaniel C, Ho W, Cafazzo J (2012)
mHealth Consumer Apps: The Case for User-Centered Design. Biomed Instrum Technol
46:49-56

223. Farzand H, Al Baiaty Suarez D, Goodge T, Macdonald SA, Marky K, Khamis M, Cairns P
(2024) Beyond Aesthetics: Evaluating Response Widgets for Reliability & Construct Validity
of Scale Questionnaires. In: Ext. Abstr. CHI Conf. Hum. Factors Comput. Syst. Association
for Computing Machinery, New York, NY, USA, pp 1-7

159



References

224,

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

160

Dixon PN, Bobo M, Stevick RA (1984) Response Differences and Preferences for All-
Category-Defined and End-Defined Likert Formats. Educ Psychol Meas 44:61-66

Bosch OJ, Revilla M, DeCastellarnau A, Weber W (2019) Measurement Reliability, Validity,
and Quality of Slider Versus Radio Button Scales in an Online Probability-Based Panel in
Norway. Soc Sci Comput Rev 37:119-132

Admin (2017) User Experience Rating Scales with 7, 11, or 101 Points: Does It Matter? -
JUX. In: JUX - J. User Exp. https://uxpajournal.org/user-experience-rating-scales-points/.
Accessed 20 Mar 2025

Thompson ER (2007) Development and Validation of an Internationally Reliable Short-Form
of the Positive and Negative Affect Schedule (PANAS). J Cross-Cult Psychol 38:227-242
Peeters FPML, Ponds RHWM, Vermeeren MTG (2004) Affectivity and self-report of
depression and anxiety. Tijdschr Voor Psychiatr 240-250

Maeda H (2015) Response option configuration of online administered Likert scales. Int J Soc
Res Methodol 18:15-26

Sasse MA, Brostoff S, Weirich D (2001) Transforming the ‘Weakest Link’ — a
Human/Computer Interaction Approach to Usable and Effective Security. BT Technol J
19:122-131

Grindrod K, Khan H, Hengartner U, Ong S, Logan AG, Vogel D, Gebotys R, Yang J (2018)
Evaluating authentication options for mobile health applications in younger and older adults.
PloS One 13:e0189048

Walter S, Gruss S, Frisch S, Liter J, Jerg-Bretzke L, Zujalovic B, Barth E (2020) “What
About Automated Pain Recognition for Routine Clinical Use?” A Survey of Physicians and
Nursing Staff on Expectations, Requirements, and Acceptance. Front Med 7:566278

Felipe S, Singh A, Bradley C, Williams AC, Bianchi-Berthouze N (2015) Roles for personal
informatics in chronic pain. In: Proc. 9th Int. Conf. Pervasive Comput. Technol. Healthc.
ICST (Institute for Computer Sciences, Social-Informatics and Telecommunications
Engineering), Brussels, BEL, pp 161-168

Lucey P, Cohn JF, Prkachin KM, Solomon PE, Matthews | (2011) Painful data: The UNBC-
McMaster shoulder pain expression archive database. In: 2011 IEEE Int. Conf. Autom. Face
Gesture Recognit. FG. pp 57-64

Walter S, Gruss S, Ehleiter H, Tan J, Traue HC, Werner P, Al-Hamadi A, Crawcour S,
Andrade AO, Moreira da Silva G (2013) The biovid heat pain database data for the
advancement and systematic validation of an automated pain recognition system. In: 2013
IEEE Int. Conf. Cybern. CYBCO. pp 128-131

Backryd E (2024) Should cancer pain still be considered a separate category alongside acute
pain and chronic non-cancer pain? Reflections on ICD-11. Front Pain Res 5:1397413

M. Adibuzzaman, C. Ostberg, S. Ahamed, R. Povinelli, B. Sindhu, R. Love, F. Kawsar, G. M.
T. Ahsan (2015) Assessment of Pain Using Facial Pictures Taken with a Smartphone. In:
2015 IEEE 39th Annu. Comput. Softw. Appl. Conf. pp 726-731

Cascella M, Vitale VN, Mariani F, luorio M, Cutugno F (2023) Development of a binary
classifier model from extended facial codes toward video-based pain recognition in cancer
patients. Scand J Pain 23:638-645

Wilkie DJ (1995) Facial Expressions of Pain in Lung Cancer. Analgesia 1:91-99



240.

241.

242.

243.

244.

245.

246.

247.

248.

249.
250.
251.

252.

References

Velana M, Gruss S, Layher G, et al (2017) The SenseEmotion Database: A Multimodal
Database for the Development and Systematic Validation of an Automatic Pain- and
Emotion-Recognition System. In: Schwenker F, Scherer S (eds) Multimodal Pattern Recognit.
Soc. Signals Hum.-Comput.-Interact. Springer International Publishing, Cham, pp 127-139
Olugbade T, Buono R, Potapov K, Bujorianu A, Williams A, Garcia S de O, Gold N,
Holloway C, Berthouze N The EmoPain@Home Dataset: Capturing Pain Level and Activity
Recognition for People with Chronic Pain in Their Homes.

Gruss S, Geiger M, Werner P, Wilhelm O, Traue HC, Al-Hamadi A, Walter S (2019) Multi-
Modal Signals for Analyzing Pain Responses to Thermal and Electrical Stimuli. J Vis Exp
JoVE 59057

Mende-Siedlecki P, Qu-Lee J, Lin J, Drain A, Goharzad A (2020) The Delaware Pain
Database: a set of painful expressions and corresponding norming data. Pain Rep 5:e853
Haque MA, Bautista RB, Noroozi F, et al (2018) Deep Multimodal Pain Recognition: A
Database and Comparison of Spatio-Temporal Visual Modalities. In: 2018 13th IEEE Int.
Conf. Autom. Face Gesture Recognit. FG 2018. pp 250-257

Luo W, Phung D, Tran T, et al (2016) Guidelines for Developing and Reporting Machine
Learning Predictive Models in Biomedical Research: A Multidisciplinary View. J Med Internet
Res 18:e5870

Balki I, Amirabadi A, Levman J, et al (2019) Sample-Size Determination Methodologies for
Machine Learning in Medical Imaging Research: A Systematic Review. Can Assoc Radiol J
70:344-353

de Hond AAH, Leeuwenberg AM, Hooft L, et al (2022) Guidelines and quality criteria for
artificial intelligence-based prediction models in healthcare: a scoping review. NPJ Digit Med
5:2

Sun VC-Y, Borneman T, Ferrell B, Piper B, Koczywas M, Choi K (2007) Overcoming barriers
to cancer pain management: an institutional change model. J Pain Symptom Manage 34:359-
369

Cleary JF (2000) Cancer Pain Management. Cancer Control 7:120-131

Ajzen | (1991) The theory of planned behavior. Organ Behav Hum Decis Process 50:179-211
Paul A. Pavlou (2003) Consumer Acceptance of Electronic Commerce: Integrating Trust and
Risk with the Technology Acceptance Model. Int J Electron Commer 7:101-134
Oviedo-Trespalacios O, Vaezipour A, Truelove V, Kaye S-A, King M (2020) “They would call
me, and | would need to know because it is like life and death™: A qualitative examination of

the acceptability of smartphone applications designed to reduce mobile phone use while
driving. Transp Res Part F Traffic Psychol Behav 73:499-513

161



Appendices

Appendices

A Protocol Cancer-Related Pain Erasmus MC
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Figure 30 Protocol for treating cancer-related pain in the Erasmus Medical Centre [85]
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B Standards for Reporting Qualitative Research

O'Brien et al. [168] formulated and defined standards for reporting qualitative research, aiming to
improve the transparency of all aspects of qualitative research. The checklist that was developed
was used in this study, see Table B.1.

