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ABSTRACT

From transferring microscope images to telepathology and whole-slide imaging scanners, digital
pathology's evolution spans a century. Today, digital pathology and Al are revolutionizing medical
education. With digital pathology, students can access a vast repository of virtual slides, enabling them
to study diseases and conditions more comprehensively. Al enhances this by aiding in image analysis,
diagnosis, and pattern recognition, providing students with valuable insights and preparing them for
real-world challenges in medicine. Recent advancements strongly impact its adoption, influencing
medical education. Digital pathology streamlines data storage, remote communication, and Al
potential. Interactive Al-driven platforms offer tailored learning experiences, fostering critical thinking
and are adaptable to each student's pace and need. Integrating digital pathology and Al transforms
medical education, enabling comprehensive disease study through virtual slides. This fusion
adequately prepares the physicians of tomorrow, enhancing practical expertise and pathology
education. The future sees Al and digital pathology integral to medical education, equipping the future
physicians to navigate evolving technology and deliver exceptional care. Embracing this duo ensures
readiness for the dynamic healthcare landscape.

Keywords: Digital pathology, Al-enhanced medical education; telepathology; precision medicine;
curriculum development
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BACKGROUND

With roots dating back over a century, digital pathology has a truly extensive history. Scientists initially
transferred microscope images onto photographic plates to capture and store them. In the 1950s,
telepathology emerged, allowing scientists to practice pathology remotely and share slide images
across locations. The commercial availability of whole-slide imaging scanners in the 1990s marked a
significant milestone for digital pathology. 1> Advances in computer technology and data management
further propelled the field's development in the late 2000s. The past few years have witnessed
remarkable advancements in the acceptance and implementation of digital pathology, with early
advocates and pioneers playing a crucial role in promoting its potential benefits. The increased usage
of digital pathology has led to notable advancements and milestones in whole-slide digital pathology
platforms and software.

Today, digital pathology offers numerous advantages, such as the ability to store and organize large
amounts of data, streamline processes, facilitate remote communication, reduce turnaround time, and
generate precise and reproducible results. ® Digital pathology tools and resources have had a significant
impact on various niches within anatomic pathology and are increasingly being applied to clinical
pathology for learners at all levels. They facilitate the dissemination of knowledge, collaboration, and
continuous learning among pathologists, enriching and broadening the training landscape. 4

Digital pathology, even without artificial intelligence (Al), offers numerous advantages to pathologists
and the clinical diagnostic workflow. The utilization of digital images offers the advantage of cloud-
based accessibility, enabling users to access them from any location. Additionally, software programs
associated with digital pathology enhance the availability of online learning resources and provide
easily accessible tools, thereby catering to a broader audience. In a nutshell, digital pathology enables
efficient storage, retrieval, and sharing of digital slides, enhances collaboration among pathologists,
and facilitates remote consultations. ® This integration of technology expands the scope of educational
resources and facilitates remote learning opportunities, making knowledge more readily available to
individuals worldwide. However, the integration of Al in digital pathology has the potential to further
revolutionize the field. Al-enabled digital pathology systems can assist pathologists in various ways,
such as aut708mated detection and classification of abnormalities, quantitative analysis, and predictive
modeling. "

By leveraging Al algorithms and machine learning techniques, Al-enabled digital pathology has the
potential to enhance diagnostic accuracy, reduce turnaround time, and improve patient outcomes. It
can assist pathologists in detecting subtle patterns and anomalies, providing decision support, and
unlocking valuable insights from large datasets. ®° The fusion of digital pathology and Al holds
promise not only for anatomic pathology but also for patient-centered pathology, particularly in
precision therapy. This area of research and development continues to evolve, with significant potential
impact on healthcare. 112

In a comprehensive analysis of pedagogic tools in the digital pathology era, we acknowledge that
novelty does not always equate to superiority over traditional methods. Therefore, the aim is not solely
to promote the extraordinary benefits of digital teaching approaches for pathology but to serve as a
guide to navigate the evolving landscape of education, accommodating the challenges posed by
unforeseen circumstances like the ongoing pandemic and other dynamic demands.
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THE INTERSECTION OF DIGITAL PATHOLOGY AND Al: REVOLUTIONIZING THE
FIELD

