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Abstract

Pathology laboratories are undergoing digital transformations, adopting innovative technologies
to enhance patient care. Digital pathology systems impact clinical, education, and research

use cases where pathologists use digital technologies to perform tasks in lieu of using glass

slides and a microscope. Pathology professional societies have established clinical validation
guidelines, and the US Food and Drug Administration have also authorized digital pathology
systems for primary diagnosis, including image analysis and machine learning systems. Whole
slide images, or digital slides, can be viewed and navigated similar to glass slides on a microscope.
These modern tools not only enable pathologists to practice their routine clinical activities, but
can potentially enable digital computational discovery. Assimilation of whole slide images in
pathology clinical workflow can further empower machine learning systems to support computer
assisted diagnostics. The potential enrichment these systems can provide is unprecedented in the
field of pathology. With appropriate integration, these clinical decision support systems will allow
pathologists to increase the delivery of quality patient care. This review describes the digital
pathology transformation process, applicable clinical use cases, incorporation of image analysis
and machine learning systems in the clinical workflow, as well as future technologies that may
further disrupt pathology modalities to deliver quality patient care.
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1| INTRODUCTION

Pathology is the foundation of modern healthcare, responsible for the accurate and timely
diagnosis of patient specimens. Traditionally, pathologists have used glass slides and a
bright-field microscope to examine and interpret tissue or fluid samples retrieved from
patients. While this workflow has persisted for many years, it has certain limitations, such as
the need for physical space to store and transport glass slides, the time-consuming process
of manually aggregating, collating, and reviewing glass slides, as well as the limited access
to expert pathologists in geographically remote or resource-restricted areas. To address
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these challenges, innovative technologies are becoming increasingly adopted by pathology
laboratories to provide a novel patient care delivery model. While digital pathology systems
impact clinical, education, and research use cases, this review will focus on the clinical
applications in pathology that affect patient care.

Digital pathology systems convert glass slides into digital images that can be viewed, shared,
and analyzed on a computer. The use of digital pathology systems allows pathologists

to access and analyze patient specimens remotely, remotely collaborate with colleagues,

and compare specimens for more accurate diagnoses. Appropriate infrastructure to support
integration and implementation of digital pathology systems is critical to ensure these
systems can be successfully used by pathologists in the clinical setting. Pathologists can then
confidently use digital technologies instead of using glass slides and a microscope.

Pathology regulatory organizations (e.g., College of American Pathologists [CAP], Royal
College of Pathologists) have established clinical validation guidelines and best practices,12
and the US Food and Drug Administration have also authorized digital pathology systems
for primary diagnosis, including image analysis and machine learning systems.3~7 These
approvals have provided the necessary regulatory framework for pathologists to adopt digital
pathology tools with assurance when properly validated. Clinical use cases include primary
diagnosis, consultation including intraoperative consultation (e.g., frozen section), molecular
pathology, clinical conferences, interpretation of immunohistochemistry or special stains,
among many others.8? Digital pathology systems have many benefits, including improved
accuracy, increased efficiency, enhanced collaboration, and the potential for computational
biomarker discovery. For instance, the use of digital tools can reduce the time and cost
associated with the preparation and transport of physical slides.10:11 Additionally, digital
pathology systems can enable pathologists to use image analysis and machine learning
systems to assist in diagnosis, providing more accurate and consistent results. These benefits
can ultimately lead to improved patient care.

Despite the numerous advantages of digital pathology systems, challenges still exist. One
of the most significant challenges is the need for specialized equipment and expertise,
which can be costly and challenging to integrate with existing clinical laboratory and
information systems.12 Additionally, the integration of new digital tools into available
analog clinical workflows requires careful planning and validation to ensure that patient
care is not compromised.

This review describes the digital pathology transformation process, applicable clinical

use cases, incorporation of image analysis and machine learning systems in the clinical
workflow, as well as upcoming technologies that may further disrupt pathology modalities
to deliver quality patient care. The integration of digital tools into pathology practice has
the potential to evolve patient care through improved accuracy of diagnoses while bolstering
efficient workflows.
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2| DIGITAL TRANSFORMATION

2.1| Infrastructure

Digital pathology transformation involves the adoption of innovative technologies to
enhance patient care, resulting in a significant shift from the traditional glass slides and
microscope-based approach to specimen review and analysis. For clinical adoption, a
suitable, multi-faceted digital pathology infrastructure must be in place. Each laboratory
and organization will require similar, basic foundational components, including hardware,
software, and network components to support the digital pathology system. However, the
exact infrastructure blueprint will depend on the laboratory use cases, resources, and
deployment strategy. In addition, appropriate component validation must be completed,
followed by adequate training and support for the pathologists and laboratory staff to ensure
proper use of the digital pathology systems.

