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Foreword

The advance of technology is based on making it fit in so that you don't really even
notice it, so it's part of everyday life. Bill Gates

When people talk about digital pathology today, they imply whole slide imaging
(WSI). That is because WSI has become the dominant imaging modality for digitiz-
ing material in the pathology laboratory. WSI has played an integral part in pathol-
ogy practice for more than two decades now, with some pathology labs already
demonstrating success at going fully digital for rendering primary diagnoses using
WSTI instead of glass slides. Current digital pathology systems arose from computer
science research projects in the 1990s. Since then, we have witnessed the commer-
cial introduction of sophisticated WSI systems that have productively incorporated
advanced optics, digital cameras, robotics, image management, software, cloud
computing, and computer vision technology.

This book effectively encapsulates the entire story about WSI from the past, what
the status is at present, and delves into the future. Joel Saltz, one of the pioneers in
the early development of the first ever WSI scanner, provides a historical account of
the field. WSI technology, however, is complex and accordingly can be intimidating
for end users to understand. Therefore, readers should welcome the useful chapters
by Mohanty and Parwani as well as McClintock that offer a detailed explanation of
the hardware, software, and the prerequisite IT infrastructure needed to operate
these systems. For WSI to be effective, this technology also needs to be integrated
in the pathology lab, which Hartman eloquently lays out in his chapter on workflow.

There are numerous applications for WSI that range from clinical to non-clinical
use cases. These are covered in the chapter by Parwani and Mohanty, and also
addressed in much more informative detail by global experts in the field such as
Singh et al on education, Treanor and Williams on primary diagnosis, McClintock
and Cornish on telepathology, Lujan et al on teleconsultation, as well as Raess and
Sirintrapun on quality assurance. WSI in cytopathology has been less pervasive due
to technical challenges related to focusing and screening workflow. Li and
Pantanowitz suitably address these obstacles in their chapter on WSI and cytopa-
thology. The chapters written by Dangott deal with WSI for research and image
analysis, two areas where this technology has perhaps had the largest footprint and
continues to drive the fields of computational pathology and biomedical informatics
forward. We are also on the brink of Al adoption into mainstream pathology clinical
practice. This is possible due to advances in computational technology and deep
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learning. The final chapter in this book by Machiraju and Parwani nicely demon-
strates the synergism possible when WSI is coupled with Al

There is no longer doubt about whether WSI is here to stay or will fade away as
another novel fad in the history of pathology. WSI has ushered in a new platform
that by allowing us to digitize not just an entire glass slide, but also an entire ana-
tomical pathology lab’s routine workload, has transformed the field of pathology.
WSI has thereby finally untethered pathologists from their microscopes and deliv-
ered pathology care to patients who otherwise would never have benefited from
access to expert diagnoses. WSI has also liberated pathology laboratories to lever-
age WSI in favor of more cost-efficient processes and allowed them to expand their
services. Finally, WSI has additionally allowed the field of pathology to remain in
the driver’s seat for precision medicine and AL I am certain that you will derive
great benefit from this comprehensive book on WSI and likely find yourself return-
ing to it time after time to refer to many of these valuable chapters.

Liron Pantanowitz, MD
University of Michigan, Pathology & Clinical Labs
Ann Arbor, MI, USA



Preface

In recent years, advances in imaging modalities and the ability to analyze these
images using digital pathology and artificial intelligence software have created
many new opportunities to advance patient care. The conversion of glass slides into
a digital format and the electronic communication of digitized images is digital
pathology. Digital pathology provides the users with the ability to transfer a micro-
scopic image, between one pathologist and another physician (pathologist or other
clinician). Digital pathology has been around for decades and continues to have
many applications today in the national as well as global pathology community to
be used for primary diagnosis, intraoperative consultation, second opinion consulta-
tions, research, quality reviews, tumor boards, and education.

One of the mediums used in digital pathology is whole slide imaging (WSI).
WSI technology has several advantages over conventional microscopy; portability
(images are often accessible anywhere and at any time), ease of sharing and retrieval
of archival images, and the ability to make use of computer-aided diagnostic tools
(image analysis algorithms). The automated instrument used for WSI is a scanner
equipped with a robotic microscope capable of digitalizing an entire glass slide,
using software to merge or stitch individually captured images into a composite
digital image. The critical components of an automated WSI system include bar
coded slides, hardware (scanner composed of an optical microscope and digital
camera connected to a computer), software (responsible for image creation and
management, viewing of images, and image analysis where applicable), and net-
work connectivity. The last decade has seen significant technology advances in the
evolution of WSI with the ability to rapidly digitize large numbers of slides auto-
matically and at high resolution. Many applications have emerged and, as a result,
WSI is increasingly being used in both clinical and research areas. Whole slide
imaging technology has evolved to the point where digital slide scanners are cur-
rently capable of automatically producing high-quality, high-resolution digital
images within a relatively short time — less than one minute per slide.

The focus of this book is to provide up-to-date and practical knowledge in all
aspects of whole slide imaging by experts in the field. This includes a historical
perspective on the evolution of this technology, technical aspects of making a great
whole slide image, the various applications of whole slide imaging, and future
applications using WSI for computer-aided diagnosis.

vii
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The goal is to provide practical knowledge and address knowledge gaps in this
emerging field. This book is unique because it will address an emerging area in
pathology for which currently there is only limited information about the practical
aspects of deploying this technology. For example, there are no established selec-
tion criteria for choosing new scanners and a knowledge base with the key informa-
tion. The authors of the various chapters have years of real-world experience in
selecting and implementing WSI solutions in various aspects of pathology practice.
This book will also provide practical tips and pearls to address the selection of a
WSI vendor, technology details, implementing this technology and provide an over-
view of its everyday uses in all areas of pathology.

This book will also provide readers with important information on how to inte-
grate their digital slides with the laboratory information system and streamline their
“digital workflow” with the intent of saving time, saving money, reducing errors,
improving efficiency and accuracy, and ultimately benefiting patient outcomes.

I am particularly excited about this book and have invited expert contributors to
also focus on applications of WSI in the area of artificial intelligence and machine
learning techniques such as deep neural networks which may be trained to not only
recognize specific patterns on a whole slide image of an H&E slide but in addition
Al tools may also help in the interpretation of features in the tissue that are predic-
tive and/or prognostic.

This is an exciting time in pathology, and this book aims to give the readers a
look at WSI with a deeper lens and also envision the future of pathology imaging as
it pertains to WSI and associated digital innovations. These digital innovations have
the potential to change the way clinical diagnosis occurs, with added benefits of
shared images and data; increased efficiency and integrated diagnostics; modern-
ized pathology work flows to improve patient care and safety; increased collabora-
tion through multidisciplinary, disease-specific patient care conferences; improved
accountability in the work flow; and, finally, cost savings by optimizing staff perfor-
mance. The possibility of using WSI in computational pathology and artificial intel-
ligence has the promise to open new frontiers in pathology which even I cannot
fully imagine but can only dream of. The possibilities are endless, and I want to
invite you to share the vision and the possibilities and take a virtual journey into the
next generation of amplified and augmented pathology.

Columbus, OH, USA Anil V. Parwani
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Introduction to Digital Pathology
from Historical Perspectives to Emerging
Pathomics

Rajarsi Gupta, Tahsin Kurc, and Joel H. Saltz

Introduction

Digital pathology became a vast new frontier in medicine and science ever since
glass slide scanners emerged 20 years ago. Nowadays, high-resolution whole slide
images (WSIs) of histologic tissue samples are available on demand through virtual
microscopy. As the number of glass tissues slides that are converted into WSIs con-
tinues to grow, digital pathology is leading to the creation of substantial multidisci-
plinary research efforts comprised of physicians, scientists, and engineers who are
actively collaborating across academia and industry around the world.

Whole slide imaging, virtual microscopy, and digital pathology were driven by
the need for telepathology to enable pathologists with the ability to remotely view
tissue samples and communicate histopathologic diagnoses. The first applications
of telepathology utilized cameras to take pictures and record videos of tissue sam-
ples while using robotic light microscopes and satellite communications [1-5]. As
we transitioned from the analog to the digital age of data, whole slide imaging and
the internet supplanted those technologies in modern telepathology, which were
supported by advances in computer hardware, frameworks, networks, and data man-
agement to support the capture and storage of high-resolution WSIs. Currently
available applications of telepathology include remote microscopic examination for
rapid on-site evaluation (ROSE) of cytology samples, primary diagnosis by patholo-
gist with subspecialty expertise, and intradepartmental and outside institutional con-
sultation for urgent, challenging, and difficult cases.

After several decades of development, high-resolution digital WSIs are routinely
captured by robust and automated glass slide scanners that are easily stored, shared,
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and readily viewed with established software systems [3, 6, 7]. The wide availability of
WSIs has led to using the terminology, “digital pathology” to refer to scanning slides,
archival of tissue images for tumor boards and education, and diagnostic consultation
with telepathology [8]. The clinical adoption of digital pathology has been welcomed
due to readily apparent opportunities that can meaningfully impact laboratory effi-
ciency and delivering better patient care through rapid remote subspecialty consulta-
tion. Other exciting opportunities include improving diagnostic accuracy, increased
review for quality assurance and control (QA/QC), and computational image analysis.

Digital pathology also represents a vast frontier for collaborative research among
physicians, scientists, and engineers. For example, common steps in a typical surgi-
cal pathology research project to evaluate the prognostic and predictive value for
biomarker expression may include (1) reviewing diagnostic reports to identify
cohorts, (2) identifying formalin-fixed paraffin-embedded (FPPE) tissue samples of
interest, (3) requesting glass slides for microscopic review, (4) preparation of non-
diagnostic histologic tissue sections for research from FFPE tissue blocks, (5) per-
forming immunohistochemical (IHC) studies, (6) obtaining clinicopathologic data
from electronic health records (EHR) or tumor registries, and (7) correlative analy-
ses with clinicopathologic and tumor registry data. In comparison, a straightforward
application of digital pathology in the same setting easily saves a lot of time, costs,
and resources by supporting cohort discovery via virtual access to tissue samples to
ascertain the potential of pursuing a wide variety of research avenues.

Beyond the borders of laboratory medicine, digital pathology has also led to the
establishment of pathomics as a result of the emergence of novel computational
image analysis methodology driven by scientific and technical expertise in machine
learning, artificial intelligence (AlI), computer vision, and data science. Currently,
sophisticated deep learning computer vision methods are being developed, imple-
mented, and automated to routinely analyze WSIs and harvest quantitative pathomics
data in order to develop advanced precision medicine applications for future clinical
use. Thus, scalable Pathomics methodology is being increasingly considered for use
in clinical trials and research in international academic, industrial, and pharmaceuti-
cal partnerships in order to identify patterns and relationships in embedded in mas-
sive amounts of clinical, imaging, and laboratory data to help further understand the
nuances of complex human diseases.

As the integration of WSIs into clinical and research laboratories increases, it is
important to be aware about various technological advances that were needed to estab-
lish digital pathology. Before having WSIs at our fingertips with broadband internet
was a reality, the development of remote-controlled robotic microscopes that permitted
navigation, changing magnification, and adjusting focus were critical to the develop-
ment of early telepathology applications. Moreover, the fact that we can explore large
collections of WSIs so seamlessly have been made possible due to significant improve-
ments in scanning speeds, storage capacity, file compression, software, data transfer,
and powerful data management resources and applications [1, 9-11]. Therefore, we
provide a brief overview about the first virtual microscope, computational frameworks,
and software that paved the way for whole slide imaging and digital pathology en route
to the emergence of Pathomics in this chapter [1, 8, 12-18].
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Origins of the Virtual Microscope

Our colllective understanding of tissues and cells has been dramatically transformed
by light microscopy. The fundamental goal of digital pathology is to further advance
our understanding of biology and pathology in the same manner. From a historical
perspective, the roots of digital pathology are rooted in optics, robotics, and com-
puters. In this section, we focus on virtual microscopy as a critical component of
digital pathology and modern telepathology for viewing WSIs in a feasible and
practical manner, which could never be possible without all of the necessary tech-
nological innovations that permit us to scan large quantities of glass tissue slides
and generate high-resolution WSIs. However, we focus on virtual microscopy and
how the current software systems and methods for data management, query, and
viewing WSIs in digital pathology arose in the 1990s during the era of spatial data-
set research in computer science [19].

The core functionality of a virtual microscope emulates conventional light
microscopy. Virtual microscopy enables a person to use a computer to view, pan,
and zoom in and out of WSIs in the same way that a glass tissue slide is examined
with a microscope. In comparison, early telepathology systems provided support for
remote access with either static images or live microscopy [2-5]. Beyond basic
functionality, virtual microscopes provide the capability to organize and manage a
collection of tissue images for remote access and viewing by concurrent users via a
client-server configuration. Implementations of the virtual microscope have made it
possible to efficiently catalog WSIs, share information, and perform collaborative
consultation to remotely examine tissue samples for telepathology applications,
where concurrent users can access the same image or the same set of images.

The main challenge of implementing a virtual microscope in the 1990s was the
difficulty of achieving interactive viewing of images that did not fit in the memory
of a computer that had relatively limited memory, disk storage space, and I/O band-
widths. There were also low network bandwidths, so it was not feasible to read an
entire image and transfer it to a remote client. To work around these limitations,
captured images were stitched together to create multi-gigabyte WSIs to work with
the first glass tissue slide scanners, which were also slow at that time [20]. Thus, it
was necessary to use distributed memory computational clusters with one or more
disks that were attached to each cluster node to provide a request-response capabil-
ity to (1) retrieve and reduce data on the server depending on the client request and
(2) send the reduced data to the client side to achieve acceptable response times.
This approach required methods and tooling for the careful placement of image data
across the system, as well as orchestration of I/0O, data filtering, and reduction oper-
ations to minimize data retrieval overheads and latency.

The first virtual microscope system that was capable of achieving interactive
viewing functionality utilized high-performance computing, which was pub-
licly demonstrated at the American Medical Informatics Association (AMIA) con-
ferences in 1997 and 1998 [9, 20]. The development of this virtual microscope
system arose from a computer science research project that targeted the manage-
ment, visualization, and analysis of large datasets from sensors [21, 22]. The novel
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Virtual Microscope

Fig.1 1997-1998 era virtual microscope client

focus of this project was processing extremely large datasets with intensive comput-
ing to develop techniques and tools to analyze images in an extensible software
platform. Until that time, the supercomputing community primarily focused on
optimization to increase computational speed for data that would fit into distributed
computer memory.

The first virtual microscope is shown in Fig. 1 and received the best application
paper award from AMIA in 1997. By the late 1990s, it was increasingly recognized
that the amount of data that was beginning to be captured by sensors on instrumen-
tation like satellites was rapidly exceeding several orders of magnitude beyond the
capacity of computer memory. The amount of data was even larger than aggregate
memory on a high-performance computer with distributed memory.

Development of Computational Frameworks and Software

As the computational requirements associated with large-scale data became increas-
ingly appreciated, the systems software group in the computer science department
at the University of Maryland at College Park developed several prototype software
systems to traverse datasets of images captured at multiple resolutions in the late
1990s and early 2000s. These software systems performed customized computa-
tions with sub-setting operations that rendered data for visualization and sent the
output to clients to be displayed [21-23]. The scientific applications that motivated
the development of these prototypes included the management and analysis of digi-
tal images from space telescopes to study changing global vegetation, seismic sur-
veys, and subsurface oil reservoirs for Earth science. Figure 2 shows a representative
screenshot from a project supported by the National Science Foundation (NSF) to
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Fig.2 NSF grand challenge in land cover dynamics

analyze the changes in global vegetation by using high-resolution satellite images
by creating input data to develop models to study hydrology, carbon, and the global
biogeochemical cycle.

These efforts were also driving the development of software systems and appli-
cations for digital pathology. Datasets in virtual microscopy were recognized as
being very rich and complex at multiple scales of magnification for both normal and
cancer-associated histology, which vary substantially across organ sites. Digital
pathology was as computationally demanding as analyzing high-resolution satellite
data, if not much more, due to the high degree of variability of the morphologic
appearance of normal and diseased tissues and cells. Therefore, software systems
for virtual microscopy were implemented to run on distributed memory computer
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clusters and supercomputers with many disks and processors, where the nature of
the computational framework resembled Hadoop or Apache Spark to deal with mas-
sive amounts of data [24-26].

Early software prototypes were generalized models that executed mapping oper-
ations between different multidimensional coordinate systems (e.g., three-
dimensional mesh space to two-dimensional image space or between two different
two-dimensional representations) and performed reduction operations on mapped
data, which served as a predecessor to the popularized MapReduce model [24]. One
of the innovations in data-intensive computational frameworks involved designing
the capability to (1) process information from multiple coordinate systems, (2) pro-
cess data captured at different levels of spatial resolution, and (3) perform computa-
tions involving multiple spatial datasets. During the design and implementation of
the framework, it was also anticipated that some datasets would have non-uniform
resolution that is common in both satellite imagery and virtual microscopy.

Therefore, early prototypes were able to support a broad range of methods to
interpolate, upscale, downscale, warp, and render volume and other types of gener-
alized reduction or aggregation functions. The computational frameworks were also
capable of combining data sources and performing in situ data visualization, which
was used for data analysis in many other types of scientific research applications
besides virtual microscopy. A schematic depicting one of these early systems
is shown in Fig. 3.

Even though pathology images were typically limited to manually captured pho-
tomicrographs at the time, digital pathology was an early target application domain
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for this computational framework since it was clear that the widespread digitization
of glass tissue slides would ultimately prove to be of great importance in medicine
and science. Digital pathology was a natural application for this computational
framework since processing and visualizing WSIs is very resource intensive. Basic
operations such as panning and zooming were implemented with mapping and
reduction operations. For example, zooming operations were viewed as reductions
on image data by subsampling image pixels to fit in the viewer window at a given
magnification and resolution.

Even though the first virtual microscope application was developed and described
from 1997 to 2003, the fundamental concepts for computational demands and core
functionality are still the same in modern whole slide imaging systems [9, 20, 27].
Users must be able to traverse WSIs by panning and zooming, overlay manual and
computer-generated annotations, and collaboratively interact with the same set of
WSIs. This data-intensive computational framework provided the building blocks to
implement the virtual microscope system [21, 22]. However, additional optimiza-
tions were still needed to achieve high performance for this core set of tasks due to
the relatively primitive nature of the hardware at that time, during when virtual
microscopy was considered a relatively heroic computational effort and accom-
plishing these fundamental tasks to support navigating histologic images of tissues
was considered monumental.

A popular high-performance computer system architecture was one in which
each processor managed its own hard drives. This simplified the implementation
and operating system requirements of the computer system. However, it required
careful placement and management of the data and precise orchestration of I/O and
computations. In order to reduce disk storage requirements and 1/O retrieval costs,
WSIs were partitioned into patches that were stored in compressed files in the vir-
tual microscope system. These image patches were de-clustered across processor
clusters or supercomputers to achieve computational and I/O load balance in order
to achieve interactive level performance. This approach made it possible to utilize
relatively inexpensive disks and aggregate I/0 bandwidth from multiple stor-
age units.

The virtual microscope software would partition a data request to view regions
of WSIs at a desired zoom level into patches, overlap disk retrieval, and then assem-
ble the image to be sent to the client in order to reduce I/O overheads. An R-tree
index was implemented to quickly find the image patches that satisfied a given
request [28]. In order to minimize network transfer overheads, the virtual micro-
scope system implemented client-side caching to request regions of an image that
were not in the client cache. Two versions of the virtual microscope were tested and
implemented [27], where the first version was developed with the assumption that
the system would be deployed on a homogeneous distributed memory system with
tightly coupled nodes over a switch, whereas the second version was built on a soft-
ware component architecture called DataCutter [10, 29].

In the DataCutter implementation, operations such as index lookup, data retrieval,
data compression, data decompression, data subsampling, and data assembly would
be implemented as individual components and loosely coupled to each other via a
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streaming component framework. This implementation was based on the recogni-
tion of the emerging grid computing paradigm, where even a moderate size comput-
ing environment could consist of a heterogeneous collection of storage and
computation devices. Moreover, a component-based implementation would allow
new computational capabilities by either adding components and/or modifications
to individual components without having to maintain a single code base. In some
ways, this implementation resembled microservice architectures that have become
very popular in cloud computing and distributed computing environments.

In terms of software, both open-source and commercial virtual microscopy sys-
tems have proliferated in recent years. These software systems are typically built
with advanced web and cloud computing technologies that include JavaScript mod-
ules for enhanced client-side functionality and microservice-based implementation
through containerization technologies. For example, the Quantitative Imaging in
Pathology (QulIP) platform [30] is a fully containerized open-source system soft-
ware that was developed by an academic collaboration between Emory University
and Stony Brook University. Individual containers implement core functionalities,
such as data management, visualization, security, and data manipulation. The con-
tainers interact with each other in a loosely coupled manner via well-defined ser-
vices and interfaces to enable user interaction through internet applications. The
design and implementation of QulP has leveraged and adapted the techniques
developed since the early 2000s for data management, interactive exploration of
images, and viewing the results of various types of image analyses in the context of
modern web and cloud computing technologies.

QulIP is one of many examples of open-source systems for virtual microscopy
[31-37], as shown in Fig. 4. Other notable open-source software systems include
the Digital Slide Archive[34] and Cytomine [35], which are web-based, container-
ized technologies and service architectures. Popular alternatives that provide desk-
top functionality include the Pathology Image Informatics Platform for Visualization,
Analysis, and Management (PIIP) [36] and QuPath (University of Edinburgh,
Edinburgh, UK) [32]. In addition, vendors of commercial slide scanners also offer
their own proprietary virtual microscopy software. Alongside these options, there
are also an increasing number of specialized commercial software products for
viewing digital images and performing image analysis, such as HALO (Indica Labs,
Corrales, New Mexico, USA), Aperio GENIE (Vista, California, USA), HistoRx
AQUA Analysis (Branford, Connecticut, USA), and Visiopharm (Hoersholm,
Denmark).

These open-source and commercial systems generally support a wide array of
functions that surpass core image retrieval and visualization capabilities. All of the
viewers are designed to give users the ability to freely explore any part of WSIs by
panning and zooming to recapitulate the experience of using traditional light micro-
scopes to examine glass tissue slides. These software applications also provide
interfaces that permit viewing, organizing, and annotating large collections of WSIs.
Since image analysis is beginning to play a much larger role in digital pathology,
most modern software packages also support viewing computational analyses as
well. Software packages that incorporate data analysis typically allow users to dis-
play the results of image analysis in an additional companion viewer or overlaid as
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Fig.4 QulP digital pathology software. The WSI is from a glass tissue slide of breast cancer from
the publicly available the Cancer Genome Atlas (TCGA). Breast cancer,
TCGA-A0SB-01Z-00-DX1

additional layers on WSIs. Typical examples of image analysis that can be displayed
include segmentation and classification of various microarchitectural components
of tissues that are described in the next section.

Frontiers of Computational Pathology
and Pathology Informatics

Tissue samples are routinely obtained and sent to clinical laboratories like cytology
and surgical pathology for diagnostic testing Tissue samples that are obtained dur-
ing clinical trials and biomarker discovery studies are typically processed in research
histology laboratories. Typically, FFPE tissue sections are stained with hematoxylin
and eosin (H&E) and/or various biomarkers for specialized IHC and immunofluo-
rescence (IF) testing as part of diagnostic workups to classify and subclassify a wide
spectrum of benign and malignant diseases. Histopathologic features of disease and
associated biomarker expression are used to predict disease progression and guide
treatment by identifying drug targets. Even though there have been many important
discoveries and considerable advances, a comprehensive understanding about dis-
eases like cancer still remains elusive. In this section, we succinctly describe the
emerging field of Pathomics that combines virtual microscopy, image analysis, and
biomedical informatics to characterize various aspects of tissue and cells with com-
putational image analyses.

One of the main objectives of pathologists is to systematically examine tissue
samples with the goal of identifying various histopathologic features of tissues and
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cells associated with the presence of diseases like cancer, which are cataloged and
communicated in diagnostic surgical pathology reports. This data provides informa-
tion about tumor classification and biologic behavior of the particular disease to
guide treatment. The microscopic examination of tissues is used to detect abnor-
malities that is based on acquiring extensive medical knowledge, specialized train-
ing, and precious experience over the course of many years in order to perform pattern
recognition to delineate normal from diseased tissues and cells. However, there are
countless nuances, semantics, and observation biases that are intrinsic to the prac-
tice of diagnostic histopathology across the spectrum of what is considered normal,
non-malignant, and overtly malignant disease.

This is where WSIs, computational pathology, and pathomics data represents
important opportunites to gain further insight into diseases through image analysis
and biomedical informatics by augmenting traditional diagnostic evaluation of tis-
sue architecture and cellular features with quantitative datat. This has led to tremen-
dous interest and excitement among growing multidisciplinary research groups in
academia and industry who have been developing methodology to perform various
types of image analysis over the past decade that complements qualitative assess-
ment by pathologists in order to provide pathologists with clinical decision support
(CDS) tools. Image analysis in digital pathology primarily focuses on segmentation
and classification tasks to identify and characterize various aspects of tissue micro-
anatomy, populations of cells, and phenotypic features of nuclei. Pathomics analy-
ses have been performed in various types of tissues to calculate the color, size,
shape, and texture of cells and larger microanatomic regions and structures in
order to quantitatively measure a wide pectrum of phenotypic features of disease
(see [8, 13, 15, 38-49] for algorithmic development related to semi-automated and
automated image analysis and [12, 18] for recent white papers that provide practical
guides to whole slide imaging and image analysis).

Briefly, classical image analysis of WSIs extracts pixel-level, object-level, or
semantic-level-based features. Segmentation algorithms identify and delineate the
boundaries of objects based on statistical variations in color intensity and texture,
data clustering, binary classifiers, and with probabilistic/non-probabilistic machine
learning methods, which is then used to classify various aspects of pathology images
[38, 41, 43, 44, 46, 47, 49-55]. Pixel-level analyses typically analyze features like
color, boundaries, contrast, texture, size, and shape. In comparison, object-level
analyses focus on characteristics like nuclei, nucleoli, mitoses, and microanatomic
structures, such as glands, ducts, blood vessels, and nerves. Semantic-level features
classify different types of tissue based on the microanatomic configuration of differ-
ent kinds of cells, which can be used to differentiate tumor versus non-tumor tis-
sues, determine the presence or degree of dysplasia, and identify infiltrates of
immune cells [50-54, 56-61].

One of the main areas where computational pathology has been utilized is the
measurement and scoring the IHC biomarker expression. IHC biomarkers are a
cost-effective approach that is used to label cells that express a particular protein.
This is of particular interest in surgical pathology and clinical research when look-
ing for molecular genetic anomalies in diseases like cancer. Since IHC biomarkers
can cells based on the expression of proteins that may be impacted by gene
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amplification, mutation, deletion, translocation, and virally mediated alterations,
IHC testing is routinely performed for diagnostic classification, identifying poten-
tial drug targets, and predicting disease progression and clinical outcomes. However,
there are several challenges in using digital pathology algorithms to measure IHC
biomarker expression due to nuances in calculating percentage of “positive” cells
that are labeled by a particular IHC marker. Typical obstacles include the heteroge-
neous expression of biomarkers by a particular cell of interest, non-specific stain-
ing, and variations in the color intensity of the label due to differences in biomarker
specificity, pattern of expression, and staining intensity [62—-64]. Even though it
appears relatively simple to perform a targeted analysis of cells that typically appear
brown in color due to the use of the chromogen, 3,3’-diaminobenzidine (DAB),
algorithmic analyses must intrinsically account for these sources of variability
within the appropriate histologic context.

Pathologists spend many years learning about the strengths, nuances, and limi-
tations of the IHC biomarkers that they regularly utilize and interpret to provide
diagnostic and prognostic information to clinicians. Despite the challenges, there
is great interest in algorithmic approaches to help complement human interpreta-
tion since IHC is used in constantly in daily practice. If reliable and robust compu-
tational methodology can be implemented to help further automate laboratories,
digital pathology will become a very important factor that improves efficiency,
decreases observer variability, and reduces costs [8]. Measuring IHC with digital
pathology is an active area of computational pathology where methods are being
continuously developed and refined so that biomarker scoring algorithms can be
reliably implemented in the near future. En route to developing algorithms to quan-
tify IHC expression, conventional machine learning algorithms have been used to
perform cell segmentation by using combinations of median filtering, thresholds,
watershed segmentation, contour models, and shape dictionaries, among a wide
variety of other Pathomics variables [41, 42, 46, 47, 49, 50, 55-57, 65-69].
However, these methods often require detailed adjustments of various parameters
and settings to avoid under- and oversegmentation in order to account for differ-
ences in nuclear, cytoplasmic, and membranous staining across a constantly grow-
ing library of IHC biomarkers.

The transition from light microscopes to virtual microscopy has led to the incor-
poration of deep learning and computer vision in image analysis to develop auto-
mated Al algorithms to analyze and harvest Pathomics data from WSIs. Deep
learning and Al have grown substantially in popularity due to remarkable advances
in machine learning, computer vision, increased computing capacity, and the near
omnipresence of technologies like smartphones, cameras, digital images, and video.
Recent developments in deep learning applications for computational pathology
have demonstrated the capability to quantitatively analyze WSIs to perform tumor
detection, as well as diagnostic classification, grading, and staging [8, 18, 40, 57,
70-98], along with the classification of a wide spectrum of other salient histologic
features that can help predict the presence of gene mutations from WSIs (see recent
papers [19, 46, 56, 57, 66-75, 99-120]).

A very important advantage of deep learning applications in pathomics tissue
analytics is that relatively robust performance can be achieved with decreased
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requirements for fine-tuning traditional image analysis parameters (i.e., variations
in tissue processing and colors with H&E and IHC staining). Thus, there are many
research groups that are actively working to develop, test, and refine deep leaning
computer vision applications in Pathomics to systematically and uniformly harvest
quantitative measurements of various histopathologic features of diseases from
WSIs. Since WSIs typically contain hundreds of thousands to millions of cells
within the context of heterogeneous and diverse histologic landscapes, it was natu-
ral for investigators to investigate the potential of deep learning algorithms in
Pathomics. Beyond harvesting massive amounts of pathomics data from WSIs, deep
learning is also being implemented in identifying overt and subtle non-linear rela-
tionships and patterns within billions upon billions points of pathomics data that
cannot be analyzed with conventional statistical approaches.

Even though we are gaining the ability to perform sophisticated image analysis
with deep learning, we must also state the importance of due diligence and system-
atic studies to measure the performance of these algorithms in terms of accuracy,
precision, and robustness. The typical workflow in developing these kinds of algo-
rithms includes design, annotating WSIs, development of deep learning models,
testing, validation in an independent dataset, and iterative refinement before deploy-
ment with appropriate QA/QC mechanisms, which is no different than what would
be expected in the development and implementation in any kind of laboratory test-
ing. As fascinating as it is to see the kinds of analyses that can be performed with
deep learning pathomics applications, we must remember that these computational
methods have limitations and biases based on the quality of the training dataset and
spectrum of variability of the data points that the models use during training. In
other words, we need to understand that deep learning models are not infallible and
will occasionally fail, especially within the context of interpreting the complexity of
the histologic microenvironment in healthy and diseased tissues.

The opportunities that are presented by deep learning in digital pathology to
perform automated image analysis on a large scale have led to the creation of large
collections of institutional, private, and publicly available WSIs. The most famous
repository is the Cancer Genome Atlas (TCGA), which serves as an extraordinary
source of WSIs to the international research community while providing corre-
sponding molecular, radiologic, survival, and other anonymized clinical metadata
[43, 44,70, 76, 77, 121-123]. The public availability of TCGA WSIs has been criti-
cal to the recent explosion of interest in computational pathology and numerous
correlative studies that link Pathomics analyses with genomics, imaging, treatment,
and survival data in more than 30 different types of cancer.

Computational pathology is also being used to help understand the role of a wide
range of hierarchical regulatory pathways in cancer, such as cell signaling by study-
ing the spatial relationships of different populations of cells within the context of
gene expression in the histologic landscape of cancer pathology. As a result of these
studies, significant efforts are being dedicated to computational pathology to dis-
cover novel digital pathology biomarkers to predict clinical outcomes and poten-
tially help select treatment strategies based on favorable response. Thus, the
importance of computational pathology cannot be understated in precision medi-
cine initiatives that will inevitably require quantitative measurements in order to



Introduction to Digital Pathology from Historical Perspectives to Emerging Pathomics 13

define and compare phenotypic differences in cancer tissue samples. In this manner,
Pathomics analytics is very useful for performing standardized and uniform analy-
ses that catalog different regions of tissue, cell populations, and nuclear characteris-
tics along with a characterization of spatial properties and relationships in the tumor
microenvironment, which can then be used to systematically explore the biological
behavior of cancer in individual patients.

Pathomics methods are potentially meeting and possibly exceeding current limi-
tations in performance due to increased involvement of pathologists in generating
high-quality annotated data and testing in multiple independent datasets that are
being validated with reference data [108]. For example, many groups are investigat-
ing the role of using deep learning to identify tumor-infiltrating lymphocytes (TILs)
in cancer to support the role of precision medicine in immunotherapy to treat cancer
[65, 81, 99, 124-128]. Figures 5 and 6 show examples of using deep learning
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Fig. 5 Spatial tumor-TILs analyses showing the abundance and distribution of TILs in breast
cancer. (a) H&E, breast cancer, TCGA-A2-A0CL-01Z-00-DX1. (b) Tumor detection probability
map. (¢) Lymphocyte detection probability map. (d) Tumor-TILs maps with cancer in yellow and
lymphocytes in red. (L lymphocytes, C cancer; and T non-tumor non-lymphocyte background tis-
sue). This figure demonstrates the ability to implement automated tumor and lymphocyte detection
with the goal of analyzing the spatial distribution of tumor immune responses. In this case, we
observe abundant intratumoral and peritumoral TILs that are diffusely distributed throughout the
tumor. Relative probabilities are used to ascertain prediction certainty in order to quickly evaluate
the overall performance of the algorithms within the context of the corresponding H&E WSI
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Fig. 6 Tumor-TILs map showing mostly peritumoral lymphocytic infiltrates with scattered intra-
tumoral TILs. (a) H&E, breast cancer, TCGA-A2-A0SP-01Z-00-DX1. (b) Tumor detection prob-
ability map. (¢) Lymphocyte detection probability map. (d) Tumor-TILs maps with cancer in
yellow and lymphocytes in red. (L lymphocytes, C cancer; and T non-tumor non-lymphocyte back-
ground tissue). The distribution of tumor immune responses is qualitatively different from Fig. 5
with a more muted immune response. We observe mostly peritumoral TILs in localized areas con-
taining scattered intratumoral TILs. Pathomics analyses like Tumor-TILs mapping can easily be
performed in large collections of WSIs in a scalable fashion to virtually analyze tissue samples for
each patient in order to stratify candidates for immunotherapy. These kinds of Pathomics analyses
can also be integrated with other types of image analysis methods in order to systematically extract
and catalog quantitative data about various phenotypic properties of tissues, cells, and nuclei

Pathomics analyses that performed automated detection of tumor regions and lym-
phoplasmacytic cells in WSIs in order to identify TILs in more than 1000 WSIs of
breast cancer from the TCGA [78, 99, 124]. Even though these are basic types of
Pathomics analyses, tumor-TILs Pathomics clearly show how tumor immune inter-
actions are quite variable and heterogeneous within the boundaries of the tissue that
are identified as positive for breast cancer (tumor depicted in yellow and lympho-
cytes depicted in red in the bottom right panels in Figs. 5 and 6). Analyses like this
have never been performed on such a large scale but clearly show the potential of
Pathomics to help characterize the functional immune status of the tumor microen-
vironment on a per patient sample basis and how much it can vary, which may
potentially affect treatment response and survival.

Digital pathology currently encompasses whole slide imaging, telepathology,
and computational pathology/Pathomics. While computational pathology is an
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extremely active research area, the penetration of these methods into the clinical
practice has been limited. However, FDA approval for primary diagnosis has cre-
ated a lot of excitement about Pathomics applications that can be clinically useful
for precision medicine applications [129]. Therefore, one can reasonably expect
that current Pathomics research initiatives are laying the foundation for the future
when automated Al-driven Pathomics algorithms with rapidly increasing computa-
tional power are analyzing large collections of readily available WSIs to harvest all
kinds of quantitative data about cancer and other diseases. The true impact of digital
pathology will be felt when pathology informatics aggregates and integrates
pathomics data for downstream correlative analyses with laboratory, imaging,
genomic, treatment, survival, and other clinical data in order to identify patterns and
relationships that can provide clinical insight to improve patient care and treatment.

As seen in Figs. 5 and 6, tumor-TILs analyses generate a readily interpretable
figure that can help pathologists evaluate the functional immunologic status of the
tumor microenvironment. Furthermore, pathologists can look at these kinds of
Pathomics analyses to identify regions of interest for further microscopic examina-
tion and provide novel types of information to clinicians to help guide treatment
(e.g., tumor immune interactions in tissue samples may help select and stratify can-
didates for immunotherapy). One can also envision further enhancing tumor-TILs
analyses by combining the tumor detection algorithm with capabilities to perform
tumor subclassification as well in an effort to study how the histologic subtype influ-
ences tumor immune interactions within the context of tumor heterogeneity.
Similarly, one can combine tumor-TILs analyses with nuclear segmentation and
cell classification to study the distributions of different populations of tumor cells
and identify specific phenotypic features in subpopulations of tumor cells that are
present in metastases and recurrence. Other readily available opportunities also
include the combination of using advanced computational methods to quantify IHC
biomarker expression with automated tumor detection in emerging multiplex IHC
platforms that use multiple biomarkers in panels to label different types of cells with
designated colors in a single tissue section.

The advancements in digital pathology have been remarkable in the last 20 years.
With the increasing availability of WSIs, digital pathology has given birth to com-
putational pathology, Pathomics, and pathology informatics, which will undoubt-
edly play important roles to quantify various aspects of traditional microscopic
examination of tissues while helping perform complex types of correlative analyses
with diverse types of healthcare data to improve treatment and clinical outcomes.
Similar to how IHC also emerged in diagnostic pathology in the last 20 years and
revolutionized the histologic subclassification of tumors by providing the ability to
study the expression of a large number of biomarkers that were used to correlate
genomics and molecular data with in situ protein expression, Pathomics appears to
be heading the same directions as we collectively aim to refine our understanding
about different molecular subtypes of common and uncommon cancers and other
diseases. We also see how IHC biomarkers that were once used for diagnostic evalu-
ation are now being revisited to further explore their prognostic value and ability to
serve as potential therapeutic drug targets, so Pathomics will likely return to incor-
porate lessons learned from fundamental research with traditional image
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analysis methodology to couple with the incredible capabilities of machine learning
and Al Pathomics applications. Therefore, we end this section with full awareness
about how computational pathology and pathology informatics will likely follow
the trajectory of IHC with the intention of providing a concrete example of how
digital pathology and Pathomics will become indispensable tools for the practice of
pathology to help improve various aspects of healthcare in the age of precision
medicine. Although these technologies are still early in their development cycles, it
is incredibly exciting to consider how pathomics data will transform medicine
through advanced data analytics by providing calculated projections about patient
survival, likelihood of disease recurrence, and progression in the very near future.

Conclusions

The world of digital pathology has flourished in the last 20 years to give humankind
an unprecedented look into the microscopic world of tissue biology through virtual
microscopy of high-resolution WSIs. Therefore, we must appreciate our privilege of
having stable web-based virtual microscopy software that allows us to instantly
view WSIs with modern broadband internet, which supports the immediate transfer
of massive amounts of data. After significant contributions by the research commu-
nity in academia, industry, and the government, digital pathology is on the cusp of
delivering significant returns on investment with image analysis tools and Pathomics
tissue analytics workflows that complement the modern practice of surgical pathol-
ogy and precision medicine initiatives. As high-throughput commercial slide scan-
ners become more common in clinical laboratories, WSIs will fundamentally
transform the practice of pathology in many ways. Therefore, we hope that our
description about the first virtual microscope and the related developments in infra-
structure that support the needs of digital pathology and modern telepathology helps
preserve a deep appreciation for the pioneering efforts in this field. Furthermore, we
need to be grateful for having the ability to be able to access digital high-resolution
WSIs of tissue samples at our fingertips since access to virtual tissue samples is
leading the way to providing patients with rapid primary diagnoses and consulta-
tions for difficult, rare, and emergent cases along side the incredible opportunities
to further the boundaries of our knowledge through Pathomics.

Thus, we hope to have provided a bird’s eye view of the past, present, and future
of digital pathology. Machine learning and Al applications in digital pathology
likely represent the pioneering work towards having actively learning algorithms
that function as clinical decision support tools for pathologists that will constantly
harvest, aggregate, integrate, and analyze diverse types of Pathomics data with data
from the electronic heathcare records in order to refine patient stratification and
improve treatment selection, clinical outcomes, and survival. Due to ubiquitous
advanced forms of technology in today’s world, it is not hard to conceive a nearby
future where Pathomics data from the infinite, multidimensional, and complex
microscopic universe of tissue pathology will lead to transformative discoveries that
can revolutionize our understanding about how cancer forms, progresses, and
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metastasizes so that we can better treat patients. In parallel, we look forward to the
increasing role of pathology informatics in precision medicine as this kind of data
starts being utilized to identify subtle and complex patterns to discover biomarkers,
spatial relationships of various types of cells in the tumor microenvironment, and
correlations between quantified histopathologic features, clinical outcomes, and
treatment response that cannot be performed by human beings.

Visual images will always play an important role in communication and learning
in every facet of human life. Even though it is easy to get lost in all of the excitement
of computational pathology, deep learning, computer vision, and pathomics data
informatics, we must always pay our respects to all of the pioneers who developed
whole slide imaging and virtual microscope systems that evolved from nascent
efforts in the 1990s and early 2000s to provide us with remote access to high-
resolution images by paving the roads to the thriving and dynamic ecosystem of
digital pathology and its role in the future of healthcare and individualized precision
medicine.
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Introduction

Imagine the following scenario:

You are a pathologist. You arrive at your desk in the morning, hot cup of coffee in hand,
ready to start the day’s sign out. You login to your computer; dual 32-inch, 6K displays light
up the room. You fire up your digital pathology image management system and review your
worklist, cases automatically triaged by priority. You open the first case, a new biopsy, and
review the preselected regions of interest on the digital H&E stained slides. You are
prompted to review the associated digital IHC stains and confirm your diagnosis. You
review the prefilled synoptic report, make a couple of edits, run a final quality check, and
then sign out the case. Five minutes have passed — you take a sip of your (still) hot coffee
and move on to the next case.

This scenario demonstrates a fully digital sign-out workflow, augmented by
expert-driven software and optimized for pathologist efficiency. Unfortunately, it
does not reflect current workflows available for pathologists (circa 2020-2021) but
instead denotes the future potential for improving both the quality and performance
of one’s typical anatomical pathology (AP) practice.

So how do we get here? What is needed in order to achieve this vision, one that
not only makes life easier for pathologists but also, most importantly, improves
diagnostic accuracy, quality, and turnaround time for patients? To start, none of
this is possible without having a completely digital workflow, one where practi-
cally every glass slide is digitized and made available for machine learning (ML)
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and artificial intelligence (AI) algorithms. These tools, created by pathology
experts, will be integrated within and drive the clinical workflow, including case
triage, ordering additional stains, recommending additional testing (e.g., molecu-
lar/genomics), highlighting and annotating diagnostically important regions of
interest, quantifying histopathologic features (e.g., mitoses, necrosis, tumor vol-
ume), integrating pertinent clinical information (prior cancer history, other lab
values, radiology features, etc.), and finally, creating a standardized, enhanced
report for both clinicians and patients.

Digital pathology (DP) is defined by the Digital Pathology Association as “a
blanket term that encompasses tools and systems to digitize pathology slides and
associated meta-data, their storage, review, analysis, and enabling infrastructure”
[1]. At the heart of digital pathology is whole slide imaging (WSI), an innovative
technology that scans a standard histologic glass slide and generates a high magni-
fication “whole slide” image. While WSI devices have been around for over 20 years
[2—4], only in the past 5 years have conditions been met to more seamlessly inte-
grate them within the AP laboratory’s clinical workflow [5-10]. Much like how a
pathologist cannot simply purchase a microscope and start signing out cases, the
same is true of the transition to digital pathology — acquiring a WSI device does not
immediately enable a digital workflow. Instead, one must understand the underlying
technology, hardware, and software options, in addition to the information technol-
ogy (IT) infrastructure required, to successfully implement whole slide imaging
systems.