Al possesses the potential to catalyze a transformative revolution, akin to previous general-purpose
technologies, by driving innovation and enabling novel problem-solving approaches. Its potential
transcends individual domains, permeating various sectors and industries, including healthcare. Al
applications span across multiple areas, driving innovation, improving productivity, and enabling new
ways of solving complex problems. 3

In healthcare, Al's capabilities, such as automating tasks, analyzing large amounts of data, and making
predictions based on patterns, hold significant implications. This opens up new possibilities and
opportunities across patient-centered pathology where Al can assist in early detection and diagnosis
of diseases, personalized treatment plan design, and precision medicine. As Al continues to advance,
its influence on healthcare, particularly in transforming diagnostic techniques, is expected to be
profound. 141

BRIDGING THE GAP: INCORPORATING AI-ENHANCED DIGITAL PATHOLOGY IN
MEDICAL EDUCATION

The healthcare industry is experiencing rapid technological advancements, which have resulted in a
significant disparity between traditional medical education curricula and the latest technology. The
existing curricula have been slow to adjust, resulting in healthcare professionals being inadequately
equipped to understand and utilize emerging technologies in their practices. Therefore, there is a
growing importance of including subjects like digital health, telemedicine, Al in healthcare, genomics,
and data analysis in the curriculum.'®1” Furthermore, it is essential to provide training in evidence-
based practice, interdisciplinary collaboration, and patient-centered care. By integrating these
elements, medical professionals can acquire the necessary skills to effectively leverage technology and
deliver high-quality patient care in an evolving healthcare landscape. The importance of updating the
curriculum to align with healthcare advancements has been emphasized in numerous published studies
and by experts in the field. 18-20

Global efforts are underway to reform medical education curricula, aiming to equip future healthcare
professionals with the competencies needed to navigate and leverage technology in their practice. %
This step is critical towards ensuring that medical education keeps pace with the rapid advancements
in healthcare, and prepares professionals to meet the challenges of the future. 22 The recognition of the
importance of informatics and Al in pathology education in different countries has been influenced by
a combination of individual efforts and broader factors such as resource availability, regulatory
requirements, and societal needs. While initial motivations for many individuals revolved around
addressing specific challenges and improving efficiency in clinical practice, the field of Al and digital
pathology has been shaped by global trends like the rise of computers, the internet, and digital imaging.
23-27

While various educational efforts are in place, we are still in the process of determining the optimal
approaches to educate and train physicians in Al-enabled healthcare. Continuous modernization of
medical educational curricula and residency programs is essential to ensure that more physicians have
the opportunity to learn about Al and pursue careers in these disciplines.

EQUIPPING FUTURE PHYSICIANS: PREPARING FOR THE PRECISION ERA OF
MEDICINE

During the COVID-19 pandemic, digital pathology emerged as a vital tool in maintaining
uninterrupted clinical and academic services. ¢ 2 A survey involving a group of practicing
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pathologists revealed that not a single pathologist who responded to the survey, reported being
dissuaded from utilizing digital pathology in the future based on their experiences during the pandemic.
These findings indicate a positive outlook among pathologists towards digital pathology, suggesting
that their encounters with this technology during the pandemic did not result in any reservations or
reluctance towards its future adoption. 3° Another study validating remote primary diagnostic review
and reporting of pathology cases during the COVID-19 pandemic showed 100% concordance between
digital and glass slides. These findings support the implementation of digital pathology and its potential
to enhance diagnostic capabilities in pathology practice. 3! In medical education, the utilization of
digital pathology enables the availability of standardized, enhanced, and readily accessible images,
ggereby enhancing learning experiences and facilitating both synchronous and asynchronous learning.