The digital pathology ecosystem is composed of three main components: information
systems, digital pathology systems, and system tools (Figure 1). These systems should
ideally support interoperability in an integrated digital workflow between all of the

other upstream and downstream components. The digital pathology system is the central
component that enables a digital pathology workflow, allowing pixel data to flow from an
acquisition device (e.g., whole slide scanner) to a viewer application (e.g., whole slide image
viewer, image management system). System tools such as image analysis and computer-
assisted diagnosis can further be integrated into the pathologist’s workflow to analyze
whole slide images. The hardware required for digital pathology systems includes slide
scanners, computers, display monitors, and input devices. The high-definition cameras in the
whole slide scanners capture high-fidelity digital images of patient samples (e.g., histology
sections of tissue), while the display monitors enable pathologists to view and analyze the
digital slides (Figure 2). The reliability and quality of the hardware and derivative digital
slides are essential for accurate diagnosis and the components must be validated to ensure
consistent and reliable results. Due to the high resolution of whole slide images, their
resultant file sizes are larger than most medical images. This necessitates a thoroughly
designed information technology network infrastructure to support digital pathology and
enable data storage and retrieval. High-speed internet connections are necessary for the
transmission of digital images; digital storage solutions such as on-premise or cloud-based
storage can be deployed for tiered short or long-term storage. Software plays a critical role
in digital pathology systems as it enables pathologists to pan, zoom, focus (i.e., comparable
to a bright-field microscope) and examine the digital slides. This includes whole slide image
viewing by a pathologists’ eyes vis-a-vis image analysis or machine learning system. These
software solutions allow pathologists to digitally annotate the whole slide images or provide
a basis for machine learning systems to present visualizations to the pathologist for similar
classification tasks (e.g., tumor detection, subtyping, mitosis quantification). These machine
learning-based systems and image analysis software can be used as an adjunct to assist
pathologist in rendering a diagnosis.
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2.2 | Integration and interoperability

Integration of digital pathology systems can be discussed from an operational and technical
perspective. Operationally, whole slide scanning devices intended for clinical purposes

may be best suited in the laboratory where the glass slides are being generated (e.g.,
sectioned, stained, coverslipped). This may not always be possible as most laboratory

space was designed without planning for digital pathology hardware bench space. However,
centralization of the histology laboratory workflow and digital distribution of cases may be
a more efficient solution for distributed health networks. Ensuring a lean operation from

a laboratory workflow perspective will mitigate increased patient report turnaround times
through decreased courier services or additive scanning time of glass slides. Integrating
digital pathology for clinical workflows ultimately makes the whole slide scanning operation
into a critical process where whole slide scanning devices must be treated as clinical

grade instruments. Sufficient hardware (e.g., whole slide scanners) is needed to meet

the laboratory’s peak clinical glass slide volumes. Similarly, an appropriate number of
trained staff are required to operate and troubleshoot the whole slide scanners as needed

for the laboratory schedule and specimen volume. Review of laboratory pre-analytical
instrument (e.g., slide coverslipper) compatibility is also needed to evaluate slide rack
compatibility. Downstream operations such as clinical review of whole slide images by
pathologists may require laboratory information system interfaces allowing pathologists ease
of access to the patient’s pathology record and digital slides, including archived cases, if
applicable. Additional integration of clinical decision support tools may require mapping of
laboratory information system data to guarantee the appropriate image analysis or machine
learning tools are being correctly computed on the right specimen or slide. For instance,
ensuring tissue sampling from a prostate biopsy has a prostatic adenocarcinoma detection
model deployed on the appropriate H&E and not a breast specimen. These operational
underpinnings will provide substantiative groundwork for the clinical deployment of digital
pathology.

From the technical perspective, there still exist interoperability limitations between certain
digital pathology systems due to the proprietary whole slide image file formats and software
developed by vendors. This results in viewer software being limited to a specified vendor
formats, which curtails interoperability if their respective WSI file format is not supported
by another vendor viewer software. As a result, when multiple whole slide scanning systems
from different vendors are integrated in the clinical operation, a vendor-agnostic viewer

may be appropriate so that all digital slides can be viewed on a single image viewer with
consistent digital tools and user interface. Trying to advance interoperability, the Digital
Imaging and Communications in Medicine (DICOM) standard includes a core file format
and network transmission protocol. The DICOM network protocol enables imaging devices
to exchange data and securely transfer images and patient information over a defined
network protocol. While predominantly used in radiology, dermatology, and ophthalmology,
DICOM Working Group 26 is specific to the field of Pathology and provides a framework
to incorporate pathology specimen identification, WSI storage and retrieval, and annotations.
The success of DICOM in enabling multiple imaging devices from different vendors to
integrate and interface together based on a single standard has led to vendor initiation in
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support DICOM interoperability in digital pathology.13-1> A DICOM standard could allow
for pathology-designed picture archiving and communication system digital workflow.