Table B.1 Checklist for Standards for Reporting Qualitative Research

Page
ltem Description Number
Title and Abstract
Title Concise description of the study's nature and topic;

recommended to identify the study as qualitative or
indicate the approach or data collection methods. - *
Abstract Summary of key study elements following the intended
publication format, including background, purpose,
methods, results, and conclusions. - *
Introduction
Problem formulation Description and significance of the problem/phenomenon
studied, review of relevant theory and empirical work, and
problem statement. 38-39
Purpose or research  Purpose of the study and specific objectives or questions.
question 40
Methods
Qualitative approach Description of the qualitative approach (e.g., ethnography,
and research grounded theory) and guiding theory if applicable.
paradigm Identifying the research paradigm (e.g., postpositivist,
constructivist) is recommended, along with a rationale. 44-
Researcher Influence of researchers’ characteristics (e.g., personal
characteristics and  attributes, experience, assumptions) on the study and
reflexivity interaction with research questions, approach, methods,
results, and transferability. - *
Context Description of the study setting and salient contextual
factors, with a rationale. 44-45
Sampling strategy Explanation of participant, document, or event selection,
including criteria for stopping data collection (e.g.,
saturation), with a rationale. 44-45
Ethical issues Documentation of ethics review approval, participant
pertaining to human consent, confidentiality, and data security issues.
subjects 45
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Data collection Types of data collected, details of procedures (e.g.,
methods start/stop dates, iterative process, triangulation,

adaptations during the study), with a rationale. 45-48
Data collection Description of instruments (e.g., interview guides,
instruments and questionnaires) and devices (e.g., audio recorders) used,
technologies and any changes made over the study. 46
Units of study Number and characteristics of participants, documents, or

events included, and their level of participation. 49
Data processing Methods for processing data before and during analysis

(e.g., transcription, coding, anonymization, verification of

data integrity). 48-49
Data analysis Description of how inferences, themes, and conclusions

were developed, including involved researchers and

approach references, with a rationale. 48-49
Techniques to Description of techniques used to improve trustworthiness
enhance and credibility (e.g., member checking, audit trail,
trustworthiness triangulation), with a rationale. 49
Results/Findings
Synthesis and Main findings, including interpretations, themes, and
interpretation integration with prior research or theory. May include

theory or model development. 49-74
Links to empirical Supporting evidence (e.g., quotes, field notes, text
data excerpts, photographs) for analytic findings. 49-74
Discussion

Integration with prior Summary of findings, connection to prior research,
work, implications,  implications, generalizability, and unique scholarly
transferability, and  contributions.

contribution(s) to

the field 75-79
Limitations Discussion of study trustworthiness and limitations. 79-81
Other
Conflicts of interest Disclosure of potential sources of influence or perceived

influence on the study and how they were managed. 82
Funding Description of funding sources, other support, and the role

of funders in data collection, interpretation, and reporting. 82

* This section is currently omitted due to the structure of the thesis or because it is presumed known to the reviewers;
however, it will be included in any future publication of the study.
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C Operationalisation of Constructs

Table C.1 Original definitions and applied definitions

Appendices

Construct Definition Reference Applied Definition Response
Attitude towards The degree to which a person has a Ajzen [250] The overall positive or negative Response category: positive / negative /
Using (ATU) favorable or unfavorable evaluation of evaluation that a participant holds neurtral

the use of a particular system

regarding the use of the Al-based pain
assessment tool.

Content: considered influential factors

Behavioural
Intention (BI)

The degree to which a person is
motivated or willing to extert effort to
perform the target behaviour

Davis [148]

The likelihood that a participant intends
to use the Al-based pain assessment
toolin the future.

Response category: positive / negative /
neurtral

Content: considered influential factors

Perceived
Usefulness (PU)

The degree to which a person believes
that using a particular system would
enhance his or her job performance

Davis [148]

The participant's belief about whether
the Al-based pain assessment tool will
be advantageous to him/her.

Response category: positive / negative /
neurtral

Content: considered influential factors

Perceived Ease of
Use (PEQOU)

The degree to which a person believes
that using a particular system would be
free from effort

Davis [148]

The participant's belief about whether
the Al-based pian assessment tool will
be free of effort.

Response category: positive / negative /
neurtral

Content: considered influential factors

Trust (T)

The belief that the other party will
behave responsibly and will not
attempt to exploit the vulnerabilities of
the user.

Pavlou [251]

The participant's belief that the system
will operate responsibly, fairly, and
without exploiting the vulnerabilities of
patients or clinicians.

Response category: positive / negative /
neurtral

Content: considered influential factors

Perceived Risks
(PR)

The users' subjective evaluation of
incurring losses while using a particular
system

Pavlou [251]

The participant’s perception of
uncertainty and potential negative
consequences associated with using
the Al-based pain assessment tool,
such as concerns about accuracy,
privacy, or treatment impact.

Response category: positive / negative /
neurtral

Content: considered influential factors
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D Interview Guides

Two protocols for conducting the semi-structured interviews with oncologists and patients were
developed. The content of the questions was inspired by literature, MM's and MK's experience
with cancer patients, oncologists and hospital workflows, and HT's experience with qualitative
methods. For the part on the TAM, inspiration was drawn from the methodology of Oviedo-
Trespalacios et al. [252].

The interview protocols ensured that all important context was mentioned, and the required open
questions were asked, while also providing the flexibility to further explore the participant’s

responses.

The interview questions for the oncologists are shown in Section D.1. For the full interview
protocols for the oncologists and patients, see the additional provided documents.
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D.1 Oncologists

Appendices

The questions asked during the interview are retrieved from the interview protocol for oncologists and ordered by part of the interview and construct.

For the order of the questions, the full interview protocols could be accessed. A further remark: In the interview protocol questions on design and

implementation preferences (part 5) were asked when the construct was discussed during part 4 to improve the flow of the interview. In order to

present the questions as how they were asked, some of the questions with a topic on design and implementation preferences are presented in Table D.1.

Table D.1 Interview Guide

Construct Questions

Follow-up questions and prompts

Part 1 Current Pain Assessments Methods

Can you describe how you typically assess pain in your patients?

What methods or criteria do you use?; How often do
you discuss pain? Often, regularly, sometimes,
rarely?; How often do you perform a pain
assessment using a standardised method such as
VAS or NRS? Often, regularly, at every visit?; And
which method do you use?; Do you or the patient
usually initiate the conversation about pain?; Is
there a difference in how you assess pain in
hospitalised versus non-hospitalised patients?

How do you obtain information about your patient’s pain experience
if they are not hospitalised?

Does this information help improve care in your
opinion (if already used), or do you think it could
help improve care in the future (if not yet used)?

Have you ever experienced differences in how different groups of
people express their pain to you?

For example, different groups could refer to gender,
Dutch vs. non-Dutch speakers, cultural differences,
etc.

How do you use the patient’s pain description in the care you
provide?

Do you always use the pain description in the same
way?; Are there factors that make you weigh the
patient’s description more or less heavily?

When you make a change in the pain treatment strategy, how do you
then monitor its effects?

How and when do you check whether it was
successful?
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Have you ever felt that your pain management approach/treatment
was not fully aligned with the patient’s needs?

Either too much or too little?; Can you share how
this happened and how often you experience
something like this?

Part 2 Challenges experienced during the current pain assessments

What challenges do you encounter when gathering information about
your patients’ pain levels?