Indeed, the use of digital slides for educational purposes holds great potential for accelerating the
acceptance and adoption of digital pathology. * Digital slides offer numerous advantages in education,
by providing standardized and enhanced images as well as ensuring consistent quality and content for
all students. Unlike traditional glass slides, digital slides eliminate variabilities and allow for reliable
learning experiences, as well as consistent testing and scoring. With digital pathology, students can
explore and study histologic sections in detail through panning and zooming capabilities that simulate
the movement and magnification of an optical microscope. Moreover, digital slides enable easy
annotation with precise multiple tools like arrows, circles, and texts, facilitating the highlighting and
explanation of specific areas of interest, 343

It is of utmost importance to acknowledge the increasing use of extensive datasets and machine
learning in the healthcare sector, particularly when it comes to the realm of medical education. It is
imperative to offer fundamental education to future physicians, enabling them to become trailblazers
in the domains of data science and Al-driven healthcare. When it comes to digital pathology, it is
especially suitable when employed in team-based learning, case-based learning, and problem-based
learning approaches. It also facilitates the introduction of new assessment methods, grading systems,
and standardized practices. In the field of pathology education, digital pathology aligns with optimal
teaching strategies and has proven effective at multiple levels, including undergraduate, graduate,
postgraduate, and peer-to-peer education. The adaptable and accessible nature of digital pathology
contributes to a comprehensive and dynamic learning experience. 36-3

To support the educational endeavors in pathology, a diverse array of resources and tools are now
available, tailored to cater to distinct facets of the discipline. Apart from sources that are not verified,
such as YouTube, there are several reputable institutions that offer free access to their whole-slide
imaging (WSI) archives. Examples of these institutions include The Cancer Genome Atlas, The Cancer
Imaging Archive, and the Whole-Slide Imaging Repository established by the Digital Pathology
Association. °*! These invaluable references and learning materials cater to the needs of both
educators and learners. However, the pivotal factor for a seamless transition to effective virtual
pathology education lies not merely in the availability but in the educational impact of pathology web
resources. Hence, it becomes imperative for pathology education experts to meticulously assess online
resources against natienal standards in pathology education to ascertain their merit in facilitating
pathology education. *> By leveraging existing materials and practices, a set of recommended
approaches can be employed in undergraduate pathology education, fully capitalizing on the potential
of digital pathology. These strategies aim to effectively utilize the available resources and maximize
the educational benefits offered by digital pathology. For instance, utilizing annotated digital slides
proves to be highly advantageous and can be further enhanced through active learning exercises.
Interactive integrated digital pathology case materials can also be effectively incorporated into
systems-based curricula and assessments. Implementation of such active learning strategies, group
activities, and gamified setups have been proven to enhance critical thinking abilities and knowledge
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retention, making them well-suited for the integration of digital pathology. These practices exemplify
the ongoing evolution and refinement of digital pathology as a field of study. 4 4

Understanding Al and digital pathology from the early stages of undergraduate biomedical science
education provides valuable insights into its future potential. By recognizing past challenges and
addressing ongoing barriers, the field can continue to advance and deliver transformative solutions for
future physicians. The deep application of digital pathology and Al, along with their promising future,
is crucial in equipping learners for the precision era of medicine. These initiatives also aim to provide
effective learning resources and opportunities for trainees interested in advanced fellowships in
pathology informatics or clinical informatics. 447

Overall, digital pathology can revolutionize pathology education by providing robust tools and
resources, fostering collaboration, and by aligning with effective teaching strategies. It has the
potential to transform not only the clinical landscape, but also holds great promise for the improvement
of pathology education. Through embracing the advancements of the Fourth Industrial Revolution and
integrating digital pathology, we can enhance precision patient healthcare by incorporating Al
technologies, data science, and informatics into the practice of pathology and medicine as a whole. By
equipping the upcoming workforce with the essential knowledge and skills in Al-enabled healthcare,
the challenges and advancements in patient care can both be effectively addressed, ultimately leading
to enhanced outcomes in precision medicine, thereby improving the overall quality of healthcare.