Whole Slide Imaging Technology
Whole Slide Imaging Fundamentals

Whole slide imaging is the process of creating a single high-resolution digital image
from a glass slide. The devices that digitize glass slides into WSIs have been gener-
ally referred to as “slide scanners,” “virtual microscopes,” and/or “whole slide
imaging devices” over the past 20 years [11-13]. Slide scanners evolved from
home-brewed motorized microscopes that began to appear in research laboratories
in the 1990s. The first commercially available whole slide imaging device, the
Bacus Labs’ BLISS, was essentially a fully motorized Olympus BX-51 upright
microscope equipped with a CCD camera and custom software designed for acquir-
ing a series of high power fields and stitching them together [14]. The BLISS was
developed in the mid-1990s and was available commercially later in that decade.
While today’s slide scanners still have much in common with the BLISS, they have
evolved over the past 20-plus years into purpose-built instruments to address a range
of clinical, research, education, quality, and industry use cases [3, 4, 15-18].
While the actual scanning of slides was the initial focus of whole slide imaging,
this has transitioned over the years to its software, image management system, and
the whole slide image itself. In fact, similar to how the telecommunications and the
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internet can be represented by the abstraction layers of the Open Systems
Interconnection (OSI) model [19, 20], from the physical layer to the application
layer, whole slide imaging can be represented by its own layered model. In the WSI
layer model (Fig. 1), the hardware, represented by the slide scanner and its constitu-
tive elements, is at the base, with software elements, including the whole slide
image itself and the image management system, comprising the upper half of the
model. Over time, the emphasis in digital pathology will shift primarily from foun-
dational WSI hardware to application and system integration, interoperability, and
usability.

A whole slide image, once created, serves as a virtual image object that can be
interpreted and viewed using specialized software (commonly called a “viewer,”
more on this below). Overall the goal is to allow the pathologist to view a whole
slide image in a similar manner as one would view a physical microscope slide.
WSIs are typically stored as sets of smaller images, commonly referred to as tiles
[12, 21]. Each tile is composed of a two-dimensional series of pixels, or “picture
elements,” which are the most granular component of any digital image. A high-
definition computer monitor or television can display images that are 1920 x 1080
pixels, or two million pixels in total. By comparison, a single WSI scanned at an
equivalent magnification of 40x contains pixels numbering in the billions, making
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Integrated image analysis / Al
Digital slide viewer

Digital slide repository

File format

Acquisition software
Detection / sensor

Autofocusing

Hardware Light source / optics

Slide scanner

Slide scanning
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Fig. 1 WSI layer model. This model of WSI technology was inspired by the Open Systems
Interconnection (OSI) model of computing. The WSI layer model organizes the components of a
WSI system from the lowest (physical) layers through intermediate software and finally the highest
(application) layers with which users will interact. The model also classifies the layers as hardware
and software (on the left) and organizes the layers into system components (on the right)
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it impractical to load and view a WSI as a single, static image due to human, hard-
ware, and network limitations [22]. To overcome these limitations, WSI file formats
were developed in order to simulate the viewing of whole slide images like that of a
physical slide.

WSI File Format

WSI files are written to permanent storage (such as hard disks) in specific file for-
mats. Unfortunately, due to a lack of standardization by vendors, a wide variety of
different WSI file formats exist, and these are frequently proprietary formats. Most,
but not all, of the vendor formats are based around the “tiled pyramid” paradigm. In
the “tiled pyramid” approach, the WSI file contains the base image layer (the full
resolution scan) as well as a number of pre-calculated zoom levels which are typi-
cally scaled by a factor of 1/4 or 1/2 at each level (Fig. 2) [22-24]. The number of
zoom levels present in this type of WSI file varies as it depends on the size of the
base level image and the scaling between levels. While at first glance this arrange-
ment may appear wasteful, the additional levels typically increase the file size by
less than 25% while significantly improving retrieval speed. In part, this is because
each of the levels is further partitioned into tiles of equal size (commonly around
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Fig. 2 WSI pyramid. Whole slide images are typically represented in a pyramid structure with
each level in the pyramid representing a different pre-calculated zoom level. The base level repre-
sents the full resolution image. Moving up the pyramid, each subsequent layer is digitally sub-
sampled to create a lower magnification view, ending at the lowest magnification image at the apex
of the pyramid. Note that each layer is a ratio of the original resolution (shown here as a factor of
2) and approximately equivalent to a specific magnification (not shown to scale). Each level is
further divided into small tiles of a fixed size (not shown to scale). Since the tiles are of a fixed size,
the base level is composed of the largest number of tiles, with each subsequent level being com-
posed of fewer and fewer tiles as illustrated
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Low power view Low resolution

High power view High resolution

Fig. 3 WSI fields of view represent specific areas in the WSI pyramid. At the apex of the WSI
pyramid, the lowest resolution tile(s) are sent to the WSI viewer and represent the microscopic
equivalent of low power views (top). Similarly, to get a high power view, only the specific high-
resolution tiles of the requested field of view are sent to the WSI viewer (black diamond). Note that
some WSI viewers, in anticipation of where a pathologist will look next, may pre-fetch tiles adja-
cent to the desired field of view (green diamond) in order to provide a more seamless viewing
experience

256 x 256 pixels). This allows a WSI viewer to retrieve only those tiles that are
actively being displayed to the user from the most appropriate level in the pyramid
(Fig. 3). These two factors permit fast and dynamic interaction with WSIs while
minimizing the amount of image data transferred across the network. Delivery of
image tiles inadvertently led to the “pixelation” phenomenon that plagued early
WSI systems. This occurs when navigating a WSI on an underpowered computer or
slow network connection, where “blocky” low power WSI tiles persist while higher
power data slowly fills in the image (Fig. 4) [25, 26]. Fortunately, with modern net-
works, servers, computers, and WSI viewers, this issue has largely been mitigated,
with state-of-the-art viewers providing extremely fluid and seamless performance.
In order to optimize storage needs, almost all WSI files are compressed to some
degree, reducing the amount of data being stored or transmitted. In general, there
are two forms of compression, lossless and lossy. Lossy compression involves an
irreversible removal of data (in the case of whole slide imaging, this is usually pix-
els or color data) from the WSI file [27]. In contrast, lossless compression retains all
the original data elements in some form, and the file is able to be reverted into its
original state. While one would think that lossless compression would always be
preferred, the degree of compression possible with lossless methods is limited.
Some examples of compression methods used for WSI files include lossy methods
such as JPEG and JPEG2000, as well as lossless methods such as Lempel-Ziv-
Welch (LZW) [28]. The former methods make use of subsampling, while the latter
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Fig.4 Whole slide imaging loading artifact. (a) Zooming from low to high power using an under-
powered computer or network may result in individual image tiles to appear pixelated or blurry
while the data for that field of view is transmitted from the WSI to the viewer. (b) Fully rendered
field of view with all high power tiles loaded

encodes the same data in a more efficient manner [27]. The performance of a com-
pression process is usually reported as a ratio, where a typical result using JPEG
compression is 1:15-1:20 and JPEG2000 compression would be 1:30-1:50 (i.e., the
compressed WSI is 1/30th to 1/50th the size of the original raw file) [22].

The majority of WSI file formats are based on the TIFF or Tagged Image File
Format. TIFF is an open file format that was originally developed to store scanned
multipage documents by the Aldus Corporation (later bought by Adobe Systems)
[29]. TIFF as a format for WSIs was popularized by Aperio, who used it for their
SVS file (see below). Several characteristics of the TIFF format made it attractive
for WSIs. The first is that it is one of the few image file formats that supports the
storage of multiple images (called pages) within a single container. For a WSI, these
pages store levels in the image pyramid, as well as metadata such as the label image,
thumbnail, and macro images. Pages can also be used to represent z-level images
and fluorescence channels. TIFF is also very attractive because of its flexibility. It
supports custom metadata (“tags”) as well as a variety of color spaces, bit depths/
data types, and compression schemes. TIFF also permits images to be stored in a
tiled format, which is key to both storing and retrieving WSIs. Notably, the original
TIFF format was designed around 32-bit integers, which created a size limit of
4 GB. To overcome this limitation, WSI files larger than 4 GB use the BigTIFF file
format which uses 64-bit integer offsets. BigTIFF arose to accommodate WSIs and
a number of people contributed to the format, foremost of whom was Ole Eichhorn
while he was at Aperio [30].

The Leica Aperio SVS file was the first TIFF-based WSI format and remains
the best exemplar of this type. Because it was an early, widespread and openly
documented file format, SVS has become a de facto standard for WSIs, with
many smaller vendors targeting this format to achieve interoperability. The SVS
format contains a number of custom TIFF tags as well as a specific order and
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relationship between the pages that represent the WSI pyramid and the optional
label image, macro image, and thumbnail. SVS supports standard TIFF compres-
sion schemes (none, LZV, and JPEG) as well as JPEG2000, which is nonstan-
dard. In contrast, two of the file formats used by Hamamatsu scanners (.vms and.
vmu) are actually directories of multiple image files along with an index file that
outlines their mapping to the overall WSI. The .vms format stores the image data
as JPEGs, while the.vmu file uses a nonstandard file format [31]. Another direc-
tory-based file format, Deep Zoom Images (DZI), was created as a general pur-
pose large image format by Seadragon Software, which was later purchased by
Microsoft and is no longer supported as of October 2021 [32]. In the DZI format,
tiles exist as separate images (typically JPEGS) and are organized in one direc-
tory per level. DZI is popular for use with the open-source, web-based
OpenSeadragon viewer [33], but managing tens of thousands of files per WSI can
be challenging.

For most users, extensive knowledge of the finer points of WSI file formats is not
necessary. However, it is important to recognize the larger differences between the
various formats. This becomes critical when discussing storage of the WSI files, as
well as when selecting any viewing, image management, interfacing, or image anal-
ysis software. While first and third-party software is available to convert between
some formats, this is not always the case. These factors have impeded cross-com-
patibility and system interoperability over time and are only recently beginning to
be overcome (see “DICOM” section). This introduces an additional layer of com-
plexity when constructing or utilizing large databases of WSI files from multiple
scanners, multiple institutions, or over long time periods.

DICOM in Whole Slide Imaging

DICOM (Digital Imaging and Communications in Medicine) is the fundamental
and universal standard for digital medical imaging [34]. At its base DICOM is a
communication standard, facilitating image interchange through extensive use of
image metadata while at the same time not mandating internal image formats.
DICOM also addresses imaging workflow by uniquely identifying information as
objects, with information objects defined for images, patients, studies, reports, fidu-
cials, etc. Once an image object is defined within the standard, it can be acted upon
by DICOM-compliant devices and information systems, allowing a wide range of
programmed workflows.

In the mid-2000s, the DICOM Working Group 26 (WG-26) was charged with
supporting and developing the use of DICOM in the pathology domain, and consid-
erable progress has been made in supporting pathology images, including WSIs [34,
35]. To this end, WG-26 has authored two supplements to the DICOM standard that
relate to WSI, Supplement 122 in 2008 and Supplement 145 in 2010. Supplement
122 added new information objects, concepts, and relationships within DICOM to
support pathology workflows, e.g., the concept of a specimen, the concept of a con-
tainer, and the relationship that an image can be acquired from a specimen that itself
came from a container, which can give rise to additional specimens. Supplement
145 described the information object model for WSIs, including its pyramidal
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representation where high-resolution images at the base are digitally subsampled to
create lower resolution images moving up towards the apex.

More recently, WG-26 has coordinated with hardware and software vendors to
demonstrate interoperability in a series of Digital Pathology Connectathons within
the United States and Japan [36]. While DICOM promises a standards-driven future
in pathology imaging, its clinical use in pathology is still limited. At the time of this
writing, no FDA-cleared digital pathology systems actually employ it natively [37];
however, at least one high-throughput WSI device (Leica Aperio GT 450 DX) out-
puts DICOM natively [38] and has been cleared for diagnostic use (CE IVD) in both
Asia and Europe [39, 40].

Whole Slide Imaging Systems: Hardware
Whole Slide Imaging Devices

Over the years, multiple types of WSI devices have been developed, with devices
distinguished by the following major features: 1) slide capacity, 2) slide loading and
handling, 3) slide format, 4) magnification and spatial resolution, 5) scanning and
focus strategy, 6) scanning speed, and 7) imaging modalities supported [28, 41].
Currently, most scanners support or have optimized some of these features within a
single device; however, no one device has been made that can “do it all.” For exam-
ple, a high-throughput scanner may have fast scanning speeds and excellent autofo-
cusing, but may only support bright-field microscopy on traditional 1” x 3” slides at
a single magnification. In this section, the pertinent technical parameters surround-
ing WSI device use will be discussed.

Slide Capacity

Early slide scanners, like the aforementioned Bacus Labs” BLISS, had a capacity of
only one slide. While this sufficed for low-throughput use cases (e.g., image analy-
sis of tissue microarray slides), companies quickly realized that increased slide
capacity, in the order of hundreds of slides per batch, was needed to support a vari-
ety of digital pathology use cases. Currently, WSI devices can be purchased that
support anywhere from 1 to 1000 slides per batch, although these typically follow a
bimodal distribution, favoring low- and high-capacity devices.

On the low end of capacity, current major WSI devices support between 1 and 20
slides. These scanners are made primarily for small pathology practices, specific
low volume use cases (e.g., frozen sections, telepathology, research, education), or
for those looking to ease into digital pathology with a lower cost solution. In gen-
eral, these devices do not produce the fastest scans; however, they offer a wider
range of options, such as magnification scanned, manual focus adjustments, multi-
ple image modalities supported, etc., as compared to higher capacity devices. These
scanners also typically support both automatic and manual scans, the latter allowing
users to fine-tune and adjust scanning options (e.g., tissue detection, field of view,
focal points, etc.) in order to achieve the best scan possible.
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On the high end of capacity, current major WSI devices support between 100 and
1000 slides, with most having maximum capacities ranging between 100 and 400
slides. These scanners are primarily aimed towards large pathology practices, indus-
try, large-scale research/slide scanning services, and other use cases that require
large-scale scanning. Of all of the WSI devices available, these have the fastest
speeds, although most typically allow only a single image modality (bright-field
microscopy) and magnification option per batch (40x equivalent). Unlike their low-
capacity cousins, high-capacity WSI devices operate best in automatic scanning
mode, with some devices only supporting automated scanning (no manual mode
available).

Of note, high-capacity WSI devices, on average, have large footprints and, at the
time of this writing, do not support parallel scanning, where multiple slides can be
scanned concurrently in a single device. This leads to many practices purchasing
much more scanning capacity than is needed to support their daily workload. For
example, if one’s anatomic pathology lab workflow requires 6 scanners to complete
a daily workload of 1000 slides and each scanner can hold 450 slides, an excess
capacity of 1700 slides has been created. Not counting the unnecessary upfront capi-
tal costs, the excess capacity created by a lack of parallel scanning results in increased
physical lab space, electricity/utilities, and full-time equivalent (FTE) workers
needed to support loading and unloading the extra scanners. Therefore, before pur-
chasing WSI devices, the effects of redesigning anatomic pathology laboratory
workflows to better support and optimize digital pathology should be considered [42].

Slide Loading and Handling

A key feature that differentiates slide scanners is the method of loading slides. Slide
loading can be broadly divided into two methods: slide trays and slide cassettes (or
magazines). The choice of slide loading method dictates the slide formats that can
be scanned, the work required to load and unload a batch of slides, and aspects of
downstream slide handling in the device. It follows therefore that the slide loading
mechanism significantly impacts its appropriateness for a given use case.

Slide Trays

The concept of slide trays originated with motorized microscope stages, some of
which featured removable multislide “trays.” Slide trays are typically flat pieces of
machined aluminum possessing recessed areas slightly larger than the glass slides
they contain (Fig. 5a). The slides may be held in place using a clip, spring tension,
or just gravity. Slide trays, unlike some slide cassettes, are not interchangeable
between vendors or with histology equipment.

Slide trays have a number or advantages when compared to slide cassettes. The
most notable advantage is that they are inherently a more flexible format than cas-
settes. Because the internal arrangement of slides in a tray can be altered while
maintaining the outside dimensions of the tray, different slide trays can be designed
to accommodate varying numbers and sizes of slides. Thus slide trays permit large
format glass slides such as traditional whole mount slides (2” x 3”) or larger in addi-
tion to standard 1” x 3” slides (Fig. 5¢).
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Fig.5 Slide trays and cassettes used for whole slide imaging. Broadly speaking, WSI scanners are
loaded using either slide trays or cassettes. (a) Example of a four-position slide tray being loaded
into a desktop slide scanner. One advantage of slide trays is that the slides never leave the tray,
which serves essentially as a microscope stage during the imaging process. (b) Example of a slide
cassette being loaded into a high-capacity scanner. An advantage for using slide cassettes is the
ability to load many hundreds of slides into a single WSI device. (¢) Slide trays offer a range of
slide formats. Here, interchangeable slide trays allow the same slide scanner to scan either twelve
1”7 x 3” slides (left), six 2” x 3” slides (middle), or one 6” x 8” slide (right) depending on the tray
used (images in (c) courtesy of Huron Digital Pathology, used with permission)

Slide trays also benefit from their simplicity. The tray itself acts in a manner
analogous to a microscope stage with the slides remaining in the tray at all times
and the entire tray being translated under the objective. This significantly reduces
the complexity of the scanner and the likelihood of dropped slides, broken slides,
and mechanical failure. Slide trays are also more tolerant of imperfections, such
as slides with overhanging labels, crooked coverslips, and even wet cytoseal (i.e.,
“goopy” frozen section slides). Some scanners with slide trays may even tolerate
double thick slides, including those that were broken and subsequently glued
back together.

Slide trays have a number of potential disadvantages as well. Trays have a lower
slide density than cassettes, which usually translates to lower capacity scanners.
Although there have been exceptions, most scanners that use slide trays accept only
one tray at a time. The capacity of these trays ranges from 1 to 20 slides, and a
capacity of 2 to 6 slides is most commonly seen. Loading and unloading of slide
trays is also a slower process compared to loading and unloading most slide cas-
settes, which can translate to more FTEs needed in the lab.
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Slide Cassettes

Slide cassettes evolved from early stand-alone slide autoloaders (“slide hotels™) that
held large numbers of slides and were capable of feeding these slides to motorized
stages mounted on traditional microscopes. While slide hotels are still in use (pri-
marily in research labs), modern slide scanners have integrated their slide storage
and most have adopted slide cassettes for this purpose. Slide cassettes, also called
magazines, racks, or baskets, are designed to hold between 10 and 40 slides each,
and multiple cassettes are loaded into a scanner to achieve capacities of 100 to 1000
slides (Fig. 5b).

Slide handling within a slide scanner is more complex with cassettes than with
slide trays because the slides must be removed from the cassette and placed on a
separate stage before the slide can be imaged. At a minimum, the slide must be
moved at least 3 inches to clear the magazine, but the actual distance and path trav-
eled during imaging vary considerably among the various designs on the market.
Depending on the design of the slide path, the time it takes to move the slide from
the cassette to the stage may actually be quite significant in relation to the scan time,
reducing the effective throughput of a slide scanner. To eliminate the impact of the
slide path on scanner throughput, some vendors have gone to great lengths to mini-
mize the distance a slide travels, while others have implemented mechanisms that
eliminate the contribution of this distance. One approach is to physically queue a
slide in a location adjacent to the stage. Keeping a slide “on deck” allows slides to
be moved in and out of slide cassettes while the slide on the stage is being scanned.
It also allows the scanner to perform macro imaging and apply tissue detection and
other pre-processing to the “on deck” slide.

The design of the slide cassette itself has changed considerably over time. Early
slide cassettes were engineered specifically for use in slide scanners, but these pro-
prietary designs have been gradually replaced by cassette formats already in wide
use for hand staining, autostaining, and autocoverslipping of slides. This move has
significantly reduced the cost of the cassettes, but more importantly, it has created
the opportunity for directly transferring slides from automatic coverslippers to the
slide scanner without needing to handle slides individually.

Slide Format

As mentioned previously, the way in which a scanner loads and handles slides is one
of the major determinants of its slide format compatibility. Slide format, as used
here, denotes the physical dimensions of the slide being scanned. The most widely
used slide format available (and the vast majority of the slides produced in most
labs) is the traditional 1” x 3” (25 mm X% 77 mm) slide. As expected, every WSI
device available supports this slide format. Other than the traditional slide format, a
double slide, “whole mount,” or 2” x 3” (51 mm x 77 mm) format, is the second
most common format and is supported by select WSI devices. This double slide
format can be found in both cassette and tray-based loading configurations;
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however, in the case of the former, the cassettes are specially modified to support the
larger slide size. Lately, double slide formats have gained popularity within prostate
and genitourinary pathology given the additional information provided by the larger
slides [43, 44].

Large format slides, here defined as any slide larger than the 2” x 3” double slide
format, severely limit the number of potential scanners available for use. Due to the
large slide size, these scanners require either a tray-based slide loading and handling
system or a mounted camera on a microscope with a robotic stage in order to be able
to capture slides up to 6” x 8” (152 mm x 203 mm). While these scanners were
primarily marketed for research applications early on, histology technology has
improved [45], and the clinical utility of using large format slides for cancer diag-
nosis is now pushing clinical laboratories to better support them [46, 47].

Magnification and Spatial Resolution

The light path in WSI devices mirrors that found in traditional light microscopes.
Light originates in a lamp (now typically an LED source) and passes through the
condenser lens, through the sample (glass slide), and into the objective. The objec-
tive is composed of a variable number of high-quality lenses and has a defined
numerical aperture that, in combination, contributes a known amount of magnifica-
tion (e.g., 2%, 4%, 10x, 20x%, 40x, etc.) and resolving power (ability to discern fine
details), respectively. In a traditional microscope, the light then travels to the eye-
piece which contributes additional magnification, in most cases 10x. Thus when
one views a slide using a 20x objective, the image is in fact being observed at 200x
total magnification.

In WSI devices, however, the 10x microscope eyepieces are replaced by a digital
image sensor with micrometer-scale pixels. Here, the post-objective light path may
vary considerably, and the additional lenses used in the scanner must be carefully
matched to the pixel size of the charge-coupled device (CCD) or complementary
metal oxide semiconductor (CMOS) camera chip/sensor. The relationship between
the size of the image projected onto the sensor and the size of the sensor’s wells that
collect light at each pixel determines the spatial resolution of the WSI device [48].
For example, if a WSI device with a 5 pm CCD sensor scans a slide with histopatho-
logic features 1 pm apart, the image projected onto the sensor does not have enough
optical resolution for the features to be digitally distinguishable. However, if that
image is magnified by a 20x objective prior to hitting the sensor, the features are
now 20 pm apart and can thus be accurately captured and resolved by the 5 pm sen-
sor. While the reality of this situation is more complex, in principle one can improve
the spatial resolution of the images produced by the slide scanner by either increas-
ing the magnification of the objective or decreasing the pixel size of the camera
sensor [48].

With WSIs, spatial resolution is customarily expressed in micrometers per pixel
(pm/pixel or mpp), which for the current generation of WSI devices is approxi-
mately 0.5 mpp for 20x equivalent magnification scans and 0.25 mpp for 40x equiv-
alent magnification scans. Given that each WSI device typically uses a different
combination of light sources, lenses, objectives, and camera sensors, WSI spatial
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resolution may differ from instrument to instrument even if they use the exact same
objective. For this reason, when describing the magnification of WSIs, it is best to
use the term “equivalent” and include the number of micrometers per pixel as there
is no universal standard for 20x or 40x magnification [48].

Scanning and Focus Strategy

While traditional microscopes have a full set of objectives, most whole slide imag-
ing devices only have a single objective, typically either of 20x or 40x magnifica-
tion. As mentioned above, certain WSI devices use a doubling lens that allows the
use of a lower magnification objective to achieve greater spatial resolution images
and higher equivalent magnifications (e.g., up to 83x) without sacrificing scanning
speed. Of note, the typical scanning objective has gone through some interesting
modifications in the past. For example, the first WSI vendor to create a sub-one-
minute WSI device in the mid-2000s developed a custom 80-objective lens that
could scan an entire slide in a single pass [49, 50].

When scanning glass slides, there are two main approaches for creating WSIs:
tile scanning and line, or linear array, scanning (Fig. 6). In tile scanning, the WSI
device scans the slide as a series of rectangular overlapping tiles in a raster pattern
until the slide has completed scanning (Fig. 6a). Depending on the scanning device,
the tiles are assembled into a WSI either concurrently or after scanning is finished.
In line scanning, the WSI devices scan the slide as a series of long, narrow overlap-
ping strips, advancing laterally across the slide in this fashion until the slide has
completed scanning (Fig. 6b). As with tile scanning, the strips can be assembled
into a WSI either concurrently or after the scanning is finished. In both tile and line
scanning, the resulting images (tiles or strips) are stitched together into a single
large image, i.e., the whole slide image, by the WSI device acquisition software.

So why are there two primary approaches to scanning slides? Why not just one?
To start, it is important to remember that whole slide imaging is a new technology
as compared to the microscope. The first patents for WSI devices were awarded for
tile-based scanning (Bacus Laboratories, 2000 & 2001), followed soon after by

Fig. 6 Approaches to slide scanning. There are two primary slide scanning approaches, tiling and
linear array (line scanning). (a) The red arrows demonstrate a typical tiling approach, where each
green square represents a single tile captured. (b) The red arrows demonstrate a typical line scan-
ning approach, where each long green rectangle represents a line captured
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linear array scanning (Aperio Technologies, 2004) [51]. Between 2001 and 2013,
there were 293 patents granted for digital pathology, with different companies
investing significantly in DP and pursuing different technological approaches [51].
Innovation continues to this day for WSI, including new scanners, acquisition meth-
ods, focusing strategies, etc., as evidenced by the continuous annual release of new
WSI hardware and/or software.

One of the primary reasons whole slide imaging as a technology has been suc-
cessful is because the scanning process produces an image from three-dimensional
tissue sections that, in general, is mostly in focus. The way in which a WSI device
adjusts focal planes during image acquisition is directly related to the scanning
approach. Both tiling and line scanning utilize image-based autofocusing tech-
niques, either by moving the objective lens the proper distance to and from the tis-
sue section to achieve focus or by moving the stage position in the z-direction
(perpendicular to the slide) [52]. In an ideal state, the WSI device would adjust
focus continuously for every tile present on the slide. However, while that would
definitely produce a high quality in focus slide, it would also take significantly lon-
ger than the current standard of <1 minute per slide.

Instead, WSI devices employ autofocus strategies that sample the slide in order
to maximize scanning speed without sacrificing overall focus quality [52]. For tile-
based scanning, focal points are selected with the assumption that the immediate
tiles surrounding the focal point are within the same focal plane, whereas for line
scanning, only a few focal points are chosen with the assumption that focus will not
vary much along the strip itself. Unfortunately, these assumptions are not always
true, leading to some slides having major areas out of focus due to significant topo-
graphical changes in the tissue section. While one typically can rescan the slide,
manually choosing more focal points to account for these three-dimensional changes
with low-volume scanners, this is not practical, or even possible, for some high-
volume scanners. For this reason, autofocus strategies are a prime area of research
and development for decreasing scan speed and increasing scan quality [53-56].
Further, efforts to improve tissue preparation and to minimize tissue thickness for
glass slides can also help with focusing issues, with thinner, more consistent tissue
sections yielding a better quality scan [2, 57]. This is especially true for the current
generation of clinically focused high-throughput scanners. Only with accurate focal
maps reflecting the topography of the tissue section, along with better coordination
between software, robotics, lighting, and the camera sensors, can diagnostic quality,
high-resolution scans be achieved at fast scanning speeds with minimal technician
intervention.

Scanning Speed

Scan Times

Scanning speed is one of the most quoted WSI device parameters, with vendors
touting this figure as a premier benchmark and competing for the chance to say that
their slide scanner is the fastest. For many years, scanning speed was considered to
be one of the limiting factors, if not the primary one, for why clinical workflows
could not be supported by whole slide imaging, thus relegating use cases to mainly
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research and education. However, with recent advances in high-throughput scan-
ning, scanning speeds are no longer the bottleneck to pathology workflows they
once were.

Fundamentally, the speed at which a whole slide image is created is given as the
scan time, measured in seconds or minutes. In general, scan times are captured by
measuring the time it takes to scan a 15 mm x 15 mm area on a glass slide. This
15 mm x 15 mm area has become the de facto standard WSI reference tissue size by
which all vendors state their scan times for each scanner, typically differentiating
between whether the scan was captured at a 20x or 40x equivalent magnification.
Importantly, what has not become standardized among vendors is the actual time
points used for measuring the scan time — some vendors state the actual time it takes
to scan the reference tissue size, while others state the time it takes from the start of
the scan process to when one can view the slide, aka the “time to view.” Unfortunately,
either of these techniques is currently valid, and users basing purchasing decisions
on this parameter should query vendors specifically on how their WSI device scan
times are calculated.

As laboratories have begun to integrate whole slide imaging into their work-
flows, scanning hundreds to thousands of slides per day, scan times have been
replaced or augmented with the parameter “throughput.” With throughput, the
emphasis has shifted from the time it takes to scan a single slide to the number of
slides able to be scanned per hour or per day. For example, two recently released
WSI devices, the Pannoramic 1000 by 3DHistech and the Aperio GT450 by Leica,
boast throughputs of 100 and 81 slides per hour, respectively [38, 58]. Similar to
slide capacity, throughput can be divided into high and low categories for WSI
devices, with at least five scanners currently marketed as high-throughput devices
(Fig. 7). Besides fast scan times, high-throughput devices have added on-device one
button operation, continuous scanning capabilities (ability to load/unload slides
without disrupting the scanning process), enhanced automatic tissue detection and
autofocusing algorithms, and deeper integration with health information systems to
provide positive patient identification. Overall, one should expect throughput to
replace scan time as one of the primary ways to categorize WSI devices as digital
pathology is more widely adopted and integrated into anatomical pathology
laboratories.

Z-Stacking and Extended Depth of Focus

An oft-cited limitation of whole slide imaging is the single plane of focus that tradi-
tional WSI devices produce. Ideally a slide scanner would deliver a WSI with all
tissue on the slide perfectly in focus. In reality, due to the three-dimensional nature
of tissue sections, scanners may approach this ideal, but they do not fully achieve it.
Issues with out-of-focus areas are exacerbated in cytology preparations which tend
to be even thicker and more heterogeneous. Despite this fact, published validation
studies have not found significant issues with the current state of focus in WSI, and
these out-of-focus areas do not appear to affect the ability of pathologists to arrive
at the correct diagnosis in histopathology preparations [59, 60]. However, it should
be noted that digital pathology systems have not yet received FDA clearance for
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High throughput scanners Low throughput scanners

Fig. 7 Example whole slide imaging devices, categorized by throughput, circa 2021. High-
throughput scanners are noted for their higher slide capacities, fast scan times (<1 min/slide), one-
button operation, and continuous loading capabilities. Scanners pictured: (top) Philips Ultra Fast
Scanner, 3DHistech Pannoramic 1000; (bottom) Leica GT450, Huron TissueScope iQ, and
Hamamatsu NanoZoomer S360. Low-throughput scanners are noted for their lower slide capaci-
ties, versatility in operation and magnification, smaller physical footprint, and lower cost. Scanners
pictured: (top) Leica CS2, 3DHistech Pannoramic MIDI II, MoticEasyScan One; (bottom)
Grundium Ocus, Roche DP200, Mikroscan SL5. Each WSI device image courtesy of the device
vendor, images used with permission

cytology and certain hematopathology preparations, and the impact of a single
plane of focus on clinical diagnosis is not as well studied in these areas.

To overcome the limitations of a single plane of focus, some WSI devices have
implemented “Z-stacking” (aka z-axis scanning). Z-stacking is a method in which
multiple additional image planes above and below the “optimal” focus plane are
captured, retained, and made available for viewing by the user (Fig. 8). Typically,
multiple focal planes are captured at fixed intervals along the vertical (z) axis and
then stacked one atop the other to produce a single, multiplanar composite image.
The viewer software can then simulate the ability to focus by scrolling (moving up
and down) through the different planes stored in the WSI file. This allows the
pathologist to bring different cellular features into focus.

Currently, z-stacks can be captured in two different ways. The first method cap-
tures multiple WSI planes of the entire slide. In this method, the size of the WSI
increases linearly by the total number of planes captured (e.g., five planes captured
would result in a file size five times greater). Scan times will also increase substan-
tially; however, since loading and unloading times are still only performed once, the
actual scan time will only increase by the time needed to capture each additional
plane. Alternatively, z-stacks can be limited to specific regions of interest. While
this method has the advantage of smaller file sizes and quicker scan times, current
methods require manual selection of these regions of interest. Automatic selection
of these areas is not yet available in commercial platforms, and it is unclear when
this will be developed and implemented.

Extended depth of focus (or extended depth of field; EDOF) is an alternative to
Z-stacking that presents a compromise between discarding all out-of-plane infor-
mation and retaining multiple planes of focus. There are a number of EDOF
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Fig.8 Approaches to Z-stacking. During the process of slide scanning, additional planes are cap-
tured at fixed distances (n micrometers) above (green) and below (red) the optimal focal plane
(blue). In both of these examples, a total of nine planes are captured and stored in the resultant
whole slide image. The symmetrical example captures an equal number of planes above and below
the optimal plane of focus, while the asymmetrical example does not require these quantities to be
equal. Asymmetrical Z-stacking may better reflect the distribution of useful focal planes on a glass
slide. Not all scanners are capable of Z-stacking, and those that do may not support an asymmetri-
cal distribution of focal planes

implementations, but all share the common goal of incorporating in-focus informa-
tion from multiple focal planes into a single image. As with Z-stacking, EDOF
requires that multiple planes are imaged, but EDOF computationally combines in-
focus information from planes into a single flat image. Thus, while the imaging time
for EDOF and Z-stacking are similar, the WSI produced by EDOF is the same size
as a non-z-stacked WSI.

Image Modalities

Unlike radiology, which has a variety of different imaging modalities, most main-
stream WSI devices can only capture images in two primary imaging modalities:
bright-field (traditional light) and fluorescence microscopy. Image modality, as used
here, is defined as the method used to capture images in WSI, specifically as it
relates to the combination of the energy source, optics, camera sensors, and image
output (note that our definition of modality differs from DICOM, which would clas-
sify all of these as “slide microscopy”). Bright-field microscopy is by far the most
common image modality used in both the practice of pathology and by extension,
WSI devices. To date, all Food and Drug Administration (FDA) De Novo granted
and 510(k) cleared WSI devices use bright-field microscopy.

Oil/water immersion-capable WSI devices are specialty devices that can support
either bright-field or fluorescence imaging and are sold as research use only within
the United States. Oil or water immersion WSI devices are equipped with, as the
name implies, either oil or water immersion lenses capable of capturing images at
up to 100x maximum equivalent magnification, which is especially useful for hema-
topathology blood smears and tissue sections. Automatic dispensing and manage-
ment of immersion fluids present a non-trivial challenge in an enclosed device like
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a slide scanner, and the use of immersion fluids essentially presents an “all-or-none”
scenario for slide scanning that requires a dedicated device. While most WSI devices
supporting oil/water immersion are low throughput, at least one vendor has plans to
offer an oil/water immersion module for their high-throughput scanner in the future
[58], paving the way for potential clinical applications of this technology.

Fluorescence whole slide imaging can be added as an option to at least one high-
throughput and to multiple low-throughput bright-field WSI devices, or it can be
purchased as a stand-alone fluorescence scanner. While there are some clinical
applications for fluorescence scanning (e.g., direct immunofluorescence staining in
renal, transplant, and dermatopathology, fluorescent in situ hybridization (FISH)),
the majority of use cases reside in research. Additional specialized modalities can
be found with some of these imaging systems, such as dark-field, polarized, and
phase contrast imaging. Ultimately, until WSI and digital pathology gain wide-
spread adoption, fluorescence and oil/water immersion scanning are unlikely to
become common high-throughput clinical options.

Finally, additional image modalities are gaining attention within the digital
pathology space, including multispectral imaging, hyperspectral imaging, stimu-
lated Raman histology (SRH), infrared spectroscopy, and microscopy with ultravio-
let surface excitation (MUSE) [61-63]. While these technologies are not technically
whole slide imaging (they are not “scanning” traditional glass slides), the end prod-
ucts are similar to whole slide images. Notably, technologies like SRH and MUSE
scan tissue directly and are slide-free, eliminating the need for tissue processing and
glass slides. Overall, if able to be mass produced and integrated into clinical work-
flows, these potentially disruptive technologies could revolutionize the practice of
anatomical pathology.

Workstations

Within the WSI pixel pathway (discussed elsewhere in this book), the WSI worksta-
tion is not given much consideration [64]. To date, only one of the two WSI systems
authorized by the FDA has specified a workstation as a required part of their clear-
ance, primarily due to the vendor not including an image management system in
their device submission [65]. The other high-throughput WSI system is a stand-
alone device with an on-board computer and thus does not require, per its FDA De
Novo granted designation, a separate connected workstation for its operation [66].
However, even for this system, a workstation is typically bundled with the scanner
in order to access the image management system upon WSI device installation.
For most other (non-FDA) WSI systems, a workstation is included with the
device, either due to the need for device-specific hardware controllers or to run
scanner-specific operations software. Workstations are invariably Microsoft
Windows-based PCs, typically with high-powered CPUs, discrete graphics, and
larger amounts of random-access memory (RAM). These workstations often are
rigorously managed by the vendor to ensure that operating system and other
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software updates (e.g., antivirus, drivers, etc.) do not negatively impact device per-
formance. Generally, while features will vary per WSI device, most software
required to operate the device allows for choosing which cassette/tray/slides to
scan, prefilling slide metadata, selecting magnification, adjusting scannable regions,
selecting focal points, choosing the file destination, etc. Some vendors may also
include workstations to facilitate telepathology and live-view functionality with
their scanners, especially seen with hybrid scanners (see Chapter “Whole Slide
Imaging and Telepathology” for a more in-depth discussion). Of note, given the rise
of cybersecurity concerns within large hospital systems, one should check with their
Information Assurance team to ensure outside vendor workstations conform with
proper security controls.

Displays

Displays are an extremely important component of a WSI system as they provide
the visual gateway to the digital slide. There are three main types of displays from a
digital pathology perspective: 1) consumer-off-the-shelf (COTS), 2) professional-
grade (PG), and 3) medical-grade (MG) displays [67]. Most people are well aware
of COTS displays as these comprise the vast majority of displays produced, typi-
cally bundled with PCs or available separately from a variety of technology-focused
to general purpose retail outlets. COTS displays are usually lower cost (e.g., $100
to $2000); however, over the past 5-10 years, they have markedly increased in qual-
ity, narrowing the gap between them and their higher cost PG and MG cousins. In
contrast, PG displays are marketed not to the general public, but instead to specific
professions in need of very high-quality displays with specific performance metrics,
such as graphics design, photography, video production, animation, etc. Finally,
MG displays are similar to PG displays in that they are generally composed of
higher quality components than COTS displays and include medically relevant fea-
tures, such as being easily washable/disinfected, conformant to medical imaging
standards, long lasting (> 5 years maintained performance), more easily cali-
brated, etc.

When deciding on which display to use for digital pathology, there are a number
of potential features to consider, including display panel type, size, aspect ratio,
resolution, luminance, contrast ratio, color depth, color gamut, refresh rate, viewing
distance, etc. While a thorough discussion of each of these parameters is present
elsewhere [67, 68], there unfortunately is a lack of research regarding which fea-
tures, and by extension which display types, are the most important to the practice
of digital pathology [67]. As a case in point, early display use for whole slide imag-
ing was primarily dictated by the vendor, with high-end COTS or PG displays used
in order to better market the system. However, recent trends in digital pathology
have been to use MG displays as systems move through the FDA submission pro-
cess [65, 66, 69, 70].

Of note, unlike the workstation, displays play an important role within the WSI
pixel pathway. Specific displays are required to be validated in conjunction with the
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WSI device and image management system for primary diagnosis. In fact, in both
WSI systems authorized by the FDA, a specific model MG display must be sold
with the WSI device in order for that system to maintain its FDA status; using any
other display, regardless of its grade (COTS, PG, or MG), automatically means a
clinical laboratory must validate the entire system as a laboratory-developed test
(LDT) [64, 67]. Given that most new displays, COTS or otherwise, are of superior
quality and specifications than those of the two MG displays included for with FDA
authorized WSI systems, it will be interesting to see over the next 5 years if labora-
tories choose to pursue the LDT versus the FDA route.

Whole Slide Imaging: Software

Once a WSI is captured from the glass slide, the file is compressed, saved, and then
sent either to the local workstation or to a networked server. Depending on one’s use
case, the software required to organize, manage, and view WSI can vary signifi-
cantly, ranging from simple folder-based local file storage to complex image man-
agement systems interfaced with the laboratory information system (LIS) or
electronic health record (EHR). Further, in order to view a WSI, one must have a
compatible image viewer, typically provided by the WSI vendor due to the propri-
etary nature of the WSI image file format. Additionally, optional software compo-
nents are available, such as image analysis and Al platforms, research WSI solutions,
WSI-based education systems, and enhanced reporting solutions. The following
section will review the major WSI software topics including viewers, image man-
agement systems, and adding value to whole slide imaging through Al.

The Viewer

Of all the software associated with whole slide imaging systems, the viewer is argu-
ably the most important component. For many pathologists, the viewer represents
the proverbial “first impression” they have with a WSI system and can make or
break their opinion on its quality, ease of use, and functionality. Historically, WSI
vendors have provided dedicated viewers for their WSIs, either bundling them with
the system or providing them as free downloads for all to use. Typically, these view-
ers have existed as stand-alone Microsoft Windows-based applications, although
more recently vendors have started to provide web-based viewers in order to sup-
port cross-platform compatibility. Of note, two software vendors have recently
gained FDA clearance for their viewers to be used with the FDA-granted (Paige.Al
FullFocus viewer with the Philips Intellisite Pathology Solution) and FDA-cleared
(Sectra Digital Pathology Module with the Leica Aperio AT2 DX) WSI systems
[71,72].

The look and feel of different viewers can vary remarkably from vendor to ven-
dor. They may have different sets of tools and options for panning, zooming, rotat-
ing, measuring, annotating, taking/exporting snapshots, color control, image
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analysis, and more. Even when two different viewers have the same functionality,
the user interface and, thus, the user experience may differ between them. As file
formats vary between different vendors, a given viewer may be limited in its ability
to open WSI files from a competitor. This becomes a significant issue if the WSI
devices in a department come from different vendors, many times resulting in mul-
tiple viewers being used; however, as DICOM becomes more widespread, this issue
will eventually be minimized. Notably, it is vital when evaluating a WSI system that
the viewing software be appraised as critically as the scanner itself.

Although beyond the scope of this discussion, some institutions may choose to
purchase a third-party viewing solution or even to develop their own viewing soft-
ware using open-source tools, such as OpenSlide and OpenSeadragon [33, 73, 74].
This allows for increased customization with respect to the needs of a particular
department and can be helpful when dealing with multiple vendor file formats.
However, using different viewing software than what was bundled with the scanner
will require further validation and may limit the ability of the WSI vendor to support
an institution’s digital pathology needs.

Image Management Systems

For early whole slide imaging, image management was a manual process, relying
on human intervention to either prepopulate slide information and file destinations
within the slide scanning software or relabel and reorganize them afterwards. In the
mid to late 2000s, as both WSI devices and AP LISs started to support barcoding
and positive patient identification, early digital pathology image management soft-
ware was born. In the early 2010s, WSI vendors began working with LIS vendors to
interface their systems, opening the door for image management systems (IMS) to
use patient-, case-, and image-specific metadata to organize and manage WSI into
meaningful groups [28]. Of note, image management systems may or may not
include its own image repository, i.e., location where the slides are stored, and inter-
estingly enough, the image repository is not deemed an essential part of the pixel
pathway (64). Today there are multiple companies offering image management sys-
tems for a variety of intended uses, in particular for clinical, research, and educa-
tional purposes.