What are the main obstacles?; Where do these

challenges stem from? And how do you experience
this?

Are there specific situations in which you find it particularly difficult
to evaluate a patient’s pain?

Do you experience additional or different challenges
when assessing and monitoring pain in non-
hospitalised patients?

Are there certain patient groups that pose more challenges in pain
assessment?

For example, elderly patients, cognitively impaired
patients.

How do you handle the challenges you experience in evaluating a
patient’s pain?

How do you handle situations where patients
struggle to communicate their pain effectively?

Do you think the current pain assessment methods provide enough
information to make treatment decisions?

Do you think these assessments are accurate enough
and performed frequently enough to represent the
patient’s pain experience and adjust care
accordingly?; What do you do to ensure an
assessment is accurate?; Do you have examples?

To what extent do you rely on the patient’s self-reported pain
assessment when making treatment decisions?

Have you ever experienced situations where there
was a noticeable difference between what the patient
reported and what you observed in terms of pain
intensity”?; How do you handle such a situation?

Part 3 Potential Solutions for Current Challenges

What do you think could help improve pain assessment?

Are there tools, techniques, or practice changes you
can think of for this? Whether existing or not yet
developed?; If there were a perfect tool to help with
pain communication, what would it ideally help to
understand about your patients’ pain?
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Can you think of other potential improvements for pain assessment
and treatment for patients in an outpatient setting?

Part 4 Attitude towards an Al-based Pain Assessment Tool

Attitude What are your first thoughts when you hear about this technology?
towards How would you like to receive the results of the application? Through the patient, via a portal, integrated into the
Using EHR?

What do you think of using such an Al tool to help assess patient pain?

Do you think technology like this will make pain assessment different?

In what ways?; Under which circumstances?

How do you think your colleagues and other healthcare providers would
view the use of this technology?

Behavioural If the technology were available, how likely is it that you would use it in
Intension your practice?

Do you see yourself using this tool in the long term?

What would it take to do that?

How do you envision such a tool being used?

What is needed to use the tool?; Do you think the tool
could be used in an inpatient and outpatient setting?

Perceived How useful do you think this tool could be in your work?

Usefulness How do you think this application could support your work in assessing
pain in your patients?

In what ways?; Under which circumstances?; In an
inpatient and outpatient setting?

Will it serve a purpose for you?

To what extent do you think an automatically generated pain assessment
could contribute to better treatment decisions?

Do you see potential benefits in integrating such a tool?

Think about benefits for both you and the patient; Do
you think the use of this application could improve
communication about pain with your patients?; Are
there specific patient groups that you think this tool
would be most valuable for?

Perceived Do you think the tool will be easy to use? Both for you and the patient
Ease of Use Do you think it will be easy to integrate the tool into your daily practice? Are there factors that could help with this?
Trust Do you think you would trust the pain assessment from this tool? Why or why not?; What factors could help with this?;

What do you see as requirements for you to trust it?
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Perceived
Risks

Do you see any potential concerns or risks with integrating such a tool
into your practice?

Do you think this tool has certain limitations for specific patient groups?

Part 5 — Design and Implementation Preferences

What do you find important in the design of the user interface of
this application?

Both for patients and healthcare providers?

How would you prefer to see the information generated by the app
presented?

For example, in the form of graphs, an overview of
pain scores, or a summary?

How important is it for you that the application can be linked to
existing systems such as the electronic health record (EHR)?

Are there any additional features you can think of that you would
find important for the application?

What are functionalities or aspects of the application
that could make it useful or more useful?

What do you find important in the design of the user interface of
this application?

Both for patients and healthcare providers?
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E Transcription Protocol

This appendix outlines the transcription protocol used to process and analyse the semi-structured
interview data collected during the exploratory study. The protocol was designed to ensure
consistency, accuracy, and completeness in capturing participants' responses while maintaining
confidentiality.

E.1 General Guidelines

e Verbatim Transcription: All interviews are transcribed word-for-word, including verbal
hesitations, repetitions, and false starts.

e Exclusions: Filler words (e.g., “uh,” “um”) and non-verbal sounds (e.g., coughing,
laughing) are excluded unless deemed contextually significant.

o Pauses: Pauses are marked to capture the natural rhythm of the conversation:

o Short pauses (approximately 1 second) are marked as ((.)).
o Long pauses (several seconds) are marked as ((...)).

e Ungnished Sentences and Interruptions: “..."” are used to indicate an unfinished
sentence. If the reason for the interruption is relevant, this is included in brackets [ | for
clarity.

e Non-Verbal Descriptions: Actions or visual cues referenced by participants or the
interviewer are noted in square brackets [ ]. For example: [points to the document].

e Inaudible Segments: Words or phrases that are unclear are marked as [inaudible (X
words)], where "X" indicates the estimated number of inaudible words.

e Foreign Language Words: Words or phrases spoken in English (or any language other
than Dutch) during the interview are marked in italics to indicate that they were spoken
in a different language.

E.2 Formatting Rules

e Time Stamps: Time stamps are added at the start of a new paragraph when a new
speaker started talking. The format that is used is [hh:mm:ss]. It indicates the exact time
in the recording.

e Speaker Identigcation: Each speaker is clearly identified at the start of their dialogue,
for example “Interviewer’, “Oncologists”, or “Patient”.

o Paragraphing: Each speaker’s response is transcribed as a new paragraph for clarity.

e Consistency in Notation: Uniform abbreviations and symbols (e.g., ((.)), [inaudible]) are

used across all transcripts.

Box B Example of the Application of the General Guidelines and Formatting Rules

[00:05:01] Interviewer

How often do you talk about pain with your patients?

[00:05:03] Oncologist

Every time | see a new patient, ((.)) or when | am aware of a pain problem, | discuss ... [phone
of the oncologist rings, recording is paused]
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E.3 Confidentiality Measures

e Anonymisation: Personal identifiers (e.g., names, locations, or specific medical details)
are replaced with descriptive placeholders to maintain participant anonymity and maintain
the importance of that reference. For example: “Dr. Smith” was replaced with [Name of
colleague 1].

e Secure Storage: All transcripts are stored in encrypted digital files on a secure server

accessible only to authorised research team members.

E.4 Quality Control

e Proofreading: Each transcript is reviewed by the transcriber for errors or omissions.
e Cross-Checking: A second researcher independently checks a random subset of

transcripts to ensure consistency with the audio recordings.
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F Pain Assessment Process Mapping

F.1 Interactions Mapping

The pain assessment process for an oncologist focuses on gathering information about the
patient’s pain state to guide pain management decisions and ultimately improve the patient’s pain
experience. To obtain this information, oncologists interact with patients, other healthcare
providers, important others for the patient and digital systems. Given the central role of
information gathering in pain assessment, the oncology department (and hospital in general) offer
various ways for patients to report their pain. During interviews with oncologists, several
interactions were identified through which patients can communicate their pain experiences.
Important interactions that were identified for the oncologist and patient were systematically

mapped in Figure 32 and more illustratively in Figure 31.
The interactions the patient could have regarding their pain experience could involve:

- Interaction with their important others: Patients may discuss their pain experience
with family members, friends, or caregivers who provide emotional support, assist with
pain management strategies, or help communicate their symptoms to healthcare
professionals. Important others might encourage the patient to report their pain
accurately, help track changes in symptoms, or advocate for adjustments in treatment.

- Interaction with their general practitioner: The GP may be the first point of contact
for managing pain before referral to oncology. They assess pain severity, prescribe pain
medication, adjust treatment when necessary, and provide long-term monitoring. They
may also coordinate pain management with oncologists and other specialists.