Implementation

Laboratories have several options regarding their digital pathology roadmap implementation.
Many choose a phased approach to address challenges as they arise, while other
organizations with dedicated resources or specified initiatives may opt for a comprehensive
implementation for all intended use cases. As aforementioned, digital pathology systems
typically consist of hardware, such as whole slide scanners and monitors, and software
components, such as whole slide image viewers and decision support tools. The specific
quantity and variety of each component will depend on the intended use cases and laboratory
specimen volumes. Additionally, no single whole slide scanner can meet all of the needs of
a high complexity pathology laboratory, including the imaging of cellular specimens (e.g.,
cytology, hematology), traditional and whole mount glass slide formats (e.g., 1 x 3 in., 2

x 3in.), continuous loading capabilities, bright-field/fluorescence abilities, high-resolution
scanning, and rapid scan speeds. Consequently, institutions with high complexity pathology
testing may choose to acquire multiple digital pathology vendor systems, deploying the
preferred technology for each intended use case. For the software component, performance
of whole slide image viewers is needed for expeditious navigation, such as launching

cases from the laboratory information system or image management system, loading and
rendering the digital slides, and field of view navigation (e.g., rendering of images during
pan and zoom functions).

Quality control in the pathology laboratory is standard practice and extends to any clinically
validated test. Quality control of the deployed digital pathology system is critical to uphold
laboratory standard practices and mitigate any pre-scan slide defects (e.g., air bubbles,
fingerprints, ink marks, etc.).18 A standard operating procedure will additionally bolster

the quality control practice to support high-fidelity glass slide digitization into whole slide
images. Automated software can help expedite flagging of digital defects and minimize
manual reviews of digital slides.

Validation is a critical requirement for any digital pathology system used for clinical
purposes. The systems should be validated based on how they will be used clinically.

The CAP has published updated guidelines!:2 for the validation of whole slide imaging
systems, and many validation studies have been published following these guidelines.17:18 It
is also important to revalidate the clinical utilization of digital pathology systems whenever
a significant change is made to any of the prior validated components or the intended use.
Validation guidelines for clinical use of machine learning systems are still emerging as the
clinical use of these systems are relatively early. As these tools continue to become clinically
used, published data will contribute to providing formal validation guidelines in the future.

Training and support are essential for the successful adoption of digital pathology tools in
the clinical setting. Pathologists and laboratory staff must be trained on the use of digital
pathology hardware and software to ensure proper use and interpretation of digital images.
Additionally, ongoing support must be provided to ensure that any technical issues are
promptly addressed, minimizing downtime and ensuring the quality of patient care.
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2.4| Regulatory

Regulatory authorization supports the safety and efficacy of vendor provided systems.
Regulatory geographic jurisdiction determines the requirements for authorization. Digital
pathology systems can be authorized in the European Union under then In Vitro Diagnostic
Devices Directive (VDD 98/79/EC) and be granted CE-IVD (Conformité Européenne-In
Vitro Diagnostic) marking.19 CE marking indicates that an in vitro diagnostic device

may be legally commercialized in the European Union. The CE mark is not recognized

in the United States of America. Products that are marketed in the United States must
comply with relevant Food and Drug Administration federal or state regulations.2? As of
April 2023, the FDA has authorized three slide scanning devices for primary diagnosis

on formalin fixed, paraffin-embedded tissue, and two for hematology peripheral blood
smears; seven viewers and/or image management systems; four display devices (e.g.,
monitors); and four classification decision support systems (Figure 3). However, regardless
of regulatory authorization status, laboratories are still required to internally validate
systems as per accreditation body guidelines. Validation should be performed to analyze
the digital pathology system as it would be clinically implemented. Many laboratories have
validated and clinically used digital pathology systems that did not have Food and Drug
Administration authorization; however, institutions have varied risk-profiles and may opt to
only validate regulatorily authorized systems.21-47