Clinical Image Management Systems

Clinical image management systems are a fairly recent, but important, addition to
the IMS landscape. While initial WSI vendor-based IMSs were able to organize and
manage WSIs based on case accession numbers and slide identifiers, it was only
after high-throughput WSI devices were released that additional features, such as
clinical worklists and workflow management, were added. Even as the WSI device
manufacturer space contracted in the late 2000s/early 2010s, clinical image man-
agement began to grow as a separate business outside of WSI device manufacturers.
To date, there are more than 15 IMS vendors offering some form of clinical image
management for whole slide imaging [75].
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While all clinical image management systems include an WSI image viewer,
they vary regarding most other features. In general, the following features can be
found in some combination in most clinical IMSs: (1) case management, (2) pathol-
ogist worklists, (3) workflow management, (4) DICOM conformance, (5) tumor
board/multidisciplinary conference management, (6) image analysis/Al algorithm
integration, (7) LIS/ EHR integration, (8) vendor-neutral archive (VNA) and/or
enterprise picture archiving and communications system (PACS) integration, (9)
image sharing and collaboration tools, (10) teleconsultation tools, and (11) other
image management (e.g., electron microscopy, immunofluorescence, and gross
images).

The presence of proprietary WSI file formats and their associated viewers has
been a major contributing factor in stifling adoption of whole slide imaging and
WSI data exchange [76]. A significant benefit resulting from the growth of clinical
IMS platforms has been increased discussions and progress surrounding WSI/IMS
vendor interoperability. Further, as clinical image analysis and Al platforms have
emerged, new partnerships between these vendors have formed, allowing for the
seamless integration of diagnostically relevant algorithms within clinical workflows
[77, 78]. While there is still much to be done in regard to both IMS and Al algorithm
development, there are early adopter pathology practices today paving the way for-
ward and sharing their experiences of “going digital” [5, 6, 79].

Research and Education Image Management Systems

Unlike clinical IMSs, research and education IMSs have gone through multiple
phases of development and iterations over the years due to being the initial pri-
mary use cases for whole slide imaging. For research IMSs, there are a number of
advanced features that exist beyond the typical slide organizational tools common
to all, such as (1) integrated image analysis (e.g., for tissue microarrays, IHC
marker development, etc.); (2) image analysis development tools; (3) clinical trial
support, including case management and clinical trial fulfillment software; (4)
industry support for biopharma and other related companies; and (5) supervised
and unsupervised machine learning algorithm creation platforms, including deep
learning.

In the education space, image management systems have only recently begun
to expand out from simple folder-based slide management integrated into institu-
tional learning management systems. Unfortunately for most, investing in a sepa-
rate education IMS above and beyond the simple image management tools the
WSI vendor provides is a luxury since, in the authors’ experiences, educational
programs are not nearly as well funded as research or clinical initiatives. That
said, there are a number of education IMS features worth mentioning: (1) multi-
format WSI viewers and/or WSI file converters (from proprietary to open for-
mats); (2) on-premises or cloud-based platforms with included storage that allows
for many simultaneous connections (slide seminars, histology lab units, etc.); (3)
pathology case creation tools with integrated gross, microscopic, and whole slide
images; (4) simulated pathology case environments; and (5) virtual slide boxes/
digital slide repositories [80, 81].
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Adding Value Through Software

As the adoption of whole slide imaging, and by extension, digital pathology, has
increased, discussion at many healthcare institutions has begun regarding how
pathology images should be managed at the enterprise level. While radiology has
been the prototypical image-based medical specialty setting the standard for image
management, healthcare enterprises have seen a flood of additional imaging over
the past decade from practically every medical specialty. However, while these spe-
cialties generally are dealing with smaller, static images (e.g., dermatology, family
medicine, gastroenterology), known video formats (surgery, neurology), and other
departmental radiologic-based imaging (echocardiograms, prenatal ultrasounds),
whole slide imaging has the potential to disrupt current enterprise image manage-
ment with its new file types incompatible with clinical enterprise universal viewers
and massive storage needs (see below).

After going digital in the late 1990s/early 2000s, radiology found success with
clinicians wanting to review their patients’ radiologic imaging. In that regard,
besides eliminating film (and its associated equipment, chemicals, etc.), radiology
built out a robust imaging infrastructure with a significant return on investment
through the development of DICOM-conformant imaging devices, feature-rich
PACS, and most recently, interoperable vendor neutral archives in order to promote
image sharing [82-85]. In that regard, radiology demonstrated itself to be a write-
once, read-often specialty with readily justifiable (and funded) clinical imaging
use cases.

Conversely, at its heart, anatomic pathology as a field has traditionally been a
write-once, read-once specialty, with the vast majority of AP cases signed out
never viewed or accessed again by pathologists or by clinicians. Whether this is
due to a lack of central access, a lack of histopathology training, or simply a lack
of interest by clinicians is not known. However, combined with the significant
startup, implementation, and storage costs associated with full adoption of whole
slide imaging [86, 87], it means the business case for implementing whole slide
imaging will most likely not come from the enterprise or the non-pathology medi-
cal community.

Returning to the initial scenario presented at the beginning of this chapter, one
can see that a major driving force for adding value through the adoption of whole
slide imaging is its place on the road towards adopting artificial intelligence.
Machine learning and artificial intelligence platforms represent a large subset of
digital pathology software applications gaining prominence, with at least one
pathology Al vendor to date receiving FDA Breakthrough Device designation sta-
tus [88]. While the utility of Al within pathology has been described in detail [§9—
92], only through its integration with digital pathology platforms will digital
pathology gain the mechanism to consistently add value through improved diag-
nostics, optimized efficiency, and improved patient safety. Further, only after WSI
data has been collected in sufficient quantity will the pathology community be
better able to determine how best to use it, how best to store it, and, ultimately, how
long to keep it.
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Whole Slide Imaging: Infrastructure

IT infrastructure is an often overlooked component when making the transition to a
digital workflow. In this section, the related, but distinct, infrastructure components
of networking and storage will be described. An easy way to conceptualize storage
is to ask the question “how much data will you produce,” while networking is a
question of “how fast do you need your data” (also known as bandwidth). Data is
measured in bits and bytes (where 8 bits = 1 byte, bits abbreviated “b” and bytes
“B”), but due to the size of WSI files, these are typically given in prefixed SI format
(International System of Units), with the most frequently used prefixes being kilo-,
mega-, giga-, tera-, and peta-, corresponding to 10%, 105, 10°, 10'2, and 10, respec-
tively [93]. As an example, an average single, compressed WSI file scanned at 40x
equivalent resolution contains about 1.25 gigabytes (GB) of data. This number can
trend upwards if higher quality settings are enabled on the scanner, if Z-stacking is
used, or if the slide contains a large square area of tissue (e.g., resection specimens,
cytology, and blood smears). By comparison, a typical radiology breast MRI study
uses about 300 MB of space, and only CT studies with extremely large numbers of
“slices” reach the data requirements of a single WSI [94]. Since even small biopsies
can have multiple sections on a single slide and additional data is used for color
encoding, the data requirements for digital pathology typically exceed those of radi-
ology on a case-by-case basis by at least an order of magnitude. Unlike data storage,
which is measured in bytes, networking bandwidth is defined by the bit-rate of
networking medium and is thus measured in bits, e.g. 100 Mbps (megabits per sec-
ond). Of note, in addition to the raw storage and bandwidth requirements for digital
pathology IT infrastructure, pathology practices must also consider the upfront and
maintenance costs associated with supporting this infrastructure (outlined below).

Networking

There are multiple connections for which specific networking bandwidths are rec-
ommended when setting up WSI devices. Given that WSIs are measured in MB and
GB, WSI vendors typically recommend network speeds of 1-10 Gbps for the physi-
cal connection between a single WSI device and the data center/server housing the
image repository. Because WSI devices currently do not support parallel scanning,
this means that each device will require its own networked connection at the recom-
mended bandwidth. Vendors also recommend the same 1-10 Gbps (ideally closer to
10 Gbps) for physical connections between the image management system and the
image repository.

Fortunately, the network bandwidth required for serving up WSIs to individual
pathologist workstations is much less than that required for sending a newly scanned
WSTI file to the image repository (1-40 Mbps vs. 1-10 Gbps, respectively) [95]. This
is in large part due to the pyramidal structure of WSI files (only a small portion of
the slide is served up at any given time) in addition to the fact that each pathologist
will only view a subset of the total number of slides scanned. Nevertheless, the
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ability to rapidly view digital slides in a seamless manner is crucial for pathologist
efficiency and satisfaction [10].

Depending on specific use cases, additional factors affecting networking may
come into play. If an institution or practice is distributed throughout multiple physi-
cal sites, a connection over a wide area network (WAN) is required. Further, if prac-
ticing telepathology among these sites (either via WSI or via live-view microscopy),
a fast networking connection able to support 1080p (~5 Mbps) or 4K (~25 Mbps)
video with near 100% uptime is required at each potential site/workstation. Tumor
boards present their own unique problems in that the presentation room, typically not
under a pathologist’s control, requires not only a fast network connection to its work-
station but also the proper videoconferencing software/hardware to support WSI
screen sharing. Most recently with the SARS-CoV-2 (COVID-19) global pandemic,
performing remote sign out and working from home have become increasingly com-
mon, straining network bandwidth from local ISPs and forcing people to upgrade
their connections [96].

Finally, as image analysis and artificial intelligence platforms use increases, one
must consider the network connections between these systems, the IMS, and the
image repository. For most healthcare systems, this shouldn’t be an issue since these
servers/systems will be housed and supported in large, well-connected data centers.
However, for smaller pathology practices relying on local servers, small business
internet service providers, and/or potentially cloud-based services, their network
bandwidth could easily become a rate-limiting step in their workflow. Using a
cloud-based or other off-site storage method will necessarily demand fast upload
speeds (>50 Mbps minimally, ideally >100 Mbps or even >500 Mbps) not always
available in all areas. Overall, it is vital during the validation of one’s digital pathol-
ogy system that all use cases, physical sites, and respective network topologies be
considered and tested. For additional information regarding additional networking
parameters for WSI, please refer to the Networking section of Chap. 7, “Whole
Slide Imaging and Telepathology.”

Storage

The cost and scale of storage for digital pathology can be quite dramatic and are
frequently underappreciated. As an example, a large academic institution producing
800,000 slides per year at an approximate 1.25 GB/slide (40x equivalent magnifica-
tion, current accepted estimate for average slide size) would generate 1 PB of data
per year. Doubling this storage calculation to account for best IT practices and sys-
tem redundancy yields, for that institution, 2 PB of required storage per year in
order to fully adopt WSI. Although theoretically one could purchase a large quantity
of storage in the form of external or internal hard drives in a retail setting, this is
both unfeasible and technically irresponsible for clinical use cases in digital
pathology.

When discussing storage options in the many TB to PB scale, one size definitely
does not fit all. Instead, one must distinguish between the different performance
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levels of storage as they relate to one’s use cases. In the IT space, storage perfor-
mance levels are thought of conceptually as temperatures, namely, as “hot,” “warm,”
and “cold” storage that refers to the relative accessibility of the data [97]. Hot stor-
age refers to data frequently accessed and rapidly retrieved, whereas cold storage
refers to data that is rarely accessed and, by default, slow to retrieve. As expected,
warm storage falls in between these two extremes, being accessed less frequently
than hot storage but still accessed frequently enough to require faster retrieval than
cold storage.

Given that WSI, as seen in the example above, has the potential of requiring mas-
sive amounts of storage (PB) per year, WSI data should be optimally stored within
a specialized data center to ensure near 100% network access and continuous sup-
port in the face of any technical difficulties. Besides the cost of raw storage itself,
data center overhead typically includes the following: cooling, power (uninterrupt-
ible power supply and generators), fire suppression, security, equipment mainte-
nance/replacement, networking (tiered pricing by speed), and staff to run the data
center 7 days a week, 24 hours a day, 365 days a year (7x24x365). Within data
centers, the temperature of the storage tier is directly proportional to both the cost
of the storage and its support, with hot storage the most expensive and cold the most
economical. Thus, when deciding on how to set up one’s storage options for WSI,
determining how one’s storage is to be used and its associated performance level is
just as important as the amount of storage required.

In addition to the type of data storage performance needed, additional factors to
take into consideration are system uptime/downtime, system redundancy and the
potential for data loss, and the need for disaster recovery plans. System uptime
refers to the amount of time a system is fully operational, or “up” per unit of time,
whereas downtime is the opposite, referring to the amount of time a system has lost
service, or “down” [98]. Uptime is generally given as a percentage (e.g., 99.7%
uptime per year) or as hours/days of downtime (e.g., <26 hours of downtime per
year). Concurrent with the concept of uptime is system redundancy, where a system
is operationally duplicated (typically at an alternate facility) and continuously
synced in order to avoid data loss in the event of unplanned downtime. In the event
of a major hardware/software failure, or worse, destruction of one’s data center
facility, a disaster recovery (DR) plan lists and prioritizes the order in which sys-
tems are to be restored [99]. Those systems with the highest priority and greatest
redundancy will be restored first, minimizing potential data loss and maintaining
uptime goals. For any given system, its uptime, system redundancy, potential for
data loss, and disaster recovery are ultimately managed by assigning it to a defined
data center service tier (Table 1) [98].

To put this all together, one must consider how the storage will be used, not just
how often it will be accessed, when determining the type of storage required
(Table 2). For example, the pathology practice mentioned above may potentially
require 2 PB of total (redundant) storage per year, but it doesn’t need to store all
of these slides at the same performance/service tier. Instead, this site could decide
to store only the most recent 2 months of WSIs, actively used for sign out, at the
hot/gold tier, and then transfer those into warm/silver tier for 4 months, followed
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Service tiers Gold Silver Bronze

Service/

support 24 x 7 x 365 6 days/week 5 days/week

availability

Uptime target 99.7% 99% 98%

System : Strongly g
Required Optional

redundancy qul recommended Pl

Disaster Within 24-48 Within 7-30 > 1 month

recovery hours days

Most data centers will offer multiple service tiers (here designated by the value of rare metals, but
otherwise may vary per data center), with different support criteria defined per tier. This list has
been simplified for presentation purposes, with most data centers providing a wide array of differ-
ent support criteria. Note that data centers may offer even higher tiers, e.g., platinum in this exam-
ple, with even higher uptime targets and faster disaster recovery

Table 2 Example pricing values for different performance levels and data center service tiers
for storage

Service tiers (cost/TB)
E(\alref?rmance Annual price with disaster recovery (DR) w/o DR
Gold Silver Bronze Bronze
Hot $3,500 $2,000 $1,800 $1,500
Warm $1500 $900 $750 $500
Cold $700 $450 $350 $100

Performing whole slide imaging for primary diagnosis will require hot and/or warm storage at
gold or silver tier service levels, whereas archived cases or those being stored for educational or
research purposes may be designated as cold storage with a silver or bronze tier service level.
While disaster recovery is optional for the bronze service tier, it is strongly recommended for best
IT practices. Note, pricing is supplied as a generic estimate from circa 2020; actual costs will differ

by a final transfer to the cold/bronze with DR tier. By the numbers, this equates to
approximately 330 TB of hot/gold storage, 670 TB of warm/silver storage, and
1 PB of cold/bronze storage per year, at a total annual cost of $2,108,000. If over
time the site decided that warm/gold storage was sufficient for their practice
instead of hot/gold, with offloading to cold/bronze storage immediately after-
wards (skipping warm/silver storage), this cost could decrease by almost 50% to



50

D.S. McClintock et al.

Table 3 Performance level and data center service tier recommendations

Performance
level

Service tier

Gold

Silver

High accessibility
High speed

Bronze

Hot Moderate support
Moderate accessibility | Moderate accessibility | Moderate accessibility
Warm Moderate speed Moderate speed Moderate speed
High support Moderate support Limited support
Low accessibility Low accessibility Low accessibility
Cold Low speed Low speed Low speed
© High support Moderate support Limited support
(Lowest cost)

Depending on one’s use cases, there are advantages and disadvantages to choosing one perfor-
mance level or service tier for digital pathology storage over another. Understanding these options
will help when creating retention policies for different classes of WSI data

$1,079,500. Of note, data storage and service tier pricing vary significantly
between storage providers, institutions, by storage volume used, and even by year
purchased, so it’s best to fully explore one’s options prior to making a final deci-
sion on storage.

Finally, all of one’s specific use cases for digital pathology must be considered in
combination with the different IT aspects of storage/data centers in order to properly
create retention policies for digital pathology (Table 3). For example, decision-
making regarding when it is “safe” to archive clinical cases can be fraught with dif-
ficulty. While a blanket recommendation for archival solely based on the age of a
case may sound good initially, the need to access an old case will vary depending on
one’s practice and specific specimen types (e.g., lookbacks in gynecological cytol-
ogy, re-examination of biopsy material after a surgical resection is performed, re-
examination of the primary tumor at the time of a suspected metastasis, etc.). Further,
from a regulatory perspective, to date a pathology practice in the United States does
not need to keep WSI files after sign out as long as the physical glass slides are
retained [100]. This means a practice could decide to opt out of storing its WSI data
after a very short retention period, markedly reducing costs. In the end, one must take
into account all potential use cases (clinical, research, and education) in addition to
understanding the IT infrastructure in order to optimize one’s WSI data storage expe-
rience [101].
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Conclusions

For the past 20 years, WSI technological advances have fueled early adopters to
embrace digital pathology. Only recently, however, has the WSI industry developed
enough from a hardware, software, and infrastructure standpoint to adequately sup-
port pathology organizations going fully digital. With the current slate of high-
throughput scanners, robust viewers, image management systems, wider use of
DICOM, high-speed networks, fast abundant storage, regulatory approval, and
promising value-added use cases made possible through artificial intelligence, it is
no longer a question of “if” but instead “when” one will implement whole slide
imaging.
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Whole Slide Imaging: Applications

Sambit K. Mohanty and Anil V. Parwani

Introduction

Over the last 5 years, the concept and landscape of digital pathology has been revo-
lutionized as new powerful and affordable scanners along with assisted technologic
advancement, and mass- or cloud-based storage technologies have appeared in the
market. The practice of pathology has been particularly impacted by the widespread
use of whole slide imaging (WSI) [1-8]. The impact of the technology has resulted
in many different applications including utility in education, research, and clinical
arenas [9]. Pathologists have begun to realize the importance of digitized images
rather than static images and have started the transition from viewing glass slides
under the microscope to the computer monitor. Additionally, the virtual slides can
be navigated and annotated seamlessly as glass slides using viewer software with
many different tools and annotation capabilities [10, 11].

Two scanners have now received regulatory clearance of WSI for primary diag-
nosis in the United States leading to easing of some barriers to adoption of digital
pathology, and others are in the pipeline. However, there are still some challenges to
the widespread adoption [12]. Implementation of WSI remains a difficult prospect
for many institutions, especially those with the stakeholders unfamiliar with the
technologies necessary to implement a system or who cannot effectively communi-
cate to executive leadership and sponsor the benefits of a technology that may lack
clear and immediate reimbursement opportunity [13]. Adding to the abovemen-
tioned issues, there are several technical and logistic hindrances and barriers need to
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be addressed before WSI platform becomes a widely accepted modality in the prac-
tice of pathology. For example, current scanning technology does not satisfactorily
accommodate thick smears and three-dimensional cell groups in cytopathology
[14, 15].

WSI can be categorized as bright-field, fluorescent, and multispectral. Some
scanners can accommodate more than one modality, for example, enabling both
bright-field and fluorescent scanning. Bright-field scanning emulates standard
bright-field microscopy and is the most common and cost-effective approach.
Fluorescent scanning is akin to fluorescent microscopy and is used to digitize fluo-
rescently labeled slides (i.e., fluorescent immunohistochemistry [IHC], fluorescent
in situ hybridization). Fluorescent scanners always capture images as tiles [16].
Multispectral imaging captures spectral information across the spectrum of light. It
can be applied to both the bright-field and fluorescent settings [17]. Methods of
focusing along the z-axis of a slide vary from focusing every individual tile or
focusing on selected tiles to using a series of focus points [16].

Whole slide imaging offers an opportunity to expand the set of tools available
to users to include digital annotation, rapid navigation/magnification, and
computer-assisted viewing and analysis [18]. Typically, the intended use dictates
the preferred method by which users will access whole slide images. For exam-
ple, when whole slide images are used for educational purposes, instructors often
need access to a dedicated image viewer that enables them to annotate images so
that trainees can quickly identify and navigate to regions of interest in the slide
[18]. Similarly, the use of WSI to support clinical diagnostics is often aided by
the ability to view images in association with the patient’s clinical history, or
alongside other slides or images that may have been acquired from the same
patient (e.g., serial sections, IHC, gross photos, radiology) [19, 20]. Some image
viewing software supports advanced viewing tools, enabling users to simultane-
ously view multiple images in a single frame or overlay different stains from
serial sections. Many WSI systems include image viewing software that can be
installed locally on user computers. Other vendors offer this ability as part of a
larger software suite residing on network servers, enabling users to view whole
slide images in their web browsers [20]. For users who wish to apply image
analysis algorithms to whole slide images, some of the viewers provided by ven-
dors are packaged with algorithms that can detect cells, compute positive stain-
ing, perform regional segmentation, or perform nuclear segmentation in H&E
images [21]. Viewers often support the ability to annotate images, save regions
of interest, take snapshots of selected regions, and export images to other for-
mats. For users who require more sophisticated image analysis algorithms than
their vendor provides, a number of software solutions have hit the market with
exceptional capabilities. These can often be integrated into a department’s work-
flow in a seamless manner, providing on-demand image analysis in conjunction
with whole slide viewing [18, 21, 22].
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Regulation and Validation

In the United States, federal regulations set forth in the Food, Drug, and Cosmetic
Act of 1938 and the Medical Device Amendments of 1976 provide the FDA with
limited authority over medical devices. Some of these devices are subject to premar-
ket review through 510(k) premarket notification process or premarket approval
application (PMA). These US federal regulations pertain primarily to manufactur-
ers of whole slide digital imaging systems and potentially also to laboratories that
incorporate WSI in diagnostic services [11, 23, 24]. The FDA convened a panel
hearing in October 2009 that focused on how best to regulate WSI systems that are
to be used for primary diagnosis in surgical pathology [23, 25-27]. While WSI sys-
tems are clearly medical devices subject to FDA regulation, there are a number of
open issues the FDA will need to address before the regulatory environment is clari-
fied, and this is an ongoing issue. Some key milestones have been reached such as
the approval of two systems for primary diagnosis use [25, 28]. Table 1 lists some
of the specific validation issues raised by WSI. Evaluators must consider a range of
issues that include sample size and statistical power, separating pathologist perfor-
mance issues from device performance issues; the scope of cases to include in a
challenge set, whether the set should be “enriched” with difficult cases; washout
(time interval before asking a pathologist to review the same diagnostic material);
the time it takes pathologists to become facile with WSI instruments; and the setting
in which validation is assessed [5, 24, 28-35]. Table 2 lists some key considerations
for WSI validation. Table 3 lists key clinical benefits of WSI.

Applications of Whole Slide Imaging

Healthcare facilities are witnessing tremendous digitization efforts with inclusion of
digital imaging in medical specialities such as radiology connected to hospital
information systems, laboratory information systems, picture archiving, and

Table 1 Issues to be considered while validating whole slide imaging for routine diagnostic
application

1 Separating the device from the practitioner
Pathologist experience (in practice and with the device)
Washout and validation setting

Types of data generated

Measuring accuracy

Measuring bias

Measuring precision (intra-rater, inter-rater, and
inter-instrument)

Sample size

N N0 B W N

(o]

9 Generalization of the observations
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Table 2 Preferences for whole slide imaging validation for routine diagnostic application

Measure intra-observer bias and precision
Use general pathologists with defined device experience
Utilize high-quality display

Enrich the case sample (stack with difficult cases)

Washout period >2 weeks

Analyze each parameter separately (e.g., tumor type, tumor
grade, etc.)

80% power to detect 10% difference in bias or precision

8 Generalize to all specimens except hematology, cytology, and
dermatopathology

N AW N =

-

Table 3 Key clinical benefits of whole slide imaging

1 Whole slide imaging of selected or all slides from the cases submitted
for consultation

2 Directly enhances patient care through the availability, portability,
and permanence of the images for patient care conferences, e.g.,
tumor board

3 Provision of a quality assurance function

4 Whole slide imaging of slides that will be destroyed by ancillary
testing

5 Whole slide imaging of slides that will be sent out to another
institution

6 Whole slide imaging of medicolegal cases

7 Whole slide imaging of cases for digital image analysis for further

study or biomarker validation

communication systems. Pathology laboratories equipped with WSI facility would
fall into place well in such a setting with varied applications in diagnosis, education,
and research [11, 20, 25, 28, 31, 36].

WSl in Education, Tumor Boards, Presentations, Quality
Assurance, and Research

WSI has gained tremendous acceptance for education, at the tumor boards, and for
presentations, research, and quality assurance (QA) [6, 8, 10, 20, 30, 37-52].
Digitized slides are more interactive than glass slides, easy to share anywhere at any
time, and can help standardize training and research material. The successful use of
WSI in undergraduate medical education and pathology resident and fellow training
has been highlighted by several authors [48—54] including the creation of digital
slide teaching sets [10, 42]. Unlike glass slide teaching sets, digital slides will not
fade, break, or disappear. Digital slides also offer the ability to standardize images,
permit annotation, and can provide a wide case range for trainees, including rare
cases [53, 54]. Digital teaching sets that can be accessed on a server over a network
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are available to multiple users and can be developed to contain test modules for
trainees. Not surprisingly, many medical schools are abandoning the light
microscope.

Collaboration among students is easier with WSI, and this technology supports
the creation of a virtual slide laboratory in medical schools. WSI also allows one to
track how users view, pan, and zoom around a WSI [18, 55-57]. This function has
been shown to be particularly helpful with respect to tutoring and assessing trainees,
as well as for the development of image processing tools. WSI can also facilitate
preparation and conduct of tumor boards through obviating the need of a multi-
headed microscope or microscope with projection attachment or acquisition of mul-
tiple static images of a case [40, 42, 43]. It also had a positive impact on pathologists
presenting cases at tumor boards in several institutions. This is because WSI offers
higher quality images with annotation and greater educational value for clinicians,
involves less preparation time than photographing cases, and permits real-time flex-
ibility (e.g., easy to add on cases, perform side-by-side viewing, and give access to
the entire slide which allows one to answer “on-the-spot” questions) [13]. WSI has
also permeated into other areas such as E-education, virtual workshops, and for
proficiency testing [58]. The use of this technology in QA programs in surgical
pathology and cytopathology can help in cost cutting and overcoming transporta-
tion difficulties, as also minimizing the potential second reviewer bias by hiding the
initial diagnosis [15, 19, 49, 59, 60]. Studies have also demonstrated the ease of
same-day QA reviews with >90% diagnostic agreement. Thus, WSI collections can
also be employed for pathology examinations and proficiency testing. For instance,
the American Board of Pathology utilized 25 virtual slides along with 120 static
digital images during a computer-based anatomic pathology examination. Online
WSI resources such as CAP Virtual Slide Box, Digital Pathology Association-
hosted repository, and the Cancer Digital Slide Archive offer virtual slide sets for
training and learning purposes. Virtual slides are also being used in pathology con-
ferences and meetings to promote interactive learning and provide ease of visualiza-
tion of multiple images of different stains in conjunction with relevant clinical
material [18]. WSI has attracted the attention of biotechnology and pharmaceutical
companies because of the opportunity to understand spatial relationship of various
biological phenotypes and assistance in development of immunohistochemistry-
based biomarkers that can be utilized further in translational research studies. In
conjunction with tissue microarrays, WSI with image analysis tools allows the
researchers to assess and score the biomarkers across all specimens quickly and
objectively. In instances of possible biomarker heterogeneity, fluorescent WSI or
multispectral imaging facilitates multiplexed analysis and supports further bio-
marker or drug discovery. This technology can also be employed in development of
oncologic biomarker strategies with augmented throughput and quantitative accu-
racy, hence supporting drug discovery. Since advanced WSI scanners can function
with transmitted light as well as fluorescent modes, their range of applications in
research is radical. Electronic publication of textbooks and articles in scientific jour-
nals has also opened new panoramas of scientific communication [61]. Utilization
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of WSI-generated high-quality virtual images has proven to be the single most
upgrade for pathology journals, thus empowering the readers to be involved in a
scientifically based diagnostic approach to the lesion described [8].

WSl in Primary Frozen Section/Intraoperative Consultation/
Diagnosis

WSI in recent years has been effectively utilized by several groups for telepathol-
ogy, including primary frozen section diagnosis and secondary/tertiary teleconsul-
tation [1, 10, 30, 40, 46, 56, 62-68]. The advantages include access to an entire
digitized slide or even an entire case (set of slides), automated scanning, the high
resolution of images available for review, rapid interpretation time, and the ability
of teleconferencing.

An example of using WSI in intraoperative consultation is described below. The
University Health Network (UHN) in Ontario, Canada, has extensive experience
using WSI for telepathology, particularly in frozen section assessment [26, 40].

UHN is a multi-site academic institution comprising the Princess Margaret
Hospital (PMH), Toronto Western Hospital (TWH), and Toronto General Hospital
(TGH) which houses UHN’s consolidated pathology department. TWH has no on-
site pathologist and is located approximately one mile to the west of TGH. It is also
the only UHN site where neurosurgery is performed, generating up to ten frozen
sections in a typical week [29]. By sending a single pathologist to TWH to cover
this small volume of frozen sections, most of which come from neurosurgery, cre-
ated several challenges including delays in regular case sign-out at TGH, delays in
carrying out academic responsibilities at TGH, and no possibility of consulting with
colleagues on difficult frozen sections. The latter issue created the risk of compro-
mised diagnostic accuracy and/or unnecessarily deferred frozen section diagnoses.
Telepathology was identified as a viable solution to these challenges and has been
in use at UHN for over 7 years [26, 29, 40].

At UHN, a team that consisted of a pathologist, a senior histotechnologist, and
an information technology (IT) support person was formed in 2003 to select a digi-
tal pathology vendor, validate the system to be used for frozen section diagnosis,
train new users, and carry out due diligence that included consultation with the
medical malpractice insurance provider, development of a protocol for approval by
UHN’s Medical Advisory Committee, and engagement of the surgeons at
TWH. After an 18-month development period, the system went live in November of
2004 initially using a robotic microscope (Leica TPS2, Leica Microsystems) for
making frozen section diagnoses at TWH in the absence of an on-site pathologist.
Since October 2006, UHN pathologists have used WSI to make over 1800 primary
frozen section diagnoses in the absence of an on-site pathologist. WSI has provided
diagnostic accuracy that is equivalent to that experienced with light microscopy and
facilitates the reporting of single block frozen sections with total TATSs in the range
of 14—16 min. They have experienced a 5% deferral rate with at least two patholo-
gists reviewing the case before a deferred diagnosis is given, a quality measure that
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is not possible with a lone on-site pathologist reporting frozen sections by light
microscopy [29, 40].

Several factors have contributed to the success of the UHN program including a
well-defined clinical application in the form of a small volume of neuropathology
frozen sections, an uncomplicated frozen section workflow where most cases
involve single pieces of tissue <10 mm in size, an implementation period of approx-
imately 18 months that allowed all team members to build confidence in the system,
and a team approach involving pathologists, histotechnologists, IT support staff,
vendors, and surgeons committed to making the program work. It has been the UHN
experience that consistently high-quality frozen section slides produced by a skilled
histotechnologist are an absolute requirement in order to have image quality that is
sufficient to allow reliable frozen section diagnoses to be made via WSI. System
failure, requiring a pathologist to travel from TGH to TWH to report a frozen sec-
tion, has occurred on six occasions (0.3% of cases) with a 15-min delay in TAT for
the affected cases [65].

A high concordance rate between WSI-based frozen section and permanent sec-
tion diagnosis or on-site interpretation has been demonstrated in several studies [11,
14, 69, 70]. However, further studies on a range of pathologies from various organ
systems are required to validate the utility and limitations of WSI. Successful imple-
mentation requires effective planning and communication, a willingness to adjust
old routines without compromising quality, and histotechnologists who are able to
provide consistently high-quality frozen section slides [26, 71-75].

WSI in Routine Pathological Diagnosis

WSI is increasingly being used in the day-to-day practice of surgical pathology,
particularly for teleconsultation [12, 21, 30, 76-82]. Digitized slides have been used
for certain quality assurance practices, such as obtaining second opinions. However,
the question on most pathologists’ minds is whether WSI will be utilized for making
routine pathologic diagnoses, ushering in the era of the “slideless” laboratory. This
has been a particularly important challenge during the COVID-19 pandemic [43,
69, 83]. The adoption of digital pathology has been slower than the adoption of digi-
tal images in radiology [21, 76, 84, 85]. This is partly related to the fact that pathol-
ogy digital data is acquired in a slightly different manner from that in radiology.
Although both disciplines require an imaging modality to collect primary data, in
radiology, images begin as digital data, whereas pathology images have to be con-
verted from an analog substrate into a digital format [84, 85]. Other differences
between radiology and pathology digital imaging are the picture archiving systems
(i.e., Picture Archiving and Communication System or PACS) and associated stan-
dards (e.g., Digital Imaging and Communications in Medicine or DICOM) avail-
able for radiology, larger file size, and associated metadata of pathology digital
image files and workflow efficiencies in radiology [33, 36]. Some of the barriers to
the adoption of digital pathology images are related to the performance, workflow
efficiency, infrastructure, integration with other software, and exposure to digital
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images [85]. Despite significant increases in technology, current adoption of WSI in
the clinical space has been slower and limited largely to niche practices or in aca-
demic settings [1, 10, 86].

The general pathology laboratory at Kalmar County Hospital in Kalmar, Sweden,
is unique in that for around 2 years they have been digitizing all of their glass slides
[2, 87]. They scan around 60,000 histopathology slides per year, and over 75% of
their histopathology diagnostic work is performed using digital pathology. Their
impetus to go “slideless” was related to ergonomics as well as the need to network
with colleagues in a country where there was a shortage of pathologists. Essential
requirements for their success included full integration with the digital pathology
system and laboratory information system (LIS), reliable scanning, running the
slide scanner continually with limited use of lab personnel, and good image quality.
Obtaining consultations on their difficult cases in a timely manner was greatly facil-
itated through digital slide sharing and conferencing [11]. More institutions are fol-
lowing suit; for example, at the Ohio State University, routine use of WSI is
increasing in adoption, and several pathologists have transitioned to a digital sign-
out [43]. Several other institutes are implementing a digital sign-out process [2, 11,
60, 87-89].

Rendering routine pathologic diagnoses using WSI is feasible if the images truly
represent an accurate digital reproduction of the scanned glass slide which can be
saved, archived, reviewed, and later retrieved without degradation of the image [90-
92]. Moreover, apart from integration with the LIS, the routine use of WSI in pathol-
ogy laboratories will require seamless connectivity over broadband networks,
efficient workstations, cost-effective storage solutions, and standards-based infor-
matics transactions for integrating information with WSI [66, 78, 93]. It is difficult
to think of WSI for diagnostic purposes without considering the rest of the elec-
tronic medical record. It seems unlikely that pathologists will render diagnoses
without access to additional medical information [94]. One of the reasons for
reported discrepancies between digital and glass slide diagnoses is attributed to
inadequate clinical data, apart from other factors such as image quality, missed tis-
sue on the digital slide, and the pathologists’ lack of experience using a WSI system
[95]. It was demonstrated in one telepathology study using a virtual slide system
that the correct diagnosis was made in 66% of cases without clinical data provided
compared to a correct diagnosis of 76% with clinical data provided [95, 96].
Therefore, in order for WSI to become an accepted diagnostic modality, the provi-
sion of adequate medical information (e.g., gross pathology description, prior
pathology reports, clinical history, imaging and other relevant laboratory parame-
ters, etc.) will need to be weaved into the imaging system [86, 97, 98]. Additional
concerns that have yet to be satisfactorily addressed relate to malpractice and liabil-
ity issues, as well as reimbursement for technical services related to producing the
WSI [78, 98, 99].

Digital slides offer several advantages over glass slide review in terms of fidelity
of the diagnostic material, portability, ease of sharing and retrieval of archival
images, and ability to make use of computer-aided diagnostic tools (e.g., image
algorithms) [1, 9, 11, 73, 100-102]. Image analysis tools can automate or quantify
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with greater consistency and accuracy than light microscopy [103, 104]. WSI has
also permitted new business models of care in pathology [12]. One such example is
the virtual IHC service provided by large national laboratories. After the remote
reference laboratory performs technical staining and slide scanning services, the
referring pathologist is provided with full access to these IHC slides for their inter-
pretation or referral to a teleconsultant [10]. This has allowed some pathology prac-
tices to recapture a portion of the reimbursement for professional interpretation
services that has previously been diminished by these business practices [13]. In the
near future, the adoption of standards, validation guidelines, automation of work-
flow, creation of new revenue streams, and nuances of clinical digital practice will
likely dictate a new standard of care for primary pathologic interpretations [14, 29,
30, 45, 105-107].

WSI and Immunohistochemistry and Electron Microscopy

WSI offers advantages in enhancing objectivity in the interpretation of IHC used in
tumor diagnosis, prognosis, and evaluation of biomarkers for targeted therapy [63,
82, 101, 108]. A concordance of 90% or greater between WSI and glass slides of
HER2/neu expression in breast cancer has been reported [101]. Application of auto-
mated image analysis with algorithm-based scoring for the prognostic markers can
assist in improving the scoring protocols and thereby enhance the efficacy of tar-
geted therapies [101]. Also in electron microscopy, virtual ultrathin slide allows the
pathologists to navigate the slide in their office while noting the exact location of the
specific features. Apart from this, WSI technology can be valuable for obtaining
consultation on ultrathin sections from experts located in higher centers [109].

WSI and Cytopathology The role of WSI and adoption in cytopathology contin-
ues to increase [15, 110-113]. There are some understandable obstacles such as the
inherent complexity of scanning, higher scanning time, and storage costs. The scan-
ning of cytology smear is difficult as well as complex because of its three-
dimensional character [111]. Consequently, it is essential to integrate z-stacking or
multiplane scanning feature into the systems intended for use in cytopathology
[113, 114]. The z-stacking can be avoided by multiplane scanning and use of the
best focused image at each tile into the final file. Alternative approach that has been
recently attempted includes the conversion of z-stacks of images into video frames
and storing the stack as a high-efficiency video coding file(s). Subsequent video
compression has demonstrated to exceed the JPEG compression with comparable
image quality [115]. There have been a few studies on the use of WSI in cytopathol-
ogy. A comparison of conventional glass slides and WSI in 10 cervical and 20 non-
gynecologic cytology cases showed similar diagnostic concordance between the
two modalities among the reviewing cytopathologists [116, 117].

Another recent study comparing WSI with glass slides of thin-layer cervical
specimens demonstrated 95.3% concordance rates, paving the way for WSI use in
routine cytologic diagnosis [112]. Wright et al., in their study, evaluated the
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efficiency of WSI in cervicovaginal cytology and highlighted issues such as a lack
of familiarity with the technology, difficulty for the WSI in detecting few abnormal
cells in the smears, problems with hyperchromatic nuclei, dark and crowded groups
of cells, and massive image file size leading to increased duration of scanning.
Another issue that is probably unique and intrinsic to cytology is the inability of the
whole slide scanners to scan the edges of the coverslip [118]. The quality of WSI
images when applied to cytology smears is fraught with certain problems that are
not encountered in the histology sections, such as (a) presence of dense overlapping
tissue fragments making it difficult for scanners to focus on the cells, (b) red cell
contamination of the smear and/or background acellular material(s) leading the
scanner to focus on red cells and/or the background material rather than the cells of
interest, (c) smears with scant cellularity making z-stacking difficult, and (d) need
to remove the screening marks/dots before scanning (for which keeping a photo-
graphic record of the diagnostic screening marks is recommended) [119].
Papanicolaou- and H&E-stained smears, due to their wet fixation, often have cells
in multiple planes and thus require z-scanning to obtain a crisp and high-quality
image. On the other hand, air-dried Romanowsky-stained smears can be scanned
with only x and y-axes, as air drying flattens the cells thus minimizing the require-
ment of z-stacking [119, 120].

The need of WSI in cytopathology is immense. Given the ongoing need for a
cytological diagnosis, the trend may possibly increase in future as minimally inva-
sive procedures to obtain material for genetic/molecular analysis are used [117].
Furthermore, there will be shortage of suitably trained cytopathologists. All these
most likely increase the need for WSI in cytology. Intuitively, the possibility to scan
whole slides and to organize them in structured databases accessible via the Internet
would represent a powerful educational resource. Every glass slide, particularly in
cytopathology, is “unique and not repeatable.” The examples of rare cases can be
shared without the risk of stain fading or loss or breakage of slide(s). It is increas-
ingly obvious that digital scanning can provide a more standardized setting for test-
ing and assessing, as experienced by some National External Quality Assurance
Schemes in the British National Health System. Moreover cytology cases are often
unique, and it is very difficult to provide multiple sets of exactly similar cytological
preparations, typically aspiration cytology rather than exfoliative cytology. A
selected list of websites, with public or restricted access, including cytopathology
teaching resources, is as follows:

e http://www.bsccp.org.uk/, http://www.eurocytology.eu, http://www.cytest.eu/,
http://www.cytology-asc.com/, http://www.cytology-iac.org/http://www.cytolo-
gyiac.org/educationalresources/virtual-slide-library, http://www.cytologystuff.
com/,http://www.cytopathology.org/, http://www.cytology.cloud/gk/,

 http://www.papsociety.org/index.html, http://www.tasteproject.eu/, http://www.
uscap.org/, http://www.viewsiq.com, https://bethesda.soc.wisc.edu/

 http://nih.techriver.net/, http://icytology.wordpress.com/, http://pathhsw5Sm54.
ucsf.edu/introduction.html, http://pathorama.ch/, http://screening.iarc.fr/, http://
www.virtualpathology.leeds.ac.uk/slides/, http://137.189.150.85/cytopathology/
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WSI in Artificial Intelligence
Education

WSI is already used for teaching at conferences, virtual workshops, presentations,
and tumor boards [25, 49, 91, 121]. Equipped with whole slide imaging, artificial
intelligence (AI) tools can help further training of the next generation of patholo-
gists by providing on-demand, standardized, and interactive digital slides that can
be shared with multiple users anywhere, at any time [4, 122, 123]. Additionally, AI
tools can provide automated annotations in the form of quizzes for trainees. With
the help of these interactive tools, trainees can view, pan, and zoom enhanced digital
slides, which can provide tutoring in real time and in a dynamic teaching environ-
ment. For the purpose of generating synthetic images, researchers extracted indi-
vidual and clustered nuclei that were both positively and negatively stained from
real whole slide imaging images and systematically placed the extracted nuclei
clumps on an image canvas — cut-and-paste approach. These images were evaluated
by trained pathologists in the task of estimating the ratio of positive to total number
of nuclei. The resulting concordance correlation coefficients between the patholo-
gist and the true ratio range from 0.86 to 0.95 [103].

In the follow-up study, the conditional Generative Adversarial Networks
approach was used. This method included two main components: the generator and
the discriminator. Although the generator tries to create fake stained images, the
discriminator tries to catch these fake images, each getting better at generating and
detecting fake stained images in an iterative manner. The main idea is to force the
generator to learn the underlying distribution of the images from the training data.
The accuracy of five experts (three pathologists and two image analysts) in distin-
guishing between 15 real and 15 synthetic images was only 47.3% (+SD 8.5%).
Generation of numerous synthetic histopathology images could be useful for educa-
tional purposes because it will give pathology trainees the opportunity to test their
skills. Additionally, these approaches can be very useful for quality control and
understanding the perceptual and cognitive challenges that pathologists face
[9, 103].

Quality Assurance

The development of automated, high-speed, and high-resolution WSI has a substan-
tial effect on QA. Digitized slides that are readily available to pathologists in the
LIS or on the intranet can be used for several QA tasks, including teleconsultation,
gauging inter-observer and intra-observer variance, proficiency testing, and
archiving of slides [24, 37, 124—126]. For example, the CAP optionally sends WS
images in addition to glass slides of certain proficiency testing cases. Al can have an
important role in QA. By providing feedback manually or with intelligent deep
learning and Al tools, a pathologist has the potential to keep improving on his or her
performance. Al can be used as a supplement to these manual digital reviews in
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routine diagnostic workflow or as a complement to the more formal quality reviews
that are part of a pathology laboratory’s quality management process. Al can also
provide a quality check on the diagnosis rendered by a pathologist by applying
automated diagnostic algorithms prospectively or retrospectively. These methods
can continue to serve as patient safety mechanisms to improve the quality of diag-
nosis and to prevent error [9].