- Interaction with their oncologist (during consultations and when admitted to the
hospital): Patients report their pain symptoms, discuss the effectiveness of their current
pain management plan, and express concerns about side effects of medications.
Oncologists evaluate pain intensity, determine its potential causes, and adjust analgesic
treatment accordingly. When admitted to the hospital, pain is continuously monitored,
and treatment plans may be modified based on the patient’s evolving condition.

- Interaction with the nurse practisioner (during the nurse practisioner consultation
hours): Nurse practitioners may conduct structured pain assessments and provide
guidance on pain management strategies. They may adjust or initiate pain medications
under supervision, educate patients on coping mechanisms, and discuss non-
pharmacological pain relief options.

- Interaction with the nurses (when admitted to the hospital): Nurses perform regular
pain assessments using validated scales and monitor the patient’s response to pain
treatments. They administer prescribed analgesics, document pain levels, and relay
concerns to the oncology team. Nurses provide emotional support and assist with non-
pharmacological pain management, such as positioning, relaxation techniques, or ice/heat

therapy.
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The interactions the oncologists could have regarding the pain assessment and management of

one of their patients could involve:

174

Interaction with the patient: Oncologists assess the patient’s pain intensity, quality,
and impact on daily life. They discuss pain management options, including medication
adjustments, palliative care, and interventional procedures. They monitor treatment
efficacy and make decisions about escalating or de-escalating pain relief measures.
Interaction with the patients| important others: Oncologists may communicate with
family members or caregivers to understand how the patient’s pain is affecting their daily
life. They provide guidance on supporting the patient’'s pain management at home and
address concerns about treatment side effects or disease progression.

Interactions with the general practitioner: The GP may refer the patient for specialist
pain management or seek advice on adjusting medications. Oncologists may update the
GP on treatment plans, especially in outpatient settings where the GP continues
supportive care.

Interaction with their co-oncologists: Oncologists may discuss complex cases with their
colleagues to determine the best pain management strategy. They may collaborate on
adjusting treatment plans based on tumor progression, side effects, or emerging evidence.
Interactions with colleagues from other specialties: Pain management often requires
input from anesthesiologists, palliative care specialists, neurologists, or physiotherapists.
Oncologists may consult with these specialists for advanced pain control measures,
including nerve blocks, spinal analgesia, or non-opioid strategies.

Interactions with nurses: Nurses provide oncologists with regular updates on patients'
pain levels, medication responses, and any concerns about worsening symptoms. They
may suggest changes to the pain management plan based on observed patient needs.
Interactions with documentation and research: Oncologists document pain
assessments and treatment decisions in the electronic medical record (EMR), ensuring
continuity of care. They may participate in pain-related research, contribute to clinical
guidelines, or review scientific literature to improve pain assessment and treatment

protocols.
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Figure 32 - Systematic mapping of the interactions patients and oncologists have regarding pain assessment, derived
from the interviews with oncologists. The most important interaction is the interaction between the oncologist and the
patient. All other interactions are secondary (dotted lines). The patient is closely related to the people within the
patients’ inner circle (pink circle). The patient has the option to interact with the first line of care (yellow circle),
being the general practitioner, and the second line of care (blue circle), being healthcare providers in the hospital. The
oncologist could interact with the same persons but could in addition to this also interact with the digital systems for
documentation and research.
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Figure 31 - lllustrative mapping of the interactions patients and oncologists have regarding pain assessment, derived
from the interviews with oncologists. The most important interaction is the interaction between the oncologist and the
patient. All other interactions are secondary (dotted lines). The patient is closely related to the people within the
patients’ inner circle (pink circle). The patient has the option to interact with the first line of care (yellow circle), being
the general practitioner, and the second line of care (blue circle), being healthcare providers in the hospital. The
oncologist could interact with the same persons but could in addition to this also interact with the digital systems for
documentation and research.

175



Appendices

F.2 Process Mapping

Although the pain assessment and management process varied depending on the context, several
key stages that oncologists consistently followed could be identified from the interviews. The

seven key stages are:

1) Identifying the need to discuss pain

2) Initiating the pain conversation

3) Conducting the pain anamnesis

4) Decision-making on the pain management actions

5) Communicating the pain management decisions to the patient
6) Documenting the assessment and treatment decisions

7) Follow-up and monitoring pain management

The process varies depending on the oncologists' preferences and routines, as well as logistical
factors and the patient’s individual circumstances, these key stages form the backbone of the

current pain assessment approach used in oncological practice.

Originally all stages and the considerations associated with those stages were mapped as one flow
in Figma, see the maps on the next two pages.
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G Themes Related to Reported Areas for

Improvement

Oncologists identified several areas for improvement in pain assessment and management,
highlighting the need for more structured monitoring, better communication, and the integration of
supportive tools. Many of the suggested improvements focused on increasing the continuity and
objectivity of pain assessment while ensuring that patients have clearer guidance on when and how to

report pain.

A major theme across the suggestions was the need for better pain monitoring, particularly in the
outpatient setting. Oncologists expressed a desire for more frequent pain assessments between
consultations to track trends over time rather than relying solely on isolated reports during
appointments. Some suggested structured self-monitoring by patients, where patients could regularly
document their pain levels, experiences, and medication use outside of consultations. Others
proposed the use of digital tools such as apps to facilitate pain tracking and automatic uploads of
patient-reported pain data into electronic medical records. This could help oncologists detect
deteriorations earlier and tailor consultations more effectively:

"If we could have more insight into how pain develops between consultations, we'd know much

better where to start the conversation." — O05

Additionally, oncologists highlighted the need for more objective pain assessment methods to
complement subjective patient reports. Suggestions included tracking medication usage, incorporating
physiological measures, and considering activity levels and sleep patterns to gain a more
comprehensive view of the patient’s pain experience. Some oncologists saw potential in non-verbal
pain assessment tools, which could use facial expressions, voice patterns, or movement analysis to aid

in pain evaluation.

"In essence, | think we are all looking for more objective measures to truly objectify their pain

experience.”" — 008

Another frequently mentioned improvement was enhancing communication and information flow.
Oncologists suggested better pre-consultation pain reporting, where patients could provide structured
information on their pain in a quiet environment before their appointment. This could help
oncologists determine the consultation’s focus and ensure that pain discussions are not overlooked
due to time constraints. Furthermore, they proposed standardising pain assessment approaches across
healthcare professionals to reduce inconsistencies, particularly in indirect pain assessments from

nurses or ca regivers.

“For example, you would want there to be a dedicated patient page in HIX, properly set up for
patients, without giving them access to the entire HIX system. Where you could say, ‘This is your
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file, please fill in how you have experienced the past two weeks. Did you have pain? Perhaps include
a pain score. Where was the pain located?’ And then, before | call in Mrs. Jansen, | could already

see, ‘Okay, this patient has a pain score of 1 and is satisfied, so | can wrap this up quickly.” But if
someone reports a score of 8 or 9 or higher, | know, ‘Okay, | really need to focus on this during the

consultation because something is going on.” — 008

Some oncologists also advocated for stronger collaboration between specialties and better integration
of pain information into shared medical records. Contact with general practitioners was identified as a
potential way to improve long-term pain monitoring, ensuring that pain discussions continue beyond

oncology appointments.

“I definitely think that [...] there are still improvements to be made within this hospital, as well as in

better collaboration with the pain team, because that was quite limited in our hospital.” — O05

Beyond structural changes, oncologists emphasised the importance of education on pain assessment
and management, both for healthcare professionals and patients. They saw room for improvement in
helping patients understand their pain, medication use, and self-management strategies, which could
empower them to take a more proactive role in reporting and managing pain.