3| CLINICAL USE CASES

Clinical patient care delivery models in pathology have evolved slowly over hundreds

of years. Microscopy and cellular pathology were instituted with the invention of the
microscope around the 1600s by Zacharias Janssen, Robert Hooke, and Antonie van
Leeuwenhoek. Around the 1800s, morphologic understanding of pathology was refined

by Rudolf Virchow. Tissue processing, embedding, microtomy, staining, and coverslipping
workflows advanced over this era as well. Immunohistochemistry evolved understanding
of cellular expression in pathology toward to latter 1900s, and genomic testing becoming
mainstream in the early 2000s. The evolution of pathology has continued to progress

with digital and computational pathology. Aside from digital pathology systems improving
workflow solutions such as creating paper-less workflows and automatically collating

and aggregating patient slides to the laboratory information system, there are additional
significant diagnostic implications. Pathologists may continue to use all tools of each
evolutionary era as part of an armamentarium of systems available to diagnose and
prognosticate patients to the highest standard of care. Digital pathology systems allow
pathologists newfound tools to not only replicate but enrich their ability to perform clinical
tasks.

3.1| Primary diagnosis

Digital pathology systems are becoming increasingly prevalent in the field of pathology,
and there is growing interest in using them for primary diagnosis. Primary diagnosis refers
to the process of diagnosing a patient specimen based on digitized images (e.g., whole
slide image) as the primary means of diagnosis, without the need for reviewing the glass
slides on a microscope. At baseline, these systems allow pathologists to review digital
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slides with sufficient resolution to render a histopathology diagnosis. Additionally, digital
pathology may increase efficiency and speed up the diagnostic process, as pathologists

can review cases remotely and collaborate with other experts in real time.10:11 Review of
whole slide images on a display device may require time to adjust to, and initially may be
less efficient.46:48-50 However with appropriate training, familiarity, and technology (i.e.,
high definition monitor, input devices, decision support tools), pathologists may become
more accurate and/or efficient compared to conventional workflows.>1-54 Remote digital
pathology review will be described in more detail in Section 3.2. Primary diagnosis

using digital tools can also aid pathologists to observe regions on the slide they have
already reviewed using a slide coverage map. This can be especially useful in slides

with multiple tissue levels or fragmented tissue and provide a way for pathologists to
quickly reference the slide coverage visualization. Co-registration is another tool that is

not feasible using traditional glass slides and a microscope. This allows pathologists to
select a number of slides to be copresented in the same window that can synchronize

tissue review across all selected slides.>® Digital pathology systems interfaced with the
laboratory information system also provide ready-access to the digital images from the
patient’s previous encounters. This may mitigate the time and cost of retrieving glass

slides from the glass slide pathology archival storage. Anecdotally, this relative low-hanging
fruit was transformational in proving the technology worthiness for pathologists.12 Digital
patient timelines can facilitate review of key findings and compare current specimens to
previous pathology (e.g., compare morphology of a metastatic tumor to a primary site of
origin). In certain subspecialties such as cytology or microbiology, identification of disease
or microorganisms is performed using coarse and fine-focusing of the plane of view on a
microscope. Review of these findings may be enhanced through digitization of glass slides
at multiple planes of focus (e.g., z-planes). This capability is supported by various scanner
devices and can be employed as needed for specific use cases. Another feature in the digital
toolset is the capability to label the image using digital annotations. Annotations are familiar
to pathologists as ink markings on glass slides, however digital annotations enable several
options for marking up the digital image such as point(s) or regions of interest that can have
associated text, also with varying colors. Digital annotations are searchable, making retrieval
of annotations easy. Digital pathology systems store annotations such that they can also have
auditing and tracking functionality. Screen capture images with or without annotations can
be embedded into diagnostic pathology reports to showcase findings or be saved for other
nonclinical purposes. Similarly, gross specimen image capture has also been interfaced into
laboratory information systems such that still images of gross specimens can be captured
and annotated (Figure 4). These images can be referred to by pathologists for specimen
sectioning and can increase the understanding of specimen orientation or sampling. Finally,
primary diagnosis using clinical decision support tools are emerging and will be further
discussed in Section 4.

3.2 | Consultation (telepathology)

Digital pathology systems can also be used for internal or remote consultation, allowing
pathologists to share digital images and collaborate on patient cases. This collaborative

workflow is familiar to pathologists who may share cases internally with colleagues

for informal consultations, or for formal second opinion, sharing the patient slides with
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pathologists who are located at another institution. This may also be for tertiary care centers
where pathology review for patients being managed at the local institution is required prior
to any performed procedure. Use of telepathology for consultations can be especially useful
for cases that necessitate subspecialty expertise or for laboratories that are in remote or
underserved locations.56-62

Remote consultation can be done synchronously in real time, with both pathologists viewing
the same image simultaneously and discussing the case over audio/video conference. This

is more feasible for laboratories within similar geographic locations and time zones.
Alternatively, asynchronous review can be performed where a submitting laboratory

can request consultation on digital images, upload them to a secure server, and be

provided asynchronous feedback or a report with the consulting institution’s findings.
Digital pathology can also facilitate consultation with experts in other countries, allowing
pathologists to access specialized knowledge and expertise that may not be available locally.
This can be particularly important in areas where certain diseases are more prevalent or
where access to specialized equipment or testing is limited.