Pathological Diagnosis

Rendering routine pathological diagnoses using WSI is a feasible approach.
Several studies have shown a range of concordance from 89% to 99% when com-
paring diagnostic interpretation using digital slides to diagnoses rendered using
glass slides and a conventional light microscope [1, 4, 10, 17, 22, 35, 58, 66, 92,
127, 128]. The range is wide and encompasses multiple organ systems and differ-
ent types of specimen preparations. Al could improve on current solutions by
detecting of out-of-focus areas and improving color standardization [68, 129].
The quality of images produced by WSI scanners has a direct influence on the
readers’ performance and their reliability of diagnosis. Most modern scanners
come equipped with autofocus optics system to select focal planes to accurately
capture the three-dimensional tissue morphology similar to a two-dimensional
digital image [10]. To account for varying thickness of tissue sections, autofocus
optics systems determine a set of focus points at different focal planes. From these
focal planes, scanners capture images to produce sharp tissue representation.
However, WSI scanners could still produce digital images with out-of-focus areas
if the autofocus optics system erroneously selects focus points that lie in a differ-
ent plane than the proper height of the tissue. A naive solution would be to add
several extra focus points, but that would be impractical because it would cause
long delays in slide scanning [10, 17]. Al provides a better alternative by auto-
matically identifying out-of-focus regions and allowing WSI scanners to add a
few extra focal points to those regions. Al achieves this by either feature engineer-
ing or via a representation learning approach. Lopez and colleagues have adopted
a feature engineering approach by handcrafting texture features from gray-level
co-occurrence matrices and gradient information. These features were used in
conjunction with decision trees to classify 200 x 200 pixel-sized regions as
focused or blurred. Unfortunately, the method is only sensitive to a high level of
blurriness, and it requires modifying program parameters to adapt it to images
acquired at different resolutions. Another approach called DeepFocus [130],
based on representation learning, automatically discovers features from the
images to identify blurry regions. Because the DeepFocus program automatically
learns features at different levels of abstraction, it can generalize to different types
of tissues and even to color variations due to different types of staining, H&E and
IHC. Standardization of the color displayed by digital slides is important for the
accuracy of Al. Color variations in digital slides are often produced because of
different lots or manufacturers of staining reagents, variations in thickness of
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tissue sections, difference in staining protocols, and disparity in scanning charac-
teristics. These variations often impose obstacles to the diagnosis and prognosis
done by humans, as well as by machines. Moreover, these variations are one of the
main hurdles in generalization of the machine learning algorithms to multiple
sites. For this reason, the absence of color normalization in an Al pipeline could
negatively affect the performance of machine learning algorithms. Despite all
these challenges, the future looks at a world where Al algorithms will play a
major role in pathology diagnosis, either by prescreening cases, by finding rare
events in histology slides/images, or by helping with the multiple aspects of the
complex diagnostic process [103].

Image Analysis

Image analysis tools can automate and quantify with greater consistency and accu-
racy than light microscopy [101, 131, 132]. Computer-aided diagnosis is widely
used for ER, PR, and HER2/neu assessments in breast cancer [133, 134], Ki67
assessment in neuroendocrine neoplasms [135, 136], and PD-L1 as immune check-
point molecules in various solid organ malignancies, as well as multiple other clini-
cal and research stains. The reliability of these methods requires the standardization
of the image acquisition step. The development of WSI has facilitated large growth
in numerous researchers and companies seeking to use computer-aided diagnoses to
analyze whole-stain imaging and to develop new software tools to assist patholo-
gists. Al methods aid in enabling the regions of interest selection [137-139]. Nuclear
segmentation in WSI enables extraction of high-quality features for nuclear mor-
phometrics and other analysis in computational pathology [103]. For this reason,
automatic nuclei segmentation is among the most studied problems in Al In gen-
eral, these algorithms estimate a probability map of the nuclear and nonnuclear
(two-class) regions on the basis of learned nuclear appearances and rely on complex
methods after processing to obtain the final nuclear shapes and separation between
touching nuclei [140]. For example, Song and colleagues have used a multiscale
convolutional network to generate a nuclear probability map. This map was sub-
jected to graph partitioning to segment individual nuclei from the image. Moreover,
these methods also do not generalize if the training and test images belong to differ-
ent organs. To overcome these issues, there is a growing trend to train the nuclei
segmentation methods on images taken from different organs. Kumar and col-
leagues have created a well-annotated database consisting of 30 whole slide images
of digitized tissue samples from several organs. The slides were taken from the
publically available database the Cancer Genome Atlas. The images were generated
at 18 different hospitals, which add to the diversity of this dataset in terms of varia-
tion in slide preparation protocols among laboratories. Over 21,000 nuclei were
manually annotated to train a deep learning algorithm. Unlike former methods, a
nuclei segmentation as a three-class problem was created. They considered the
nuclei edges as a third class when generating the tertiary probability map. This map
was subjected to region growing to segment the individual nuclei [141].
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During most pathological analysis, pathologists are interested in identifying a
subset of nuclei in a particular anatomical region. For example, in T1 bladder cancer
[123], pathologists are interested in identifying the tumor nuclei within the lamina
propria. Similarly, in breast and neuroendocrine tumors, the pathologists are inter-
ested in the ratio of Ki67 tumor positive nuclei to total tumor nuclei within the
hotspots. In follicular lymphoma, the analysis is limited to only the presence of
centroblasts within the neoplastic follicles. For these reasons, there is an increasing
interest in developing Al algorithms that can identify a subset of cells within a cer-
tain anatomical region. Also, whole slide is partitioned into superpixels on the basis
of similarity at some magnification. Superpixels are grouped into anatomical regions
(specifically epithelium) on the basis of graph clustering. Finally, each cluster is
classified as ductal carcinoma in situ or benign or normal on the basis of features
extracted by deep learning [138, 142, 143].

Caveats and Challenges of WSI

In order to integrate WSI into routine clinical pathology practice, an infrastructure
needs to be developed in the pathology department [9, 11, 43, 60, 69, 71, 117]. This
infrastructure consists of (i) hardware for scanning slides and storing the scanned
images, transmission of the images to pathologists, and the interfaces necessary to
display the images and report interpretations and (ii) software to facilitate the work-
flow of the image movement, display, and reporting of the results. Following devel-
opment of the internal infrastructure, the addition of remote teleconsultation requires
that other features be considered in the system. These include security of protected
patient information, process validation, as well as regulatory, medicolegal, and bill-
ing issues all to be added to the software overlay. Additionally, it is prudent to
acknowledge that many unresolved issues, as outlined below, still need to be
addressed before WSI finds its place in routine application across the wide specialty
of pathology [11, 40].

Cost

The cost of procurement, implementation, and operational costs of WSI may be
prohibitive, especially for small pathology laboratories due to huge initial cost of
the scanners and additional hidden costs of training of staff and pathologists, techni-
cal support, digital slide storage systems, and regulatory or licensing costs [1, 10].
Technological support for telepathology further compounds these costs. A recently
published cost-benefit analysis at a large-volume academic center with slides in
excess of 1.5 million showed a projected $1.3 million savings over a 5-year period
[60]. However, the same analysis needs to be undertaken for smaller laboratories
and low-resource settings.
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Technological Issues

While considering the implementation of WSI, it must be kept in mind that the WSI
images would be only as good as the original glass slide. Scanning the whole slide/
smear is a tedious and time-consuming process at present. Scanning times can vary
from 1 to 5 min for a small biopsy to 5-20 min for a surgical specimen and 3—5 min
for a liquid-based cytology smear [68]. This time can further go up to hour(s) for
multiplane or z-stacked scanning. Another limitation with currently available scan-
ners is the requirement of massive data storage capacity. Scanning at x 40 magnifi-
cation of a 1-mm? area results in a file size of 48 megabytes. Hence, majority of the
WSI systems incorporate image compression algorithms (JPEG, JPEG 2000, and
LZW) to reduce the file size. However, image compression introduces image arti-
facts. Some scanners offer the ability of multi-resolution representation (pyramid
representation) where the field of view on the screen is inversely proportional to the
magnification being viewed [10]. Majority of the WSI systems utilize a content
management system (CMS) with specific programming in order to display the vir-
tual slides in a consistent and specific manner [10]. Currently, there are vendor-
dependent limitations with WSI systems. Some vendors use proprietary modules
with limited scope of cross-browser compatibility or seamless execution on multi-
ple devices.

Professional Barriers

Unlike radiology where digital systems obviate the need of making films, WSI in
pathology does not reduce the laboratory’s workload since glass slides still need to
be prepared to be scanned. However, WSI does allow for streamlined navigation of
the slides at various magnifications without the fear of accidentally breaking a slide
at the microscope. The current WSI systems allow for batch-wise scanning of slides,
thus improving the efficiency of the laboratory [10, 27, 144].

Other commonly encountered issues include available bandwidth of the network
at the pathologists’ workplace, security issues related to information technology,
and installation of compatible browsers. However, with progress in information
technology, the systems shall continue to be upgraded for improved speed and com-
patibility with browsers [69].

The FDA approval of WSI in primary surgical pathology diagnosis does open up
the issue of legal implications for the reporting pathologists, as discussed earlier.
The relevant regulatory agencies (such as CLIA) need to put forth their guidelines
in light of the expected changes with adoption of WSI by pathologists.

Regulatory Issues

Since the FDA has accorded its approval for use of WSI scanner in surgical pathol-
ogy practice in 2018, significant to tread towards this goal. At the same time,
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validation of WSI for introduction into the surgical pathology practice has recom-
mendation of the CAP. Regulations also need to be put in place regarding the
archiving, retrieval, and access rights of the virtual slide library so formed [23,
27, 144].

Conclusions

This is an exciting era in diagnostic pathology. The use of whole slide scanning
combined with computational pathology is an area which is heralding rapid techno-
logic development with multiple innovations and applications knocking on the door.
This coupled with the promise of artificial intelligence, pathology is poised for new
discoveries and solutions [4, 101]. Despite the advantages and claims of its non-
inferiority compared with conventional microscopy, the adoption of this technique
has been slow even in the developed nations. However, rapid strides have been taken
to overcome several of the barriers referred to in this chapter. Some of these impedi-
ments may be overcome by collaborations between a reference laboratory equipped
with a WSI system and smaller laboratories, through a hub-and-spoke model. Apart
from the technical and cost-related issues, regulatory and validation requirements
also need to be adequately addressed, especially for the developing nations.
Nevertheless, WSI provide a unique opportunity for pathologists to guide its evolu-
tion, standardization, and implementation by playing a key role in defining/refining
guidelines, designing the resource specific digital pathology laboratories, and prop-
agating standardized educational modules to train the next generation of virtual
pathologists.
Some key advancements to enhance adoption include the following:

1. Availability of high-resolution three-dimensional imaging, especially for tumors,
would improve the use of this technology with correlation between radiologic
imaging and WSIL.

2. Multispectral imaging, when applied to WSI, would offer the ability to charac-
terize chromatic properties and support color-based classification and multi-
labeling studies [68].

3. Adoption of Digital Imaging and Communications in Medicine (DICOM) stan-
dards by the WSI vendors would allow vendor-neutral interoperability [33].

4. Refinement of artificial intelligence and machine learning algorithms would
allow the pathologists contribute in a larger role in improving patient manage-
ment and outcomes [40].

Overall, WSI technology is now mature and ready for prime time. There are
many established applications of WSI as outlined in this chapter. WSI combined
with the use of Al tools will usher in a new era of renewed adoption and widespread
use of these tools for clinical diagnostics. Applications of artificial intelligence and
machine learning techniques such as deep neural networks may be trained to not
only recognize specific patterns on a whole slide image of an H&E slide, but in
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addition Al tools may also help in the interpretation of features in the tissue that are
predictive and/or prognostic and advance the care of the patient.
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Douglas J. Hartman

The process of evaluating the adoption digital pathology for a practice can be a
daunting task. Besides the change management, the process depends on the avail-
able budget and departmental structure. These factors can influence and be influ-
enced by different clinical uses of digital pathology that will be desired. In this
manuscript, I will describe the different levels of adoption and associated equipment
that can be of interest. Based on my personal discussions, it seems that there are
many different structures to pathology departments across the United States and the
world, and hopefully this will aid in the process.

Remote Access

One of the first uses for digital pathology was for remote access to physical slides.
Performing remote diagnosis was piloted by Massachusetts General Hospital with
the Logan International Airport Medical Station and reported out in 1974 [1]. Of
course with the current COVID-19 pandemic, it is easy to see the advances that tele-
diagnosis has made since then. Although many different diagnoses were made, some
peripheral blood smears were diagnosed at the time, and this has been described as
the first use of remote telepathology. The value that this remote access represents is
allowing expertise to be shared across geographic locations. In this first example, it
was 2.7 miles away from Massachusetts General Hospital, but it could also simply be
across a sprawling medical campus [1]. At a basic level, this extends the areas that
could be covered by a pathology department. In the past we have requested the mate-
rial to be centralized within our departments, but this technology allows pathology to
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decentralize to where care is being delivered to patients. This de-centralization pro-
cess allows pathology to become more valuable for the delivery of timely patient
care. Although placing a physical person from the pathology department in those
locations would be an alternative solution, this is neither efficient nor cost-effective.
The cost of technology to facilitate this type of process is relatively minimal, and
these costs fall within the operational budgets of most pathology departments. The
most frequently described use case relates to support for frozen section/intraopera-
tive consultations. Numerous papers have described different institutional experi-
ences with performing remote intraoperative consultations [2-7]. Sophisticated
devices have evolved for these uses. The more recent models have incorporated both
the ability to remotely control the movement of the slide and the ability to make a
whole slide image from the slide (so-called hybrid scanners). These scanners gener-
ally have a low capacity for scanning slides between one and four slides at a single
time. This type of remote access can even be performed with the use of “smart-
phones” [8]. A recent meta-analysis of studies using telepathology has been pub-
lished summarizing the described experiences within the literature [9].

Although related, the use of telecytology has also been expanding. The remote
cytology use case is somewhat different than intraoperative consultations because it
generally involves a viewing/streaming experience rather than the user who is dis-
tant controlling the navigation. The nature of cytology (i.e., having cytotechnicians
and having three-dimensional slide preps) facilitates this different workflow. Several
articles have described the uses for telecytology [10—14]. The clinical decisions for
intraoperative assessment generally revolve around the diagnosis as well as deci-
sions by the surgical team while the clinical decisions for telecytology revolve
around the diagnosis and the adequacy of the specimen. Cytology is a rapid rela-
tively diffuse method that can be applied for the diagnostic workup for patients
while frozen section/intraoperative consultations occur in a more limited setting
(i.e., operating rooms). Therefore, the geographic demands for remote telecytology
are greater than that for intraoperative consultation.

The financial calculation for these types of remote access will depend on your
departmental structure. If you are within a large integrated hospital, this remote
access can facilitate an investment in subspecialty expertise. One single site within
the integrated system may not be able to support solely a subspecialist but by com-
bining all of the sites there is justification through the volume of work across the
multiple sites. More and more clinical work is being shifted from a hospital-based
environment to outpatient clinics. As this occurs, the demand to support remote
cytology evaluation will increase in order to reduce unsatisfactory specimens.
Fortunately, the implementation of a system for remote access is relatively low, and
the efficiencies gained/cost reduced generally justify the purchase costs.

Slide Archival

A more broad/expansive use case for digital pathology is for archival access to prior
cases. This use case refers to the scanning of slides once the clinical case has already
been signed out. Since this use case does not involve delaying/interrupting the
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sign-out process, the time demands are reduced for this process (i.e., outside the
boundaries of clinical care delivery). One benefit of this use case is that a depart-
ment could potentially reduce/nearly eliminate the need to pull old slides for review/
comparison. This work is routinely performed by the operational staff within a
pathology department. When a pathology department has an archive of their prior
cases, these images can be accessed nearly instantaneously. That represents both a
savings in time to review and labor costs to go and find the slides. There are many
reasons that a prior case might be pulled for review — these include (a) second opin-
ion, (b) legal case, (c) comparison to current case, (d) tumor board review, (e) edu-
cational, or (f) research studies. With the creation of a digital slide, these multiple
stakeholders can all have access to the slides without being concern for loss or dam-
age of the slides. Although not mandatory, being able to connect these archival
slides to the original clinical case generates more value from this use case. To this
end, barcode-labeled slides allow for connection to the clinical archive and then
therefore add more value to what is contained with the digital slides (the clinical
outcome/data for that patient). Using barcode labels for slide identification has been
demonstrated to promote better quality within the clinical lab [15]; it is an efficient
method to connect archival slides to the clinical cases.

The numerous potential reasons each represent a risk that a physical slide may be
damaged or lost. Pathology departments are aware of this risk, and therefore they
have created systems to mitigate these risks to the best of their abilities, but those
systems have not eliminated the risk. Particularly at an academic medical center, the
number of reasons for retrieval tends to be more. However, a department may use
these demands/risks as a rationale for the cost of this use case. This use case will
generally require some sort of system of filing/storage (server-based or cloud-
based). Additionally, the scanning device that would be used for this use case will
generally scan large volumes of slides (on the order of 100 s of slides per day). With
having a storage system, there are associated I'T support people that are necessary as
well as technicians that will be needed to load the slides into the scanners. These
costs can approach a million to several millions of dollars, so consideration of the
use cases is an important aspect of the evaluation process. An example deployment
is described by Huisman and others [16]. Fortunately some of the costs can replace
existing costs within a departmental budget related to the use cases.

It can be helpful to reach to other stakeholders within your institution to see if the
costs of creating a system could be shared — this will generally occur at an academic
institution. There is a large amount of morphologic data that can be derived from
digital slides, and having access to large repositories has great value both for
researchers within the department of pathology who may not perform diagnostic
work and for researchers in other departments. One analogy to consider is with
paraffin blocks. Prior to the late 1990s, these were retained for similar reasons to
those mentioned above for slides. However, with the introduction of the ability to
extract DNA from paraffin blocks, the blocks took on a new value. This value can
be seen in the Cancer Genome Atlas project that has provided digital images to pair
with much of the DNA and protein data that was generated [17, 18]. Storage of the
images may be an area where sharing can be facilitated within a large hospital
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system predominantly with a radiology department. Many authors have compared
the journey of pathology into digital to the journey that was undertaken by radiology
in the 1990s. Radiology uses systems to store their images, and these systems can
be used to store pathology images. Some vendors have taken to labeling one system
for all images within a hospital/health system as enterprise imaging/vendor neutral
archives [19, 20]. Another tool that an archival system can help with is potential
collaboration with software development companies or research grant applications.
It is important to clearly define expectations and deliverables when embarking on
collaborative projects.

Primary Diagnosis/Facilitate Clinical Sign Out

Another use case for digital pathology is to use digital pathology to facilitate clini-
cal diagnostic sign out. The primary focus for this has been toward primary diagnos-
tic sign out and has been focused on vendors obtaining clearance from the US Food
and Drug Administration to market whole slide scanners for primary diagnosis. The
first approval occurred in April of 2017, and a second vendor has since been
approved [21]. Numerous non-inferiority studies have been published comparing
digital slides to glass slides [22-26].

The consolidation of technical services to a single site may generate efficiencies
within an integrated hospital system. Adopting digital pathology can facilitate some
of these consolidations. It is relatively common to pool testing (particularly com-
plex testing). The clinical lab is experiencing an increasingly difficult time to recruit
employees. By consolidating these technical services into a centralized location,
this can reduce the competition for this valuable talent. This consolidation does
represent some trade-offs (less proximity to the histology lab), but there will be
gains in efficiency. Consolidation may facilitate multiple daily shifts within the lab
and also gives greater flexibility for employee hours. The distance/time between this
lab and the pathologists can be reduced by adopting digital pathology.

Besides the consolidation of technical services, a large pathology department can
pool their specimens in order to justify the hiring of subspecialty pathologists. With
digital pathology, these cases can be seamlessly shared for diagnostic sign out by
the subspecialist. Although still controversial, there is a general trend toward more
subspecialty training and subspecialty sign-out practice [27-33]. At a minimum,
certain types of pathology have been recognized to need specialty sign out — neuro-
pathology, renal pathology, transplant pathology, hematopathology, and others.
Depending on the practice, there may be a low volume of these specimens such that
it makes business sense to contract for these services in an ad hoc fashion (i.e., con-
sultation). Digital pathology could facilitate more rapid turnaround of these cases
because the transport time could be eliminated. The delivery of pathology services
has been changing in recent years with a trend toward consolidation of practices
[34-39]. The current COVID-19 pandemic is likely to add more pressure to smaller
practices as the financial impacts start to make their way thru hospitals/healthcare
systems.
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The COVID-19 pandemic has had major impacts on how medical care and pathol-
ogy practice was performed at this current time. It is unclear how long these changes
will be in place or what the long-term impact to the practice of pathology will be.
Besides the relaxation of the requirements for clinical pathology lab tests, there was
also a relaxing of the enforcement for the location delivery of anatomic pathology ser-
vices (related to the CLIA license). The Digital Pathology Association at the time of
this publication is surveying members about their experience during this extraordinary
time period [40]. There will likely be many lessons learned thru this testing “by fire.”

Moving to a primary diagnostic sign-out method may generate additional cost
saving thru the transitioning of pathologists to a work from home behavior. Several
corporate entities have already stated that they will be moving forward with work
from home as they emerge from this pandemic crisis. It is unclear if this can fully
be done within the hospital environment, but some degree of work from home is
likely to be adopted in pathology departments as a result of these events.

When considering using a digital pathology system for clinical work, proper
validation of the system must be performed. Guidelines to perform this have been
published from the College of American Pathologists [41]. Briefly, at least 60 hema-
toxylin and eosin cases should be compared in the digital system to glass slides
diagnoses. Additional validations for special stains and immunostains should also
be performed (20 cases for each type are recommended). Evaluation of the user
experiences have been described, and review of these methods can be helpful to
determine how a pathology department should proceed [42].

Image Analysis

The use of image analysis (particularly for breast cancer biomarkers estrogen recep-
tor, progesterone receptor, and Her2) has been around for more than 10 years [43—
45]. The early process required a lot of manual manipulation, but the process of
image analysis has advanced since then, and there have been many aspects of auto-
mated image analysis that have been improved as well as multiple image analysis
methods [45-49]. A recent whitepaper from the Digital Pathology Association
described aspects of image analysis [50].

The first goals in image analysis were providing a more reproducible way of
analyzing an immunohistochemical stains. The easiest target to perform technically
was to analyze nuclear expression of a marker. For breast cancer, Ki-67, progester-
one receptor and estrogen receptor immunostains are nuclear markers. Nuclear
analysis is easier since one nucleus equals one cell and the distribution of the immu-
nostain is more concentrated. Although the analysis of a nuclear marker is more
reproducible, there are some situations where it falters. For Ki-67, this can stain the
tumor markers but can also stain infiltrating immune cells, and so recent studies
have begun to exclude non-tumor cells within the analysis [49]. Nuclear assessment
guidelines generally separate cancers into high expression or low expression. This
dichotomous separation reduces the interobserver variability, and so it has slowed
adoption of digital image analysis.
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The next image analysis method that was developed was the assessment of mem-
branous positivity. The marker that this was most related to was Her2. The analysis
of this marker was accelerated by the fact that a targeted therapy was developed for
tumors with this marker. Membranous expression presents challenges in that deter-
mining the cells that are positive for the marker is a little more difficult (membranes
are thin border around the cell, and the expression of the marker can be incomplete
within the membrane). The completeness of the expression of the immunostain is a
critical feature of interpreting the immunostain. For these reasons, this marker is
more difficult to interpret analog methods and therefore is suitable for an automated
method to analyze. For Her2, this was initially evaluated by fluorescence which is a
technically more difficult test and less widely available when compared to immu-
nostains. Image analysis for fluorescence was developed [51]. Also by having a
second method, it was easier to validate the relevance of the evaluation of Her2 by
immunostains.

More recently, image analysis for cytoplasmic markers (i.e., CD8) by immunos-
tains has been reported [52-57]. This has taken on greater relevance in the era of
immune-based therapies [58—62]. This image analysis method is more complex
because enumerating the cells can be more difficult when there is cytoplasmic
expression (separation of one cell from another) and the immunostaining pattern is
more diffuse than it occurs with either nuclear or membranous expression patterns.

The future of image analysis will likely perform tasks that cannot be easily
accomplished with routine microscopy — for instance, the “vascularity” or a lesion
or the proximity of immune cells to tumor cells. Since these tasks cannot be easily
accomplished by routine evaluation under a microscope, validation of the value of
the proposed analysis is critical for adoption. Since digital analysis will be the only
method to perform this analysis, only departments that have adopted some form of
digital pathology will be able to offer this for their patients.

Several of the image algorithms have received regulatory clearance, mostly in
reference to breast biomarkers. Many of these clearances were obtained prior to the
approval by the Food and Drug Administration for vendors to market digital pathol-
ogy for primary diagnosis. Additionally, a specific CPT code was created for
enhanced analysis of an immunostain by a digital/automated method, 88,361. The
original analysis methods required the selection of a region of interest/field of view,
and therefore sampling error within a tumor section had to be considered. More
recent advances have allowed for larger areas to be analyzed by these image analy-
sis algorithms. Additionally, web-based image analysis is even now available for
use [63].

At the University of Pittsburgh Medical Center, we have created a dedicated
laboratory to perform clinical reporting of image analysis (as we have for fluores-
cence in situ hybridization and solid tumor molecular evaluation). Deciding about
whether there is a dedicated image analysis lab or if all pathologists will be respon-
sible for reporting digital image analysis will need to be based on an individual
department’s assessment.
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Artificial Intelligence/Machine Learning

Currently, one of the hottest topics in digital pathology is the promise/potential of
machine learning/artificial intelligence [64]. This field is still relatively new in digi-
tal pathology, and as such there are still some things that are yet to be well estab-
lished for this methodology (i.e., how to perform validation). The Food and Drug
Administration has already approved some artificial intelligence/machine learning
for use in medicine [65]. To date, there has not been any guidance about how artifi-
cial intelligence will be regulated.

These algorithms have been largely developed by computer scientists. The devel-
opment of the algorithms has required having large data sets because the algorithms
require many instances in order to develop rules for how to classify cases/morphol-
ogy. The more diverse the spectrum of the entity that the algorithm is trying to clas-
sify, the more widely variable the training sets need to be. The development work
can benefit from archival digital images that can be created in many pathology
departments. This represents a potential opportunity for a pathology department to
save on the acquisition costs for this technology. Public challenges have been cre-
ated to encourage the use of a universal set of images (raw data) so that it is easier
to determine the value of the algorithms [66]. Although there are a lot of possible
tasks that might be amenable to artificial intelligence/machine learning, if they
always use different training conditions, it will be difficult to compare the useful-
ness of the algorithms. One of the more well-publicized artificial intelligence chal-
lenges was the CAMELYON challenge [67]. This challenge presented the task of
identifying a focus of metastasis within lymph nodes. The first year (CAMELYON
16) used patches or regions of interest while the following year (CAMELYON 17)
used whole slide images of tissue sections [67]. As you can see from this example,
the initial year was a relatively limited task while the follow-up year required the
algorithms to be able to identify the focus within a much larger digital area [67].

There remains resistance to the adoption of this technology, because it still is (a)
relatively novel, (b) related to its regulation/validation, and (c) out of concern that
this may represent a potential replacement of pathologists. The discipline of radiol-
ogy has been digital for several decades, and there is still relatively limited applica-
tion of machine learning/artificial intelligence to replace radiologists. Some authors
have suggested that artificial intelligence by itself may be inferior to artificial intel-
ligence together with a radiologist in an optimal use, so-called centaur radiologists
[68, 69].

The infrastructure that is necessary to efficiently train the algorithms are expen-
sive and have been rapidly changing/advancing. As greater adoption of the method-
ology occurs broadly within the medical field, resources are likely to be available
within an environment to run these algorithms. However, at the current time, this
field remains at the cutting edge with the limited evidence about how the ultimate
solutions will be used in diagnostic pathology.
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External Consultation

Another use for digital pathology has been for external consultation. Several institu-
tions have described their experience with international consultation using digital
pathology [70-76]. This setup has sometimes been referred to as “in-sourcing” and
can represent a positive revenue for a department. There can be challenges related
to establishing these relationships.

When setting up an international consultation relationship, it is important to have
a personal connection between the sending and receiving sites. This personal con-
nection can help to facilitate the design and navigate the challenges that arise when
you are sending digital images along a large distance, across time zones, and across
languages.

Education

Besides the education of housestaff, a pathology department often has the responsi-
bility of teaching in the early years of medical school. Reform within the medical
school teaching curricula have reduced the role of didactic lectures and therefore the
exposure of medical students to the field of pathology [77]. The evaluation of
pathology material in the medical school curriculum has migrated to a digital for-
mat [78]. The reduced emphasis on pathology has generated deficiencies in exiting
medical students [79]. We have piloted some efforts to integrate pathology educa-
tion alongside the clinical rotations for pediatric rotations during the clinical years
of medical school [80]. This lack of exposure to the role of pathology in the delivery
of medical care is regretful and may be a contributing factor to a decreased interest
in medical students entering the field of pathology [81, 82]. These educational
responsibilities are often minimally reimbursed to the pathology department but are
still expected from the pathology department. Although there may not be direct
costs that can be applied to the cost of the system, efficiencies gained by repurpos-
ing digital material represent true convenience and value for members within
pathology. Utilizing digital material to teach housestaff may also represent a valu-
able asset because digital slides have a reduced degradation over time as glass slides
experience. In contrast to the simple exposure of cases as they come through a clini-
cal service, digital case collections offer the ability to demonstrate the wide variety
of morphologic spectrums that can often be seen with exposure to many cases.
Historically, the only way to obtain this knowledge was to review teaching sets or to
review many thousands of cases over time. Digital material can concentrate these
morphologic variations into a condensed experience and therefore more efficiently
transfer knowledge from one generation of pathologists to the next. Besides the
education of housestaff, these digital materials can also be used for educating other
pathologists. Creating digital sets represent a truly freeing and liberating effect to
the morphologic features that are present on glass slides. From a content creator
perspective, digital slides represent efficient methods to create content in a simpli-
fied fashion.
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Stakeholder Engagement

Adopting any level of digital pathology clinical workflow will require an alteration
in the behavior of both the technical staff and physicians. The process to institute
these changes can have a positive impact on the daily work of those within your
department as well as in the delivery of care for your patients. Frequent engagement
with pertinent stakeholders can create ownership from them about the process
beginning with the choice of adoption and continuing to implementation.

Some possible stakeholders include the administrative leadership of the depart-
ment, the technical staff, the information technology staff, possibly research stake-
holders/cancer centers, and or billing/purchasing staff. The more stakeholders that
are engaged, the broader the use cases and therefore the greater return on investment
for a deployed system. However, the broader the use cases, the size of the purchase
will increase. Designating a person to lead this effort can help to make it a success-
ful exercise. The responsibilities for this designated person will depend on the size
of the overall project and the number of areas that will be impacted by the project.

Selecting a System/Use Cases

The process of investing in equipment for a pathology department is important for
the future success of the department. Thoughtfully evaluating the competing
demands for the departmental resources is an important part of the process. As with
all technology projects, it is critical to be aware of the market for that technology,
how mature the technology is, and what adoption will provide to the department.
Recent studies have suggested that there is a pending shortage of pathologists within
the United States market and this has been compounded by a reduction to exposure
to the pathology discipline referenced in one of the prior sections [83]. The medical
education environment in the United States has converted to a nearly entire digital
pathology experience. However, since the diagnostic work in the majority of pathol-
ogy departments is still performed by using physical slides, very few pathologists
are being trained during their critical formative years to use digital pathology and
the tools. The lack of familiarity and comfort with digital pathology impedes even
the partial adoption. Even though pathology departments are regarded as cost cen-
ters, this has not prevented them from developing novel testing modalities (most
notably molecular testing in recent years). Having a component of your depart-
ment’s strategic mission address plans for the use/adoption of digital pathology
even in a minimal fashion will benefit the long-term goals of the department. The
recent COVID-19 pandemic clearly demonstrates that those who are prepared can
rapidly change and utilize this technology. At our department, we were able to begin
using digital pathology for primary sign out within a few weeks of the crisis appear-
ing in the cities within the United States, but this was principally due to the prior
efforts to deploy digital pathology technology. It can be helpful to speak with other
pathology departments and share experience with how they view digital pathology
within their strategic mission.
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Conclusion

Investing in a digital pathology solution can be particularly challenging especially
for someone unfamiliar with the technology. The technology has evolved from a
relatively new product to a mature solution (especially in regard to remote access).
However, ignoring digital pathology and not addressing it within the strategic plans
for a pathology department can potentially be detrimental to the future success of
the department. The adoption of digital pathology does not require a large budget
and can be done in a step-wise fashion in order to accommodate most budgets.
Engagement of stakeholders early and often can facilitate a successful utilization of
this technology for the benefit of the department. There is promise within both
image analysis and artificial intelligence that suggests that the adoption of digital
pathology may become a necessity for the practice of pathology rather than a lux-
ury. Evaluating the relative importance of different competing values within your
individual pathology practice will inform the selection process.
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Whole Slide Imaging: Applications
in Education

Matthew G. Hanna, Rajendra Singh, and Anil V. Parwani

Introduction

Education is one of the three primary focuses of all academic hospitals besides
clinical care and research. Education in pathology departments is traditionally con-
ducted over multi-head microscopes with glass slides or through PowerPoint-like
presentations with static images in conferences. While this format has stood the test
of time, it is becoming increasingly outdated and has many limitations. Pathology
over the last 10 years has been transitioning to a digital format with digital whole
slide scanners able to produce high-quality whole slide images (WSI) that can be
viewed on any display device [3—-8]. This has revolutionized pathology, especially
pathology education. Education with WSI provides numerous advantages over glass
slides. Use of WSI also allows building of various software programs that allow
easy integrations into online learning resources and provide ready-access tools for
education to a larger audience [1, 2, 9, 10].

Multiple studies have shown the superiority of WSI in education [11]. The tradi-
tional pathology glass slides for teaching purposes can only be shared among a
limited number of simultaneously viewing pathologists, with the same field of view.
Another factor that enables digital pathology longevity is due to glass slide staining
deterioration over time. In contrast, the WSI slides can easily be shared with an
infinite number of users anywhere, and pathologists can view at the same time or
asynchronously. Identifying diagnostic areas of interest using conventional
microscope glass slides relies on crude techniques like pen-marking or ink dotting
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utilizing a marker and manually coordinating under the microscope eyepiece that
can only be navigated by a single user at one time. Digital pathology enables virtual,
hideable annotations (geometric shapes, arrows, texts, etc.) that can be easily placed
and viewed by all users at the same time. This has now become even easier with
cloud services being accessible from anywhere and the decreasing cost of digital
storage space. Unwieldy costs have been considered one of the obstacles to imple-
menting and using WSI. Each digital slide can consume hundreds of megabytes up
to several gigabytes of storage space. At a large scale, this can easily occupy tera-
bytes or petabytes of storage space. Each year, the costs of cloud storage have
become more affordable and continue to keep decreasing in the future. Besides,
retrieving cases from the cloud is much easier and faster than from physical ware-
houses transferring glass slides and can result in cost savings [12]. Training materi-
als can be more objective, and images may be made available by hyperlinks to the
file servers [8] that can be hosted on local on-premise or cloud servers. The cost of
digital pathology in education can be considered reasonable if accounting for costs
to buy additional/replace brightfield microscopes, off-site glass slides maintenance
storage costs, and space constraints; a computer monitor can replace a large multi-
headed scope (Fig. 1).

For the easy adoption of digital pathology in education, it is critical for tools to
allow minimum disruption to the workflow and should simulate current teaching
techniques that have stood the test of time. We will discuss a roadmap on how this

Analog Digital

Fig.1 Educational workflow for pathology, analog, and digital. Analog or conventional pathology
education is done at the microscope, with a maximum number of participants based on the number
of microscope eyepieces available. Usually even the largest multi-headed microscopes can accom-
modate less than 30 simultaneous participants. The digital workflow includes creating a digitized
version of the glass slide through a whole slide scanner, which can then be displayed on display
devices through local or cloud availability
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could be easily done and help turn every department into an educational power-
house not only for all its trainees but also for the entire world.

Building a Workflow for Enhancing Education

Most departments have scheduled weekly conferences either over a multi-headed
scope or in conference rooms. Digital pathology can truly enhance both of these
learning experiences. WSI can be shared with residents to preview the slides.
Current software tools allow easy integration of WSI with PowerPoints combining
conference room teaching and teaching over multi-head scopes. These conferences
can be transmitted live using screen sharing software allowing trainees to attend
conferences from anywhere. There is also no limit to the number of people that can
be taught through these conferences. Trainees can review the presentations after the
conference, thus helping in better retention. Preview, review, and post review of
WSI make education very powerful when academic centers start using digital
pathology.

Current WSI viewers provide the ability to pre-annotate areas of interest, anno-
tate during presentations, pull out other WSI for comparison side by side, simulta-
neously open radiology images, hyperlink slides to references, and rotate slides for
good orientation (Fig. 2). All these features enhance the teaching and learning expe-
rience of pathology. Medical school students can be tested using polls with provided
choices and linked to special features on slides like types of cells, organisms, etc.
Software programs also allow integration of WSI into multiple choice questions or
short answer questions which can be used to test residents and fellows and also used

Fig. 2 Web-based educational platforms. Interactive web-based modules can be developed for
teaching and presenting pathology content. Custom content development can be added to display
diagnoses, microscopic descriptions, gross images, radiology, differential diagnoses, etc.
Hyperlinking of diagnostic foci creates a dynamic learning experience that can be made available
to any user with internet access
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as pre and post assessments tools for conferences. Using WSI with such software
will also facilitate CME for practicing pathologists and allow them to maintain
license requirements without leaving their offices or homes. Statistical models and
graphs can provide visual assessment of trainee progress over periods of time and
help easy documentation of effectiveness of training programs.

Current residents and pathologists are tuned into social media. Adding questions
of the day or allowing previewing of slides before conferences using social media
platforms will allow better use of time spent on social media platforms, keep current
generation engaged, and increase reach of education. Digital pathology can truly
transform how education is conducted at scale using WSI and various software pro-
grams [8, 12].

Challenges and Barriers

One of the main limitations in the current scenario is that for web-based digital
pathology education platforms, the slow download speeds of the very large digital
images. This can be frustrating and without internet connectivity is impossible.
Local digital WSIs can be navigated on vendor-specific applications; however, with
the lack of a standard file format, this requires a separate local computer application
for each vendors’ scanner digital images. While there has been progress to standard-
ize a WSI file format, the lack of interoperability between scanning vendors is a
significant limitation for a seamless multi-vendor digital pathology educational
experience. The act of converting the glass slide to a digital WSI is also time-
consuming as this is an added step in the process. This often includes taking time to
de-identify glass slide teaching sets for digitization. These extra steps in the process
require justification for additional investments if existing hardware or infrastructure
is not already in place. Investments are needed in dedicated servers or cloud storage
capabilities and the IT infrastructure. Significant concerns include protection of
PHI, interobserver variability of diagnosis on publically available WSI resources,
and associated medico-legal implications.

Use of Digital Pathology for Education: Advantages
How Do Digital Slides Enhance Pathology Education

There are many advantages to using digital pathology over the conventional micro-
scope and glass slides. Digital images can be standardized, with the potential for
image enhancement, so that all users can review the exact same tissue section.
Digital pathology can establish standardization as each user will view the exact
same image and field of view as the other users and not different level sections
where small foci of interest may be lost. This variability in slide section may not be
identical that can lead to discrepancies in examination of trainees. Glass slides are
also prone to fading, breakage, and loss over time. The quality of a digital image can
be maintained in perpetuity. Another benefit of digital pathology is that rare cases of
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Table 1 Comparison of digital pathology and glass microscopy

Digital pathology Glass microscopy

Standardized images Staining variability over time

Image quality maintained | Tissue sections may lose foci of interest

over time Requires ink markings that can only be seen by one user at a time
Multiple images viewed | Requires microscope and glass slide (physical space)

at one time Maintenance of glass slides and microscope is more time-

Multiple annotations with | consuming during presentations/lectures to organize/switch
clinical metadata between slides

Rare cases can be stored
and shared easily
Cost-effective over time

glass slides cannot be duplicated and made available for the trainees. Pathology
trainees can benefit from a standardized education program such that the material
would be presented to all trainees alike [5] (Table 1).

Advantages with Presentations, Conferences, Tumor Boards,
and Social Media

Digital pathology has now been used across medical schools, pathology training
programs, veterinary schools, and dental schools [7, 13]. Open-access and private
whole slide image repositories are available to provide pathologists familiarity with
navigating digital images, as well as for an educational experience [14]. These
repositories are curated for specific subspecialty use cases or can be used for profi-
ciency testing. Several pathology professional societies also provide a “case of the
month” to introduce pathologists and pathology trainees to digital images as well as
providing a novel democratized educational experience. Case-based teaching
becomes readily available and simple to collate in a digital workflow compared to
the traditional glass slide teaching sets that are prone to fading, breakage, or losing
slides altogether. Digital pathology enables an unprecedented convenience for
pathology education using WSI. Most web-based educational software also can be
deployed on mobile devices and are readily available [15]. This has been shown to
enhance pathologist remote learning [16]. Platforms also exist to combine presenta-
tions using digital images with other multimedia and presentation documents for a
seamless experience. Inclusion of WSI in presentations can replace a multi-headed
scope training session and add benefits of integrating radiology images, gross dis-
section videos, or other clinical metadata. For multidisciplinary conferences, pre-
senting pathology findings in a digital workflow adds a modern approach to
pathology presentations and also minimizes the time to collect data for presenta-
tions [17]. Academic centers where multiple medical domain specialties meet to
discuss challenging patient cases through medical presentations are crucial for
patient management and discussion. Digital slides can be compared side by side,
which is not possible on a conventional microscope. Digital pathology can help
facilitate pathology presentations and also have the entire WSI or patient case avail-
able to be displayed to the audience instead of just a static image of one region of
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Fig.3 Classroom setting. Digital pathology being used in a classroom for synchronous and asyn-
chronous educational teaching of pathology. Individual users can navigate the digital slides
included in their curricula. Examinations using digital pathology can also be developed to assess
user performance

interest [13, 18]. These conferences can also be managed much easier for remote
participants using a digital workflow (Fig. 3).

As newfound technology continues to outpace prior years, additional e-learning
solutions for conferences have and will become available. Remote or in-person
conference participation can also further be accomplished using digital pathology.
This virtual learning environment provides a more flexible and cost-effective plat-
form for pathology educational experiences. Many annual national and interna-
tional conferences offer microscope slide sessions and are increasingly offering
digital services through use of WSI. Digital pathology use in conferences can
facilitate remote access without the need of shipping or duplicating glass slides
through recuts. Digital workflows can also support virtual assessments with live
polling for conference attendees. Previewing of digital material can also be possi-
ble prior to possible conference travel, and the digital environment offers signifi-
cant adaptability. This also allows conference attendees the use of tablet or mobile
devices [2] (Fig. 4).