CONSIDERATIONS FOR UTILIZING DIGITAL PATHOLOGY IN EDUCATION

To effectively utilize digital slides for education, certain requirements must be met. Software
requirements involve utilizing a digital slide viewer or platform that supports the display,
manipulation, and annotation of digital slides. Slide scanners capable of capturing high-resolution
images are needed to digitize the glass slides and create the digital counterparts. These scanners should
offer both bright field and fluorescent imaging capabilities to accommodate various types of samples.
48

Furthermore, a robust IT infrastructure is necessary to support the storage, management, and
distribution of digital slides to end users. This infrastructure should ensure secure access, reliable
performance, and efficient data transfer. Integration with educational platforms and systems may also
be required to seamlessly incorporate digital slides into the curriculum and facilitate student
interaction, 4%

Utilization of digital slides for educational purposes by fulfilling these criteria can significantly
augment the learning process, foster standardization, and contribute to the wider adoption and
integration of digital pathology as a whole, the result being substantial improvement in overall learning
and increased advancements in the field of digital pathology.

BALANCING Al INTEGRATION: HARNESSING POTENTIAL WHILE
ACKNOWLEDGING LIMITATIONS

The impact of Al on shaping the future of pathology is groundbreaking, holding immense potential to
transform healthcare. Nevertheless, it is essential to grasp its limitations and acknowledge the necessity
for human oversight.

Al has the capability to assist pathologists in various ways, such as facilitating mitosis counting,
identifying bacteria, and detecting suspicious or cancerous cells. It can improve the analysis of
electronic health data, aid in selecting relevant areas for pathologists and radiologists, and contribute
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to predicting mutations in tumors that can be targeted. These applications hold promise for enhancing
diagnostic accuracy, streamlining workflows, and ultimately improving patient care. ’ 5

While Al tools provide valuable insights and support in decision-making, they are not designed to
replace human cognition. Machines cannot fully replicate the comprehensive understanding derived
from considering a patient's complete clinical history, physical examination, laboratory tests, imaging,
and other contextual factors. It is crucial to recognize the limitations of Al tools, including the
requirement for real-world data, the retrospective nature of many studies, and the need for ongoing
oversight and regulation to address ethical and privacy concerns. Human judgment, critical thinking,
and empathy remain indispensable components of medical practice that cannot be substituted. * 52 53
To maximize its benefits and mitigate potential risks, the ethical and responsible development and
deployment of Al are paramount considerations. Algorithms may mirror human biases, and the use of
biased data in healthcare algorithms could perpetuate racial disparities. The move towards Al in
clinical medicine also give rise to questions about physician-patient relationship and fiduciary
obligations. To address these challenges and ensure that machine-learning systems adhere to ethical
standards, guidelines and policies are a must.

In conclusion, a balanced strategy is essential to realize the complete potential of Al in the healthcare
industry. Al can be used as a supplemental tool to improve the knowledge and abilities of healthcare
workers, enabling them to improve patient outcomes and make more informed decisions. However,
careful evaluation of Al's advantages, drawbacks, and moral ramifications is required for its
responsible incorporation. In order to ensure the efficient and secure application of Al to improve
medical practice while sustaining patient-centered care, continued research, collaboration between
healthcare professionals and Al developers, and further education and training will play a crucial role.

FUTURE IMPLICATIONS: INTEGRATING Al AND DIGITAL PATHOLOGY IN
MEDICAL EDUCATION

Looking ahead, the integration of Al and digital pathology in medical education is poised to have
revolutionary implications. Healthcare practitioners will depend more and more on Al-powered
technologies and data-driven insights as technology develops. Al can be of paramount importance in
areas like early disease detection, precision medicine, and customized treatment strategies. It is crucial
to give medical students the knowledge and abilities they need to successfully navigate this constantly
changing environment. Educational institutions must be open to embracing innovative teaching
methodologies that leverage digital pathology platforms and Al-driven educational tools which would
enable the students to engage in experiential learning and real-world case studies. Medical curricula
ought to place a high priority on including Al and digital pathology as fundamental disciplines,
ensuring that students have a thorough understanding of these innovations and how they are used in
healthcare. Medical education can better equip students to use Al and digital pathology by encouraging
interdisciplinary collaboration, incorporating data science and informatics training, and stressing
evidence-based practice. By accepting these future-oriented approaches, medical education can nurture
a generation of healthcare professionals who are well-prepared to harness the potential of Al and digital
pathology to deliver optimal patient care in the years to come.
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