3.3 | Intraoperative consultation

Telepathology can also be used for a specific use case described in this section for
intraoperative consultations (e.g., frozen sections). Use of telepathology for intraoperative
consultation refers to the remote real-time assessment of patient specimens obtained during
surgery, which are rapidly frozen and examined by a pathologist for a stat diagnosis. The
pathologist then can communicate their findings with the surgeon during the operative
procedure to help guide surgical decisions. Digital pathology systems can enhance the
efficiency and accuracy of frozen section telepathology consultations.63:64 There are three
methods in which digital pathology systems can be utilized for intraoperative consultation.
First, a real-time video camera feed can be reviewed by a pathologist. This method requires
a local expert operator to navigate to and show the appropriate field of view. Second, using
a whole slide scanner, the frozen tissue specimen can be digitally scanned and shared with a
remote pathologist for interpretation in real time. This practically allows for a single z-plane
scanned digital slide that the pathologist can review in its entirety for an interpretation.
Finally, specialized real-time “hybrid scanners” can be used, where the prepared slides can
be loaded into, and the pathologist can remotely operate the device. These devices allow for
similar navigation (e.g., panning, zooming, etc.), however, provide the added benefit of real
time focusing of the tissue on the glass slide. This method has been primarily adopted for
intraoperative consultations.85-89 All these digital pathology methods enable pathologists to
render a prompt diagnosis, to aid the surgical team in making informed decisions for patient
undergoing the procedure in real time.

An advantage of using telepathology during for frozen sections is the ability to involve a
pathologist who may not be physically present in the frozen section area. This can help serve
off-site surgical centers or may be useful when subspecialty pathology expertise is required
when not available in the same physical location. Additionally, telepathology enables
sharing intraoperative consultations with multiple pathologists simultaneously, facilitating
collaboration and consultation as needed without having to courier glass slides between
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pathologists’ offices. This can lead to more accurate and timely diagnoses for patients, and
ultimately better patient outcomes through appropriate surgical management.

Molecular pathology

Molecular testing technologies are also increasingly being utilized by pathology laboratories
to provide a more comprehensive and accurate diagnosis to patients. With the increasing
demand for personalized medicine and targeted therapies, the role of molecular testing

in patient diagnosis and treatment has become standard of care in many scenarios. One
operational use case where digital pathology systems support molecular workflows is

the integration of histopathology images during region of interest selection for macro/
microdissection. These technologies allow for digital annotation on the whole slide image,
which can construct a coordinate map to then automate tissue capture on unstained level
sections of the same tissue block. This can create more precise macrodissection and
microdissection of tissue compared to conventional manual tissue scraping and minimize
specimen contamination. From a clinical perspective, integrated reporting can facilitate
accurate diagnostic interpretation of patient specimens. The ability to simultaneously
visualize the morphology of patient specimens via whole slide images as well as molecular
data in a single view can improve diagnostic accuracy and reduce turnaround time and errors
in patient reports by avoiding review of each modality in insolation. Integration of both the
digital images of patient tissue, along with associated molecular data (e.g., targeted gene
expression profiles) makes this possible. Furthermore, clinical sampling and digitization
can be leveraged for patient specimens being stored in biorepositories. Clinical studies can
be designed to review the morphologic findings in patient specimens, further analyze the
mechanism of disease, or discover potential targeted therapy. The use of digital pathology
systems for large specimen biorepositories allows for ready-access digital retrieval and
review of specimens, enabling large-scale studies that would not be possible with traditional
analog methods. The use of digital pathology systems in molecular workflows has the
potential to further evolve patient diagnosis and treatment by providing more accurate and
personalized care to patients.