“I think that if you only look at what would be best, then | believe that patients should be given
much more control.” — 009

Overall, these suggestions reflect a shared goal: making pain assessment more continuous, objective,
and integrated into routine care while ensuring that patients receive the necessary support to

communicate their pain effectively.
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H Themes Related to Design and Implementation

Preferences

Quotes relevant to the design and implementation preferences are presented in Table H.1.

H.1 Accessibility

Oncologists emphasized that the tool must be easy to use, quick to access, and seamlessly integrated
into existing workflows. A frequently mentioned concern was the burden on both patients and
clinicians, with oncologists stressing that the tool should require minimal effort from users. Some
suggested that patients should not have to log in manually but instead use automatic authentication
methods or a direct link from the patient’'s EMR. Additionally, they highlighted the importance of
multilingual support to ensure accessibility for a diverse patient population. For oncologists,
accessibility also meant that pain assessment results should be readily available within existing
hospital systems. Several oncologists preferred integration with HIX, the standard EHR system, to
avoid using a separate platform. In the early stages, when the tool would be used for research
purposes, they generally mentioned to allow other methods to access the tool outcomes, such as a

web-based interface.

H.2 Graphical Representation of Data

A key theme was the importance of clear and intuitive data visualisation. Oncologists preferred
graphical representations over raw numerical outputs, as trends over time provide more actionable
insights. They suggested that pain trajectories should be displayed in a way that allows for at-a-
glance interpretation, similar to how lab values are presented in clinical practice. Additionally,
oncologists expressed interest in overlaying pain trends with other relevant data, such as medication
use, sleep patterns, and daily activity levels. This would help them assess how different factors
influence pain and provide more comprehensive patient management. Some also mentioned that
comparative data (e.g., average pain scores across similar patients) could aid interpretation, though

they stressed that this should not replace individualized assessments.

H.3 Notification Preferences

While oncologists acknowledged the potential benefits of receiving alerts for concerning pain trends,
they strongly emphasized that notifications should not be excessive or disrupt their workflow. Several
oncologists expressed concern about receiving too many unnecessary alerts, which could lead to
alarm fatigue. Instead, they preferred customizable notification settings, allowing them to define

when and how they receive alerts.

Most oncologists suggested that alerts should only be triggered when pain trends indicate a

significant clinical concern, such as a sudden increase in pain or worsening symptoms over time.
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Some proposed that alerts should be handled through a triage system, where a nurse or designated
team member filters notifications before they reach oncologists.

H.4 Capturing Contextual Information

Oncologists emphasized that pain scores alone are insufficient for meaningful clinical decision-making
and that contextual information should be recorded alongside the Al-generated assessments. They
suggested several additional data points that could enhance interpretation, including:

- The relationship between pain and medication use (e.g., whether pain improves after taking
analgesics).

- Daily activities and functional status to assess how pain impacts daily life.

- Other symptoms such as fatigue, nausea, or psychological distress.

- A brief note from the patient to provide qualitative context about their pain experience.

Table H.1 Quotes relevant to Behavioural Intention

Subtheme Relevant Quotes

Accessibility “l think you want to integrate as much as possible into one system, one, let's say, mother
system, and that you want to create as many connections as possible to that mother system.
Whether it's an EHR or other branches, as long as they are connected to each other. This way,
you don't have to enter data in multiple places, but data can be automatically transferred from
one place to another without requiring manual input, as the system would handle it itself.” —
002

“I'think having multiple language options is just something that needs to be considered.” — 008

Graphical “Graphical representation is always the best because it allows you to see at a glance what is
representation going on. It would be ideal if you also had the option to click through for more details if needed,
but | think having a quick visual overview that instantly tells you, ‘Do | need to act on this? Yes
or no?" works best. It's better than having to read through text first to determine whether
action is needed.” — 009
“It seems logical that you would present it in a graph over a certain period or provide an
average, maybe even an average of the overall population.” — 004

Notification “What you could develop, perhaps, is some kind of alarm system. If consistently high scores are

preferences reported, an automatic appointment could be scheduled at the outpatient clinic, or a
notification could be sent to the nurse, who could then discuss it with you. That would be a
great feature.” — O07

Contextual “l think you should also include pain medication usage in the application. There should be an
information overview of what the patient is actually using, when they have taken short-acting opioids, and
what effect it had. If you really want to do it well, you would also track side effects. But then,
of course, it becomes a much more intensively used tool.”- 009
“We always try to assess how fit a patient is, but patients often present themselves as being in

better condition than they actually are. So maybe that could also be measured?”’ — O11

“You might also want to include an additional note alongside the data."” — 002
Providing clinical ~ “And perhaps the model could be trained intelligently enough to provide instructions to the
advice patient based on the assessment.” — O11
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One oncologist highlighted that pain perception is subjective and influenced by multiple factors, and
thus, the tool should capture not only pain intensity but also its impact on the patient’s quality of
life. Others suggested that the system should allow for trend analysis over longer periods, helping

oncologists differentiate between acute pain episodes and chronic worsening.

H.5 Providing Clinical Advice

For patients, oncologists envisioned that the tool could provide automated guidance on managing
pain. This feature could empower patients by providing personalized advice on coping with pain while

also reducing reliance on oncologists for every minor pain fluctuation.
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I Expert Consultations

I.1 A.1 Temitayo Olugbade

Dr. Temitayo Olugbade, an applied Al researcher at University College London, provided insights into
affective computing and the role of machine learning in modelling human psychological states. Her
expertise helped refine how the Al-based APA tool could analyse pain-related facial and vocal

expressions for improved pain assessment.

1.2 A.2 Nadia Berthouze

Professor Nadia Berthouze, a leading expert in affective computing at UCL, advised on leveraging
body movement and sensory feedback in Al-driven pain assessment. Her input contributed to shaping
the tool's approach to recognising subtle affective cues in facial expressions and voice for more

accurate pain evaluation.

.3 A.3 Deborah Forster

Dr. Deborah Forster, a transdisciplinary researcher at TU Delft, provided expertise in human-robot
interaction and cognitive science, particularly in understanding expert sense-making. Her consultation
helped ensure that the tool's Al-driven assessments align with real-world clinical decision-making

processes.

[.4 A.4 Socially Perceptive Computing Lab

The Socially Perceptive Computing Lab at TU Delft contributed expertise in multisensor fusion,
particularly in synchronising audio and visual data. Their input was instrumental in designing data

collection methodologies that enhance the Al model's ability to interpret pain-related nonverbal cues.

[.5 A.5 Intelligent Sight & Sound Research Group

The Intelligent Sight & Sound Research Group, based in Washington, provided insights from their
experience in developing similar Al-driven pain assessment databases. Discussions focused on
potential collaboration opportunities and best practices for structuring and validating the APA tool's

dataset.
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J Brainstorm Preparation

For the brainstorm session with the research group, a Figma board was prepared to structure the
session. Figure 33, Figure 34, and Figure 35 present the digital preparations.

Outline

What o discuss and decide

1. Global research planning

2. Scope for app-developers

3. Requirements & Minimum Viable Product
4. Global user flows

5. Ideas from app-developers

Research Strategy

What i3 our research strateqy

Exploratory Database

. . o N
Clinical studies Erd— D —— Feasibility study Controlled Trial
Technical studies
Controlled Patient
Environment Environment
Al-model Al-model Al-moclel
Proof-of-Concept Controlled data Real-world data

Figure 33 - Session outline and assumed research strategy for the SENSAIl-project
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Brainstorm Structure

&rainsform
What could we Hink of?