Digital Pathology and Social Media

Social media use has increased across the globe for transmitting information across
various platforms. Digital pathology and educational opportunities have taken
advantage of the ease of access and ready accessibility of social media platforms.
Recommendations on sharing patient pathology have been published and help guide
the pathologist community when posting pathology images [19]. The social media
community have exponentially surged, with numerous groups for each subspecialty,
board review, or even rare or exotic diagnostic categories. Sharing cases can be for
educational purposes with enthusiastic social media members providing succinct
and well-summarized content in this new educational delivery model.
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Fig.4 Conferences. Digital pathology can be used for live or remote multidisciplinary meetings
or national/international conferences. The digital pathology presentations can be structured to
include digital slides in unison with other content for a complete digital learning experience

Future of Pathology Education Using Digital Slides

The future of pathology education using digital slides is bright but challenged by the
current generation to establish its foundation. Pathology education typically starts
in medical schools. The findings from a survey of pathology chairs did not show a
significant difference between the United States Medical Licensing Examination
STEP exam pathology scores from institutions with or without microscopes in their
curricula [20]. The authors stated “a possible conclusion is that the microscope is
now irrelevant for teaching pathology to medical students” [20]. Fast-forward over
a decade, medical schools no longer use microscopes to teach pathology in the cur-
rent era. In pathology training programs, in the United States, the majority still use
conventional microscopy for clinical purposes, but many are implementing or using
digital pathology for educational purposes [21, 22]. As massive pathology image
archives become available, pathology education may become democratized, and
rare diagnostic cases will be able to be viewed within a moment’s notice rather than
being kept in a treasure box in a pathologist’s office [22, 23]. These resources will
be available to pathologists to use for teaching, trainee learning, and conference
presentations and will become the new norm as adoption continues to increase.
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Digital pathology is also increasingly being used during the American Board of
Pathology certification exam [24]. Pathology trainees will need to be well-versed
with navigating digital images to be prepared for this exam but more importantly to
prepare them for their future clinical practice in the years to come [6, 25].
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Whole Slide Imaging and Primary
Diagnosis

Bethany Jill Williams and Darren Treanor

Introduction

Digital pathology is a transformative technology with the potential to revolutionise
the way in which diagnostic histopathology services are delivered. Of all the use
cases for whole slide images, replacement of the conventional light microscope
with a digital microscopy system for routine assessment is one of the most ambi-
tious, fundamentally changing the way in which pathologists perform and manage
their daily diagnoses. WSI primary diagnosis has been implemented and docu-
mented for all or part of the departmental workload by a number of pioneering
institutions across the globe, including Linkdping in Sweden [1]; Toronto, Canada

[2]; Leeds, United Kingdom [3]; and Utrecht, Netherlands [4].
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Benefits of Large-Scale Digitisation for Primary Diagnosis

Large-scale digitisation of the glass slide output of a clinical laboratory is a signifi-
cant and ambitious undertaking, but this effort should be weighed against potential
benefits. The benefits of primary WSI diagnosis versus conventional diagnosis can
be broadly divided into four categories — efficiency and workflow improvements,
service quality improvements, workforce optimisation and patient safety improve-
ments [5].

Efficiency and Workflow

The flexibility and agility of digital pathology systems allow for a number of
improvements to the diagnostic workflow, including the ability to manipulate work-
load allocations by pushing and pulling of cases to respond to fluctuations in work-
load or case mix in a department. Rapid case tracking, archiving and retrieval and
faster case transfer times between the laboratory and primary pathologist and the
pathologist and internal or external second opinion pathologists should streamline
turnaround times and diagnostic pathways.

Service Quality

Improved information sharing and collaboration, in particular streamlined double
reporting and rapid access to second opinion, can lead to better quality diagnosis,
and accuracy and convenience of the recording of cancer staging parameters could
drive up the quality and reproducibility of cancer dataset reporting. Digital slides
are a prerequisite for the use of augmented intelligence and computer-aided diag-
nostic algorithms, which are likely to play an increasing role in supporting the
pathologist over the next few years.

Workforce Optimisation

Improvements in workforce factors are some of the key benefits service managers
seek to capitalise on in a digital deployment. The innate flexibility of the digital
diagnosis offers the potential for diverse and appealing patterns of work, freeing the
diagnostician from geographical and temporal constraints on where and when they
work. Digital reporting can enable optimisation of the workforce, supporting those
that work less than full time to maximise the hours they can offer and providing an
incentive for those considering retirement to continue to offer their services on more
flexible terms. Working arrangements more conducive to “work-life balance” are
likely to appeal to the next generation of pathologists and drive recruitment of medi-
cal graduates into the specialty.
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Patient Safety

Finally, we should consider patient safety — the cornerstone of clinical decision-
making. Use of an integrated digital pathology system offers obvious advantages,
with paperless transmission of digital slides directly to the pathologist lessening the
possibility of a misidentification or transposition error at multiple points in the diag-
nostic workflow. Furthermore, digital slides offer a readily portable, instantaneously
transmissible diagnostic substrate which is not subject to the physical limitations
frailties and risks of glass slides and their transport.

Timely adoption of digital pathology may allow managers more flexibility to
deliver diagnostic pathology services to a population whilst enabling pathologists to
enjoy the workflow and diagnostic quality benefits of digital reporting.

The Evidence Base for Primary Diagnosis

A systematic review of digital pathology accuracy synthesising data from 38 peer-
reviewed validation studies found a mean concordance of whole slide imaging diag-
nosis and conventional light microscopy diagnosis of 92.4%, compared with a
concordance rate of 93.7% for repeat light microscopy review of cases [6]. Given
the acknowledged inter- and intra-observer variability in histopathological diagno-
sis, this statistic is very encouraging. A more recent review analysed in depth the
small number of instances of WSI: glass diagnostic discordance [7]. In this study,
8069 documented instances of WSI and glass slide comparison were found, and
amongst these were 335 instances of diagnostic discordance: 4% of all WSI: glass
comparisons. The majority of these discordances represented areas of appreciable
diagnostic difficulty and recognised inter-observer variation, such as the difference
between two adjacent cancer grades. The largest single non-inferiority study of
diagnostic discordance utilising whole slide imaging versus standard light micros-
copy, which included 1992 cases, found a major discordance rate with the reference
standard diagnosis of 4.9% for WSI and 4.6% for standard light microscopy [8].

Technical Considerations

Complete digitisation of standard clinical microscopy workflows requires the cre-
ation of an end-to-end WSI system in which digitisation of slides does not signifi-
cantly impede the flow of cases from the laboratory to the diagnostician.

IT Considerations

Any large-scale laboratory digitisation requires adequate budgeting for IT require-

ments including storage, network capability upgrades, hardware procurement and
systems integration.
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Integration Is Key

In order to fully realise the efficiencies of WSI workflows, a number of IT systems
need to be coordinated and integrated. The key elements of this system are likely to
include a laboratory information system (LIS), specimen tracking system, slide
management software and slide viewing software. Uni- or bidirectional interfaces
may need to be constructed between these elements to ensure efficient flow of data
between systems. Fully functional integration will allow the institution to benefit
from a smoother transition to digital workflow, without reliance of manual data
entry. It also allows for improved case tracking capabilities, faster notification of
case availability and simplified workflows for pathologists and laboratory staff.

Barcoding and Tracking

For a large laboratory, where high quantities of slides are being scanned, the combi-
nation of barcoding and a slide tracking system is essential to avoid workflow and
diagnostic disruption. The combination of case and slide information in a barcoded
slide label allows for slides to be scanned in any order, split across multiple scan-
ners, and for cases to be automatically organised and managed without need for
human intervention. Barcodes also reduce the need for manual data entry during the
scanning process and help improve patient safety by reducing the likelihood of mis-
identification and transposition errors. Real-time tracking of specimens and cases is
possible, and your laboratory can access valuable operational and management
information that can be used to optimise performance and efficiency.

IT Network and Storage Capacity

An adequate IT infrastructure is vital for successful digital implementation. This
must be capable of supporting network demands and have sufficient digital slide
data storage capacity. The department needs to consider the number of slides that
will be scanned at different equivalent magnifications, the image compression used
and the overall growth year on year. Experience from Leeds Teaching Hospitals
NHS Trust indicates that on average, a standard format slide scanned at 40x equiva-
lent magnification produces between 1 and 2GB of data, dependent on the size of
the tissue sample [3]. This equates to approximately 1 terabyte of data per day in our
100% digital laboratory.

Scanned image retention time will be one of the key factors that impacts on stor-
age requirements. Ideally, images should form part of the permanent diagnostic
record for the patient, but compromises may need to be made. Physical or cloud-
based solutions can be implemented, and older cases could be archived onto cheaper
storage.

In terms of network, there are two main aspects to consider — connectivity
between scanners and image servers and network performance for the total number
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of pathologists/viewers when running at full capacity. WSI generation is likely to
generate continuous high traffic, so a dedicated connection between scanners and
the image server is recommended. Overnight scanning can reduce network load
during the day.

Pathologist Interface for Primary Diagnosis

The digital pathology workstation and the key hardware components that constitute
it contribute much to the pathologists overall satisfaction with digital pathology.
Here, there are two key considerations — the display screen and input devices.

Whilst it is likely that the majority of diagnostic work can be accomplished
safely on a standard desktop display screen (3—4MP), certain cases, particularly
those involving appreciation of high-power nuclear detail, may be assessed more
confidently using a high-resolution, high-contrast, medical-grade display.

Digital pathology allows for a great deal of flexibility in terms of input device
selection. Pathologists can trial and feedback on a range of devices, including a
range of high-performance mice, joysticks, trackpads and keyboard shortcuts, and
should find a device, or combination of devices, that allows easy, ergonomic naviga-
tion of slides.

Laboratory Considerations
Non-standard Slide Formats

When selecting a scanner, and designing scanning workflows, it is important to
consider the scope of glass slides which your department produces. Large “mega-
block™ slides are used by many departments to capture crucial cancer metrics and
demonstrate anatomical relationships, particularly in prostate and breast pathology.
These can be scanned on scanners with special capacity to do so, creating very use-
ful images, but these images take much longer to capture than a standard format
glass slide (as much as 10x longer at 40x equivalent magnification and 5x longer at
20x equivalent magnification). If you wish to make use of WSIs of these large for-
mat slides, you will need to purchase a compatible scanner and consider the extra
time and storage required for these images.

Scanning Magnification
The majority of commercially available scanners can capture images at 20x (0.50

microns per pixel) or 40x (0.25 microns per pixel) equivalent magnification. Images
captured at 20x can be used to make a confident diagnosis in the majority of cases,
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but there is marked improvement in the ability to make difficult and borderline diag-
noses using images captured at 40x [7]. Identifying and grading dysplasia, identify-
ing and categorising granulocytes and identifying microorganisms can all be
accomplished with greater accuracy and confidence on images captured at 40x, and
for this reason, routine scanning at 40x of all diagnostic specimens is recommended
for primary diagnosis. Alternatively, departments may elect to routinely scan at 20x,
with reflex 40x scanning on pathologist request, but this is likely to disrupt work-
flows in the laboratory, and critical detail may be missed on 20x scans.

Primary Diagnosis Validation and Training

It is important that pathologists have a period of meaningful training to validate
their personal use of the technology. Any histopathology department will usually
house a mixture of enthusiasts and sceptics, and we all differ in our skills and con-
fidence with IT. A pathologist needs to reach a state where they are confident in their
competence using the WSI reporting system and the validity of their digital diagno-
sis. A number of approaches are possible, but a successful training and validation
procedure should result in the following:

e Pathologists that are confident in their abilities and their limitations with digital
diagnosis.

¢ Pathologists that are familiar with their hardware and software and can recognise
and report performance issues.

e A department with a shared understanding and investment in the digital pathol-
ogy system.

e A department that can develop bespoke ways of using digital to improve its out-
puts, workflows and working environment.

The College of American Pathologists guidelines advises that a minimum of 60
cases per use case should be viewed on digital and glass, with a washout period of
at least 2 weeks between reads, and diagnostic concordance rate observed [9]. The
Royal College of Pathologists recommends a protocol combining a brief period of
hardware and software familiarisation, followed by focussed training using cases
relevant to the pathologists workload which test potential “pitfalls” of digital diag-
nosis, and a period of dual reporting, with initial digital assessment followed by a
safety check on glass slides [10]. Table 1 summarises the phases of this validation
protocol. Use of the protocol for the validation of a cohort of breast pathologists
resulted in an observed clinical concordance rate of 98.8% [11], whilst a cohort of
neuropathologists observed 98.1% concordance [12].
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Table 1 Summary of the Royal College of Pathologists endorsed validation protocol for digital
primary diagnosis

Phase Overview
Training One-to-one formalised training in digital microscope use
Observed practice with feedback
Validation training Training set of approx. 20 challenging and informative cases relevant
cases to the pathologists scope of work

Participant views digital slides, makes notes on diagnosis and
immediately checks corresponding glass slides, noting any difference

in opinion
Allows identification and mitigation of pitfalls
Validation-live All cases scanned prospectively
reporting Diagnosis made on digital slides with reconciliation with glass slides

prior to sign out

Pathologist aims to complete approx. 2 months whole time equivalent
workload in this way

Difficulties reported and discussed

Library of problematic cases assembled and viewed with group
Summary and Validation document produced with each pathologist documenting
recommendations concordance/discordance

Recommendations made for scope of digital practice/further training

General and Specific Training Points for Primary
Digital Diagnosis

Experience from Leeds Teaching Hospitals NHS Trust in training and validating
more than 30 consultants in primary digital diagnosis has identified a number of key
areas where novice digital pathologists can experience difficulty. This experience is
documented in a practical guide to digital pathology published in 2019 [13].
Diagnosis of all types of case is possible on the digital microscope, but confident
and efficient sign out of all cases will take time and experience. “Safety nets” such
as the use of adjunct immunohistochemistry, or glass slide deferral in particular
circumstances, or for particular types of case can be utilised and should not be
viewed as “failure” of the digital system. As a pathologists digital reporting experi-
ence grows, they will find the proportion of cases they are comfortable to sign
increases.

Detection of Small Diagnostic and Prognostic Objects

The smooth and efficient navigation of digital cases, both between slides in a multi-
slide case and within a slide that requires a high-magnification search, can be prob-
lematic. The initial low-magnification, whole slide image displayed on the computer
screen can provide a fantastic “spot diagnosis” of a predominantly architecture-
based diagnosis, e.g. adenomatous polyp and fibroadenoma, but it can also provide
false reassurance. One of the commonest diagnostic discordances that can occur
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when a novice starts digital diagnostic training is missing a small diagnostic or
prognostic object [7]. Examples of this include missing a metastasis or micrometas-
tasis in a sentinel lymph node case or failing to identify a single focus of cryptitis in
a multi-slide colonic biopsy series.

It is vitally important that pathologists have sufficient time to adapt and develop
their own navigation strategies on the digital microscope. The tried and tested
“lawnmower” technique to ensure complete high-power coverage of a slide on the
light microscope is difficult to replicate on the digital microscope. Judicious use of
whole slide and whole case thumbnails can aid navigation of a digital case, and
features such as indicators that warn pathologists of missed slides/regions of slides
can help, particularly in the early stages of digital training.

Dysplasia

The diagnosis and grading of dysplasia on the digital microscope is a recurrent
theme in the WSI discordance literature and is a potential pitfall for the new digital
pathologist. There are two areas of concern here: diagnostic issues at “low power”
and “high power”. Discordance can result from a failure to detect a focal region of
dysplasia on the initial low-power assessment of epithelium (e.g. in a cervical
biopsy). This type of problem is discussed above. The other issue implicated in the
misdiagnosis/grading of digital dysplasia relates to the rendering of nuclear detail
on digital scans, with some authors implicating poor focus, exacerbated by com-
pression artefact and the limited dynamic range of the WSI. There is a definite
learning curve for digital dysplasia assessment, and a validation procedure involv-
ing direct comparison of a pathologists digital and glass assessment of dysplasia
cases can help the pathologist reconcile their digital and glass dysplasia identifica-
tion and grading. Routine use of 40x scans for diagnostic biopsies and a high-
contrast, high-resolution, medical-grade display can also improve confidence in
diagnosis of tricky or borderline cases.

Mitotic Figure Counting

Accurate identification and counting of mitoses is another recurrent theme in the
digital pathology discordance literature. In the absence of z-stacking, pathologists
have to rely on an image captured at a single best plane of focus and cannot adjust
this to focus through the depth of the nucleus for chromatin assessment. Similarly
to assessment of dysplasia, there is a learning curve for digital mitotic counting. In
cases of uncertainty, where the mitotic count on digital is at a critical cut-off level,
which would affect overall grading and treatment for a patient, a confirmatory glass
slide check should be encouraged. Mitotic counting is an area where artificial intel-
ligence and computer-assisted diagnosis could assist the digital pathologist in the
near future.
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Table 2 Items/features documented as having different appearance on glass slides and WSI

Item or feature

Eosinophils

Neutrophils

Mast cells

Amyloid

Weddelite calcification
Mucin

Specific Diagnostic Items and Features

Examination of the literature highlights a number of diagnostic/prognostic items
and features which may have a subtly different appearance on a WSI (see Table 2).
Many of these items share common features: they are often eosinophilic, refractile
entities. Other items of particular note include the weddelite form of calcification in
breast biopsy specimens and amyloid. Both entities can be viewed on standard WSI
images, but experience from validation studies suggests there is a learning curve for
confident recognition on the digital slide.

Potential Pitfalls

The following table (Table 3) summarises some of the potential pitfalls of digital
diagnosis in different diagnostic subspecialties, as evidenced by the validation lit-
erature and practical experience of validation. These potential pitfalls should form
the basis of digital primary diagnostic training.

Continuing Surveillance and Audit

Following introduction of digital primary diagnosis, data should be collected rou-
tinely on:

* Frequency and root cause of poor quality/out of focus/artefact containing WSIL.
* Frequency and details of instances when pathologists defer to glass slides.

WSI diagnosis can be audited in a similar way to existing departmental glass
slide diagnostic audit, with a random sample representing a proportion of the diag-
nostic workload reviewed by a second pathologist.
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Table 3 Summary of potential pitfalls of digital diagnosis in different subspecialties

Histopathology

subspecialty Potential pitfalls

General Identification and grading of dysplasia
Identification of lymph node metastasis and micrometastasis
Identification and quantification of mitotic figures
Identification of granulation tissue
Identification of microorganisms

Breast Identifying and grading of nuclear atypia

Identifying microinvasion/lymphovascular space invasion

Identification of lobular carcinoma

Grading invasive cancers (mitotic count component)

Identification of weddelite calcification

Identification of sentinel node metastasis/micrometastasis

Skin and soft tissue

Identification and grading of squamous dysplasia

Microorganism detection

Granulomatous inflammation

Melanocytic lesions

Granulocyte identification and differentiation

Identification of sentinel node metastasis

Identification of amyloid

Identification of lymphoproliferative disease/malignancy

Endocrine

Identification of granulomata

Identification of lymph node metastasis

Identification of amyloid in medullary carcinoma of thyroid

Classification of thyroid neoplasms — Identification of cellular
papillary features

Identification of mitoses/atypical mitoses

Genitourinary

Identification and grading of urothelial dysplasia

Identification of microorganisms

Identification of granulomatous inflammation

Identification/classification of inflammatory cells (granulocyte
typing)

Identification of amyloid

Identification of lymphoproliferative disease/malignancy

Grading renal carcinoma (nuclear features)

Gastrointestinal

Identification and grading of oesophageal dysplasia

Identification of focal activity in inflammatory bowel disease

Identification of eosinophils in oesophageal biopsies

Identification of granulomata

Identification of microorganisms — Particularly helicobacter pylori

Gynaecological

Identifying and grading cervical dysplasia

Identifying metastasis/micrometastasis

Assessing endometrial atypia

Identifying mitotic figures (particularly in soft tissue uterine
lesions)

Identifying mucin
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Table 3 (continued)

Histopathology

subspecialty Potential pitfalls

Head and neck Identification and grading of squamous dysplasia
Identification of microorganisms, including fungal forms
Identification of granulomata
Identification and typing of inflammatory cells

Hepatobiliary/ Interpretation of liver special stains

pancreatic Identification of dysplastic epithelium (especially gall bladder)

Identification and typing of inflammatory cells

Identification of granulomata

Cardiothoracic Identification of dysplasia/malignancy in small biopsy specimens
Identification of microorganisms including mycobacteria

Identification of granulomatous inflammation

Identification of micrometastasis/malignant cells in lymph node
EBUS specimens

Identification and classification of granulocytes in interstitial lung
disease

Neuropathology Identification of eosinophilic granular bodies

Identification of necrosis
Interpretation of nuclear detail
Identification of mitotic figures

Placenta Identification and classification of granulocytes

Identification of nucleated red blood cells

Conclusion

Over the last 30 years, whole slide imaging has evolved from a niche technology to
an accessible, “mainstream” diagnostic tool, with the potential to improve the work-
ing environment of pathologists and the service we deliver to our patients and clini-
cian colleagues. As use of digital for primary diagnosis expands, and professional
experience of the interpretation of digital diagnostic images expands, we are open-
ing the door to the next generation of histological diagnosis — where the skilled digi-
tal pathologist is supported by augmented intelligence applications and
computer-assisted diagnosis to optimise the quality and efficiency of the patholo-
gist’s final report. Automated triaging of cases, selection of regions of interest, inter-
pretation of immunohistochemistry and quantification of prognostic and diagnostic
features would allow the pathologist to devote more time to the intellectual and
interpretive aspects of diagnosis, bringing together Al metrics, their personal inter-
pretation of the histology and their professional understanding of the entire clinico-
pathological scenario to provide the patient with the best possible information
regarding their diagnosis and prognosis.
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Whole Slide Imaging and Telepathology

Toby C. Cornish and David S. McClintock

Introduction to Telepathology

The word “telepathology” is derived from the Greek word felo-, meaning “dis-
tance,” patho-, meaning “disease,” and -logy, meaning “study” and literally means
“the study of disease at a distance.” Although the word itself had been used in the
scientific literature to describe an entirely different phenomenon [1], the first identi-
fied use of the word “telepathology” in its current sense was by Dr. Ronald Weinstein
in 1986 [2]. Dr. Weinstein defined telepathology as “the practice of pathology by
visualizing an indirect image on a television screen rather than viewing a specimen
directly through a microscope....” The term rapidly gained acceptance to describe
the process of remote viewing and diagnosis of pathology specimens, replacing
earlier terms such as “television microscopy,” “
copy,” and “telediagnosis” [3-6].

At the time Dr. Weinstein coined the term robotically-controlled, video-enabled
microscopes were the state of the art for telepathology, and he suggested that wide-
spread adoption might follow in the next decade (the 1990s) [2]. In the interim,
there have been a significant number of telepathology demonstrations, studies, and
even some long-running clinical programs, but the percentage of pathologists prac-
ticing telepathology on a regular basis has remained rather small. The failure of
telepathology to flourish using live video microscopy was at least in part due to
intrinsic properties of the technology itself, but extrinsic factors were also at play.
Implementation of early telepathology was restricted to specific sites due to the
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need for dedicated communications channels over which video signals could be
sent. Prior to the widespread adoption of high-speed Internet, these signals were
typically analog and required point-to-point connections such as closed circuits
over dedicated cables, microwave beams, or satellite connections. None of these
media were widely available, easily deployed or inexpensive, and this significantly
limited the appeal of telepathology. Remotely-controlled robotic microscopes
were likewise expensive, finicky, and highly-specialized instruments that few
possessed.

Beyond these technical considerations, the failure of widespread adoption of
telepathology can also be attributed to a lack of pressing use cases. Quite obviously,
the prime motivation for implementing telepathology is a need to provide timely
services that overcome geographic distances. The nature of pathology practices in
the latter half of the twentieth century was predominantly that of separate and inde-
pendent laboratories, with very few practices distributed over large geographic
areas. The consolidation of healthcare practices into large networked systems has
reawakened the demand for telepathology to the point where it is becoming a main-
stream technology. Accelerating this transformation has been whole slide imaging
(WSI), a technology that creates a single, high-magnification digital image (“whole
slide image”) from a standard histologic glass slide. Digitization of glass slides
allows them to be transmitted and viewed in remote locations, making the technol-
ogy an ideal enabler of telepathology services.

Definitions

Telepathology

At first blush, defining “telepathology” should be straightforward—as noted above,
it is literally “the study of disease at a distance.” However, the introduction of whole
slide imaging has blurred the definition of what constitutes telepathology. In prac-
tice, whole slide images are stored on a server, and small portions of the image
(“tiles”) are forwarded over a network to a local viewer on a network-connected
workstation. In this configuration, there is clearly some distance involved in the
process of viewing whole slide images; however, the viewer experience should ide-
ally be identical regardless of whether she is located next door or halfway around
the world. The only difference is the length and topology of the network used to
transmit the data packets. Indeed, the College of American Pathologists (CAP), in
their Laboratory Accreditation Program Checklists, gives a definition of telepathol-
ogy that does not even mention distance:

Telepathology - The practice of pathology and cytology in which digitized or analog video,
still image(s), or other data files are examined and an interpretation is rendered that is included
in a formal diagnostic report in the patient record. It also includes the review of images by a
cytotechnologist when a judgment of adequacy is recorded in the patient record [7]

One might therefore assert that “all WSI is telepathology” and be technically
correct. Practically speaking, though, local serving and viewing of images should
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not routinely be classified as telepathology. To do so would rob the concept of tele-
pathology from all meaning. Instead, most people would consider the crossing of a
significant geographic, organizational, political, or infrastructural barrier as the sine
qua non of telepathology. Despite this, there are a handful of entirely local use cases
that clearly fall under the umbrella of telepathology. One prominent example is the
practice of “telecytology” for remote on-site evaluation (ROSE), where the distance
involved may simply be a few floors in a hospital [8]. Ultimately, while there really
is no universal definition for when WSI use transitions from “pathology” to “telepa-
thology,” telepathology is probably best delineated by the underlying motivation for
using WSI (i.e., primarily to overcome distance) more than the actual distance
traversed.

Transmitting Site
In telepathology (and telemedicine in general), the term “transmitting site” can refer to
one of two things depending on the context in which it is used. In a purely technical
sense, the “transmitting site” is the site where WSIs are stored and from which they are
served to the client viewer. In a medicolegal and regulatory sense, though, the “transmit-
ting site” typically refers to the location where the patient is receiving medical care, such
as the hospital or clinic where a biopsy or surgical resection is performed. The discrep-
ancy between these two usages arises because the patient tissue and/or slides may be
transported away from the original site where the patient received his/her care to one or
more intermediary sites where they are processed and ultimately scanned into whole
slide images. The whole slide images themselves may then be moved to a server at yet
another site (such as a cloud server). When considering issues of a legal and regulatory
nature, the transmitting site should always be considered as the location of the patient or
procedure and not where the WSI files are stored or from which they are served.
Further complicating matters, the Centers for Medicare and Medicaid Services
(CMS) rules on telemedicine use the concept of “originating site,” which corre-
sponds to the second definition of transmitting site given above. The CMS defini-
tion of originating site is “the location of an eligible Medicare beneficiary at the
time the service furnished via a telecommunications system occurs” [9]. Many
times, the transmitting site and originating site may be identical, but in other
instances, they may differ. With regard to issues of medical practice (medical
licensure, reimbursement, jurisdiction, etc.), originating site is the more applica-
ble of the two.

Receiving Site

The “receiving site” is considerably more straightforward and refers to the location
where the pathologist is viewing the whole slide images and rendering a diagnosis.
CMS also refers to providers performing telehealth services as “distant site practi-
tioners” [9].

Store and Forward
There has been considerable confusion about the term “store and forward” with
regard to WSI. WSI technology is unquestionably a store and forward
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(asynchronous) form of communication. CMS defines store and forward as “asyn-
chronous transmission of medical information to be reviewed at a later time by
physician or practitioner at the distant site” and that it “may include, but [is] not
limited to, video clips, still images, x-rays, MRIs, EKGs and EEGs, laboratory
results, audio clips, and text” [10]. Store and forward technology contrasts with live
(synchronous) technologies that use real-time, interactive transmission of data typi-
cally to provide services while the patient is present. While a user may experience
remote viewing of whole slide images as an interactive experience, it is important to
remember that whole slide images are, in fact, just very large high-resolution still
images (see Chap. 2 for more details). Recognizing that WSI telepathology is a
“store and forward” technology is important both for comparing it to other tech-
nologies and to understand the ramifications for CMS reimbursement of telemedi-
cine services.

Primary Diagnosis

Primary diagnosis is defined as the rendering of a definitive diagnosis by the pathol-
ogist of record with the most direct responsibility to the patient. Traditionally, one
can consider primary diagnosis as the process colloquially known as “signout”
when reviewing glass slides produced by the primary pathologist’s histology labo-
ratory. With the De Novo granting of the first WSI system by the FDA in 2017, the
term primary diagnosis now includes a pathologist rendering a definitive diagnosis
on either glass or digital slides [11, 12].

Primary diagnosis by telepathology assumes that the pathologist of record is ren-
dering a definitive diagnosis only through the use of telepathology and without the
benefit of glass slides. An additional assumption is that the pathologist is located at
some distance from the primary laboratory. For example, one does not perform pri-
mary diagnosis via telepathology simply by using WSI while on the premises of the
primary CLIA-certified laboratory. Contrast this to a pathologist signing out cases at
aremote, satellite site (i.e., separate CLIA); in this case, he/she would be performing
primary diagnosis via telepathology. Overall, the distance requirement is arbitrary,
with the emphasis on both the specific situation and tools used for diagnosis.

Secondary Diagnosis
Secondary diagnosis is defined as the rendering of a diagnosis by a separate (sec-
ondary) pathologist who is not the pathologist of record (i.e., not the primary
pathologist). Cases submitted for secondary diagnosis take two principle forms: (1)
a consultative (“true” consult) case, where the primary pathologist, clinician, or
patient has requested an expert or confirming opinion on a case, and (2) a patient
“transfer” case, where a patient is transferring care to a new hospital or clinical
group and the pathologist has been asked for a formal second opinion (an “over-
read”) of the outside material to confirm the original diagnosis.

Unlike primary diagnosis, secondary diagnosis via telepathology can either be
performed in a formal or informal manner. Formal secondary diagnosis via telepa-
thology occurs when a formal consultative report is issued and the secondary
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pathologist bills for his or her services. However, when a formal report is not needed
or desired, an informal consultation via telepathology can be performed between
pathologists. This informal use of telepathology can be considered as a type of digital
“curb-side” consultation and has proven to be one of the driving forces behind WSI
telepathology, given this feature’s inclusion into multiple vendor WSI image man-
agement systems (e.g., Philips, Leica, etc.). Whether secondary diagnosis is formal
or informal significantly impacts legal, regulatory, and accreditation requirements.

Intraoperative Diagnosis

Intraoperative diagnosis refers to the formal rendering of a diagnosis on an intraop-
erative specimen that is immediately communicated, usually verbally, to the operat-
ing surgeon. Intraoperative diagnosis is commonly known as a “frozen section”
diagnosis, in which the tissue is frozen, sectioned, and stained rapidly, but it can also
take other forms, such as a direct smear, touch prep, or gross-only interpretation. In
all cases, intraoperative diagnoses become part of the formal patient record, either
at the time of surgery or as a section within the case’s final diagnostic report.

An intraoperative diagnosis made via telepathology assumes that the glass slides
created are not interpreted directly during the immediate intraoperative period.
Instead, remote pathologists render their diagnoses using whole slide images (the
frozen section slides are immediately scanned) or from live streaming video. Of
note, even if the glass slides are reviewed prior to rendering the final primary diag-
nosis, as long as the immediate intraoperative period has ended, this is still consid-
ered to be an intraoperative diagnosis performed via telepathology.

A Brief History of Telepathology

The earliest form of telepathology was television microscopy, which was invented
in 1951 by the Radio Corporation of America (RCA) [13]. Television microscopy
allowed live microscopic imagery to be transmitted over long distances via closed
circuit connections, point-to-point microwave connections, and broadcast airwaves.
In practice, however, early television microscopy was primarily used for direct
observation of samples and local sharing in classrooms or other educational settings
[3]. Early applications of television microscopy for long-distance telepathology and
diagnosis were rare.

One of the earliest examples of regular-performed telepathology was by Drs.
Light and Krigman who reported on a closed-circuit television microscopy system
that entered use in 1963 [14]. Light and Krigman worked at the US Army Edgewood
Arsenal Chemical Research and Development Laboratories (now part of Aberdeen
Proving Ground, Aberdeen, Maryland), and the system was “utilized in our labora-
tory... by working pathologists on a day-to-day basis.” [14] This system was in use
for several years and connected two buildings over a distance of around 4400 feet.
This effort included what is likely the first telepathology concordance study, which
showed only a 71% concordance between glass and television microscopy
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diagnosis. This less-than-stellar result was largely attributed to the use of black and
white television and poor image quality [14].

Telecytology did not lag far behind, with cytopathology applications of televi-
sion microscopy first described in 1965 by Drs. Weaver, Frost, and Nieburgs [15].
These applications included teaching with “various kinds of audiences [including]
remote demonstration between offices, classrooms, [and] laboratories,” as well as
staff conferences, measurement, and diagnosis. Dr. John K. “Jack™ Frost of Johns
Hopkins Hospital noted that:

Television microscopy with remote monitors and a two-way audio system offers a unique
opportunity not available with other equipment. The fine resolution of the television micro-
scope is able to be appreciated in seminar or conference rooms away from the examining
pathologist [15].

In 1968, the first long-running telemedicine program was initiated in Boston,
linking the medical station at Logan Airport with the Massachusetts General
Hospital 2.7 miles distant [6, 16]. The telemedicine program ran until 1977 and
incorporated remote peripheral blood smear and urine sediment analysis. The “tele-
microscope” used in the program transmitted black and white television images via
a microwave link directly connecting the two sites.

In the mid-1970s, NASA sponsored the Space Technology Applied to Rural
Papago Advanced Health Care (STARPAHC) telemedicine program along with the
Papago Tribe (now the Tohono O’odham Indian Nation) and Lockheed Corporation
[17, 18]. The STARPAHC project used telemedicine technology, including dynamic
telepathology, to provide medical care to the Papago Tribe of southern Arizona via
microwave, VHF radio, and telephone. It was notably one of the first projects to use
a color television camera for telepathology [19]. NASA operated STARPAHC from
1973 to 1977.

The practice of telepathology entered the mainstream in 1986 when Dr. Weinstein
and others demonstrated a new robotic telepathology system [16, 20]. In this demon-
stration, pathologists located at the Communications Satellite Corporation headquar-
ters in Washington, D.C. remotely-controlled a microscope at the William Beaumont
Army Medical Center in El Paso, Texas some 1700 miles away [20]. The live micro-
scopic imagery was transmitted back to Washington via a satellite link. In the opinion
of many, this event ushered in the modern era of telepathology [21]. The key US pat-
ent for robotic telepathology was subsequently issued to Dr. Weinstein’s company,
Corabi International Telemetrics, Inc., in 1993 [22]. This patent expired in 2011.

For many years, robotic telepathology remained the dominant platform for tele-
pathology, spawning a number of notable programs in the late 1980s and throughout
the 1990s [23-28]. In the late 1990s, WSI emerged as a competing technology.
Interestingly, like commercial robotic telepathology, commercial WSI also emerged
from an imaging group at Rush University Medical Center in Chicago [21]. James
W. Bacus founded Bacus Laboratories in 1994 and eventually marketed the BLISS
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System, the first commercially available WSI slide scanner [29]. It is unclear from
historical sources exactly when the BLISS system was first sold, but Bacus was
granted two seminal patents for the system in 1997 and 1998 [30, 31].

While BLISS was the first commercial WSI system, it was not the first to appear
in the literature. That distinction goes to a collaboration between The Johns Hopkins
University and the University of Maryland [32]. This group was the first to apply the
term “virtual microscope” to describe a client-server based system for reviewing
fully-digitized slides (i.e., whole slide images). While their “virtual microscope”
system had a rudimentary user interface, it supported many functions of modern
WSI systems, including panning, zooming, and focusing through multiple captured
focal planes (i.e., z-stacking). Notably, both the BLISS system and the “virtual
microscope” permitted remote viewing of whole slide images over both local net-
works and the Internet [32].

WSI was not an overnight success for telepathology, and many review articles on
telepathology from the late 1990s and early 2000s fail to acknowledge the existence
of the technology [33-35]. WSI slowly revealed its utility as more vendors joined
Bacus in the WSI market in the early 2000s. As WSI scanners and software
improved, the installed base increased significantly, quickly eclipsing the number of
robotic telepathology systems sold. WSI systems, frequently purchased for teach-
ing, research, or image analysis purposes, found an additional application in telepa-
thology, while most robotic telepathology systems remained narrowly-focused
devices with few additional uses. The late 2000s saw the beginning of numerous
new WSI-based telepathology programs and the conversion of some robotic telepa-
thology programs to WSI [27, 36]. The increased interest in WSI telepathology is
reflected by the surge of publications on the topic in the 2010s (Fig. 1). This trend
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Fig. 1 WSI telepathology publications over time. The earliest publications were in the late 1990s
and the number of publications per year peaked in 2012. The search string used in PubMed
included a variety of synonyms for whole slide imaging: (wsi[All Fields] OR “whole slide
image”[All Fields] OR “whole slide imaging”[All Fields] OR “virtual microscope”[All Fields]
OR  “virtual microscopy”’[All Fields] OR “digital pathology”[All Fields]) AND
(“telepathology”[MeSH Terms] OR “telepathology”[All Fields])
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has continued to the present day, especially given the impact of the SARS-CoV-2
(COVID-19) global pandemic in the early 2020s, with numerous clinical valida-
tions and deployments of WSI for primary, secondary, and intraoperative diagnosis
in programs around the world [37—41].

Drivers of Adoption for Telepathology

Interest in telepathology has been increasing over the last three decades as it has
transitioned from a fringe curiosity to a mainstream technology. For many, the ques-
tion has shifted from “why would I use telepathology?” to “why can’t I use telepa-
thology?” A large part of this is attributable to progressive improvement in the
underlying technologies. WSI systems are undeniably more versatile than robotic
microscopes. This versatility allows telepathology use cases to coexist with other
use cases such as education and research. Additionally, today’s WSI scanners are
dramatically better than those of 20 years ago. Image quality, focus, and usability are
much improved, and the time required to scan a typical slide at 20x has dropped from
around 20 minutes 30 years ago to under 30 seconds today. Not to be outdone,
dynamic telepathology systems have also benefited from updated technology. In fact,
today there is a much larger market for, and more vendors of, dynamic and robotic
telepathology systems than ever before. WSI telepathology and dynamic telepathol-
ogy should no longer be considered competing technologies. Instead, they should be
viewed as complementary technologies in a market where a rising tide lifts all boats.
Combined, these technologies optimally cover a wide gamut of use cases.

While improvements in telepathology devices have been important, one cannot
ignore the rise of the Internet, which provides a ubiquitous and universal transport
medium for all types of digital telepathology. Prior to the Internet, analog video
signals had to be broadcast over the airwaves or sent point-to-point via microwave
links or closed-circuit television systems. None of these mediums were ideal for
routine telepathology. Satellite communications solved some of these issues but did
not become a ubiquitous solution. In contrast, approximately 66% of the world
population now (circa 2021) has access to the Internet [42]. In North America and
Europe, access rates are higher, approximately 94% and 88%, respectively [42].
And while there are still significant disparities in access between developed and
developing nations, most major population centers in the developing world now
have access to the Internet facilitated by high-speed fiber optic backbones and more
ubiquitous mobile/cellular device usage.

Changes to the business and practice of medicine are also driving adoption of
telepathology. In the United States in particular, the ongoing consolidation of hospi-
tals and other healthcare facilities has created large, sprawling healthcare systems
that are under continuous pressure to streamline care, optimize workflows, and con-
trol costs. Creation of large healthcare systems has resulted in significant laboratory
consolidation and brought similar pressures on labs to reorganize and increase effi-
ciency. Consolidation of private and corporate labs has had much the same result
outside of health systems. While consolidation of clinical laboratory services is not
necessarily easy, it is typically more straightforward. In contrast, anatomic
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pathologists are still required to staff on-site hospital services such as tumor boards,
rapid on-site evaluation for FNAs, and frozen section services. When histology ser-
vices are centralized, staffing smaller hospitals with pathologists can result in signifi-
cant underutilization of pathologist time. By distributing cases for primary, secondary,
or intraoperative diagnosis using telepathology, pathologist time can be better uti-
lized by spending more time signing out and less time commuting and idling.

Telepathology as a Use Case for WSI

As previously mentioned, from both technical (i.e., the components of a WSI sys-
tem) and experiential (slide review and signout) points of view, the pathologists’ use
of whole slide imaging is identical regardless of the distance involved. Given this
parity, it makes sense that telepathology arose as one of the primary use cases for
using whole slide imaging, especially considering the substantial costs, workflow
changes, and practice adjustments required when one goes “fully digital” [43]. In
fact, over the past decade, the application of WSI telepathology to secondary diag-
nosis and informal consultation has been considered by some to be whole slide
imaging’s most widely used application [43].

Numerous academic talks over the years have presented telepathology as either
the primary or an immediate secondary justification for purchasing a WSI system.
During these sessions, practicing pathologists have expressed their yearning for the
(theoretical) freedom that a fully digital workflow would allow, with telepathology
paving the way. While these situations have varied from the practical (e.g., digital
signout from multiple office locations, the frozen section suite, or from home) to the
exotically impractical (while on vacation, poolside, or even from the beach!), their
overall intent has fueled interest in WSI telepathology. As the use of WSI for pri-
mary diagnosis matures, telepathology will continue to be a leading use case for
WSI as pathologists realize the benefit of using fully digital assets, with distance
barriers quickly breaking down. At some future point where digital slides are the
norm and WSI is just a routine part of the anatomic pathology laboratory, one can
imagine that the term “telepathology” will transition back to its original purpose,
primarily reserved for histopathology applications where WSI is not feasible.

Comparison with Other Telepathology Modalities
WSI Versus Static Image Telepathology

In addition to WSI, there is another form of store and forward telepathology: static
imaging. Consisting essentially of remotely-shared digital photomicrographs, static
imaging predates WSI and is as old as microscope-attached digital cameras. Rather
than being displaced by newer technologies like WSI, a resurgence in static image
telepathology has accompanied the rise of high-quality smartphone cameras and the
availability of eyepiece mounts adapters for them [44]. Compared to WSI telepa-
thology, static imaging uses commonly available imaging devices and is far cheaper
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and easier to use. Static images are also about three orders of magnitude smaller
than whole slide images and can be easily exchanged via email or other means, even
over poor network connections in low-resource environments. The biggest draw-
back to static image telepathology is that the receiving pathologist is completely
dependent on the transmitting pathologist’s selection of fields and focus. Despite
this fact, static imaging is very likely the predominant form of telepathology world-
wide, and its advantages should not be disregarded.

WSI Versus Dynamic Telepathology

Dynamic telepathology entails the use of a live, real-time (synchronous) video feed
from a camera mounted on a conventional microscope. This methodology retains all
of the advantages of traditional microscopy, but requires a trained individual at the
transmitting site to remotely operate the microscope. This individual typically
receives verbal instructions and feedback from the pathologist at the receiving site.
Compared to static imaging, dynamic imaging allows the entire slide or slides to be
interrogated at any magnification to the satisfaction of the remote pathologist. In
theory, this eliminates (or at least greatly reduces) sampling bias by the transmitting
site. Dynamic telepathology sessions can also be initiated quickly since no photo-
micrography or slide scanning is required prior to review. This makes dynamic tele-
pathology a viable technology for performing time-sensitive tasks such as
intraoperative diagnosis or rapid on-site evaluation of fine needle aspiration mate-
rial [8, 45]. The ability to focus through thicker material also makes dynamic tele-
pathology appealing for these types of specimens. Dynamic telepathology is also
favored for predominantly passive remote observation such as in consensus confer-
ences and educational sessions.

The cost of the equipment to perform dynamic telepathology compares favorably
to low-throughput, low-cost WSI scanners. A digital camera with an acceptably
high resolution (at least 1080p) and frame rate (30 or 60 fps) can be attached to an
existing microscope with an appropriate camera port. Efficient transport of live
imagery requires video compression, and encryption of the video stream is also
needed, especially if the imagery is transported over a public network (i.e., the
Internet). Video transmission may be facilitated entirely by software, but some
high-end solutions use hardware-based compression (i.e., codecs) and encryption to
keep latency as low as possible. Latency remains the biggest challenge to usability
in dynamic telepathology, and implementing a low-latency solution depends on the
camera, computer hardware, codecs, software (viewer, remote conferencing, etc.),
and transport medium (network) utilized.

WSI Versus Robotic Telepathology
Robotic telepathology builds on the dynamic telepathology paradigm but replaces

the remote microscope operator with a fully motorized robotic microscope. Prior to
the adoption of WSI for clinical use cases in the mid-2000s, robotic telepathology
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was the mainstay of telepathology services [23-28]. While many longstanding tele-
pathology services continue to use robotic telepathology, others have switched to
WSI [27, 28]. Robotic telepathology retains many of the advantages of non-robotic
dynamic telepathology, including immediate availability and the ability to adjust
focus dynamically. In contrast to WSI scanners, which are becoming more com-
monplace in clinical settings, dedicated robotic microscopes are generally on the
decline.