Multidisciplinary team meetings

Digital pathology systems have been increasingly used in multidisciplinary team (MDT)
meetings to facilitate the sharing of pathology digital images and allow discussions among
healthcare professionals from various medical domains (e.g., pathology, radiology, medicine,
surgery, oncology, etc.). These conferences are used to congregate healthcare professionals
from various medical disciplines and discuss patient cases to provide consensus on patient
management decisions. Using digital pathology systems, pathologists can access patient
digital images and other relevant data remotely. When using whole slide images, this can

be impactful for non-pathology healthcare practitioners to review digital slides in a more
comprehensive fashion in a team environment. Additionally, pathologists can annotate the
digital slides prior to the MDT for a streamlined review and discussion of the key pathology
findings. Furthermore, pathologist presentations in reviewing and communicating patient
pathology results can be performed remotely using these digital technologies. This can
improve the quality of patient management related discussions in reviewing the complete

Genes Chromosomes Cancer. Author manuscript; available in PMC 2024 July 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hanna and Ardon Page 10

pathology record, including the entire patient timeline, as well any relevant pathology
materials that were not originally prepared for a traditional static presentation.

These systems can enhance the education and training of pathologists and other healthcare
providers. Since these digital assets are available, trainees or practicing physicians can
observe and participate in MDT discussions remotely, allowing them to learn from and
participate in the discussions. This can improve the quality of medical education and
training, ultimately leading to better patient care. Overall, digital pathology systems

can positively augment the efficiency and effectiveness of the MDT. As these digital
technologies in pathology continue to mature and become adopted, it is likely that their
use in MDTs will become even more prevalent in the future.

4| IMAGE ANALYSIS AND MACHINE LEARNING IN PATHOLOGY

4.1| Image analysis for biomarkers

Image analysis is the process of extracting meaningful information from digital images
using mathematical and computational algorithms. It involves transforming raw image

data into quantitative measurements, which can be used for several applications (i.e.,
diagnosis, research, and quality control). Image analysis is increasingly being used in
pathology for immunohistochemistry quantification, especially for predictive and prognostic
biomarkers. These digital pathology systems can capture high-resolution images of patient
tissue prepared on glass slides, including all staining preparations such as special stains,
immunohistochemistry, bright-field and dark-field in situ hybridization. Clinically the
pathology laboratory uses these types of stained tissue samples to allow for accurate and
precise assessment of biomarker spatial expression patterns. After digitization, the glass
slides can now be converted to pixel imaging data where qualitative assessment can now
be quantitative (e.g., percentage of cells staining positive for a particular marker or the
intensity of staining). This objective data can be used to assist pathologist interpretation
and further guide clinical decision-making. There are numerous image analysis software
available for immunohistochemistry quantification from commercial vendors, academic
medical centers, or open-access (e.g., QuPath). The FDA has already authorized several
products using motorized microscopes and digital cameras or using whole slide images for
various biomarkers including ER, PR, HER2, Ki-67, and p53.6 However this quantification
is not limited to immunohistochemistry and includes DNA or RNA in situ hybridization, or
even karyotypic analysis.”%-72 These technologies have allowed for increased accuracy and
standardization of the biomarker quantification.” In recognition of these emerging digital
pathology systems and their clinical use, guidelines specific to HER2 immunohistochemistry
quantitative image analysis have been published by the CAP.”4

4.2 | Machine learning in pathology

Machine learning and augmented intelligence are increasingly being applied to various
pathology applications to improve accuracy, productivity, and discovery of computational
biomarkers. These technologies have shown promise in various aspects of pathology,
including classification, segmentation, and quantifications tasks. These systems are to be
purposed in assistive workflows to pathologists and may be used in clinical decision
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support, quantification of biomarkers, or predicting patient outcomes. There are myriads

of applications currently in various development stages, and several that are commercially
available. Augmented intelligence is being used in this context in place of the term artificial
intelligence, as there are no specific use cases in pathology to date that are being used

in isolation without the oversight of a pathologist.”> As a tool for diagnostic decision
support, machine learning classification systems can be trained on high quality datasets of
pathology images and associated metadata, and allow visualization of regions of interest for
pathologist’s directed review. This can be used as an additional patient safety application
where digital pathology systems can help improve the accuracy and constancy in diagnosis.
Steiner et al. studied 240 prostate biopsies by 20 pathologists, unassisted and assisted

with a machine learning model to classify prostate cancer Gleason grades.”® The article
specifically addressed the potential for machine learning to aid in the standardization

of pathology diagnoses, specifically in areas with high interobserver variability, such as
grading of prostate biopsies. The study found that a combination of artificial intelligence
and pathologist assessment led to higher interobserver agreement and accuracy in grading
compared to pathologist assessment alone.”’-81 The results showed an absolute increase

in agreement for all 240 biopsies of 5.6%, which suggests this approach could lead to

more standardized and accurate diagnoses in the future, including reduction of overgrading
patients leading to overtreatment if not needed. The results are in keeping with showing
machine learning models used in an assistive approach have high accuracy and increase
interobserver agreement compared to the model outputs individually, or pathologists alone.