Expectations

Put yourself im +he shoes of the .. 3 minutes

Patient
Researcher
Oncologist

and ask yourself
“What would I expect Fom Huis app?”

Reflect briefly and write down the elements you think of

Basic Functionalities

Think. about-. 5 minutes
the core functionalities of the application

Consider fechnical, clinical, research

K i+ general!
“p o amd user-specific aspects!
Censider +he dser-flows!
Dideutss... aind build s.. 15 minutes
the core functionalities each others ideas
Associated requirements
Think about-. 18 minutes

the “requirements” and “ that could be related to the core

functionalities .
IF i#s not related +0 a core

amd link them.. functionality, group o as
to the core functionalities ‘ottres’
Didcuss.. aind place them.. 20 minutes
the “requirements” within the MOSCOW table

Figure 34 - Outline of the brainstorm part of the session with the goal of identifying functionalities and
requirements
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Whai does Tnnovalfic have +o develop

Appendices

Goal Developing a patient-centered mobile application for
cancer-related pain assessment and monitoring, designed
for integration with clinical practice and research

Users Cancer patients
Oncologists
Researchers

Scope of what+0 develop (first)

Keep in mind!
Innovattic will develop our applicaiton
« Available for at least one year to work on this project
* Money from the grant of Gilead {enough for one year)
» They will start on the 10th of February with the development

Decisions to make
In which part of our research do we want / need to use the application?

Application for feasibility study Application for database development study

For which users must the application be developed? (And do we need separate ‘user roles’ for this?)

Patient Oncologist Researcher Admin Care-giver Other health-care providers

On which setting of the patient do we want to focus?

Home Setting  Hospital Setting

Figure 35 - Prepared summary for the outcomes of the session
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K Brainstorm Outcomes

During the brainstorm sessions several ideas were presented. First a thought exercise was done on the
expectations the end user could have of the tool. Figure 36 presents the outcomes. Later in the
brainstorm session ideas were generated for the functionalities of the tool. Figure 37 presents a

snapshot of some of the outcomes.

Section 1

Brainsform Oufcomes
Expectations of the fool

Easy, fast

Pretty

Not a lot of time
Something out of it

Can help my care

Not boring

Emergency contact option

Needed the data

Consistent reliable

Flexible for manipulation

Integration with what patients are already doing
Want to use it, instead of having to use it

Easy integration with my research database

Don’t add to my work

Helps understand pain progression

Informing treatments

Better than VAS / NRS

Message when something is really wrong / when i have to do something
It works without calling the ICT department

Figure 36 - Brainstorm outcomes - Perceived expectations of the end-users of the tool
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Brainsform Oufromes
Tdeas for functisnalities of +he fool

Figure 37 - Brainstorm outcomes - Ideas for the functionalities the tool might have. Orange indicates main functionalities,
yellow indicates secondary functionalities, purple indicates functionalities that might help the patient
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L MoSCoW Overview Patient Application

Figure 39 and Figure 38 show the MoSCoW-requirement overviews for the researcher application

(built in sprint 1) and for the patient application (started with the development in sprint 2),

respectively.

First Product +o Deliver

What should the application be capable of 10 qualify as a first; wsable product?

——- WVP ——-

Must have

Should have

Could have

Wen't have
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Register a participant ID
(6 numbers)

Collect the VAS-score from
the patient by using a
predefined question

Collect the answers to the
i-PANAS-SF questionnaire
on a 5-point Likert scale

Explain the prompt
recording task

Collect the prompt
recording task

Explain the narrative
recording task

Collect the narrative
recording task

Save the recordings on the
phone itself

Create a separate file for
each part of the patient
task

Time-stamp each
recording with time and
date

Make sure that the
participant ID is linked to
each recording

Make sure that each
separate videa within one
participant session could

be identified

Place a frame over the
recording screen indicating
the positioning of the face

Option for the researcher
to review the made
recordings

Option for the researcher
to retake a recording

Option for the patient to
retake a recording

Option for the patient to
add a note after the patient
task

Option for the researcher
to adjust the answers to
the patient tasks

Figure 38 - MoSCoW requirements overview for the researcher application

Check the quality of the
video and audio
automatically

Rasearcher could make a
recording of the participant
(with the front camera and

adjusted ‘prompt’ task)



Second Product+o Deliver
What should the applicotion be capable of +o qualify as a second, usable product?
Still discussed by the research team

MVP

Must have

Should have

Could have

Appendices

Would have

Fast log-in pracedure
(pincode)

Quick start eption for doing
ameasurement {recarding)

Provide context to the user
about whether his / her
face is inside the right
frame

Easy to find start and stop
recording button

Blur the recording while the
participant is filming him/
hersell

Link the participant ID to
each patient task

Save all performed patient
tasks in a database linked
to the patient ID

Add an option to the
dashboard to open the
measurement overview

Link a settings option to
the dashbeard { homepage

Provide study participant
information

Run the Al-model an the
back-end of the application

Put in participant

I
[}
)
I information || participant by first time use
I 11
(= Je -
[ =
I . |
| Firsttimeparticipant | User must accept terms
| receives hisfher unique | and conditions before
: login { register information : proceeding with the app
L =]
Show the patient tasks
Easy to find start and stop Task to add the current
recording button NRS-score
Create distinct video and
e v Task 1o perform recording
audio recardings for each .
N - 2 (narrative)
recording patient task
__________ al
| Time-stampeachaudic |  Check the quality of the
: and video recording with : recordings {audio and
| date and time (how precise | video) after the recordings
I will follow!) I are made
___________ J
Make each part of the Provide feedback to the
patient task user why the quality of the.
distinguishable for the recording wasn't good
researcher when saved nough
[ttt acTTT T T T T T
[} 11 Provide an update of the
: Store all performed patient || researcher database at
| task outcomes onaserver || least with every 20 new
11 performed patient tasks
Ly A

Create a list wise overview
of when the participant
made a measuremenet

Support Dutch and English

Provide Feadback, Support
and contaet information

Link the Al-model pain
assessment to the
recordings in the database

Authentication of the

Add the NRS-scofe the
participant provided each
measurement ta the
overview list

Option to alter the font size
and contrast to improve
accessibility

Select language
preference

Away for the treating
encologist to see the
recorded NRS-scares,
answers to guestions

[ S

Laggin-off after a period of
time

Have a dashboard /
homepage

Task tofill out a multiple
choice mood quastionnalre

Task to perform recording 1
(prompt)

Option to add a note after
all patient tasks if desired
by the participant

Communicate to the
participant whether the
quality was enough and

could be saved or not

Suggest a new recording
when the last recording
didn't had enough quality

Option to read the prompt
text before starting the
recording

Option to redo a recording
based o the participants
choice

Alter your name /
pronounce preferences in
the User Profile
Prefersnces section

Update the Al-model once
per 2 months if needed

A way for the treating
oncologist to see the
automatic Al-model pain
assessments

Tutorial of how to use the
application

[

Userfriandly explanation
about data security and
privacy

[smwwwmlnen el

Option to add more
questions { questiannaires
{to the patient task / 10 the.

dashboard)

The participant can chose
how to present his/her
overview of measurements.