Hybrid WSI Scanners

A “hybrid” WSI scanner combines the capabilities of a WSI scanner with the ability
to perform robotic telepathology [36]. This modality has also been called “dual
dynamic/WSI” telepathology [37]. The emergence of these devices has been signifi-
cantly buoyed by the expiration of robotic telepathology patents from the late 1980s
[22]. While many WSI scanners can be jury-rigged for remote operation via remote
desktop software, few WSI scanners are optimal for robotic telepathology. Almost all
general-purpose WSI scanners on the market are equipped with only a single high-
power objective (either 20x or 40x) for digitizing a slide at high magnification. While
it is technically possible to review an entire slide using only a high-power objective,
this practice is inefficient, unintuitive, and frankly painful for the operator. Hybrid
WSI scanners are distinguished by the presence of a full turret of objectives (Fig. 2),
typically five in number, ranging from low (e.g., 2x) to high (e.g., 40x) magnifica-
tion. Thus, the hybrid scanner replicates a typical pathologist’s microscope without
significant reduction in functionality. A second distinguishing feature of hybrid slide
scanners is software designed specifically for live, remote operation.

Fig.2 An example of a hybrid slide scanner. This cut-away view of a hybrid slide scanner reveals
a motorized turret with five objectives ranging from 2x to 40x. The full range of objective permits
the scanner to be used for both dynamic robotic telepathology and WSI. (Photograph used with
permission from Mikroscan, Inc. (Carlsbad, CA))
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Hybrid scanners do have several drawbacks. They are typically low-capacity
devices that use slide trays that hold between 2 and 6 slides. They are therefore not
direct replacements for dedicated robotic microscopy platforms with high-capacity
“slide hotels.” For WSI use cases, their performance is adequate for low-volume
applications, but they are neither as fast nor as feature-rich as general-purpose WSI
scanners. They are, however, relatively inexpensive and offer significant value and
versatility at their price point.

Technical Considerations for WSI Telepathology

General technical considerations for WSI will not be covered here as they are
addressed elsewhere in this volume. We will highlight a few technical issues that are
especially relevant to WSI telepathology.

The defining feature of telepathology is overcoming distance, which may range
from a few hundred yards to thousands of miles depending on the particular use
case. Indeed, the teleconsultation programs at UCLA and UPMC have used WSI
to routinely perform secondary diagnosis on cases originating in China for nearly
a decade [41, 46, 47]. While it is theoretically possible to perform telepathology
between any two Internet-connected sites in the world, not all communication
routes are created equally. Issues with network quality between the transmitting
and receiving sites can render even the best WSI system essentially unusable.
Thankfully, there are several approaches to implementing WSI telepathology that
can overcome issues with network performance. As a result, there are very few
(populated) geographic circumstances that will completely preclude using telepa-
thology services.

Network Quality

Although there are a number of highly technical measures of network quality, the
two measures predominantly affecting the end user experience in WSI telepathol-
ogy are throughput and latency. The relative importance of these two aspects of
network performance depends significantly on how a WSI system is deployed.

Throughput

Network throughput is the actual rate at which data can be transmitted between the
transmitting and receiving sites. Throughput is closely related to bandwidth and
the two terms are frequently used interchangeably; however, there is a significant
distinction. Bandwidth represents the maximum possible throughput a network can
theoretically deliver. Bandwidth is measured in raw bits per second (bps) of data
transfer between points but this theoretical maximum is rarely achieved in practice
because it does not account for communication protocols, retransmission (due to
loss and errors), encryption, and other sources of overhead in transmission.
Throughput, therefore, is a better term for describing the actual amount of data that
can be delivered per unit of time.
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There are no well-established minimums for throughput in WSI applications.
Generally, though, network connections that are moving entire whole slide images
(e.g., between the scanner and digital slide repository [DSR]) require considerably
more throughput than those that are moving just image tiles (e.g., between the DSR
and viewer client). While a connection of at least 1 Gbps would ensure no bottle-
neck when moving whole slide image files, a 100 Mbps connection between the
DSR to the viewer client are likely more than sufficient [48]. Even a 2 Mbps con-
nection may be usable for transferring image tiles provided that it has sufficiently
low latency to deliver a good user experience [48].

Latency

Network latency is a measure of the delay between when the transmitting site sends
a piece of information and when the receiving site receives the information.
Increases in network latency significantly decrease the usability of “real-time” soft-
ware such as video or audio streaming services. Likewise, increased latency also
degrades WSI viewer responsiveness, sometimes to the point where it is virtually
unusable. End users frequently refer to the resulting experience as “pixelation,” and
the actual defect is a delay in receiving higher resolution tiles to overlay the lower
resolution tiles already displayed. This is a common user complaint in WSI.

Latency is a function of the distance the data is transmitted, the medium over
which it is transmitted and any processing overhead occurring along its path.
Latency has an absolute floor determined by the distance a signal is transmitted
divided by the speed of light in that medium [49]. Signals in typical fiber optic cable
propagate at 4.9 microseconds per km. A signal traveling halfway around the world
on an ideal straight line path (20,038 km) would therefore take 98.2 milliseconds
(ms) one way, with a round trip (request + response) time of 196 ms.

In practice, distance is only one contributing factor to latency, but it does account
for an increasing proportion of total latency as distance increases. Other factors that
influence latency are bandwidth utilization, intentional throttling and traffic shap-
ing, the number of routers in the network route (“hops”), and other sources of delay
due to intervening hardware and software. Latency may vary somewhat depending
on the time of day, especially if portions of the route are highly congested.

Network latency between two endpoints can be measured by using the “ping”
tool, which is widely available and can provide a measurement of round trip times
for packets. Another tool, “traceroute,” identifies the number of hops required in the
route between two hosts. A third tool, “MTR,” combines features of ping and trac-
eroute with the added ability to visualize packet loss (which contributes to latency)
in real time. These tools can be useful in both planning and troubleshooting WSI
telepathology services.

It is important to note that image tiles slowly loading is not always due to net-
work latency. The DSR itself is part of any round trip, and if demand on the server
exceeds its ability to send tiles to all the requesting clients, requests for additional
tiles will be queued until they can be sent. This phenomenon is not unique to WSI
telepathology and can occur when servers connect to a large number of simultane-
ous clients regardless of the distance involved. Server load should be kept in mind
when troubleshooting any issues that resemble intermittent network latency.
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Network Firewalls

Information technology professionals can attest to the unexpected difficulties that
may arise when moving data across the street, let alone around the world. Some of
this difficulty arises from network firewalls, devices that live at the intersections of
different networks and play a vital role in securing them against malicious attacks
and unauthorized access. Firewalls are typically installed between an organization’s
private intranet and the public Internet and at the interface of directly connected but
independent networks (e.g., a hospital and a university). It is common for network
packets to traverse multiple firewalls on the way to their destination.

There is an ongoing “arms race” between cyberattack vectors and network secu-
rity measures. Network firewalls are becoming increasingly sophisticated, and some
current generation firewalls may implement a technology called deep packet inspec-
tion. Unlike earlier firewalls, which limited inspection to packet headers and were
primarily concerned with blocking unauthorized traffic, deep packet inspection
actually examines the content of every packet as it crosses the firewall. In the enter-
prise networking environment, deep packet inspection is very useful for identifying
and blocking the transmission of malicious code such as viruses, trojans, and other
malware. However, inspecting every packet crossing a firewall comes at the price of
increased network latency. If whole slide image tile data is being sent across the
firewall, the increased latency can result in poor image viewer performance (Fig. 3a).
Latency is not an issue if entire whole slide images are being sent across the firewall
(Fig. 3b); however, deep inspection of very large files (e.g., from 250 MB to 2GB)
is time consuming and can impact overall network performance. For this reason,
some network administrators choose to block large file transfers outright. This is
obviously a problem when trying to transfer whole slide image files.

Mitigating issues with network firewalls usually requires adjustment of firewall
settings to exempt or prioritize certain network traffic types or traffic exchanged
between two or more known endpoints. Prior to initiating telepathology services
across your organization’s firewall, it is wise to consult with the network and cyber-
security teams managing your firewall and discuss options for optimizing the per-
formance of telepathology solutions. Unintended changes made to firewall settings
can also result in sudden, unexplained issues with telepathology systems. A failure
to consider the firewall as a possible root cause of these issues can lead to hours of
wasted troubleshooting and resultant downtime.

Approaches to Transmitting WSI Data for Telepathology

Today’s end users are accustomed to effortless global web and mobile app experi-
ences, but remain oblivious to the underlying technologies that make the access
appear seamless. Much of this “magic” has to do with the use of content delivery
networks (CDNs) and other forms of data caching that ensure websites appear
responsive. A CDN is a system of geographically distributed servers that helps elim-
inate network latency and improves user experience. CDNs accomplish this by
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Fig.3 Three methods of transmitting whole slide image data to remote receiving sites. This figure
shows three strategies for transmitting whole slide image data from the transmitting site, depicted
in the left lane, to the receiving site, depicted in the right lane. In this illustration, all data is trans-
mitted between the sites via the Internet, depicted in the middle lane. (a) Glass slides are scanned
to whole slide image files (WSI) and stored locally in a digital slide repository (DSR). WSI image
data (i.e., image tiles) is sent directly to the client viewer at the receiving site via the Internet. (b)
Again, glass slides are scanned to whole slide image files and stored locally in a digital slide
repository (DSR). The entire whole slide image is sent via the Internet to a digital slide repository
located at or near the receiving site. (¢) Glass slides are scanned to whole slide image files. These
files may be stored locally in a digital slide repository and then forwarded to a cloud service (as
depicted) or may be sent directly to the cloud service. The pathologist at the receiving site then
accesses the whole slide image data from the cloud service. The relative advantages and disadvan-
tages of these three approaches are discussed in the text

replicating content to these distributed servers, and then delivering the content via
the server closest to the end user. In this way, a CDN increases responsiveness but
remains essentially transparent to the end user. CDNs are not, however, a free or
automatic service, and entities requiring a CDN must contract with a CDN provider
or implement their own solution. In addition to intentional use of CDNs, there is
also a significant amount of caching of content at various levels that helps reduce
bandwidth and latency for commonly retrieved content.

CDNs and caching make the consumer Internet experience much more enjoy-
able, but they raise expectations for the performance of telepathology systems.
While off-the-shelf CDNs will likely not solve latency issues over long haul telepa-
thology routes, there are approaches to transmitting WSI that address the latency
issues by implementing a bespoke CDN-like solution.

Traditional Client-Server Solutions
By far, the most commonly implemented WSI arrangement is the client-server
model. In this model, the server is a “locally” hosted DSR or other type of WSI
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server such as a PACS. The DSR is “local” in the sense that it is located proximal
to either the transmitting or receiving site, although it could be located in a third-
party data center or virtual server farm. This model should be familiar to people
that have implemented WSI systems as it is a common arrangement used by many
institutions.

For purely local WSI use cases, such as education, research, and diagnostics, the
DSR is located on a physical or virtual server on an organization’s internal network
(“on-premises”). The slide scanner(s) would also be attached to the internal network
and send whole slide image files to the DSR. Whole slide image tiles are then
requested by the end user’s viewer as needed and served from the DSR over the
local network. This configuration is straightforward and should have adequate per-
formance for locally serving whole slide images. Telepathology use cases that are
relatively local, such as serving slides between buildings or even between nearby
sites, should perform adequately within this paradigm as long as the network and
DSR are sufficiently performant.

Even when the transmitting and receiving sites are on independent networks or
the distance between them increases, the above configuration may still be adequate.
In this instance, the slides are scanned and the whole slide images are stored at a
DSR local to the transmitting site (Fig. 3a). The pathologist at the receiving site
connects directly to the transmitting site’s DSR and image tiles are sent over the
Internet. This is the simplest configuration for telepathology and requires no addi-
tional infrastructure components beyond what already exists at the transmitting site.
An advantage of this arrangement is that the whole slide images are available for
review by the remote pathologist immediately after they are scanned. The biggest
issue with this configuration is that it is sensitive to network latency. As latency
increases, tiles will load in slowly, and the pathologist at the receiving site will
eventually have a sluggish, “pixelated” viewing experience.

To overcome network latency issues, an additional step can be added to the
process (Fig. 3b). This approach is similar to the approach CDNs use. As before,
the slides are scanned and the whole slide images are stored in the transmitting
site’s local DSR. The whole slide image files are then transferred over the
Internet to another DSR located at the receiving site. The pathologist at the
receiving site then connects to the local DSR, and his/her viewing experience
should be equivalent to any local WSI use case. The primary disadvantage to
this approach is that it consumes far more bandwidth sending the entire whole
slide image rather than just the image tiles that are needed. Even in the best
circumstances, transferring the files will take considerable time, and they will
not be immediately available for review by the remote pathologist. While the
process is wasteful and slow, it may be the only way to implement a client-
server model over high latency connections. This approach also has some addi-
tional advantages. For one, the DSR at the receiving site needs to be compatible
with the whole slide image file format used, but it does not need to be the same
as the DSR at the transmitting site. This allows the receiving site to better inte-
grate the whole slide images into their existing digital pathology system and
workflow. It also creates a local copy of the whole slide image, consuming
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storage but giving the receiving site direct control over digital slide retention
policy. Finally, in instances where there are significant time zone differences,
this model may allow decreased latency without affecting clinical workflows as
the slides scanned in one time zone could be transferred in their entirety and still
be made available at the beginning of the work day in the later time zone. Some
international consultation services have made good use of time zone differences
to effectively transfer whole slide images “after hours.”

Cloud-Based Solutions

Cloud-based digital pathology platforms have emerged as an alternative to tradi-
tional locally hosted client-server models (Fig. 3c). Cloud-based digital pathology
platforms reside on remote servers operated by third-party vendors and are typically
built on top of commercial cloud services such as Microsoft Azure or Amazon Web
Services. Cloud-based digital pathology platforms are a natural fit for telepathology
and can address many issues, including efficient content delivery.

In this approach, the slides are scanned and the whole slide images are stored in
the transmitting site’s local DSR (alternatively, they could be sent directly to the
cloud, bypassing a local DSR). The whole slide images are then transferred over the
Internet to a cloud-based digital pathology platform. If necessary, the platform can
then move or replicate the whole slide image files to cloud storage servers closer to
the receiving site. The pathologist at the receiving site then connects to the cloud
platform and reviews the slides using a web-based viewer.

Cloud-based digital pathology platforms have a number of inherent advantages.
Since the slides are served from the cloud, they are not subject to the same con-
straints as WSI systems on locally hosted servers. Furthermore, because cloud-
based platforms use standard web protocols, all network traffic occurs on ports 80
and 443, the default ports for HTTP and HTTPS. Since these ports are used for
serving the world wide web, they are almost universally passed through firewalls.
Cloud platforms also facilitate the sharing of slides and remote collaboration via
telepathology. On the flip side of the argument, healthcare organizations and aca-
demic institutions remain wary of moving protected health information (PHI) to the
cloud, and use of these services may require de-identification of any PHI (which
comes with its own issues) and/or the use of HIPAA-compliant business associate
agreements.

Telepathology and Cybersecurity

Over the past decade, cybersecurity has emerged as an important issue in health
care, driving hospitals and physicians to address it in their work on a daily basis.
From the use of two-factor authentication to the creation of large-scale cybersecu-
rity teams, healthcare institutions have had to adjust to a new world order where
cybercrime, cyberterrorism, and healthcare breaches are the norm. For example, in
2015 alone, it was estimated that one-in-three Americans were victims of a health-
care data breach [50].
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WSI-based telepathology, being an inherently digital product, introduces new
cybersecurity risks for pathology groups. One such concern is the use of public
networks (the Internet) for data transfer and the need for the receiving site patholo-
gists to access sensitive and potentially identified health information remotely.
Given the requirement for positive patient identification in clinical use cases such as
primary diagnosis and formal telepathology secondary consultation, telepathology
solutions will have to migrate from what has traditionally been a pathology labora-
tory-focused to a more central IT-based implementation. These solutions will
require rigorous IT security testing and should minimally include: (1) an architec-
tural review of systems by the central IT cybersecurity team, (2) third party penetra-
tion testing with contract-based remediation of identified vulnerabilities, and (3)
regularly scheduled annual risk assessments.

Finally, given that cloud-hosted services are becoming more prevalent in digital
pathology systems, there have been some organizations who are opting to fully de-
identify slides and cases in public-facing and/or fully cloud-based WSI systems.
While this reduces the likelihood of an accidental protected health information dis-
closure or breach, it also removes the two-identifier standard from whole slide
images and weakens a pathologist’s ability to positively confirm the patient context.
No matter how one decides to implement a WSI system, cybersecurity will play a
major role in its implementation and use in the future.

Telepathology Network Topology

The constituent parts (histology labs, slide scanners, pathologists) form a telepa-
thology network, and the arrangement of these parts (the topology) can vary consid-
erably depending on the goals of a particular organization. Three general topology
models are discussed below while the connections between the nodes (sites) in the
network could be implemented using the approaches previously described (Fig. 3).

Hub and Spoke Model

The hub and spoke model (Fig. 4a) is one approach to providing pathology services
in a large, distributed health system or private practice. In its purest form, the hub
and spoke model has all pathologists colocated in a central laboratory. The patholo-
gists would have immediate access to the glass (or potentially digital) slides pro-
duced at the central lab. The satellite sites are all equipped with digital slide scanners,
allowing any frozen section and/or any permanent slides to be digitized as needed
for review at the central laboratory.

Reverse Hub and Spoke Model

The reverse hub and spoke model (Fig. 4b) is another approach to solving this issue.
As the name implies, this is the inverse of the hub and spoke model. In its purest
form, the reverse hub and spoke model places the pathologists at satellite sites and
distributes slides digitally from a central laboratory. With this arrangement, all sites
are staffed by pathologists who can address on-site responsibilities like tumor
boards and frozen section coverage while remotely reviewing cases digitized at the
central lab.
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a
Hub and spoke model

b

c
Mixed model

Fig.4 Examples of telepathology network topologies. Within a telepathology network, there are a
number of ways to deploy pathologists and scanning equipment. Depicted here are three approaches
to using WSI for telepathology in a health system composed of a large central laboratory and several
smaller satellite sites. (a) In a pure “hub and spoke” configuration, scanners are located at each satel-
lite site and all the pathologists are located at the main laboratory. Slides from the satellite hospital
are scanned and reviewed centrally. (b) The opposite configuration is a “reverse hub and spoke”
configuration, where the pathologists are located at the satellite site and remotely read slides scanned
at the central laboratory. (¢) The “mixed model” combines the features of A and B, placing patholo-
gist and scanners at locations that best suit the needs of the health system
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Mixed Model

While pure versions of the hub and spoke or reverse hub and spoke models may
work for symmetrically arranged health systems, the reality of today’s large health
systems is that they are increasingly heterogeneous and complex. For these reasons,
a mixed model (Fig. 4c) is typically a better fit. In this model, pathologists and scan-
ners are located at the central lab but are also provisioned to satellite sites as needed.
For example, a hospital that requires only very infrequent frozen section coverage
may be equipped with a slide scanner in lieu of an on-site pathologist. The wet tis-
sue, blocks, and/or slides from that site may then be couriered to the central lab or
processed locally, scanned, and signed out remotely at the central lab. In other cases,
the hospital might be very distant or have other compelling reasons that demand
full-time staffing of a local pathologist. This remote hospital could then scan excess
caseload or subspecialty cases to be signed out at the central lab. Another remote
hospital might have abundant on-site responsibilities, but few total cases. The hos-
pital could be staffed locally by a pathologist with additional work or subspecialty
cases sent from the central lab to be signed out remotely. There are endless possible
permutations in the mixed model depending on the particular needs and size of a
practice.

Regulatory and Legal Aspects of WSI Telepathology

While the practice of telepathology is subject to the same regulatory and legal
requirements of clinical laboratory testing, there are some telepathology-specific
concerns that must be taken into account prior to its clinical implementation. These
separate regulatory and legal requirements are based largely on the fact that telepa-
thology splits the diagnostic process between two distinct laboratory locations, the
transmitting and receiving sites. In fact, from a strict regulatory perspective, the
imaging modality used to perform telepathology (e.g., static, dynamic, or whole
slide imaging) is less important than the actual declared clinical use case (e.g., FNA
adequacy assessment, formal intraoperative/frozen section diagnosis, formal sec-
ond opinion reporting, etc.). When discussing WSI-driven telepathology in particu-
lar, it is important to note that WSI devices, when used clinically, have been declared
medical devices for specific intended uses and therefore subject to in vitro diagnos-
tic (IVD) device regulation [51] in addition to laboratory-based regulatory measures.

Telepathology and In Vitro Device Regulation

In vitro diagnostic devices (IVDs) can be defined generally as medical devices
intended for use in the in vitro examination of specimens derived from the human
body, with the principal purpose of providing information about a physiological or
pathological state or to monitor therapeutic measures [52]. IVDs are regulated by
separate national agencies, such as the Food and Drug Administration (FDA) in the
United States, Health Canada, the Pharmaceuticals and Medical Devices Agency
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(PMDA) in Japan, the Member State Notified Bodies in the European Union, the
Therapeutic Goods Administration (TGA) in Australia, etc., each governed by its
own definitions, rules, and legislation. The FDA, for example, is charged with regu-
lating the behavior and marketing practices of IVD manufacturers and vendors, but
does not regulate the practice of medicine [53], whereas Health Canada is respon-
sible for both device and health system regulation [54].

It is out of scope here to fully discuss the different ways and classes through
which medical devices are regulated, including how WSI is regulated as a medical
device in multiple countries. However, it is useful to briefly discuss the state of WSI
device regulation in the United States as an example of the complexity involved
with determining how to assess one’s regulatory burden when implementing WSI-
based telepathology.

Whole Slide Imaging, the FDA, and CLIA

After a long, and at times bumpy, journey, the first whole slide imaging system was
De Novo granted by the FDA in the United States on April 12, 2017 to be marketed
for primary diagnosis on formalin-fixed-paraffin-embedded (FFPE) tissue [11]. The
details of this De Novo pathway submission, the rationale behind the FDA classifi-
cation for WSI systems, and the vendor-performed non-inferiority pivotal study
have all been previously described [55-57]. Briefly, this first system was cleared
only for in vitro diagnostic use “as an aid to the pathologist to review and interpret
digital images of surgical pathology slides prepared from formalin-fixed paraffin
embedded (FFPE) tissue” [11, 12]. Notably, the system was cleared as a closed
system, with the image acquisition (slide scanner) and workstation environment
(image review software and display) subsystems only able to be marketed and sold
as a combined system. Together, these subsystems must be validated in toto in order
to preserve the pixel data pathway, which is defined as being the pixel data transmit-
ted from the glass side, light source, and scanner through to the viewing software/
workstation, monitor, and pathologist.

In the context of telepathology, this initial clearance of a WSI system by the FDA
was important in that it gave pathology practices a way in which to perform primary
diagnosis remotely without having to go through the CLIA-defined laboratory
developed test (LDT) process [58]. While validation of a WSI system for a specific
intended use (e.g., primary diagnosis) is necessary per CLIA guidelines regardless
of whether the system has received FDA clearance, self-validation of WSI for a
specific intended use would meet the criteria of an LDT and thus place the full risk
and responsibility of the testing on the laboratory instead of being shared with the
vendor. However, given the limited scope of the current FDA authorized intended
uses for WSI (for primary diagnosis of FFPE tissue only; does not include frozen
section, cytology, or non-FFPE hematopathology specimens), most practices per-
forming telepathology for clinical purposes will most likely use a combination of
FDA authorized and CLIA self-validated workflows. One could argue that, given
this initial narrow intended use, if the LDT pathway is necessary for the most com-
mon telepathology applications, then FDA authorization is of secondary importance
when considering WSI systems for telepathology.
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Telepathology using WSI is further complicated by the closed system approach
the FDA took with the initial De Novo process approach. As mentioned above, the
pixel data pathway includes the display a pathologist must use to view WSI for
primary diagnosis (Fig. 5). While sounding benign and reasonable, this actually
introduces significant rigidity when implementing primary diagnosis telepathology.
Given that the initial monitor cleared by the FDA had a retail price of over $5000
USD and was 3—4-year-old technology at the time of FDA authorization, practicing
primary diagnosis telepathology using an FDA authorized WSI system adds finan-
cial and technical taxes to the process. With the clearance of additional WSI systems
and further studies demonstrating the non-inferiority of additional displays, perhaps
cleared independently as Digital Pathology Displays (IVD class PZZ), this rigidity
should lessen and more flexible options will present themselves in the coming
years [59].

At the time of this writing, there have been two additional significant FDA clear-
ances for digital pathology. The first is the clearance of a second WSI system on
May 20, 2019 through the FDA Class II 510(k) process [60]. This system was
deemed substantially equivalent to the initial, de novo process system and thus is
subjected to the same intended use (FFPE tissue only) and closed pixel pathway
limitations [61]. The second clearance is for a software-only digital pathology mod-
ule for a PACS system, the first approval of a device as Digital Pathology Image
Viewing and Management Software (IVD class QKQ) [62].

In summary, one should fully evaluate one’s use cases and needs in relation to
primary diagnosis, secondary diagnosis, and current FDA authorizations and
intended use criteria before initiating any clinical telepathology applications.
Further, one should always review all regional, state, and local regulations, in addi-
tion to one’s institutional policies and procedures, prior to starting a formal telepa-
thology program.

Laboratory Accreditation and Telepathology

While the role of the FDA in telepathology is somewhat murky, the roles of CLIA
(Clinical Laboratory Improvement Act/Amendments) and CMS (Center for
Medicare and Medicaid Services) are better defined. This is exemplified by labora-
tory accreditation agencies, such as the College of American Pathologists (CAP),
which has included telepathology within its Laboratory Accreditation Program
(LAP) since 2007 [63]. There is merit discussing specific laboratory accreditation
standards and their related checklist items in regards to telepathology as they can
directly influence one’s practice.

Telepathology Accreditation Standards

Telepathology services are covered under “Telepathology and Remote Data
Assessment” in the Laboratory Computer Services section of the Laboratory
General Checklist [7]. Importantly, this section has a robust set of instructions defin-
ing (1) the imaging modalities applicable to telepathology, (2) the applicable
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Fig.5 The WSI “pixel pathway” as defined by the FDA. The FDA lists these as the typical com-
ponents of WSI systems. The pathway can be divided into two major functional units. The image
acquisition function is typically embodied by the WSI scanner. It takes in slides and outputs whole
slide image files. The workstation is typically embodied by the computer, display, and image
review software used by the receiving pathologist. Standardizing all aspects of this latter portion
of the pixel pathway can be challenging in telepathology environments. (Adapted from the
FDA [86])
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clinical use cases for regulatory oversight of telepathology services, and (3) those
clinical use cases for which regulatory oversight are not required. Overall, these
instructions give pathology practices a clear idea of how to plan their approach to
telepathology vis-a-vis accreditation.

Before beginning clinical telepathology services, laboratories must first assess
their clinical use cases and, if they are applicable, declare telepathology on their
formal laboratory activity menu. Applicable clinical use cases include telepathology
used for formally reported diagnostic interpretations (either primary, frozen section,
or secondary diagnoses), pathologist participation in ancillary techniques requiring
image interpretation (e.g., in hematopathology, flow cytometry, molecular pathol-
ogy, etc.), and the real-time evaluation of FNA specimens for adequacy assessment
and/or preliminary diagnosis [7]. Laboratories using telepathology for “informal
reviews without formal reporting” (e.g., a virtual curbside) and/or “educational or
research use of these systems” are not required to add telepathology to their activity
menus, nor follow the checklist items [7].

Notably, even though the Telepathology and Remote Data Assessment section
has been present for over 10 years, of the seven current checklist items, only two are
categorized as Phase II. In the CAP LAP, checklist items can be classified as either
Phase I or Phase II. Phase I items are those deemed not to seriously affect the quality
of patient care, nor significantly endanger the health and/or safety of patients or
laboratory/hospital workers. When cited for a Phase I deficiency, the affected labo-
ratory is only required to submit a written response detailing a solution; however,
documentation that the corrective action has been implemented is not required.
Phase II deficiencies are more serious than Phase I deficiencies and are deemed to
have the potential to seriously affect the quality of patient care and/or endanger the
health and safety of patients or laboratory/hospital workers. When cited for a Phase
II deficiency, the affected laboratory must submit both a written plan of corrective
action and evidence of its implementation [64].

There are only two CAP LAP Phase II telepathology checklist items [7]. These
concern positive patient identification (GEN.50057) and patient confidentiality/
HIPAA compliance (GEN.52842). Of the remaining five Phase I checklist items,
the most noteworthy include the requirement to (1) include one’s telepathology ser-
vices within the lab’s quality management program (GEN.52860), (2) ensure the
receiving site has access to relevant clinical information for the case (GEN.50614),
and (3) validate telepathology systems used for clinical diagnostic purposes
(GEN.50630). Given that Phase I items can be converted to Phase II status as labo-
ratory practices evolve, telepathology practices should develop comprehensive poli-
cies and procedures to ensure all items in the checklist are followed.

Laboratory Validation of Telepathology Systems

The validation requirement for telepathology systems is significant for clinical labo-
ratories given that the validation: (1) should closely emulate real-world clinical
environments, (2) involve specimen preparation types and clinical settings relevant
to the intended use(s) of the system, and (3) be carried out by one or more patholo-
gists adequately trained to use the system. Notably, these criteria are distinct from
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the validation of whole slide imaging systems themselves, for which there is a sepa-
rate checklist item in the WSI section in the Laboratory General CAP LAP checklist
[7]. In short, this means that in most situations, one must perform two laboratory
validations for WSI-based telepathology—one for the whole slide imaging system
itself, followed by another for the intended use of telepathology.

In reviewing the above validation criteria, it becomes clear that defining the clini-
cally relevant intended use(s) for the system is of extreme importance. For example,
if the “real-world clinical environment” for which the technology will be used is for
emulating frozen section diagnosis, then the validation cannot be subsequently
applied to telepathology-based primary diagnosis of biopsies or formal secondary
consult diagnosis. Further, each officially defined clinical intended use will also
define where the telepathology will be deployed, including both expected imaging
endpoints (transmitting and receiving sites). To emulate real-world circumstances,
the actual endpoints should be validated.

When the potential for using ad hoc receiving sites (e.g., homes, hotels, confer-
ence sites, or any other site where pathologists may be asked to provide telepathol-
ogy services) is present, validation of these sites may not be possible or feasible. In
these cases, the clinical laboratory should consider limiting the use of ad hoc sites
per policy or validating standard specific hardware for which telepathology services
could be used. Further, when non-CLIA licensed sites are to be used, the laboratory
might consider applying for a multiple site exception for their primary CLIA-
certified laboratory [65]. However, the appropriateness of using a multiple site
exception for telepathology services is not entirely clear, given that the most recent
version of form CMS-116 (updated 09/2017) does not address telepathology
directly. The authors recommend checking with the clinical laboratory’s local CLIA
office for interpretation of the multiple site exception.

Laboratory Validation of Whole Slide Imaging Systems

Finally, while virtual slides/whole slide imaging is listed as an imaging modality
for the CAP LAP Telepathology and Remote Data Access section, there are cur-
rently no WSI-specific checklist items included within this section. Instead, as
mentioned above, “whole slide imaging” is its own section and is only applicable
to laboratories using WSI for diagnostic purposes (primary or secondary diagno-
sis, regardless of the use of telepathology) [7]. Similar to above, if one’s lab is
using WSI-based telepathology, WSI should be added to the laboratory’s formal
activity menu.

The WSI CAP LAP section currently consists of only two Phase I checklist
items, one requiring WSI system validation/verification and one for proper system
training prior to clinical implementation [7]. While WSI system validation is cov-
ered elsewhere in detail, it is worth mentioning that the CAP LAP only gives recom-
mendations for WSI system validation, and the specifics of validation remain at the
discretion of the CLIA-designated laboratory director. Two potential resources for
WSI system validation include: (1) the CAP guidelines for validating WSI for diag-
nostic purposes and (2) the Clinical Guidelines for Telepathology issued by the
American Telepathology Association [66, 67].
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Opverall, given the paucity of CLIA standards for WSI and related checklist items
in the WSI section of the CAP LAP circa late 2021, the best recommendation for
using WSI in any clinical application is to consult local regulatory agencies and the
most recent literature before implementation. One would expect this section to
expand as WSI is more widely adopted and becomes a more an integral part of the
laboratory.

Image Retention and Telepathology

A notable gray area of telepathology regulation is the image retention requirement
for whole slide images used in telepathology diagnosis. In 2016, the CAP LAP
added whole slide images to its list of record retention requirements in the Anatomic
Pathology Checklist [ANP.12500], with the stipulation that digital images used for
primary diagnosis be retained for at least 10 years only if the original glass slides
are “not available” [68]. However, the act of digitizing a glass slide does not directly
change the CLIA/CAP requirement that glass slides be retained for a minimum of
10 years, that is, the requirement is not an “either/or” type of scenario.

To complicate matters further, neither CAP nor CLIA has provided requirements
or guidance for retention of static images, dynamic imaging (live-video), or whole
slide images for telepathology-based secondary diagnosis. With some WSI telepa-
thology configurations (Fig. 3a, c), only a portion of the image tiles are transferred
between sites, and the original whole slide image remains with the transmitting site
or cloud service. This leaves the consulting pathologist without a record of the origi-
nal scan, which could present a legal issue under certain circumstances. For exam-
ple, if the transmitting site scanned a glass slide, but failed to include all the relevant
diagnostic tissue, this may lead the consultant at the receiving site to make a misdi-
agnosis for reasons beyond his/her control.

Given the ambiguity surrounding image retention for telepathology, it is the
authors’ recommendation that, at the very least, CLIA-certified laboratories per-
forming telepathology have a written policy indicating their position on the reten-
tion of whole slide images and other media used for telepathology. Additionally,
since one can easily argue that medical images are a part of a patient’s medical
record, care should be made to research whether any institutional, local, state, and/
or federal regulations for medical record retention are applicable to their practice of
telepathology.

Medical Licensure

All forms of formal telediagnosis are subject to medical licensure requirements in
the originating/transmitting site. Rules governing the intrastate, interstate/interpro-
vincial, and international provision of medical services vary significantly from
country to country and between countries [69]. An exhaustive discussion is beyond
the scope of this chapter, which will instead focus on the situation in the United States.

In the United States, medical licensure is governed at the state level and lacks
federal coordination. This system has produced 71 distinct medical licensing boards
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within the states and territories [70]. For the most part, the licensing requirements in
the United States for WSI telepathology mirror those for glass slides. In the case of
primary diagnosis, a pathologist should have a valid medical license for both the
transmitting and receiving sites. Formal intraoperative diagnosis should be consid-
ered a form of primary diagnosis for the purpose of medical licensure [28].

Licensure requirements for interstate secondary diagnosis are less straightfor-
ward. The CAP has addressed this issue explicitly in its policy, “Licensure
Requirements for Interstate Diagnosis, Including Interstate Telemedicine
Practice” [71]. This CAP policy makes a clear distinction between the interstate
practice of pathology and “intra-specialty consultation” performed by an out-of-
state pathologist. The policy states that interstate practice of pathology requires
a license in the state where the specimen is obtained. However, CAP makes an
explicit exception for interstate consultation at the request of an in-state patholo-
gist or when a primary diagnostic report has already been issued and the tele-
pathologist is being asked to render a second opinion. The CAP policy, while it
is informative and has been cited in legal precedent, does not overrule individual
state medical statutes [71].

Hiemenz et al. attempted to directly address this issue of medical licensing for
interstate practice of pathology in a study published in 2014 [72]. The authors
describe their methodology:

For all 50 states and the District of Columbia, we examined state medical practice acts, state
medical board websites, and contacted each medical board for information regarding spe-
cific legislation or guidelines related to the interstate pathology practice [72].

Surveys were sent to the medical boards and were returned by all except Illinois.
This study revealed three broad categories of licensure permissiveness for medical
consultation. The most permissive group of states explicitly permitted either the
limited practice of medicine (consultative or otherwise) without an in-state license
(n = 3) or consultative practice by physicians located out-of-state without in-state
medical licenses (n = 33). For the most part, these states align with the CAP policy
on interstate consultation discussed above, although some states do place upper
limits on the frequency of out-of-state consultation. The second most permissive
group of states (n = 9) allow consultation without an in-state medical license, but
only for physicians located in-state, which could be potentially problematic for tele-
pathology services. The final group of states (n = 5) explicitly requires a medical
license in their state for any physician performing a consultation. This study is
worth reading, but the findings remain controversial, with many of the responses
from states directly conflicting with the real-world experience of practices provid-
ing interstate expert opinion using glass slides.

Interstate Medical Licensure Compact

A number of states have tried to address the issue of interstate practice by creating
the Interstate Medical Licensure Compact (IMLC), which provides an expedited
pathway for obtaining licensure in multiple states [73]. The IMLC was created in
2014 and represents a voluntary agreement between the states and their Medical and
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Osteopathic Boards. Member states join the IMLC by passing state legislation
affirming participation in the compact. While the IMLC has the potential to signifi-
cantly simplify obtaining a medical license in multiple states, it is important to note
what the IMLC does not do. It does not replace state medical boards or individual
state licenses, and it does not automatically confer licensure in all member states.
Furthermore, it is not free. In addition to the IMLC’s $700 fee, the applicant is still
responsible for applicable state medical board license fees.

Physicians that want to apply to the IMLC must have an unrestricted medi-
cal license in a Compact Member State and must designate a state of principal
licensure (SPL) that complies with IMLC requirements. The SPL is responsi-
ble for reviewing a physician’s application and performing a federal criminal
background check. The SPL then issues a Letter of Qualification that entitles
the physician to obtain a license in any number of the IMLC member states.
Twenty-nine states plus the District of Columbia and the Territory of Guam
currently participate in the IMLC. The Compact began issuing Letters of
Qualification in April 2017. Average turnaround time for licensure is currently
about two weeks [73].

Privileging and Credentialing

Privileging is the process of authorizing physicians to provide specific services
within a healthcare organization, while credentialing is the process of regularly con-
firming the validity of a physician’s credentials to practice medicine. Hospitals must
have privileging and credentialing processes in place that conform with CMS stan-
dards. Telepathology (and telemedicine in general) obviously complicates matters
as various responsibilities in the process may now be split between the transmitting
and receiving sites. In the best case, this might result in duplication of effort; how-
ever, in the worst case, it could result in each site having an incomplete view of
relevant incidents occurring at the other site. This is especially pertinent in ongoing
evaluation of the pathologist’s remote practice.

To address these issues, CMS established rules in 2011 that govern credentialing
and privileging for telemedicine services [74]. These rules specify that:

1. A written agreement is required when telemedicine services are provided
remotely to a hospital.

2. The agreement must include provisions that the receiving entity uses a creden-
tialing and privileging process that meets Medicare standards.

3. The individual physicians providing the telemedicine services must also hold
privileges at the receiving site.

4. The transmitting site is required to convey any complaints about, or adverse
events resulting from, telemedicine services to the receiving site.

5. The receiving site assumes the responsibility for conducting quality assurance
reviews of the physicians providing services.
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Similar to the above regulatory and licensing scenarios, pathologists should
check with their healthcare organization’s privileging and credentialing officials to
ensure proper procedures are followed prior to initiating telepathology services.

Liability, Malpractice, and Malpractice Insurance

Proving a malpractice claim requires several criteria to be met: (1) a physician-
patient relationship must have existed, (2) the physician must have been negligent
in that relationship, (3) the negligence must have led to injury, and (4) the injury
must have resulted in damage.

Of the above, the physician-patient relationship is sometimes debated in pathol-
ogy practice since pathologists rarely interact directly with patients. Most people
would agree that in the case of primary diagnosis, though, the primary pathologist
has direct responsibility to the patient that is established by the presence of both a
formal report and reimbursement for services. A physician-patient relationship
becomes more tenuous with formal secondary diagnosis (with a formal report) and
even more tenuous with informal consultation (without a report). As WSI telepa-
thology might entail any of the above situations, pathology practices should ensure
that they are properly complying with all potential FDA, CLIA, state, local, and
institutional rules and regulations in order to minimize their potential liability.

Unfortunately, at the time of this writing, there is little legal precedent for tele-
medicine, and, for telepathology, there is none. For this reason, an overabundance
of caution is warranted, including careful validation of one’s telepathology practice.
Finally, it is important to confirm that the medical malpractice insurance for you and
your practice will cover telemedicine services prior to initiating clinical telepathol-
ogy services. Coverage needs to specifically address the type of telepathology ser-
vices you intend to provide as well as specific relationships between the transmitting
and receiving sites, including intrastate versus interstate versus international
practice.

Reimbursement

In the current practice, WSI telepathology services are generally considered to be
equivalent to their local pathology equivalents. At present, this means that pathol-
ogy services provided via digital pathology and/or telepathology are reimbursed at
the same rate as services rendered using glass slides. As one can imagine, given the
increased capital and operational costs associated with starting up either digital
pathology and/or telepathology practices, equivalent reimbursement poses a signifi-
cant impediment to implementing WSI-based services. In fact, a common question
when discussing WSI and telepathology implementations is whether there will be
increased payments to cover the increased cost of digital pathology in the future,
perhaps as an increased technical component for the transmitting site.
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CMS does have specific HCPCS/CPT codes related to telehealth [9]. Almost all
of these codes are restricted to specific services and originating locations (either
outside of a Metropolitan Statistical Area or is a rural Health Professional Shortage
Area as defined by CMS). However, CMS has made no provision for pathology
telehealth services. The current HCPCS/CPT codes cover telehealth equivalents of
traditional face-to-face encounters between providers and medicare recipients. In
fact, with only one exception, CMS specifically excludes using telehealth HCPCS/
CPT codes for asynchronous “store and forward” technologies. This single excep-
tion is a newly-proposed HCPCS code, G2010, that covers “remote evaluation of
recorded video and/or images submitted by an established patient (e.g., store and
forward)” [67]. This code is not subject to any restrictions in location but is intended
for use in patient evaluation and management services and would therefore not
apply to telepathology. At this point, it is very unlikely that new medicare billing
codes will emerge specifically for WSI telepathology.

Currently, the best strategy for reimbursement remains billing telepathology ser-
vices as equivalent to traditional, local glass-based diagnostic services. Combined
with potential drivers of telepathology, such as making more efficient use of one’s
existing workforce, expanding one’s service area and test volume, and providing
higher quality patient care, a surcharge may not be necessary or warranted. As digi-
tal pathology and WSI-based telepathology become more commonplace, the issue
of reimbursement may eventually be directly addressed.

COVID-19 and Telepathology

In December of 2019, an outbreak of pneumonia developed in and around a seafood
wholesale market in Wuhan, Hubei province, China [75]. The outbreak was due to
a novel coronavirus (initially called 2019-nCoV and later SARS-CoV-2) resulting
in a respiratory disease dubbed Coronavirus Disease 2019 (COVID-19) by the
WHO. By early 2020, SARS-CoV-2 had spread rapidly and widely, resulting in the
global COVID-19 pandemic. The first case in the United States was identified on
January 19, 2020, and by January 31, 2020, the Department of Health and Human
Services declared a public health emergency related to COVID-19 [76]. Growth of
cases was initially slow in the United States, but as evidence for the pandemic
mounted, the White House declared a national emergency on March 13, 2020 [77].
Shortly after that, states began issuing mandatory stay-at-home orders, beginning
with California on March 19 [78]. Stay-at-home orders made exceptions for essen-
tial healthcare workers, but many healthcare organizations and employers also rec-
ognized that older adults were at increased risk from COVID-19. Indeed, the CDC
reported that 8 out of 10 COVID-related deaths in the United States occurred in
adults 65 years old and older [79, 80]. The pathology workforce is unique in health
care in that it typically lacks direct patient contact and trends older than most medi-
cal specialties. The pathologist workforce has been shrinking for years, and is aging,
with 32% of pathologists over the age of 55 and 12% over the age of 65 [81, 82].
Recognizing that telepathology could enable anatomic pathology services while
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supporting social distancing and stay-at-home orders, several pathology organiza-
tions, including the Alliance for Digital Pathology, the Association for Pathology
Informatics (API), the Digital Pathology Association (DPA), and the CAP, lobbied
the FDA and CMS to make regulatory exceptions for the use of telepathology dur-
ing the crisis [83].

CMS responded by issuing the “Clinical Laboratory Improvement Amendments
(CLIA) Laboratory Guidance During COVID-19 Public Health Emergency” mem-
orandum on March 26, 2020 [84]. This memorandum outlined CMS’s response to
COVID-19, including their intention to exercise “enforcement discretion to adopt a
temporary policy of relaxed enforcement [of CLIA] in connection with laboratories
located at temporary testing sites...” and that “laboratories that choose to utilize
temporary testing sites (e.g., for remote review and reporting of slides/images), may
do so...” [84]. With respect to telepathology, relaxation of enforcement allows
slides to be reviewed at temporary testing sites (including “the pathologist’s home™)
provided that the work is done in association with a CLIA-licensed laboratory.
While the memo allows temporary testing sites to be utilized without modifying
one’s CLIA license, it does not lift other CLIA requirements for telepathology, such
as the need for proper verification or validation of a digital pathology system.
Furthermore, the CMS memorandum is only in effect for the duration of the
COVID-19 public health emergency although to date that has extended into
late 2021.