In addition to classification, machine learning systems in pathology can drive productivity in
several ways, including assistive triaging of specimens for pathologist review,82-84 screening
tasks and directed review,35-88 and democratization of “expert” trained knowledge.8® In a
typical workday for a pathologist using the analog workflow, they are presented with a pile
of trays, each holding glass slides and paperwork, manually collated by patient accession.
They are generally not sorted in any particular order, and do not have any indication of
pathology that may be present within the tissue awaiting review. Digital workflows allow
for automated aggregation of slides for each patient, and can layer machine learning model
predictions for specimens for specific findings (e.g., invasive carcinoma, metastasis, etc.).
These predictions can be presented as alerts or visual indicators to the pathologist who can
then selectively review the cases assigned to them based on priority, or order additional
predictive/prognostic biomarker tests to be started more expeditiously in the laboratory.0
The classification task itself can prove valuable for providing the pathologist with a

directed review. Furthermore, tedious screening tasks such as: identification of mitoses,
mycobacteria, small foci of metastatic tumor; can be presented to the pathologist for directed
review showing the highest probability of a suspicious finding for pathologist eventual
interpretation. One publication showed pathologists had an average 47% decrease in time

to detection of micrometastatic breast carcinoma, but also a 19% decrease review time for
benign lymph nodes; suggesting that with pathologist trust and comfortability—screening
tools can improve efficiencies for negative findings as well.%2 Another area of productivity
relates to the democratization of expert knowledge. These digital technologies can also
mitigate shipping of patient specimens to reduce reporting turnaround times. Machine
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learning models trained on expert level data can be exported to rural or resource restricted
geographic locations where specific expertise may be lacking.89

Perhaps one of the most hopeful areas surrounding machine learning models in pathology
relates to the discovery of computational biomarkers to provide better diagnoses or
prognostication for patients. Machine learning can aid in the precision medicine era
encouraging discovery of novel biomarkers and targets by identifying patterns and
associations between different multimodal data (e.g., histopathology, genomic, proteomic,
clinical data). Machine learning models have shown high performance in predicting site

of origin from cancers of unknown primary,®2 or virtual prediction of cellular protein
expression,3:94 and molecular aberrations from hematoxylin and eosin glass slides alone.%>~
103 \with appropriate training data, multi-omics information can provide quantitative data

for machine learning models to predict patient outcomes (e.g., survival, response to
treatment).104-119 These systems have potential to change how pathology is practiced;
however, machine learning models are not replacement for human expertise. With any new
technology, there are challenges to overcome!20:121: however, pathologists are still needed to
apply oversight to these systems and will continue to play a vital role in specimen diagnosis
as well as integration and validation of machine learning results into clinical practice.

5| FUTURE TECHNOLOGIES IN PATHOLOGY

5.1| Multispectral imaging

Multispectral imaging is a technique that captures imaging data from varied, specific
wavelengths of light, allowing for the detection of spectral excitation characteristics of
tissues. Multispectral imaging differs from the aforementioned whole slide scanners in

the color spectrum capture (e.g., RGB vs. entire spectral wavelength). In pathology,
multispectral imaging has the potential to enhance diagnostic accuracy by improving the
visualization and characterization of cells, as well as their spatial relationships through

the simultaneous imaging and quantitation of numerous antibodies/antigens on the same
formalin fixed paraffin embedded tissue section. This can be an improvement compared to
conventional immunohistochemical stains such that multispectral imaging can capture data
from multiple wavelengths of light on the same tissue section, instead of having numerous
immunohistochemical stained sections. Image viewers compatible to review multispectral
images allow users to review permutations of cellular expression and can allow for more
rapid and comprehensive analysis of the specimen. Multispectral imaging techniques can
provide cellular level characterization of various protein expression permutations. Data
from these images can be used for vast quantification of cells in the tissue section as

a coordinate system for downstream analysis. These detailed analyses can provide more
accurate information compared to traditional methods of imaging.>’ Clinical utility of this
technology has not been mainstream, and is used currently in the research space; however,
the technology can further understanding of disease and cellular spatial orientation, having
implications for treatment planning and patient outcomes.
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5.2| Advanced slide-less pathology imaging