The recorded NRS-scores
cah be presented iha
graph

Provide the option to chose
your own colour theme

reminders ta the
participant to perform a
measurement

s a)
: Send nefifications / :
[} I
[} |
[} |

Option to chose
natification preferences

Online and offline use

A weh-based application

where the oncologist could

see recorded NRS-scores,
answers to questions

A web-based application
where the oncologist could
see the automatic Al-
mode| pain assassments

Show the automatic Al-
model assessments to the
ant if desired

Biometric login (for fast
sign in) (preference option
for the participant)

Option to alter the order /
randomise the order of the
tasks within the patient
task

The asked questions
depend on the answers of
the participant to prior
questions

Provide the aption to apen
areport of analyzed trend
in the provided NRS-scares

Log user sessions

Caretaker could make a
recording of the participant
{with the front camera and

adjusted ‘prompt’ task)

Pain medication overview

Qvenview of what pain
medication is used by the
participant

Quick option to report use
of medication

Map of the body to select
where the participant
experiences pain

Provide the option touse a
pain diary (only visible for
the participant)

Option for the participant
ta choose the order of the
patient tasks

Provide a
recommendations and
coaching tool

Figure 39 - MoSCoW Requirements Overview for the patient application [under development]
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M Setup Considerations and Requirements

Designing a flexible and standardised recording setup is essential to ensure consistent data collection
while accommodating variations in the clinical environment. The setup must adapt to different
patient rooms, technical constraints, and hospital protocols while maintaining patient comfort and
data quality and be within budget.

M.1 Adapting to Different Patient Rooms and Conditions

Patient rooms vary in size, layout, lighting, background elements, and noise levels from medical
equipment such as medicine pumps. The setup must accommodate these differences to ensure clear
audiovisual recordings. Patients may be in different positions within the room, but they will be asked
to sit upright in bed whenever possible to maintain a standardised recording angle. However, comfort
and mobility limitations must be considered.

M.2 Technical Constraints and Equipment Placement

The recording equipment must function in rooms with varying power socket locations, available
space, and background objects. A movable hospital table will be used to position the setup, allowing
flexibility while keeping the equipment close to the patient. This approach also ensures
transportability between rooms and compliance with hospital infection control and safety protocols.

M.3 Audio and Visual Standardisation

Variations in lighting, noise levels, and patient speech characteristics must be addressed to ensure
high-quality recordings. While background conditions cannot be fully controlled, efforts will be made
to achieve a neutral recording environment. The setup will minimise occlusion risks and inconsistent

framing while adapting to differences in patient height, posture, and skin tone.

M.4 Smartphone as a Secondary Recording Device

A smartphone will be integrated as a secondary video and audio recorder to evaluate whether its data
quality is sufficient for Al-based pain assessment. Since the envisioned clinical application involves
patients recording themselves via a smartphone app, the phone will be positioned to simulate a

natural selfie recording while avoiding interference with the primary high-end camera.

M.5Special Considerations for Patients in Isolation

For patients in infection-controlled isolation, adjustments may be needed to maintain safety and
comply with hospital protocols. This could include using disinfectable covers or modifying the setup

to avoid direct handling of equipment.
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By addressing these factors, the study ensures a consistent, adaptable, and patient-friendly recording

setup while maintaining high data quality and clinical feasibility.

M.6 Feasibility

For the recording setup to be viable within the study, it must be cost-effective, practical to assemble,

and require minimal effort for implementation.

M.7 Requirements

In Table M.1 an overview could be found of the defined requirements and wishes related to the setup

used for the database development study.

Table M.1 Requirements overview related to the setup

Specification  Requirement MoSCoW
Camera The camera must be placed at a fixed position with a clear, unobstructed view of the Must
positioning patient’s face.
The camera must capture the frontal 90 degrees of the face. Must
The camera should be at eye level with the patient to ensure the best capture of Should
facial expressions.
When the camera is positioned at eye level, the whole face and the expressions will
be captured in the best possible way. However, databases like the UNBC use a
slightly different angle (-30°, from below).
The camera must capture the whole face of the patient, no subjects in the Must
background and minimal irrelevant background objects.
The background should be plain to minimise noise for the algorithm Should
No zooming function should be needed to capture the whole face without capturing Should
additional background space.
The camera must be placed in front of the patient at a distance that allows the Must
camera to capture the whole face.
The exact distance depends on the camera specs (Field of View, resolution)
Pain databases do not explicitly describe the distance used.
The camera must be positioned on a stable surface to avoid movement during Must
recording.
This ensures consistent positioning across recordings and reduces the risk of shaky
footage. This could be done with a tripod or through mounting the camera to the
wall/ceiling/bed.
The camera setup should have an adjustable height and tilt, to allow for fine-tuning Should
the camera angle, maintaining eye-level positioning with different patients and
adjusting for differences in the patient rooms.
If chosen for a synchronisation method using the hardware itself, the camera must be  Must

physically connected to the high quality microphone to be able to ensure
synchronisation.
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Audio mounting  The microphone must be positioned at a distance that captures the patient’s voice Must
clearly without distortion.
The exact distance depends on the microphone specs (type, sensitivity, directivity
etc.). Typically it would be 20-30 cm from the mouth.
The microphone must be directed towards the patient's voice to minimise Must
background noise.
The microphone should be mounted securely in a fixed position to avoid any Must
movement during recording, ensuring consistent audio quality.
The microphone should be mounted in an adjustable holder or arm that allows easy Should
repositioning without requiring complex disassembly or adjustment.
Flexible arms or adjustable clips could be used to allow positioning the mic easily. Could
The mounting system should be adaptable to different room layouts and sizes, Must
whether it's attached to the bed, a nearby table, or the ceiling.
The microphone should not be placed too close to any sources of potential noise Should
(e.g., ventilators, pumps), as this could degrade the quality of the recording.
The microphone should be placed near equipment that might produce Should
electromagnetic interference (such as medical devices like pumps, which may cause
audio distortion).
If chosen for a synchronisation method using the hardware itself, the microphone Must
must be physically connected to the high quality camera to be able to ensure
synchronisation.
Smartphone The mobile phone must not be placed in sight of the high-end camera. Must
placement
The selfie / front camera must be directed to the patient's face. Must
If a less realistic clinical application scenario, but a more high quality smartphone
recording is desired for the smartphone recording the following requirements apply:
The mobile phone must be in a fixed position relative to the patient, ensuring that it  Must
captures the required facial expressions without moving throughout the recording.
This could be achieved by mounting it on a tripod, phone stand, or a stable surface. ~ Could
Once set up, the mobile phone should not require frequent adjustments in angle or Should
distance to maintain consistency across sessions.
If a realistic clinical application scenario is desired for the smartphone recording the
following requirements apply:
The phone should be placed at a maximum of arm length (max 1 metre). Should
The phone should be pointed at the patients’ face, while the patient is flexing his/her Should
head within a range of -45° and +10° (where facing downwards is considered
negative) [1]
Setup placement  The complete setup must be easily repositioned and transported between patient Must
rooms, maintaining similar positioning across rooms.
The setup must not obstruct access to medical equipment or interfere with clinical Must
procedures.
The complete setup could be mounted to a portable / movable base / platform, ideal Could
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If a power supply cable (or multiple power supply cables) are required for the setup Must
equipment, the cables must be long enough to reach the power sockets from the
equipment in their mounting position but short enough to avoid tangling or being in
the patient’s way.
It could be expected that a length of 3 metres would be enough to meet this
requirement.
The setup must be safe for hospital use, ensuring cables are managed to prevent Must
tripping hazards.
Positioning of the The patient should not be required to make unnatural movements, as posture and Could
patient comfort can impact their pain expression.
The patient must sit in order to be able to create a stable recording. Must
The patient should be sitting in the hospital bed to create similar backgrounds as Should
much as possible.
Appearance The camera should be positioned in a way that doesn't intrude on the patient’s Must
personal space or cause discomfort.
The setup should be subtle to avoid affecting the patient’s natural behaviour or facial
expressions.
The mounting system should be discreet, placing the microphone in a way that Must
doesn’t intrude the patient’s personal space or cause discomfort.
Environment The lighting must be sufficient to ensure the patient's face is well-illuminated, Must
avoiding underexposure or excessive shadows.
The setup must accommodate different hospital lighting conditions, including natural  Must
light, artificial overhead lighting, and bedside lamps.
The lighting must not create glare on the patient's skin, which could distort feature Must
extraction in Al processing.
The researcher must ensure clear speech capture with minimal background noise, Must
allowing accurate analysis of vocal characteristics.
Other The recording setup must be within the budget of €1000,-. Must
The recording setup should require no more than 3 hours of work for first Must

implementation.
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N Equipment Requirements

In Table N.1 the requirements for the high-quality camera are presented, whereas in Table N.2 the

requirements for the high-quality audio-recorder are presented.