About one month later, the FDA issued its guidance document, “Enforcement
Policy for Remote Digital Pathology Devices During the Coronavirus Disease 2019
(COVID-19) Public Health Emergency” on April 24, 2020 [85]. Like the CMS, the
FDA elected to exercise enforcement discretion with regards to the marketing of
digital pathology systems suitable for telepathology, the intention of which was “to
help expand the availability of devices for remote reviewing and reporting of
scanned digital images of pathology slides... during this pandemic” [85]. The FDA
guidance pertains to four types of digital pathology-related IVDs and makes it clear
that the FDA does not intend to object to either (1) modifications to FDA-cleared
indications, functionality, hardware, and/or software for use in a remote setting or
(2) the marketing of new, digital pathology devices for use in remote settings that
are not currently 510(k) cleared. As with the CMS, the FDA guidance is intended
only for the duration of the declared HHS emergency.

The effects of the COVID-19 pandemic, social distancing, and the CMS and
FDA relaxation of enforcement criteria for remote viewing of digital pathology
slides will not be fully known for years. For those, the public emergency has high-
lighted a more urgent need to implement a digital pathology solution for disaster
preparedness in addition to regular practice. For those with digital pathology sys-
tems in place, the issue of proper validation for remote use, either for telepathology
or for remote diagnosis, has come to the forefront. As “working from home” prac-
tices evolve and establish themselves into mainstream healthcare business culture,
WSI telepathology use will normalize and rise accordingly. Ultimately, one can
hope the lessons learned during this time will help to inform future policy and fur-
ther the practice of whole slide imaging and telepathology.
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Summary

Whole slide imaging is a versatile technology particularly suited for telepathol-
ogy—it provides a digital platform that can be interfaced with laboratory informa-
tion systems, support primary, secondary, and intraoperative diagnosis, and is
inherently able to overcome distance and other barriers. When implementing WSI
telepathology, one must clearly identify the practice’s intended use case(s), as this
will inform one’s technical configurations, hardware and networking requirements,
regulatory, legal, licensing, and potential reimbursement/cost strategies.
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Whole Slide Imaging: Remote
Consultations/Second Opinions

Giovanni Lujan, Anil V. Parwani, and Marilyn M. Bui

Introduction

Whole slides image (WSI) is a digital replica of a histopathology glass slide created
by a whole slide image scanner which can be viewed via a computer monitor instead
of the light microscope [1]. Remote consultation for second opinion is one of the
most important utilities of whole slide image-based digital pathology [2]. This
requires the participating pathology laboratories having the infrastructure of pro-
ducing quality whole slides images, exchanging these images along with clinical
and radiological information, and supporting case discussion and reporting in com-
pliance with the regulatory as well as patient privacy policies and guides [3]. This
allows consultation between pathologists in a central location and the affiliated
locations and access to expert pathologists within the institution or outside the insti-
tution, region, or country. Guidelines for telepathology have been published by the
American Telemedicine Association [4].

Anatomic pathology is an important branch of pathology which is a diverse and
broad medial specialty. Anatomic pathologists make diagnosis, prognosis, and pre-
diction of therapy based on the gross, microscopic, biochemical, immunohisto-
chemical, genomic, and molecular study of organs, tissues, and cells of patients. In
most pathology departments, pathologists practice as generalists, while in more
resource-rich departments, they practice as subspecialists with expertise in defined
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organ systems (such as gastrointestinal, breast, etc.) or by credential (surgical
pathology, cytopathology, hematopathology, molecular pathology, etc.). With the
rapid and massive advance of knowledge in anatomic pathology in the era of preci-
sion medicine, it has become more and more challenging for practicing pathologists
to keep up with the demands of ever-increasing workload while maintaining the
proficiency and knowledge in every aspect of pathology. However, providing timely
and accurate diagnostic, prognostic, and predictive information holds the key to
effective management of patients. Due to the critical value of a pathology diagnosis,
it is a standard practice in pathology to conduct consultation for second opinion for
quality assurance. This includes intradepartmental, external, and international
consultation.

Importance of Consultation for Second Opinions

There have been a number of publications in the last few decades highlighting the
importance of consultation for second opinion and consultations in surgical pathol-
ogy, especially those provided by an expert in the field; this can be paramount when
the diagnosis carries a big impact in treatment and prognosis [5]. Cancer diagnosis
is an area which is susceptible to misdiagnosis, discordance, and misclassifications
since those can significantly alter treatment decisions for the patient [6]. Also, the
implications in the cost have been analyzed many times, and the conclusions have
been along the lines that big savings are directly related to an accurate and precise
diagnosis before treatment is implemented [5, 7-9].

Second opinions and consultations play a key role in pathology. It is partly
related to the workflow by which the diagnosis in surgical pathology is rendered.
Anatomical pathology in particular is based on pattern recognitions, observations,
and interpretation. The pathologist, depending on their knowledge and experience,
will make comparisons with known or learned images [1]. The process of compari-
sons, recognition, and knowledge will then lead to fine-tuning of the diagnosis.
There are several pre-analytical factors such as slide preparation, fixation, embed-
ding, and staining which will also impact the diagnostic process. Ultimately, with
all the factors in place and a review, the case is signed out or released into the medi-
cal records.

Many studies through the years have analyzed this variability and have come up
with mechanisms to reduce the potential of severe misleading interpretation [10, 11].

One common solution on how to address this variability is to search for a second
independent reading [7, 12], either as a second opinion from a peer in the same
institution, consensus opinion if many pathologist of similar expertise are available
to be consulted simultaneously, or individually or in what could be a more formal
level of second opinion by requesting the opinion of an expert in such organ or sys-
tem. Some large hospitals and institutions have a mandatory review of any image
rendered diagnosis before implementing any significant treatment. [10, 13].

The most effective way by which this variability can be reduced is when the
interpretation is left to so-called experts on the area in question. These ‘experts’
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however, developed usually from an initial formal training, which lays the founda-
tion, usually under supervision of a mentor who is already an expert on the subject;
this initial period is followed by a lifetime of experience devoted to mostly or largely
interpreting images on that particular subject and then becoming aware of the many
nuances of the interpretation process of those diagnosis that are difficult to repro-
duce. Many areas of specialized pathology have published their own studies high-
lighting the facts of utilizing experts in certain type of diagnosis to address
variability, impact on patient’s treatment, and cost. Some important studies have
been in areas like thyroid pathology [14], dermatopathology [15], uropathology
[16-18], breast pathology [19, 20], head and neck pathology [10, 21, 22], liver
pathology [23], gastrointestinal pathology [24], and others.

These “experts”, however, are not readily available, and in many instances, they
are completely out of reach. Telepathology has been envisioned as the solution in
order to make expert consultants available to provide that sought-after expertise in
difficult to interpret cases [25-27].

Shortage of Pathologists in General Around the World

In developing countries and even in most industrialized nations, there is a shortage of
pathologists in general, and most countries completely lack expert pathologists in all.
In The United States, the number of active pathologists decreased between 2007 and
2017 by about 17.5% (JAMA Network Open) [28].The number of active pathologists
dropped from 15,568 to 12,839 between 2007 and 2017, and in relative terms, that
translates to a decline from 5.16 professionals per 100,000 in the population to 3.94
per 100,000 in 2017. In comparison, the number of pathologists in Canada increased
by 20.45% (rising from 1467 to 1767), and the number of pathologists per 100,000 in
the population increased from 4.46 to 4.81. While the number of pathologists has
declined, workload demands have been on the rise. The number of new cancer cases
managed by pathologists rose by 41.73% in the United States between 2007 and
2017 versus 7.06% in Canada, the researchers noted. In contrast with physician spe-
cialties where the workload is limited by the number of patients who can be seen and
treated, pathologists working in laboratories must manage all clinical specimens and
materials from clinical colleagues within a specified period of time [28].

To make the situation worse, In the United States, the number of graduating
medical students applying for pathology positions dropped by 27.5% between 2008
and 2017; thus pathology is also experiencing a pipeline issue [29].

In The United Kingdom, The Royal College of Pathologists (RCP) published
a report that found nationwide histopathology staff shortage; only 3% of histopa-
thology departments that responded to the RCP’s workforce census reported
enough staff to meet the work load; shortage of pathologist contributes to record-
long waiting periods in starting cancer treatment in England [30].

The pathologist number in the world is predicted to decrease according to scien-
tificpathology. weebly.com, which more severely impacts in developing countries
[31] (Fig. 1).
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Global Pathology Dema
Patients Per Pathologist
by Country

Fig. 1 Pathology demand map. Efforts by countries or groups of countries launching large-scale
initiatives for consultations. (Image courtesy of David West, with permission [31])

Whole slide imaging and telepathology have the capabilities to revolutionize
consultations and second opinions.

Telepathology technologies including whole slide imaging have the potential to
provide easier access to pathology subspecialists around the United States and other
countries where there is lack of expert pathologists or lack of pathologists in gen-
eral. Experts from academic institutions can share in a matter of minutes their
expertise across the hall with their colleagues or across the world. Basically, telepa-
thology bypasses the barriers of distance and time [32]. Consensus conferences
among groups of pathologists will be as easy as clicking into a software, opening
the case, and sharing in real time or in a more passive fashion by sending a link that
can be opened and studied by the consultant at his own leisure. Consultations from
satellites hospitals with solo practice or small number of pathologists have immedi-
ate access to expert consultation at their fingertips. Interaction will be possible from
everyone to everyone. Diagnosis of known low reproducibility and high stakes
could be brought to a consensus diagnosis between experts either from the same
institutions or interinstitutional [33, 34].

In China, for example, telepathology may play an important role in pathology
consultation and quality control for cancer diagnosis, as the country has the largest
population of cancer patients worldwide. The results of 2 years implementation
indicated that telepathology could solve the problem of uneven distribution of
pathology resources and become an invaluable tool to improve the quality of pathol-
ogy diagnosis [35].
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Worldwide Initiatives

One initiative within large geographic participation has proposed the creation of a
program of Worldwide Excellence in Breast Pathology. This will have the objective
of improving medical care services, particularly to medically underserved women
and those living in countries with limited resources. This initiative emphasizes
effectively the talent and expertise of pathologists around the globe to provide a
cost-effective way to diagnose breast cancer, particularly at advanced stages. For
example, pathologists can sample lesions by fine-needle aspiration biopsy (FNAB),
stain the resulting smears, and provide an immediate bedside diagnosis. This is a
valid contribution; however, this exercise requires the availability of a pathologist
with experience in breast cytopathology. Alternatively, the pathologist may seek
consultations from more experienced pathologists. Developing strategies to better
recognize the importance of high-quality breast pathology services and to train
qualified and innovative breast pathologists is an ambitious task [36].

In Europe, there is an active project to create the European Centre for Pathology
which could function as a stimulating pathological consultation center and office of
the European Society of Pathology. The creation of such institution, that perhaps
would have been a counterpart of the now disappeared Armed Forces Institute of
Pathology, will undoubtedly be a powerful breakthrough in European pathol-
ogy [37].

In Asia, there is a plan to create the Asiatic Center of Pathology as a basis of
progress of Asiatic pathology in the future. This could function as a “brain” center
and, at the same time, be an office of the Asian continent’s pathologists [38].

In Japan there has been a recent economic evaluation of telemedicine; the results
have been to undertake specific policy measures to promote telemedicine further
including telepathology and teleradiology [39].

In Canada, the Eastern Québec Telepathology Network was created to provide
uniform diagnostic telepathology services in a huge territory with a low population
density. This has maintained a high-quality pathology services and rapid turnaround
time to more than 20 sites disseminated on a huge territory. A second phase is now
underway to expand telepathology to other regions across the province [40, 41].

Developing countries usually lack the manpower, expertise, infrastructure, and
monetary resources to initiate their own programs. In places where there is one
pathologist per million of habitants, the odds are strongly against to have any
pathologist (let alone an expert pathologist) review someone’s biopsy or anatomo-
pathological specimen. These odds may eventually change when the advent of tele-
pathology and the nascent large networks of expert consultation are being created in
wealthy areas, some of whom have already expressed an interest and are actively
developing a path to assist those less fortunate countries [36, 42, 43].
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Some Examples of a Work Already in Progress

Among the different subspecialties, dermatopathology appears to be making strides
in creating consultation networks, acknowledging the importance of second opin-
ions, and taking full advantage of internet-based communications and WSI tech-
nologies to decrease barriers and facilitate and open access to the best expertise; in
order to accomplish that, software has been developed to frame and streamline the
consultation process to secure a fast turnaround time [44]. These online consultation
services use WSI envisions to compensate for the shortage of dermatopathologists
and other subspecialties that deal with cases that tend to be difficult or controversial,
like gastrointestinal pathology, uropathology, and gynecologic pathology [45]. A
review article titled “Practice of Teledermatopathology: A Systematic Review,”
published in 2018, concluded, after extensive review of available literature dating
from 2012 to the time the article was written, that telepathology increases access to
specialists, reduces interpretive errors and healthcare expenditures, improves the
efficiency of workflow, and optimizes patient outcomes. Also listed as conclusion
was that teledermatopathology facilitates international collaboration by widening
global access to dermatopathology services and providing educational resources in
underserved areas. The study highlighted at the time that regulations and quality of
digital images in teledermatopathology needed to be improved [46].

In California, UCLA has published a detailed account of the implementation of
a regional digital pathology subspecialty consultation network in a hub and spoke
consultation system, which included UCLA Medical Center as the main hub and six
spoke sites UC San Diego, UC Irvine, UC Davis, Northridge Hospital Medical
Center, Olive View Medical Center, and Children’s Hospital Los Angeles. Their
experience at the time of the publication in 2019 included a total of 165 consulta-
tions between May 2017 and July 2018, noting an improved TAT over conventional
carrier mail; it was specially advantageous for preliminary kidney biopsy diagnosis
where the average TAT was only 0.7 day. Other benefits for the spoke sites in addi-
tion to shortened consultation TAT included financial savings over hiring faculty
with expertise to support a potentially low-volume service. For the hub site, the
value includes exposure to educationally valuable cases, additional caseload vol-
ume to support specialized services, and improved communication with referring
facilities over traditional carrier mail [47].

At an international level, one of the best documented examples is a retrospective
study that summarizes the telepathology experience and diagnostic consultation
results between the University of Pittsburgh Medical Center in the United States and
KingMed Diagnostics, the largest independent pathology medical laboratory in
China. During a period of 3 years from January 2012 to December 2014, they docu-
mented 1561 telepathology consultation cases; they noted that from all those cases,
61.4% were referred by pathologists, 36.9% by clinicians, and 1.7% by patients.
Hematopathology received the largest number of consultations (23.7%) followed by
bone and soft tissue (21%) and gynecologic/breast (20.2%) subspecialties. Average
turnaround time (TAT) per case was 5.4 days, which decreased from 6.8 days during
2012 to 5 days in 2014. In 855 cases (54.7%), a primary diagnosis or impression



Whole Slide Imaging: Remote Consultations/Second Opinions 159

was provided by the referring institution in China; from those cases the final diag-
nosis rendered by UPMC pathologist was identical in 25.6% of cases and signifi-
cantly modified (alterations in the treatment plan) in 50.8% of cases. These results,
concluded by the authors of the review study from both institutions, indicate that
international telepathology consultation can significantly improve patient care by
facilitating access to pathology expertise. They also concluded that the overall expe-
rience was encouraging for the practice of international second opinions via telepa-
thology. They attribute the success of the enterprise to a strong commitment and
support from leadership, information technology expertise, and dedicated patholo-
gists who understood the language and culture on both sides. They cited lack of
clinical information, missing gross pathology descriptions, and insufficient tissue
sections submitted for evaluation were the main reasons for indefinite final diag-
nosis [3].

Digital Pathology as a Window into Computational Pathology

Once the images have been scanned, they become part of the digital realm, and as
such they are also amenable to be analyzed by software; currently there is a rapid
development of algorithms that aid to classify, count, measure, and identify cellular
and tissue components within those images; this serves as the base for computa-
tional pathology which will produce more sophisticated layers of analysis and eval-
uation. As the level of sophistication increases, perhaps more consultations might
be necessary as the tools of analysis, at least initially may not be available to small
practices and hospitals. The scope of all of these avenues is increasing manyfold in
rapid succession [48]. The ultimate goal is to utilize artificial intelligence to help
analyze the image from the pixel’s perspective and provide more wholesome, repro-
ducible diagnosis with new information that will be incorporated in the initial diag-
nosis and then used as an aid to select therapy, later in follow-up after treatment to
assess the result of the chosen therapy, and finally in evaluating the patient for pos-
sible recurrence or residual disease [49-51].

Telepathology and COVID-19 Pandemic

The COVID-19 pandemic impacted the workflow of anatomic pathology laborato-
ries by decreasing staff due to social distancing, especially affecting the senior
pathologists, which is reported that 12% pathologists being 65 years of age or older
[52, 53].

This shortage of pathologists disproportionally affects subspecialty areas, par-
ticularly in rare disease subspecialty or subspecialty with high numbers of older
pathologists. In addition, the hospitals with more large number of COVID-19 cases
must balance the COVID-19 testing itself and associated demands of COVID-19
patient care in addition to the medical needs of routine patient cares, especially
cancers. Due to the COVID-19 pandemic, the College of American Pathologists
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successfully advocated a temporary relaxing of remote sign out for pathologists
including using telepathology from Centers for Medicare & Medicaid Services
(CMS) and the Department of Health and Human Services (HHD) [54].

Conclusions

Whole slide imaging for telepathology/secondary opinion/consultation has proven
to be a powerful tool for pathologists to access peer review in a timely manner to
improve the quality care of their patients. There are established guidelines and
numerous good practice examples to follow in the United States as well as around
the world. The digital health environment and the new challenges of the COVID-19
pandemic provide new opportunities to accelerate the adoption of telepathology.
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Quality Assurance and Quality
Improvement Enabled by Whole Slide
Imaging

Philipp W. Raess and S. Joseph Sirintrapun

Introduction

Whole slide imaging (WSI) underpins a technological revolution which is trans-
forming the practice of pathology. The microscope has been the primary method of
histopathologic interpretation for hundreds of years, is the primary modality with
which essentially all pathologists have received their training, and still is the pri-
mary diagnostic methodology for the vast majority of surgical pathology cases.
However, WSI has matured technologically and can now be used for primary diag-
nosis in surgical pathology in many countries [1-4]. Since this modality is accepted
for use in clinical practice and is being integrated into clinical workflows, robust
quality assurance (QA) and quality improvement (QI) programs are necessary to
ensure excellent clinical care. The defining feature of WSI is that digitization of
glass slides obviates interpreting physical glass slides for pathologic evaluation. The
“virtual” nature of a WSI workflow alleviates physical constraints and creates
unique QA opportunities such as enabling the remote viewing of slides, enabling
slide sorting functionalities, and creating disruptive approaches to objective analy-
sis and computational approaches to quality efforts. The QA opportunities afforded
by these unique characteristics of WSI are detailed below in the context of the three
phases of testing.
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WSl in the Pre-analytical Phase of Testing
WSI and Patient/Specimen Identification

Patient and specimen misidentification in anatomic pathology is a significant source
of error, affecting up to 1% of specimens in some settings [5]. Tight integration of
WSI image management platforms with laboratory information systems (LISs) is
necessary to ensure synchronization for case, specimen, and slide accountability
with proper identification. This synchronization must stay robust even through sys-
tem enhancements and changes to interface design [4]. Ideally, scanned images
from the multitude of scanner vendors would be supported by and integrated within
the LISs as a common standard. Unfortunately, this is not the case, and integration
of scanned images with LISs is currently limited to a select few scanner vendors.
Tight integration starts with implementation of bar code slide asset tracking which
becomes the necessary functionality for LISs to enable positive identification of
slides and reduce specimen identification errors [6].

While use of bar code slide asset tracking alleviates slide mix-up between and
within cases, several caveats apply. A bar code system will not necessarily prevent
“wrong tissue on glass” errors created at the microtome, and lack of human over-
sight in organizing cases removes an opportunity for quality control via comparison
of similarity in tissue between levels of the same block. Bar codes etched onto a
slide remove the possibility of the wrong label being manually placed on a slide (as
opposed to a bar-coded label being manually affixed to a slide). More experience or
systematic investigation is needed to ensure etched bar codes do not have increased
read failure rates compared to bar codes manually printed and affixed to a slide.
Furthermore, bar code read errors create the possibility of having slides grouped
with the wrong case or not grouped with a case at all. While pathologist attention to
case identifiers during sign out will catch the first two of these errors, a bar code
read error resulting in failure to identify a slide will create additional work for a
laboratory technician to identify the slide and re-scan it or manually group it with
the correct case. Bar code asset tracking is also predicated on interchangeability of
bar coding systems within an institution. It is possible to coordinate bar code track-
ing systems within a single AP laboratory (e.g., histology and immunohistochemis-
try), but this harmonization may require considerable effort and expense depending
on the legacy systems in place at the time of WSI implementation.

Extramural consultation cases pose an additional challenge due to bar code non-
interchangeability or, worse, interchangeability but with different encoded data
leading to specimen or patient misidentification. All institutions which intend to
scan and archive extramural consultation cases must then create and utilize addi-
tional workflows and resources to relabel physical slides for scanning with inter-
nally recognized barcode labels. This additional layer of physical handling
introduces additional opportunities for mislabeling of extramural consultation glass
slides with internally recognized bar codes. Furthermore, the majority of scanner
vendors utilize low-resolution bar code reading cameras positioned only to read the
slide label region. This creates inflexibility and does not allow placement of the
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internally recognized bar code on empty areas of the glass slide outside the slide
label region. In resolving this constraint, the original outside label must be covered
by the internally recognized bar code; removing or covering the label for extramural
clients is a common source of tension, however. For future development, image pat-
tern recognition of bar codes should be performed on the initial low-resolution scan
of the physical slide rather than relying on installation of a bar code reading camera.
This development would alleviate the necessity of overlaying extramural labels and
provide the flexibility to programmatically recognize internally generated bar codes
affixed outside the slide label region.

Case Assignment and Distribution

Assigning a reasonable daily workload for diagnosticians (pathologists and cyto-
technologists) is an important part of a quality assurance program. Limits on the
number of slides screened by cytotechnologists are required by CLIA ‘88 and are
intended to prevent diagnostic fatigue and inattention during case review. A digital
workflow can also enable real-time equitable case distribution to pathologists. By
combining specimen type and complexity information from the LIS with digital
slide delivery, flexible workflow models could be created that divert a subset of
cases to subspecialists or balance work based on assigned complexity metrics [7, 8].
Workloads that are equitably distributed based on case complexity by a digital
workflow are a very disruptive concept. Unfortunately, translating academic models
of case complexity into existing antiquated LISs is a significant barrier. For many
institutions, only WSI viewers are integrated into LISs, limiting the promises of a
digital workflow. For the few institutions which have chosen to use WSI image
management platforms like a PACS to drive digital sign out workflows, capturing
and translating case complexity shift the burden away from the LISs and towards
the PACS. However, metrics required for capture of case complexity currently
reside within LISs, further emphasizing the need for tight integration between WSI
image management platforms (rather than just WSI viewers) and LISs.

Physical glass slide delivery that is traditionally performed in batch mode after
case organization can shift towards a digital delivery model, with increased effi-
ciency for laboratory technicians and clerical staff. With a WSI-supported digital
workflow, slides are “delivered” to pathologists’ electronic sign out queues after
image quality has been confirmed in real time. This “just-in-time” workflow has
been shown to benefit turnaround time, a key quality indicator [9]. In addition, sig-
nificant time and cost savings have also been shown to result from a digital work-
flow. In the experience of one intermediate-sized pathology laboratory, 19
person-hours of time were saved per day, primarily in routine case organization,
distribution, and filing [10].

A fully digital workflow realizes additional benefits through obviating the need
for retention of glass slides in physical proximity to pathologists. Slide loss or dam-
age that occurs during manual handling, transportation, or archival processes is
minimized with a WSI archival workflow. Retrospective WSI of key archived slides
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has been used during frozen section analysis, resulting in decreased requests for
physical glass slides, faster turnaround times for large resection cases (for which the
outside consultation biopsy was digitally archived), and even decreased ordering of
immunohistochemical stains because of the immediate retrieval of prior cases
enabled by WSI archiving [11].

Quality Assurance of Physical Glass Slides with Histology
and Immunohistochemistry

In the past, an AP quality assurance program relied on subjective, highly manual
pathologist assessment of histochemical and immunohistochemical staining quality
to identify slides with suboptimal or non-diagnostic staining. Subsequent improve-
ments in QA programs have relied on time- or volume-based triggers to replace
reagents (reagent expiration date, changing solutions at specified slide, or time
intervals).

Technical standardization, of both routine stains and digital images, represents
an untapped area in which WSI can contribute to quality assurance in anatomic
pathology. Variability in H&E staining characteristics is a well-known phenomenon
in routine clinical surgical pathology practice and is due to a variety of pre-analytical
(ischemic time, duration, and type of tissue fixation and processing) and analytical
(specific staining reagents used, staining protocol, tissue thickness) factors. WSI
allows objective assessment of staining parameters and can be used for staining
quality control and quality assurance. Investigations into the use of WSI for quality
assurance and quality control demonstrate that there is significant variability
between laboratories in H&E color characteristics but also between both stainers
and whole slide scanners within a laboratory [12]. When combined with an auto-
mated and objective assessment of digital images, WSI has the ability to routinely
perform quality control on stained sections and serve as the measure of a staining
quality assurance program. Color calibration slides have been developed which aid
the reproducibility of image display [13, 14]. The FDA has recommended the use of
a target slide for color quality control in digital pathology [2016 guidance state-
ment], underlining the importance of this component of WSI. In addition to stan-
dardization of glass slide staining and image acquisition, standardization of image
display is an important component of quality assurance in digital pathology [15-17].

Robust quality assurance measures are also critical for interpretation of immuno-
histochemical stains, particularly those for which semi-quantitative or quantitative
analysis has direct impact on patient care such as Her2/neu. Although more work
has been focused on digital evaluation of the quality of H&E-stained slides, similar
principles clearly apply to immunohistochemical stains. Recent work has focused
on developing color normalization and image standardization protocols to minimize
interbatch variability of staining intensity [18-20]. Clinical application of these
techniques would allow prospective measurement of staining intensity of known
positive control tissue and automated quality control, rather than relying on patholo-
gists’ interpretations of control staining. These technologies could also underpin
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further efforts to objectively quantitative stain intensity of frequency of positivity
using automated image analysis algorithms [21].

With WSI, automated prospective tools for QA and quality control can be inte-
grated into the digital workflow. In an ideal scenario, a slide with suboptimal stain-
ing characteristics or one that does not meet pre-specified quality thresholds would
be flagged by the LIS upon digitization (before slide delivery to the pathologist),
and creation of a replacement slide could be expedited. Monitoring of quality con-
trol metrics (e.g., number of H&E slides failing to meet quality standards) can be
performed in a prospective and objective manner with WSI, directly contributing to
increases in quality in the pre-analytical phase. Moreover, computational pathology
tools are intended for automated evaluation and standardization of staining, color
intensity, scan quality, and other parameters in development. Such computational
tools are likely incorporated more easily into a flexible PACS environment rather
than a digital LIS environment, since LISs are highly dependent on proprietary and
often restrictive WSI viewers.

Quality Assurance of Digital Images

Standardization of image quality has long been recognized as a critical component
to successful utilization of WSI [22, 23]. The most common source of image quality
problems with WSI was failed autofocusing by WSI scanners resulting from either
imprecise tissue detection or erroneous focus depth, as reported by one of the largest
PACS-driven digital pathology laboratories (2). Failed autofocusing is especially
problematic with cytological and hematopathology smears or slides with faint
immunohistochemical staining intensity.

For WSI scanners, the most widely used autofocusing mechanism determines
optimal focus for a number of automatically selected focus points and then extrapo-
lates by triangulation to the entire slide area. This is used because the alternative
through selection of optimal focus for each capture unit (image tile or line, depend-
ing on the scanning mode) is prohibitively time-consuming. Scanners have since
improved, leveraging autofocusing techniques to determine optimal focus in paral-
lel with image acquisition, thus saving valuable time and enabling larger number of
focus points to be used [24]. However, commercially available WSI scanner autofo-
cusing mechanisms still do not provide robust performance in all clinical use cases,
such as cytology and hematopathology smears.

Early attempts at developing standards for acceptable image quality involved
relying on subjective assessments of image quality by pathologists which were
quantitated and applied to subsequently digitized images [25]. Objective analysis is
preferred, however, due to efficiencies gained in terms of pathologist time as well as
reproducibility and interinstitutional applicability. Referenceless methods of image
quality evaluation are preferred as it is not feasible to obtain a reference image with
WSI. Objective methods that evaluate for blur, noise, and focus errors have been
developed [26, 27]. More recently, this work has been extended to use machine
learning to prevent artifacts such as tissue folds or air bubbles from spuriously
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decreasing image quality measurements [28]. Other groups have also used statisti-
cal learning methods to evaluate image quality and automatically identify regions of
interest that require additional focus points [29]. Integrating automated image qual-
ity evaluation into a WSI workflow obviates the need for subjective, time-consuming
slide quality evaluation by a pathologist or technician and acts as a critical comple-
ment to quality assurance measures in glass slide production.

WSl in the Analytical Phase of Testing
Intramural and Extramural Consultation

The benefits of WSI are most readily apparent when considering robust consultative
practices at geographically disparate sites within a distributed health system. One of
the key QA benefits of WSI is the increased availability of pathologists with subspe-
cialty expertise to review challenging cases, and not be constrained by physical
location with flexibility to work remotely. At the University of Arizona, a QA pro-
gram was instituted to provide same-day re-review of new malignancies and chal-
lenging cases encountered at a satellite location staffed by a single part-time
pathologist. WSI-enabled same-day consensus re-review of these cases at the flag-
ship hospital resulted in greater than 90% complete concordance with less than 2%
major discrepancies [30]. Importantly, less than 2% of cases were deferred for
examination of the glass slides at the flagship institution. In-depth analysis of breast
biopsies performed at the satellite location showed similar complete concordance,
discrepancy, and deferral rates [31]. Same-day re-review resulted in important qual-
ity gains in cases of diagnostic discrepancies. Additionally, subspecialty patholo-
gists without special training in breast pathology who were stationed at the satellite
location reported subjective increases in job satisfaction, presumably due to
increased diagnostic confidence following subspecialist review.

Extramural consultative practices can also benefit from adoption of WSI. WSI
can be integrated into the workflow in one of two ways in this scenario: scanning is
performed either at the referring institution or performed at the consulting institu-
tion following physical receipt of glass slides. WSI performed at the referring insti-
tution has the benefit of theoretically faster case delivery to the consulting institution
(and therefore improved overall turnaround time). In addition, WSI performed at the
referring institution minimizes bias introduced by selection and submission of static
images limited to areas of interest by the referring pathologist, with the possible
exclusion of important diagnostic findings in non-submitted material.

For WSI to be utilized by both referring and receiving institutions, the digitized
images must be compatible at least with the receiving institution’s LIS and/or WSI
image management system. A large barrier is the lack of widely accepted consensus
file format standards for image capture, storage, and exchange, although efforts in
this area are underway [32]. Consensus for standardization through DICOM is far
less developed in pathology than in radiology. Increasing this complexity in WSI
are the plethora of WSI vendors, each with their own pathology slide image capture
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and file formats containing image and image metadata; some of these vendors use
proprietary formats that are unlockable by other WSI systems. This complexity in
the variety of histology laboratories and scanning platforms hampers harmonization
of image exchange between referring and receiving institutions. When limitations in
receiving WSI files are encountered at institutions with extramural consultative
practices, the workflow reverts to reliance on physical slide receipt, effectively
defeating the purpose of a WSI workflow for extramural consultation.

Several successful instances of extramural consultation services with WSI have
been recently described [33-38]. The most successful instances have involved
“trusted” partnerships where the referring and receiving institutions have estab-
lished relationships and a steady pipeline of referral cases. This effectively lowers
the potential for security breaches and decreases the complexity for reimbursement
because both parties are familiar and accountable to each other. In one such exam-
ple, the authors showed non-inferiority of a WSI-based subspecialty extramural
consultative service [34]. Key factors in the performance of this service included
technologist quality control of WSI images prior to pathologist review and patholo-
gist familiarity with the WSI interface following a training period. WSI review of
extramural consultative cases within select subspecialties showed a major discrep-
ancy rate with WSI of less than 3%, including a subset of errors made due to inad-
vertent lack of review of diagnostic WSI images.

More “open” extramural consultation services, though promising, have fared less
well for a multitude of reasons. “Open” extramural consultation can disrupt pathol-
ogy practices through an additional stream of case volume and revenue. This model
can capture the attention of institutional leadership and identify pathology depart-
ments as a driver for patient capture and revenue growth. However, for the parties
involved (particularly referring institutions), the “open” model raises the level of
constraints for patient data governance, security, and exchange in comparison to
“trusted” partnerships because parties are less familiar and accountable to each
other. In addition, “open” extramural consultation services require continual mar-
keting services, catering to clients, and reputation building to expand the service,
whereas “trusted” partnerships are usually based on established relationships and
initial agreements to a steady case volume.

Transitioning from the traditional analog workflow with microscopes to one of
WSl incorporation will involve a considerable shift in mindset for pathologists. The
vast majority of pathologists are trained and sign out using traditional analog work-
flows. Earning their trust for WSI adoption therefore takes time. As WSI becomes
more commonplace, future generations of pathologists should become accustomed
with WSI workflows, particularly with the incorporation of sign out workflow
enhancements like seamless digital consultation and integrated computational-
assisted diagnostics. Remote case sign out with WSI is arguably the most disruptive
change in the pathology workforce in the foreseeable future. Interestingly, regula-
tory stakeholders and not the technology will prove the most critical factor in mak-
ing remote sign out possible in the USA [39-41]. The transformation of radiology
from film to digital created a disruptive shift in the radiology workforce in allowing
for remote work. Regulatory stakeholders such as state medical boards raised the
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barriers to performing remote primary reads of radiologic studies across state lines.
State medical boards also affect WSI consultation portals, where some states may
demand any deliverance of care to require a license with the state corresponding to
the patients needing a consultation as it relates to primary diagnosis [42].
Furthermore, reimbursement issues are currently problematic in radiology when
insurance companies may refuse to reimburse charges if interpretation is performed
in another state [43].

Another regulatory stakeholder that factors into WSI intramural and extramural
consultation in pathology is CLIA’88. CLIA’88 has never applied to radiology, and
thus radiologists are able to sign out from home. This is not true in pathology, where
any physical location in which a pathologist performs the interpretation requires a
separate CLIA’88 license. Because CLIA became law prior to the digital era, it is
difficult to extrapolate these regulations to contemporary practice involving WSI. It
may be debatable whether non-primary diagnosis tasks such as frozen section inter-
pretation, WSI-enabled telepathology consultation, or QA procedures are subject to
CLIA’88 regulations [1].

Intradepartmental Quality Assurance Programs

Intradepartmental case re-review constitutes a key component of an anatomic
pathology QA system. There are several advantages of WSI over re-review of glass
slides. AP LISs currently have the capability to prospectively flag a specified per-
centage of cases for re-review prior to finalization, a practice currently used to meet
standards for cytotechnologist quality assurance. At Memorial Sloan Kettering
Cancer Center, manually selected representative slides are scanned for every surgi-
cal pathology case, including extramural cases that require re-review for patient
care referrals. The WSIs of these cases are available for instant retrieval in the LIS
through integration with a WSI viewer. Once WSI of these cases was made avail-
able, physical glass slide requests (mainly used for comparison to frozen sections
and for comparison of resection specimens with prior biopsies) decreased to essen-
tially zero. The immediacy of WSI of previously reviewed consultation cases had
several additional benefits. The number of immunohistochemical stains that were
ordered decreased because prior tumor biopsies were available for comparison.
Turnaround times for resections specimens were cut by 1/3 because review of prior
biopsies was no longer delayed by physical retrieval. Pathologist satisfaction, famil-
iarity with WSI, and cultural trust all increased as this “on-demand” model of WSI
case re-review via was accepted in clinical workflows.

There is utility in going further than this “on-demand” model of case re-review
in implementing a systemized prospective or second review of cases prior to report
finalization. Retrospective re-review of cases may not identify errors in a suffi-
ciently timely manner to prevent harm to the patient or performance of an unneces-
sary procedure. WSI allows simultaneous independent review of cases by multiple
pathologists, therefore enabling prospective QA review and helping to identify and
correct errors before they reach the patient. In addition, prospective or concurrent
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re-review of cases can be configured to hide the prior diagnosis. This configuration
is beneficial in order to minimize bias known to be introduced by knowledge of the
prior diagnosis [44]. In addition, the original or concurrent pathologist can also be
anonymized to eliminate another source of potential bias. Many practices also
require a second pathologist to review cases with newly diagnosed malignancies or
cases known to be diagnostically challenging or especially litiginous as part of their
QA plan. The use of WSI allows pathologists to manually identify these critical
cases for re-review within the LIS and deliver them instantly to the sign out queue
of a colleague, obviating the need for manual transfer of glass slides between
pathologists. Turnaround time would be expected to improve while maintaining QA
standards.

The practice of prospective re-review for even physical glass slides is not as
widespread in anatomic pathology due to several reasons. Most importantly, pre-
finalization re-review of pathologist cases is not mandated by accrediting agencies
(in contrast to cytotechnologist cases with significant findings) and also the logisti-
cal considerations of transferring physical glass slides to a second pathologist.
Prospective scanning of cases prior to sign out requires a major shift in operations
and significant resources. For institutions that have LIS-driven digital pathology
workflows, functionalities in LISs have not yet been built that enable prospective
re-review of cases prior to report finalization. Even retrospective scanning of physi-
cal glass slides for WSI case QA re-review requires significant resources in terms of
capital equipment, operational costs, and personnel.

Increased quality achieved with a digital workflow optimized for consultation
and case re-review can not only increase diagnostic accuracy but also normalize
diagnostic standards. This theoretical advantage will be most beneficial among
pathology groups that do not routinely review cases together, whether due to lack of
physical proximity or other barriers. When WSI is combined with other readily
available technologies (screen sharing, conference calling), a “virtual consensus
conference” could take place within a physically disparate group of pathologists.
One can envision this occurring within a large health system or even to standardize
diagnostic practice across institutions [45]. In large health systems where there are
sites separated by physical distance and access to expert consultation, the potential
benefits of diagnostic standardization become readily apparent.

Increased Diagnostic Efficiency

WSI enhances quality through higher diagnostic efficiency of primary diagnosis
and intramural and extramural consultation. As discussed prior, large-scale retro-
spective case archival of representative slides through WSI implementation improves
turnaround times and reduces immunohistochemical ordering [11]. Instantaneous
access to prior cases through WSI creates improvements in the diagnostic process.
Clerical and administrative time searching for old cases during routine sign out can
be minimized by linking historical scanned cases to the current case within the AP
LIS. The utility of this capability is readily apparent when considering extramural
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cases that are reviewed when a patient transfers their care or undergoes a complex
surgery therapy. WSI enable the digital retention of glass slides that are returned to
the referring institution, allowing comparison of the original biopsy specimen with
the current case to confirm diagnosis, to compare a possible metastatic lesion to a
previously reviewed primary lesion, and to assess the effect of neoadjuvant therapy
more precisely. WSI-enabled digital storage of historical intramural cases also
allows rapid comparison with current cases. It is anticipated that comparison with
prior digitized cases would decrease immunohistochemical stain ordering and
improve turnaround time. Additionally, challenging intraoperative (frozen section)
specimens may be more confidently evaluated following consultation with WSI of
prior specimens.

Digital workflows driven by WSI image management systems like a PACS are
more optimized to increase diagnostic efficiency than digital pathology workflows
driven by LISs. Functionalities of PACS include easily accessible annotation, allow-
ing regions of interest to be recorded. This function can improve efficiency when
cases are shared between pathologists for intramural consultation on challenging
cases, at digital consensus conferences, and multidisciplinary tumor board. In addi-
tion, routine histological sections can be displayed simultaneously with immunohis-
tochemical stains. This functionality could be further optimized by co-registration
of the immunohistochemical and histochemical WSI in order to allow efficient
high-magnification comparison of regions of interest across all images.

WSl in the Post-analytical Phase of Testing

Although many of the more readily conceived QA functions of WSI occur in the
pre-analytical and analytical test phases, WSI also has value in the post-analytical
phase of testing. Review of prior cases for tissue triage, at multidisciplinary tumor
boards, for correlation between cytology and surgical pathology specimens, and
clearer diagnostic audit trails are several examples of QA improvements with a digi-
tal workflow.

At Memorial Sloan Kettering Cancer Center, WSI is used to triage specimens for
next-generation sequencing (NGS) through selection and digitization of select tis-
sue blocks. These WSI are available for triage by molecular pathologists, and speci-
mens with insufficient tumor quantity are stopped from proceeding down the NGS
pipeline in order to save resources.

WSI de-identification for research and educational purposes possesses several
advantages over recutting or manually de-identifying glass slides. Digital de-
identification removes constraints placed by limited histology resources, increasing
the number of cases for research and education. With nearly all scanner vendor
systems, however, de-identification is currently a manual process, leaving many
institutions to resort to physically de-identifying glass slides before re-scanning,
essentially duplicating effort. Ideally, future iterations of scanning software will
possess digital de-identification capabilities.
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Cytologic/histologic correlation is a critical component of a QA plan and is
required by regulatory standards and accrediting agencies [46]. This process func-
tions to identify areas for quality improvement at the institutional and individual
level by identifying discrepant cytologic and histologic findings in paired speci-
mens. This QA correlation is generally performed by comparing prior concurrent
cytology and histology cases and is retrospective in nature. Digitization in cytology
through streaming telecytology has clear benefits in service efficiency and quality
despite the notable restrictions in proper selection of regions of interest, particularly
where assessments are rendered [47, 48]. Digitization through WSI for cytologic
specimens currently faces inherent technical challenges like vendor flexibility for
z-stacking and other issues as discussed previously [2, 24]. Thus WSI is less widely
adopted than WSI of histology slides to date [48, 49]. Nonetheless, use of digitized
histologic slides is expected to result in efficiencies gained in cytologic/histologic
correlation in terms of time spent retrieving and organizing archived histologic slides.

An additional QA benefit of a WSI-enabled digital workflow is greater ease in
performing diagnostic audits. While systematic retrospective audits have been
described in the preceding section to facilitate comparison with prospective QA
review, sentinel event and root cause analysis can also benefit from a digital work-
flow. Certain specialized WSI viewers integrated with LISs and advanced integrated
PACS systems are configurable to audit when cases were accessed digitally, for how
long, and whether every slide in a case has been viewed. This digital trace of pathol-
ogist activity within the WSI environment may be quite helpful in differentiating
interpretive errors from errors of omission [34].

WSI and Quality Assurance: Future Considerations
with Computational Pathology

Many significant advances have been made in WSI and digital pathology over the
last several years, with much more to continually arrive. Many believe the field of
pathology is at an inflection point, with WSI underpinning significant changes in
pathologists’ daily workflow. Quality assurance will always be a critical contribu-
tion to the healthcare team by pathologists, and many new technologies to improve
QA lie just over the horizon. Efforts to explore and enhance pathologists’ interfaces
with digital images are underway through emerging computational pathology tools.

As previously discussed, computational pathology tools enhance quality in the
pre-analytic phase of testing through tools for ensuring proper image focus [27, 50,
51]. Visual interpretation of WSI is of increasing interest in computational pathol-
ogy. At the most basic QA level, WSI viewers can be configured to ensure that the
pathologist visualizes all areas of tissue with WSI, thus performing a vital QC func-
tion to help alleviate diagnostic errors of omission. Tracking pathologists gaze when
evaluating WSI is more accessible than with a conventional microscope, and gaze
patterns have been shown to correlate with diagnostic expertise and case difficulty
[52-55]. Studying gaze patterns and visual strategies of expert pathologists
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provides data to develop tools to help improve diagnostic accuracy using WSI. Gaze
patterns, alone or in combination with histopathological image classification, may
inform future computational methods which can predict areas most likely to have
diagnostic regions of interest; early iterations of these algorithms have been
described [56, 57]. Successful prediction algorithms have the possibility of reduc-
ing computational load, improving diagnostic accuracy, and acting as quality con-
trol decision support tools for pathologists.