Advanced imaging techniques in pathology are emerging in the research domain, however
if they become mainstream, could have significant clinical implications for the practice

of pathology and patient diagnostics.122 Imaging techniques such as multiphoton imaging
with or without clearing histology, fluorescence imitating bright-field imaging (FIBI), or
light sheet microscopy emerging “slide-free” are examples of technologies that can be

used to nondestructively directly image patient tissue specimens in minutes to hours, a
relative short amount of time compared to current histology laboratory practices. Aside
from disrupting the conventional glass slide production of the laboratory, this technology
can be a valuable tool for clinical practice since it is nondestructive to the tissue and can

be salvaged for molecular or other downstream testing. Multiphoton imaging is a nonlinear
imaging technique that has been purposed as an ex vivo microscopy imaging solution. It
uses ultrafast laser pulses to excite multiple photons in a specimen, leading to fluorescence
emission. The laser pulses can penetrate tissue samples and capture high-resolution

images in three dimensions, making it a valuable tool for studying tissue structure and
function.123-125 |n conjunction with tissue clearing techniques such as clearing histology
with multiphoton microscopy, these technologies can create a more detailed and complete
picture of tissue samples, and recreate familiar hematoxylin and eosin stained images

using fluorescent dyes.126 FIBI is based on the use of patient specimens absorbing stains,
then illuminated at 405 nanometer wavelength to capture the excitation autofluorescence
which appears as familiar hematoxylin and eosin stained images.12” Another nondestructive
technology called open-top light sheet microscopy uses low natural aperture illumination

to capture a three-dimensional fluorescent image. This technique allows for the direct
generation of images of tissue sections, enabling the visualization of complex structures
and cellular interactions in their native context.128-130 Al of these technologies have shown
promise as potential disruptive technologies in pathology to analyze morphology, cellular
organization, and composition of tissues with high spatial resolution. They can impact
patient care through their nondestructive and relatively short turnaround time capture of
high-resolution images of tissues and cells. These advanced imaging techniques can aid in
the diagnosis of disease and have the potential to advance our understanding of pathology as
medical discipline.

6| CONCLUSION

Pathology laboratories have access to and are undergoing digital transformations, adopting
innovative technologies to enhance patient care. Digital transformation in pathology
involves setting up an appropriate infrastructure to support these technologies, integration
into clinical practice, implementation to ensure sufficient quality, and understanding

the regulatory implications. Infrastructure involves the acquisition and storage of digital
images, and integration refers to the incorporation of digital pathology systems with other
clinical systems, such as laboratory information systems or electronic medical records.
Implementation involves the use of digital pathology systems for routine clinical use
cases. Pathology professional societies have established clinical validation guidelines,
and the US Food and Drug Administration has approved numerous digital pathology
systems across varied applications in pathology. Once properly validated, these digital
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pathology systems can be used for many clinical use cases such as primary diagnosis (e.g.,
surgical pathology, cytology, microbiology, hematology, etc.), consultation, intraoperative
consultation, molecular pathology, and MDT meetings. For consultations, digital pathology
systems enable pathologists to share digital slides with other pathologists for remote
consultation. Intraoperative consultation has also been facilitated through using these
technologies, allowing pathologists to remotely review patient specimens retrieved during
surgical procedures. In molecular pathology, digital pathology systems can be used to
facilitate analysis of tissue samples for genetic aberrations. MDT meetings have also been
facilitated through digital pathology systems, allowing clinicians across medical domains to
collaborate and discuss patient cases. As technologies continue to emerge, disruption of the
pathology domain may be evidenced in advanced imaging devices that do not require glass
slide preparation and can capture images from patient tissue directly with cellular resolution.
This group of technologies can enable faster image acquisition and tissue review compared
to current analog methods, delivering even higher quality patient care. Digital pathology
systems have enabled pathologists to practice their routine clinical activities, using digital
workflows instead of analog processes. These technologies are poised to stimulate digital
computational discovery. Image analysis and machine learning systems have provided
pathologists with decision support tools. Incorporating these emerging technologies into
the digital pathology workflow has the potential to further enhance the accuracy, efficiency,
and quality of patient care. As these technologies continue to evolve the field of pathology,
pathologists should keep abreast of such systems and adopt them where added value is
successfully proven to improve pathology practice and ultimately patient care.
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FIGURE 1.
Digital pathology ecosystem.
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FIGURE 2.
Representative high-resolution view of a tissue section showing identifiable histology

features.
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FIGURE 3.

Regulatory authorized digital pathology systems. Represents the current Food and Drug
Administration (FDA) authorized digital pathology systems as of April 12, 2023. Asterisks
(*) represent FDA authorized devices that incorporate image analysis/machine learning as
part of their integrated solution. Al, artificial intelligence; DPM, digital pathology module;

IA, image analysis; IMS, image management system; PBS, peripheral blood smear
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FIGURE 4.
Representative gross specimen static image with block label annotations.
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