Table N.1 Requirements overview for the high-quality camera

Specification  Requirement MoSCoW

Resolution The camera must at least have a resolution of 1080p (Full HD). Must

UNBC database uses 640 x 480 pixels/frame

BioVid database uses 1388 x 1038 pixels/frame

BP4D database uses 1040 x 1392 pixels/frame

EmoPain database uses 1024 x 1024 pixels/frame

The most currently developed databases (Gutierrez et al. (2024)) use 4K 4096 x
2160 pixels/frame

The camera we use should have a 4K resolution for detailed analysis of facial Should

expressions.

4K is increasingly preferred for detailed analysis of facial expressions.

The resolution won't have to be higher than 4K. Won't

Higher resolution is particularly useful for micro-expression detection, allowing
algorithms to pick up subtle muscular movements and facial changes. But this might
be out of scope for now and would probably only result in large files and longer
computational times. There must be a trade-off.

Frame rate The frame rate must be at least 25 frames per seconds (fps) to capture the dynamics Must

of facial expressions.

For affective computing tasks, a frame rate of 25 to 60 frames per second (fps) is
typical to accurately capture the dynamics of facial expressions.

UNBC database uses 30 fps

BioVid database uses 25 fps

BP4D database uses 25 fps

EmoPain database uses 58 fps

The most currently developed databases (Gutierrez et al. (2024)) use 90 fps

A frame rate of more than 60 fps won't be necessary. Won't

Higher frame rates like 120 fps may be used in specific cases for capturing fast,

involuntary facial movements relevant in pain assessment.

Field of view The field of view of the camera must at least be 60 degrees to capture the whole Must
face of the patient from a frontal position (but depends on the distance between the

camera and the face of the patient).
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A typical FOV for facial analysis would be around 60 to 90 degrees. When the
distance becomes larger between the patient and the camera a smaller field of view
might probably suffice.

The EmoPain database uses 90 degrees.
The most currently developed databases (Gutierrez et al. (2024)) use up to 90
degrees.

The field of view of the camera should be up to 90 degrees in order to capture the
whole face of the patient from a frontal position even when the patient would move
during the recording.

Should

Synchronisation

options

It must be able to synchronise the recordings from the camera with the recordings
from the audio recorder.

Synchronisation can be achieved through various methods and to varying degrees of

precision, see below.

Must

The camera must be able to time-stamp all recordings.

Must

The camera must have an audio input, in order to be able to physically connect the
audio recorder to the camera.

Must

The camera could have a XLR-audio connection, since these cables are designed for
balanced audio, reducing the amount of noise and interference over long distances
and significantly reducing noise from electromagnetic fields.

Could

It might be helpful to be able to synchronise the recordings from the camera and
audio recorder with the mobile phone.

This is not necessary, but might become practical in a later stage of the project when
we might want to train the model on the data from all three devices.

Could

The camera must have the ability to connect to ethernet / WiFi in order to
synchronise with the mobile phone.

Must

Format

The camcorder must record in high-quality formats such as AVCHD, MP4, or MOV.

These formats strike a balance between quality and file size, although uncompressed
or less compressed formats like ProRes may provide better fidelity for analysis.

Must

Storage
compatibility

The camcorder must use compatible storage media (like SD cards) that support the
required speed class for the video resolution and frame rate to prevent dropped

frames.

Must

Stabilisation

features

It must be able to connect the camcorder to a stable setup, like a tripod, or the

camcorder must have stabilisation features to ensure visual stability of the recording.

Must

Practical

The camcorder could be compact and lightweight in order to easily move it from
patient room to patient room and store when not used.

Could

Appearance

The camcorder should appear discrete to minimise the feeling of being observed and

altering the patient’s natural behaviour.

Should

Costs

The camcorder won't cost more than €800,-.

Won't

The camcorder must be as cheap as possible, while reaching the other requirements.

Must
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Table N.2 Requirements overview for the high-quality camera

Specification

Requirement

MoSCoW

Resolution

The audio recorder must support at least 24-bit audio resolution at a rate of 48 kHz to

ensure high-quality recordings that capture subtle vocal nuances effectively.

EmoPain database uses 48 kHz 24 bit Pulse Code Modulation
The most currently developed databases (Gutierrez et al. (2024)) use 16 bit 48kHz (the
Rode NT-USB).

Must

The audio recorder could ideally support higher sample rates (e.g., 96 kHz) for even
better fidelity, particularly useful for research applications focused on emotional or pain-
related vocal variations.

Could

Dynamic range

The audio recorder must have a wide dynamic range (at least 100 dB) to capture both

soft and loud sounds without distortion, crucial for clear voice recording.

Must

Frequency range

The audio recorder must have a frequency response range of at least 20 Hz to 20 kHz to
adequately capture the full spectrum of human speech, which typically falls within this

range.

The most currently developed databases (Gutierrez et al. (2024)) use a range of 20 Hz to
20kHz.

Must

The field of view of the camera should be up to 90 degrees in order to capture the whole
face of the patient from a frontal position even when the patient would move during the

recording.

Should

Pickup pattern

The pickup pattern of the recorder should be narrow, so the type should be e.g., shotgun
or cardioid, to ensure that sound is primarily recorded from the direction of the speaker,

while rejecting sound from the sides and rear.

The X-ITE database and Emopain database used directional microphones. (link)
The most currently developed databases (Gutierrez et al. (2024)) use directional
microphones (cardioid).

Should

Directivity

The audio recorder should effectively capture sounds in front of it and reduce surrounding

noise.

Should

Connectivity

The audio recorder must have a connector that suits the audio connection option of the
camcorder, in order to link the devices.

Must

Format

The audio recorder must support common formats like MP3, WAV or AIFF.

Must

The audio recorder should support common formats like WAV or AIFF for uncompressed

audio, ensuring high fidelity for analysis.

Should

Storage
compatibility

The audio recorder must utilize SD cards or other flash storage media that support high-

speed recording to prevent audio dropouts during sessions.

Must

Stabilisation
features
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The audio recorder should have an option to connect it to the camcorder to create a Should
compact and easily transportable setup.

Practical The audio recorder could be compact and lightweight to facilitate easy transport between  Could
patient rooms.
The microphone and its mounting system must be made of materials that can be easily Must
cleaned and disinfected to comply with hospital infection control protocols.

Appearance The audio recorder should appear discrete to minimise the feeling of being observed and Should
altering the patient’s natural behaviour.

Costs The audio recorder won't cost more than €200,-. Won't
The audio recorder must be as cheap as possible, while reaching the other requirements. Must
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