WSI has only recently enabled financial opportunities through grant-funded aca-
demic research for digital pathology commons like in the Cancer Genome Atlas
(https://cancergenome.nih.gov/), partnerships with pharmaceutical companies (for
biomarker discovery, companion diagnostics, and immune-oncology), and collabo-
rations with artificial intelligence companies in development and validation of Al
applications. Traditional business use cases for digital pathology with logistical
advances (including cost reductions due to fewer staff requirements and better turn-
around time) have further substantiated this trend [58].

Al companies and digital pathology vendors are now entering the computational
pathology space through the realization of revenue opportunities to make data-
driven decisions, make faster decisions, and achieve better financial results. Paige.
Al started in 2018 with $25 million in venture capital funding, is one example of a
company focused on using Al for clinical cancer diagnosis and treatment (https://
paige.ai/). IBEX is another example that deployed the first Al-based digital pathol-
ogy cancer diagnosis system in a clinical setting (https://ibex-ai.com/). IBEX has
developed an algorithm to evaluate prostate needle core biopsies; the algorithm
essentially functions as a second read system for quality control. The trend of Al
incorporation into pathology is expected to continue as more Al companies compete
in the computational pathology arena.

WSI has opened many challenges and opportunities for pathology. The most
critical of these is fostering pathologist trust through quality diagnostic effective-
ness and well-developed integration into digital pathology workflows. Dynamic QA
programs are a key step to gain this trust and to demonstrate the clinical value of
WSI. Additional challenges include leading regulatory agencies through the Al
transformation. The future of pathology is exciting, and digital applications inte-
grated into pathology workflows hold the promise to pre-screen, optimize, perform
quality control functions, and enable decision support for pathologists to continue
to deliver high-quality diagnostic patient care. The incorporation of WSI and Al into
pathology will define the coming disruptive shift and will have profound, positive
impacts for continual quality assurance and improvement.
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Whole Slide Imaging in Cytopathology

Zaibo Li and Liron Pantanowitz

Introduction

Whole slide imaging (WSI) success in surgical pathology is exemplified by FDA
approval for primary diagnosis, development of guidelines for standardizing clini-
cal validation and telepathology, etc. [1]. However, WSI in cytopathology has not
been as pervasive [2—4]. Validation studies have proven that WSI is not inferior to
the conventional microscope in diagnosing surgical pathology cases [5, 6], but com-
parative studies have demonstrated that glass slides were more accurate and faster
than WSI in diagnosing cytopathology cases [7, 8]. Several unique barriers in cyto-
pathology have limited the application of WSI technology including image acquisi-
tion challenges (focus, resolution) and complex cytology workflow (multiple slide
preparations, screening). This chapter addresses these challenges and discusses cur-
rent and future applications of using WSI in cytopathology practice.

Challenges of WSI in Cytopathology
Focus

Surgical pathology slides with 4—5 micron thick tissue sections have little variation
topologically; therefore, scanning these slides with one Z-focus level to generate a
two-dimensional (2D) WSI is generally sufficient to have almost everything in
focus, except for occasional tissue folds. In contrast, cytology slides often include

Z.Li ()

Department of Pathology, The Ohio State University Wexner Medical Center,
Columbus, OH, USA

e-mail: Zaibo.Li@osumc.edu

L. Pantanowitz
Department of Pathology, University of Michigan, Ann Arbor, MI, USA

© Springer Nature Switzerland AG 2022 179
A. V. Parwani (ed.), Whole Slide Imaging,
https://doi.org/10.1007/978-3-030-83332-9_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-83332-9_10&domain=pdf
https://doi.org/10.1007/978-3-030-83332-9_10#DOI
mailto:Zaibo.Li@osumc.edu

180 Z.Liand L. Pantanowitz

— |O]?\ -

Fig. 1 A WSI of a Diff-Quik-stained smear from a lymph node FNA. The smear is hypercellular
and thick in areas with abundant cellular material and 3D clusters of cells

thick smears and/or contain three-dimensional (3D) cell groups (Fig. 1), making it
more difficult to have all cells/material in focus if acquiring an image with only one
Z-plane. Although liquid-based cytology (LBC) slides usually have monolayers of
cells, 3D cell clustering still occurs, especially when sample cellularity is high [9].
In addition, there may be further confounding factors that negatively impact focus
such as obscuring material (blood, mucus, etc.), dotting pen marks, and cellular
material extending beyond the coverslip on smeared slides.

Cytopathologists/cytotechnologists usually focus up and down the vertical or
Z-axis to focus on 3D cell clusters or thick smears when using a conventional light
microscope to interpret cytology slides. Therefore, it is important to be able to scan
cytology slides in both horizontal (X and Y) and vertical (Z) axes in order to ensure
that all cytology material is in focus [10, 11]. Z-stacking can overcome this problem
by scanning glass slides at multiple focus levels (planes) and then generating a final
composite file with images atop each other (Z-stack) (Fig. 2). WSIs scanned with
Z-stacking make it possible for cytologists to digitally focus up and down the differ-
ent acquired planes just like a conventional light microscope. Nowadays, many WSI
scanners offer Z-stacking capability (Table 1).

However, Z-stacking comes with additional costs and challenges. The scan time
for Z-stacking is much longer, and the generated WSI file size is much larger than a
single Z-level scan. Z-stacking typically increases file size linearly by the number of
levels scanned. It has been reported that it takes around 40 minutes to scan a
SurePath Pap slide with Z-stacking of seven planes and that such a scan will pro-
duce a WSI file size of 11 GB [12]. Such large WSI files may cause high demand on
storage needs, and limited network bandwidth may result in pixilation and freezing
when viewing images.
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Fig. 2 Z-stacking images are acquired at multiple planes along the Z-axis above and below the
“optimal” focal plane, which in turn are used to create a 3D image. (Reproduced with permission
from Hamamatsu Inc. (http://www.hamamatsu.com/jp/en/C9600.html))

The optimal number of Z-focal planes required when digitizing cytology slides
has been investigated by several groups, but this parameter has not yet been stan-
dardized. One study found that WSIs with 21 Z-focal planes (at 1.5 micron inter-
vals) showed better quality than WSIs with 5 Z-focal planes (at 1 micron intervals)
for LBC Pap slides [8]. Another study found that WSIs with three Z-focal planes (at
1 micron intervals) were adequate for LBC Pap test slides [11]. The discrepancy
may be related to different scanners used in these studies. However, even the same
scanner may not always produce the exact same WSI each time when the same slide
is scanned, likely because scanning may not always occur at the exact same Z-focal
plane [13]. Some scanners (e.g., Leica AT2) have a dedicated cytology scan
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Table 1 Some WSI scanners with Z-stacking capability

Vendor Scanner model

3DHISTECH | Pannoramic Desk II, Pannoramic MIDI II, Pannoramic SCAN II, Pannoramic
250 Flash II, Pannoramic 1000

Hamamatsu Nanozoomer RS, Nanozoomer HT, Nanozoomer XR

Huron TISSUEscope 4000, TISSUEscope 4000XT, TISSUEscope TM4000XT

Leica ScanScope AT, Aperio AT2, ScanScope CS, ScanScope FL, versa

(Aperio)

Mikroscan SL5

Olympus VS120-SL

PreciPoint M8

Sakura VisionTek, VisionTek M6

Roche iScan Coreo, iScan HT

(Ventana)

®Q.
)
S
(a9
i
<
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Fig. 3 Multiple focal points (yellow dots) are shown when employing a dedicated cytology pro-
tocol setting for scanning this ThinPrep slide with a Leica AT2 whole slide scanner

protocol that drops abundant focal points on the slide which greatly improves the
final focus of scanned slides even with one Z-plane (Fig. 3).

The Panoptiq digital slide imaging system (ViewsIQ, Canada) provides an alter-
native solution to Z-stacking (Fig. 4). The Panoptiq system can digitize glass slides
in real time while examining them on traditional light microscope at any objective
(2% to 100x) by stitching together multiple fields of view into a single panoramic
image. This requires a digital camera to be attached via a C-mount to any existing
conventional light microscope. Furthermore, the Panoptiq setup uses high frame
rate videos to capture Z-stacks for selected regions and integrates them into the digi-
tized panoramic image. However, the scanning process needs to be performed man-
ually including selecting regions of interest for Z-stacked videos. Hence, image
acquisition requires experienced personnel with cytology expertise in order to cap-
ture representative images [14—17].

Although Z-stacking is preferred for cytology slides with 3D cell clusters (e.g.,
Pap tests with hyperchromatic crowded groups), some cytology slides with
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Fig.4 The Panoptiq digital slide imaging system uses high frame rate video to capture Z-stacks
for selected regions of interest and integrates them into digitally mapped panoramic slides. (Image
courtesy of ViewsIQ Inc. and adapted from “Whole-slide imaging: widening the scope of cytopa-
thology” El-Gabry et al. [67])

abundant cellular material may not require Z-stacking in order to make a diagnosis
(e.g., hypercellular fine-needle aspiration smear with adenocarcinoma) as long as
sufficient cellular material is in focus. Indeed, one study has shown that Z-stacking
may have negligible return on diagnostic yield [5]. Our unpublished experience
with scanning cytology slides without Z-stacking supports this notion. Of interest, a
workaround solution proposed in one study was to scan only cell block sections for
cervical cytology specimens as a replacement for processing and scanning LBC Pap
test slides [18].

Magnification and Resolution

WSI with scanning at a 20x magnification usually suffices for digitizing surgical
pathology slides. However, scanning at 40x magnification is often necessary to
obtain higher optical resolution in order to examine cytology slides at the cellular
level. Higher optical resolution can be further obtained by using objectives with
greater numerical aperture (NA). In addition, image quality can be further
enhanced by increasing digital resolution, which depends on the scanner’s digital
camera sensor and display monitor [19]. WSI size is dependent on the following
parameters: the scanner’s objective lens magnification (including NA), size/num-
ber of individual pixels of the digital camera sensor, number of Z-stacks, and
image compression. It has been reported that higher diagnostic accuracy and
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lower interpretation time were obtained from reviewing WSIs scanned at 40x
with 0.75 NA and 0.23 micron/pixel resolution when compared to reviewing
WSIs scanned at 20x with 0.5 NA and 0.46 micron/pixel resolution (8). Therefore,
it is necessary to assess both objective magnification and digital camera sensor
resolution when evaluating a WSI scanner intended for digitizing cytology slides.
Of course, scanning at high magnification significantly increases WSI file size.
For example, the image file associated with a 20x scan of a 15 mm x 15 mm tis-
sue can be as large as 2.7 GB while a 40x scan can result in a WSI file as large
as 10 GB.

Cytopathology Workflow

Cytopathology Specimen Types Unlike surgical pathology slides, there are a
variety of slide types in cytology including direct smears, cytospins, LBC slides
(ThinPrep or SurePath), and cell block sections. Cytology slides can also contain
very scant single cells or abundant cellular material with crowded 3D cell clus-
ters. Moreover, there are typically more stain methods encountered in cytology
including Diff-Quik stain, Papanicolaou stain, and H&E stain, among others.
Hence, managing all of the slides from one fine-needle aspiration case (e.g., Diff-
Quik-stained smears, Pap-stained smears, H&E-stained cell block sections, and
immunostained slides) can become a very complex process, making routine high-
volume digitization very challenging. In addition, in most cytology laboratories,
many slides (e.g., smears) may not be barcoded, prohibiting their routine auto-
mated scanning.

Screening, Navigation, and Annotation Unlike surgical pathology cases, key
target cells that need to be detected (e.g., carcinoma cells) in cytology specimens
are often hidden among abundant normal cells or buried within background mate-
rial. This is why each cytology slide needs to be carefully and entirely screened,
and these targeted cells annotated (e.g., dotted). The screening process is usually
performed by a cytotechnologist. However, screening digital slides using a com-
puter mouse is tedious and time-consuming [20]. Keyboard-controlled navigation
together with displaying a thumbnail image to confirm complete slide coverage
has been reported to facilitate the screening process [21]. In addition, built-in
tracking tools can be used to reassure screeners that they have screened all areas
of a WSI. Several other methods such as trackballs, touch pads, gaming controls,
and touchscreens have proven to facilitate navigating surgical pathology slides,
but they have not been fully explored using digital cytology slides [22]. Many
WSI viewers offer the ability to annotate images using different shapes and colors
that can be leveraged similar to screener’s dotting cells of interest on glass slides
[21]. With WSI, additional functions can be added to annotation such as incorpo-
rating text (e.g., with specific morphologic features and interpretation). Also, one
can opt to use hidden annotations that can be revealed later for education and
proficiency test purposes.
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Clinical Applications
Primary Diagnosis

WSI for primary diagnosis of surgical pathology has been adopted by several pathol-
ogy labs [23-25]. The US Food and Drug Administration (FDA) also approved of the
Philips IntelliSite Pathology Solution (PIPS) for primary diagnosis of “tissue slides”
in 2017 [26]. However, making routine primary diagnoses for cytology cases using
WSI has not been reported yet. Nevertheless, multiple studies have suggested that a
WST is indeed sufficient for cytologists to make reliable diagnostic decisions [27-30].

Secondary Diagnosis

Cytology cases are amenable to telecytology for second opinion consultation.
Recent improvements in telepathology diagnostic concordance (accuracy) are
linked to advancements in technology, better user training, and familiarity with such
systems. Globally, the remote interpretation of digital images has the potential to
provide effective screening and clinical triage for individuals in underserved popu-
lations [3, 31]. Telecytology for non-gynecologic cases using only cell blocks has
been shown to be feasible and sufficient to provide a meaningful second opinion
interpretation in many cytology cases [32]. Cell block-only consultations solve
focus issues typically plagued by cytology whole slide imaging. Cell blocks also
provide a valuable source of material for performing immunohistochemistry and are
thus highly recommended for second opinion teleconsultation.

Rapid on-Site Evaluation (ROSE)

There is increased utilization of cytopathology to provide rapid on-site evaluation
(ROSE) of fine-needle aspiration (FNA) and touch preparations of small biopsies. A
well-executed ROSE procedure can significantly impact the diagnostic quality and
appropriate specimen triage of procured biopsy materials. Given the demand to offer
this service, many institutions employ some form of telecytology to facilitate
ROSE. There are four modes of telecytology that could be used: static image capture
system, live video steaming system, live/real-time robotic microscope, and WSI sys-
tem [27, 28, 33]. Each of these systems has its advantages and disadvantages.

For static image capture systems, static (still) images are captured by means of a
digital camera or smartphone and transmitted to a remote individual/site via e-mail
or other methods. The advantage of this system is low cost, simple implementation,
and maintenance. The disadvantages include inability to review the entire slide (i.e.,
relying on only select images to render a diagnosis) and the need to have an experi-
enced cytologist on-site, and focusing is problematic with static images.

Live video streaming systems require a light microscope, mounted digital cam-
era and compatible software such as the NetCam (Olympus), iMedHD2 (Remote
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Medical Technologies), and CytoXpress (Spot Imaging) systems. Video streaming
using smartphones (e.g., FaceTime) with an adapter attached to a microscope is
feasible. These systems rely on streaming a high-definition image [34, 35]. Their
advantage includes relatively low cost (relative to WSI), ability to review the entire
slide, and interaction with the sender/driver in real time who can focus on cells/
materials. The disadvantages include dependency on network connection, inability
of the remote cytopathologists to control examining the slide themselves, and a need
to have an experienced cytologist onsite.

Examples of live/real-time robotic microscope and WSI hybrid devices include the
VisionTek (Sakura), LV1 (Leica), M8 (PreciPoint), SL5 (Mikroscan), and Glissando
(Objective Imaging). Advantages of these systems include their ability to allow users to
review the entire slide while controlling the examination process, ability to focus on all
cells/materials, and no need for on-site cytology expertise. The disadvantage includes
higher cost [36, 37]. WSI systems without hybrid live viewing capability are advanta-
geous for similar reasons. They allow the entire slide to be reviewed and archived
without the need for having on-site cytology expertise. However, the disadvantage of
employing a WSI scanner for telecytology is its high cost, the fact that images may not
be immediately available for review, and relying on Z-stacking for focus.

Currently, the most frequently used platforms for ROSE are live video streaming
systems [38]. By comparison, hybrid live robotic/WSI scanners can alleviate the
shortcoming of such “webcam”-type solutions by negating the need for an on-site
person to “drive” the slide. All that is required is for an individual on-site to prepare
a slide and insert it into the scanner. These hybrid devices have proven to be accept-
able for frozen section telepathology including brain smears at many institutions
[39] and more recently have also been explored as a telecytology solution for ROSE
[37]. To the best of our knowledge, no literature has reported the utilization of non-
hybrid WSI systems as a telecytology solution for ROSE. Our unpublished data
supports single Z-stacked WSI as a feasible solution for ROSE. Once scanned, the
entire slide of a WSI is immediately available for the cytopathologist to review.
However, the disadvantage with this method is the time required to scan a slide,
which can take up to 10 minutes for a conventional smear slide and even longer with
Z-stacking [40]. Moreover, WSI generates large file size, which may warrant large
network bandwidths for transmission. Thus, for these reasons, Z-stacked scanning
is impractical to apply for ROSE [12, 33]. Some studies have also shown that
Z-stacked images may have a negligible return in diagnostic yield [12]. In the near
future, it is anticipated that advances dedicated to digital cytology slide scanning
technology will help overcome some of these challenges [41].

Non-clinical Applications
Education

WSI has successfully replaced traditional classrooms equipped with microscopes in
medical education at many institutions, including allied healthcare schools such as
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cytotechnology schools [42—45]. WSI virtual teaching sets can be accessed both
inside and outside the classroom, whenever it is convenient for the student to do so,
and WSIs can be easily annotated to facilitate instruction. In education, WSIs offer
significant advantages over traditional glass slides. Digital slides are easier to share
simultaneously with multiple users [46]. Cytology glass slides, except for cell block
section recuts, are impossible to replicate or replace [47]. Several online education
programs now offer WSIs, such as the International Academy of Cytology (IAC)
[27, 31, 48]. More customized virtual cytology rotations for trainees can be simi-
larly created by digitizing cytology slides [47, 49-54].

Proficiency Testing

Proficiency testing (PT) is an important component of a cytology quality assurance
program. The Clinical Laboratory Improvement Amendments Act of 1988 (CLIA
*88) requires cytopathologists and cytotechnologist to participate and pass an annual
national PT test for gynecologic cytology. Currently, these national PT programs
need a large number of well-vetted cytology glass slides and complex logistics to
handle the administration of the test to thousands of laboratories dispersed in a large
geographic area and manage the data collected from thousands of participants.
Gynecologic cytology PTs are available from the College of American Pathologists
(CAP) or American Society for Clinical Pathology (ASCP) [55, 56]. Ideally, all PT
participants should be examined with same materials akin to those slides they are
likely to encounter in routine clinical practice in order to fairly assess their diagnos-
tic skills. This is almost impossible to guarantee with certain cytology specimens
(e.g., direct smears, liquid-based preparations) because each cytology slide is likely
to contain distinct diagnostic material, even from the same case. However, employ-
ing WSI can provide a solution to this challenge because digital slides can be repli-
cated and/or made accessible to an unlimited number of PT participants. WSIs have
accordingly been recommended for use in PT programs [48, 57]. So far, several
studies have demonstrated that image-based testing was equivalent to using glass
slides and hence feasible for PT in cytology [56, 58].

Quality Assurance

Quality assurance (QA) is an important part of cytopathology practice. Cytology
QA includes intra-, inter-, and/or extra-departmental second review of select cases
[59, 60]. Studies have revealed that discrepancy rates based on second review within
the same institution may underestimate actual error rates because of potential biases,
such as the reviewer often knowing the original diagnosis and/or the identity of the
sign out pathologist [48, 61-63]. Nevertheless, it is attempting to try to establish a
uniform level of quality across an entire institution, especially for large, multiple
facility healthcare systems. However, one of the major challenges for establishing
such a multi-facility QA program is the expense and difficulty managing and
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transferring slides between facilities. WSI may provide a solution to this challenge
[28, 31, 56, 59, 64, 65]. If necessary, WSIs can hide all identifiable information
(e.g., case number, sign out pathologist, original diagnosis, etc.) in order to avoid
any potential bias.

Cytology Slide Archiving

WSI can be used for permanently archiving slides. This is more important for cytol-
ogy slides than it is for surgical pathology slides since most cytology slides cannot
be easily replaced if lost or damaged. Archived slides can be readily accessed when
cytologists need to compare/review a patient’s previous case and or perform
cytological-histological correlation. An ideal opportunity to scan slides is when
they are requested and/or received for outside institution or medicolegal consulta-
tion, in order to maintain a permanent digital record. On occasion, it may be neces-
sary to scrape off cytology material from a glass slide in order to perform molecular
testing. Before such a glass slide gets sacrificed, it is advisable to have it scanned
and archived [66]. There are currently no official guidelines on how long digitized
cytology slides should be stored.

Conclusion

WSI success in pathology has largely been dedicated to surgical pathology. However,
WSI has the potential to also broaden its scope to cytopathology. This technology
has been implemented and validated in several areas of cytology including ROSE,
teleconsultation, proficiency testing, QA and education. For the purpose of remotely
performing ROSE, several medical centers have opted to employ hybrid live robotic
WSI devices to aid with real-time focusing. For teleconsultation work the use of
only cell block sections has been advocated as a feasible solution in order to address
focus issues. Several WSI vendors now offer technical solutions such as Z-stacking
and alternate scanning protocols to produce high quality cytology digital slides.
However, cytopathologists/cytotechnologists still need to become more proficient at
using WSI for routine practice (e.g. screening slides). When cytology laboratories
commit to finally going fully digital they will begin to reap some of the benefits of
digital pathology such as workflow efficiency, workload balancing, easy sharing of
images, and computational cytology (e.g. computer-assisted diagnosis).
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While clinical use of whole slide imaging is governed by medical device regula-
tions, non-clinical uses have fewer constraints, and there is far more flexibility in
this domain. As a result the newest technology in whole slide imaging may become
available to research laboratories and investigators well before it is available in the
clinic. For many years in the United States, there were no digital pathology scanners
available that had been approved or cleared by the FDA. During this time, scanners
were primarily used for education and research. This chapter will focus on the some
of the research applications of whole slide imaging including advanced imaging
methods, algorithmic research, and clinical/preclinical research.

Analog vs Digital

Some of the most notable benefits of whole slide imaging in the domain of research
stem from the creation of a digital version of an analog slide. Inherent weaknesses
of working with glass slides include fragility, stain degradation, cover slip separa-
tion, singular availability, and limitations of analog/manual interpretation methods.
In contrast a digital scan of an analog slide allows long-term preservation without
degradation, easy reproduction and sharing, and access to computational image
analysis. For researchers, the ability to copy and share the exact same image and to
analyze those images with computational methods allows improved experimental
reproducibility. In contrast, glass slides using manual interpretation may face chal-
lenges in trying to obtain consistent results several years later due to slide degrada-
tion, breakage, loss, or variability in manual interpretation. Both inter- and
intra-observer variability can impact interpretation and scoring of both glass and
digital histology and immunohistochemistry studies. To address these sources of
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variability, some experiments may benefit from a hybrid design where digital slides
are interpreted by a manual reader in combination with computational methods.
This design may allow cohorts to be compared over time using both a manual inter-
pretation which is the current standard of care and an algorithmic approach to pro-
vide a thread of consistency between cohorts. Use of computational methods allows
the same algorithms to be applied to samples acquired at different time points. The
algorithmic approach allows a somewhat objective and quantitative measure over
long time frames which may be difficult with manual methods due to changes in
personnel or due to variability inherent in manual methods.

Researchers new to digital pathology may wonder about the reliability of using
digital slides to perform interpretations when glass slides have been the de facto
standard for primary diagnosis for so long. It may help to know that some scanners
have been approved for primary diagnosis in major regulatory environments includ-
ing CE mark since 2012 [1] and the FDA since 2017 [2]. In addition, whole slide
scanners have been used for manual reads of a digital slide for immunohistochem-
istry for several years prior to the primary diagnosis approvals. There are even IVD-
approved quantitative algorithms for specific biomarkers which predate the primary
diagnosis approvals. In general, whole slide scanners can be qualified for a particu-
lar study by performing a glass vs digital study to establish performance expecta-
tions. The validation studies submitted for primary diagnosis regulatory approvals
in the United States compared the diagnosis between glass and whole slide images.
Since there are many histologic features which contribute to a diagnosis, there are
some studies which examine the comparability of the microscopic features between
glass and digital. The FDA has conducted long-term research studies using a plat-
form called eeDAP (evaluation environment for digital and analog pathology). In
the eeDAP studies, regions of interest (ROIs) are evaluated by trained pathologists
on both glass and whole slide images. The pathologists perform paired evaluations
for predefined parameters of both digital and glass ROIs which may include mor-
phologic features of individual cells. By using predefined parameters and well-
defined ROIs, the study aims to eliminate variability by standardizing terminology
and fields of view [3]. By performing correlations between digital and glass on
features instead of diagnosis, this platform can provide a more granular comparison
and may help identify subtle differences between digital and glass. This research
may also help in defining the resolution requirements for whole slide images and
may contribute to greater acceptance of digital pathology by regulatory agencies.

Manual Methods

Manual stain evaluation involves visual examination of various staining character-
istics which may include intensity, specificity, cellular localization, population of
interest, and spatial relationships. Intensity is a measure of the amount of chromo-
gen bound to the cells. Using HER-2 as an example, the intensity has a range which
includes scores of 0, 1+, 2+, and 3+. Specificity is a measure of how well the stain
avoids precipitation on non-target tissue. Sensitivity is a measure of how well the
stain detects expression of a target when it is present. Using the HER-2 example,
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high specificity would mean there is no staining in non-target tissue such as lym-
phocytes or stroma while high sensitivity would mean expression of HER-2 is
detected in tissues which are known to have low levels of HER-2 expression.
Cellular localization is a representation of where the marker of interest is demon-
strated in the cell. This could be discretely nuclear, membranous, or cytoplasmic
localization. Some biomarkers demonstrate staining in multiple compartments.
Understanding the cellular localization is useful when studying therapeutic targets
in that a membranous marker will have different physiologic and delivery consider-
ations than a nuclear marker which may need intracellular transport. One issue to
note here is that histology sections are comprised of slices of tissue and thus cells
are cut leaving nuclei exposed and readily accessible for stains. This is in contrast
to whole cells in vivo or whole cells in flow cytometry in which the nuclei are rela-
tively protected from the outside environment and thus not as available for studying
biologic markers without using special techniques. This distinction can account for
differences in performance of the same biomarker in flow cytometry vs histology.
For example, in flow cytometry, the cell must be permeabilized to study markers
like TdT which are localized to the nucleus by IHC.

It is important to define the cells of interest when investigating a new biomarker
and establishing new scoring criteria. A percentage positive score should define
whether the percentage represents the subset of positive tumor cells or the subset of
positive total cells which may include tumor, stroma, inflammatory cells, and nor-
mal epithelium. In oncology, the population of interest is most frequently confined
to the tumor being studied. However, there are also applications in fields such as
immuno-oncology where the non-tumor inflammatory infiltrate is also of interest.
Some markers will only highlight tumor while others will only highlight a compo-
nent of the inflammatory cells. There are also biomarkers such as PD-L1 which
integrate both tumor and mononuclear inflammatory cells in the scoring paradigm.
Spatial relationships between the tumor and inflammatory infiltrate may also be
important in immuno-oncology. Assessing spatial relationships is a difficult if not
impossible task using glass slides. Digital pathology can evaluate spatial relation-
ship by using slide annotation and measurement tools. In addition, algorithms can
be used to make assessments of positivity within a boundary, radius, or annotation.
Algorithms become especially useful when quantifying a mix of biomarkers and
spatial relationships. Techniques to study multiple populations and spatial relation-
ships will be discussed below.

Clinical and Research Applications for Biomarkers

Researching complex biological interactions will often require multiple biomark-
ers. In the clinical setting, multiple biomarkers are often used diagnostically for
characterizing tumors. For example, a Hodgkin lymphoma case may be evaluated
by integrating the morphology with the pattern of staining using a mix of bio-
markers such as CD20, CD15, CD30, and PAXS5. The right panel of biomarkers
can generate incredibly important and often required information to contribute to
a diagnosis. Phenotypic patterns also have therapeutic implications in the right



196 B. Dangott

clinical context. For example, antibody analogs of CD20 may be used in the treat-
ment of CD20-positive tumors such as mature B-cell lymphomas. In diagnostic
evaluations, immunohistochemistry (IHC) studies are traditionally performed
using a single section for each antibody. In the research setting, the simultaneous
application of several antibodies may be of value to visualize and understand the
complex interactions of tumor with adjacent inflammatory cells. This technique is
known as multiplexing.

Multiplexing Techniques

Researchers may want to visualize the cellular expression profiles of tumor, normal
epithelium, inflammatory cells, and stroma to characterize the infiltrating border of
a tumor. While this can be done on individual slides, researchers may find greater
utility in the information gained by running the biomarkers simultaneously. This
can be helpful for understanding co-expression of some biomarkers and for identi-
fying cell phenotypes in immuno-oncology. The research setting allows some flex-
ibility in running biomarkers simultaneously which is important since there are very
few multiplexing assays labeled for IVD clinical use. In addition, there may be
experimental design considerations for multiplexing driven by limited tissue avail-
ability. It is important to understand both the drivers and expectations for data points
from multiplexing assays before establishing the components of the multiplexed
panel. A thorough understanding of the experimental design and the available tech-
niques can help guide the experiment and deliver better results.

Techniques to study multiple biomarkers include serial sectioning, colorimetric
multiplexing, fluorescence multiplexing, and sequential staining [4]. Serial section-
ing is analogous to the diagnostic setting where individual biomarkers are applied
individually to serial slides. The data from serial sections may be integrated manu-
ally or digitally. However, due to slight tissue variations between sections, the abil-
ity to assess co-expression can be limited. Additional artifacts such as tissue folds or
tissue drop out may also be introduced in the production of serial sections.
Colorimetric multiplexing includes using two or more biomarkers on the same
slide. With immunohistochemistry this can be done by using different chromogens.
While brown is traditionally used in singleplex studies, additional chromogens may
include green, red, and blue. This technique is limited by the ability to visually sepa-
rate colors in close proximity. It works best with a limited number of markers that
are separated by cell type or cellular compartment. For example, tumor and stroma
may have distinct biomarker expression profiles which helps geographically sepa-
rate the biomarkers on the slide. This technique can add processing time and com-
plexity to the assay. In some settings multiplexed IHC can be combined with
multiplexed fluorescence to expand the number of markers that can be used [5]. An
alternative way to achieve multiple biomarkers on the same slide is via sequential
staining [6]. This technique involves repeated cycles of staining with an antibody,
slide imaging, and biomarker removal. The resulting whole slide images comprise a
library of biomarker signals from the same section of tissue.
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Immunofluorescence

To address some of the limitations of multiplexing with immunohistochemistry, a
fluorescence multiplexing approach may be used. Antibodies tied to different color
fluorophores can be separated by using a combination of tuned light sources, fluo-
rophores with distinct excitation and emission spectra, and filters [4]. The ability to
separate signals allows cleaner attribution to a specific biomarker which can be
challenging with colorimetric methods. Signal separation also allows better evalua-
tion of biomarker co-expression. Fluorescence scopes equipped with photomulti-
plier tubes may also provide a quantitative measure of emitted light for each channel.
All of these features contribute to a greater ability to perform more meaningful
spatial analysis with fluorescence compared to colorimetric methods. A potential
disadvantage of using fluorescence is that prolonged viewing can diminish the sig-
nal. This disadvantage can be mitigated with fluorescence whole slide scanning to
create a digital archive.

Other Techniques
Other imaging techniques may allow sub-compartmentalization and focused analy-

sis of tissue. There are several relevant applications of performing sub-compartment
analysis which are highlighted in Table 1. If a research team is interested in

Table 1 Potential applications of sub-compartment analysis

Cell population profiling Hodgkin lymphoma
(Discrete cell molecular profiling T-cell-rich large B-cell lymphoma
applies to LCM) Erythroid precursors
Megakaryocytes
Micrometastases
Mitoses

Plasma cells
Angioimmunoblastic T-cell lymphoma
Immune/inflammatory cell profiling

Architectural Tumor profile mapping
Central vs leading edge
Necrotic vs viable
Primary tumor vs metastatic
Tumor bud analysis
Tumor micro-environment
Tumor vs normal
Intratumoral vs peritumoral lymphocytes
Angiogenesis
Desmoplasia vs uninvolved stroma
Dysplasia vs tumor
Reactive/hyperplastic change vs neoplasia
Therapeutic monitoring Treated vs untreated
Time point studies
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comparing the molecular profiles of tissue sub-compartments, one technique to con-
sider includes laser capture microdissection (LCM). This technology allows the
physical separation of tissue from a glass slide using a laser. A whole slide image of
the slide can be obtained prior to LCM to maintain a record of the original histology.
The regions for dissection can be manually annotated, and some techniques allow
the DAB precipitate from immunohistochemistry to enhance the cell selection pro-
cess through selective heating [7]. After the laser isolates the tissue of interest, the
tissue can be removed from the slide and collected into a microtainer for further
research. This process allows enrichment of the cells of interest, and even individual
cells can be collected and sent for molecular profiling if so desired. Following LCM,
the original slide can be re-scanned to show where the tissue was removed. By com-
paring the digital slides prior to LCM and after LCM, the histology of the tissue
extracted from the slide can be isolated [7]. This is a powerful combination in that
the histology that contributed to the molecular profile can be examined with machine
learning techniques. Using these techniques, libraries of digital histology can be
built which are correlated with molecular signatures. Machine learning techniques
have been used to establish correlations between histologic features and survival
outcomes. Features such as nuclear shape, texture, density of tumor infiltrating lym-
phocytes, stromal features, mitotic figures, glandular morphology, and epithelial
features have been used in various studies to predict tumor behavior [8]. It should
be noted that this machine learning correlation between histology and molecular
profiles can be performed without microdissection. In addition, microdissection can
be performed using manual dissection of glass slides. However, manual techniques
are less precise, are more time-consuming, and may have more difficulty isolating
the exact cells of interest.

Other techniques have been developed which expand on the concept of isolating
tissue sub-compartments. One technology which allows multiple probes to be stud-
ied was developed by NanoString. The technique is called Digital Spatial Profiling
and uses a platform called GeoMx™ [9]. The platform performs a scan of the tissue
while also allowing the tissue to be investigated with multiple antibody or RNA
probes. These probes are specially designed to be linked to a secondary oligonucle-
otide probe which acts as a unique identifier/bar code that can be quantified in sub-
sequent steps. One of the keys to this technology is that the linker between the
primary probe and the secondary oligonucleotide probe is sensitive to UV light.
This allows the planned and controlled dissociation of the primary probe and the
secondary oligonucleotide probe when exposed to UV light. This is roughly analo-
gous to LCM in that regions of interest are determined via software which guides
the UV light. There is an important difference in that GeoMx™ platform leaves the
tissue intact and only separates the oligonucleotide bar codes from the slide. These
oligos are then quantitatively processed on the NanoString nCounter® platform.
One big advantage of this system is that the process is not destructive and leaves the
tissue intact for further study. It also allows quantitative multiplexing of antibody
and RNA probes. A potential disadvantage is that the NanoString system may not
allow as much flexibility as LCM in ROI selection or number.



Whole Slide Imaging and Research Applications 199

Tissue Microarrays (TMAs)

Acquiring appropriate tissue for study is one of the challenges with performing med-
ical research. In some cases, tissue blocks can be acquired from commercial vendors
for specific disease indications. Medical centers may also have tissue banks which
may be able to supply tissues for academic and commercial research. It is important
to identify tissues which represent the spectrum of clinical presentations which are
seen in the disease state being investigated. Normal tissues and negative control tis-
sues should also be included in study design. Additional questions for study design
may be seen in Table 2. While TMAs are remarkably efficient for studying the stain-
ing characteristics of small regions of tissue, they are often difficult to navigate on
glass. A tissue microarray is organized via a coordinate system generally using a grid
of letters and numbers which contributes to glass navigation challenges. Other limi-
tations encountered with glass TMAs may include fatigue due to the volume of sec-
tions on one slide and constraints on performing slide-to-slide comparisons.

In some studies it may be appropriate to consider using TMAs instead of, or in
addition to, whole slide sections of tissue. In the clinical setting, whole sections are
used to allow morphologic examination of tissue for pleomorphism, mitotic activity,
calcification, lymphovascular invasion, neural invasion, necrosis, desmoplasia, mar-
gins, and architecture. In clinical practice, whole sections are essential for clinical
diagnosis, grading, and classification. In the research setting, TMAs may be con-
structed to focus on specific tumor types or regions of tissue. One TMA block can
be constructed to represent dozens or even hundreds of samples. In some cases,
discrete TMA cores from different patients can be considered individual samples
for validation studies. This property can contribute to efficiency in biomarker devel-
opment and clinical trial studies. It is common for TMAS to contain multiple cores
from each sample to help address heterogeneity, sampling error, and defects which
occur during histologic sectioning. TMAs can be used for H&E, IHC, FISH, CISH,
and RNA and DNA studies. This allows cost savings in that it is cheaper to acquire
one TMA slide/block than dozens or hundreds of whole section slides/blocks. In
addition, there is less labor involved in cutting one block, and the reagent expense
for running biomarker investigations is reduced. There is also increased control and
consistency in the protocol in that after TMA creation, each core on the TMA slide
is exposed to the same temperature, pH, storage conditions, reagents, and protocols.

Table 2 Questions to explore during study design

What types of tissue should be included?

How many samples are needed?
‘What sample types are needed? Paraffin section, fresh, fine needle, core biopsy

What studies need to be performed? H&E, FISH, IHC, flow, molecular analysis, fluorescence,
microdissection

How is performance determined? Specificity, sensitivity, accuracy, reproducibility

What methods are currently considered the reference standard?

What is the budget?

Are there plans to transfer the research to a clinical setting?

‘What regulatory pathways need to be navigated?
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TMAs may not work as well if there is a lot of heterogeneity in the tissues being
investigated or if the results are dependent on evaluation of large regions of tissue
architecture. For these reasons, it is important to consider the advantages and disad-
vantages of TMAs during the experimental design.

TMA construction is traditionally a manual process using glass slides and paraf-
fin blocks. As the glass slides of whole tissue sections are reviewed, a mark is made
on the slide which allows the TMA technician to extract a core of tissue from the
paraffin block roughly corresponding to the spot marked on the slide. This process
is time-consuming, requires specialized tools and skills, and may be prone to impre-
cision in the tissue extracted from the block. The size of the TMA core can be
adjusted slightly (roughly 0.6 mm? to 2.0 mm?) based on the needs of the study.
More recently digital pathology has been used in conjunction with automation of
specialized TMA hardware for high-throughput TMA creation. The Institute of
Pathology at the University of Bern has established a next-generation tissue micro-
array protocol (ngTMA) which integrates digital pathology images with the cre-
ation of TMAs [10]. Using this method the digital slides can be annotated with
predefined tools which create circles of different colors which correspond to differ-
ent tissue types for the TMA. An automated punch then uses the coordinates from
the annotations to retrieve precise core samples from the original block to construct
the TMA. This allows high-throughput TMA creation.

Digital pathology also excels for review of TMA histology, and there are many
advantages over glass when using digital pathology for review of TMAs. Some of
these advantages are highlighted in Table 3. In most cases, digital pathology is

Table 3 Comparison of glass TMAs vs WSI TMAs

Task Conventional glass Digital whole slide
Core location/ | Manual switching magnification, | Fast switching between low and high
identification refocusing, and navigation on power without refocusing. Low-power
glass can be slow. Any disruption | thumbnail image confirms location even
may require repositioning and at full magnification
confirmation of location which
contributes to fatigue
Interpretation | Glass has historically been the Roughly equivalent to glass and adequate
standard method of interpretation | for most biomarker research
Antibody/stain | Very difficult to perform direct Side-by-side comparison is possible
comparison comparison due to navigation which makes direct comparison possible
constraints of glass. Only one
glass slide can be viewed at time
Throughput Manual requires dedicated blocks | Viewing two or more slides side by side
of time to move through the allows the rapid parallel interpretation of
TMA to maintain coordinates of | all markers of interest for each core. Core
the core of interest coordinates are easily confirmed and
synced across slides
Digital Not available Each TMA core can be automatically
processing detected, digitally extracted, and
organized into a library to correlate with
other studies. Virtual TMAs may be
constructed from serial sections to
integrate cores from several slides into a
single display [11]
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preferable to glass when performing high-volume TMA review. In the optimal sce-
nario, multiple digital slides from TMAs can be linked, navigated, and reviewed
simultaneously. Possibilities may include simultaneous review of H&E, negative
control, and several antibodies. Alternatively during protocol development, each
protocol can be compared side by side to evaluate relative performance. This
approach markedly increases throughput and allows relative interpretations of
intensity and specificity across slides which is simply not practical with glass
slide review.

TMAs may also be used to develop control slides. These TMAs can be used for
proficiency testing and inter-lab comparability studies for IHC and other assays.
One property of TMAs cores is that the tissue region in each core is very focused
and thus the each section will closely approximate adjacent sections. This can be
used in digital pathology to establish performance of assays across batches or across
days. It may even be possible to deliver a digital TMA as part of proficiency testing
to evaluate consistency of scoring across readers.

Summary

Research applications of whole slide imaging are plentiful, and this chapter high-
lights a few of the most common scenarios. The benefits of digital pathology in
research are facilitated by the electronic nature of the medium and the relaxed regu-
latory environment compared to the diagnostic setting. Creative uses of whole slide
imaging will continue to evolve, and this is one of the most interesting and exciting
areas of pathology and medical research.
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Whole Slide Image Analysis

Bryan Dangott

Whole slide imaging is a technology that has seen adoption in pathology education
and research over the past few decades. Image analysis in these settings has allowed
for development and exploratory uses for quantitative biomarker applications. The
use of whole slide scanners and image analysis for diagnostic purposes has been
limited until relatively recently for various reasons. One of the main barriers to
using image analysis clinically is the adoption rate for fully digital workflows in
pathology which has hinged on regulatory approvals. Primary diagnosis for digital
pathology was first approved in Europe in June 2012 [1] with the first FDA approval
of digital pathology in the United States in April of 2017 [2]. These approvals are
essential for allowing companies to market these devices for clinical use and for
allowing laboratories to use them diagnostically. As these technologies are more
broadly implemented for primary diagnosis, workflow changes will facilitate greater
use of image analysis. Currently most institutions in the United States are still using
glass slides as their primary method of diagnosis. This means extra steps are required
to scan a glass slide prior to running any image analysis algorithms. These steps
take time, equipment, software, and personnel which combined may overshadow
the interest and benefit in running algorithms. However, with fully digital work-
flows, these elements are already in place, and the barrier to using algorithms is
much lower. In fact, some algorithms may even be performed automatically or rou-
tinely as part of the workflow while others are performed on demand.

Beginning in early 2020, the world experienced a pandemic of coronavirus dis-
ease (COVID-19) which challenged established paradigms in many industries. In
response to the pandemic, companies, organizations, and governments enacted poli-
cies to reduce the transmission and spread of the virus. Many of these policies
encouraged or required remote work where possible. For pathologists in the United
States, a temporary CMS waiver was issued in March of 2020 which relaxed the
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requirements for use of digital pathology hardware and for remote sign out [3].
Prior to this waiver, it was not possible in the United States to perform diagnostic
sign out at home without a CLIA license for that address. While use of digital
pathology in other parts of the world had already been established for several years,
the conditions and policies developed in response to COVID-19 also created an
environment where adoption and use of digital pathology were widely encouraged
for diagnostic use. With many institutions delving into digital pathology in response
to COVID-19, this represents the first large-scale clinical test of digital pathology in
the United States. Hopefully, some of the lessons gained from this temporary waiver
will lead to permanent and lasting improvements in how pathology is practiced and
how digital pathology is used.

Regulatory

The regulatory approval of whole slide images for primary diagnosis will expand
the use of digital pathology and also increase opportunities to use image analysis.
However, there are separate regulatory requirements around using image analysis in
a clinical setting. The College of American Pathologists (CAP) has several items in
the 2018 Anatomic Pathology Checklist regarding use of image analysis [4]. Factors
to consider include performance verification/validation, scanner calibration, control
tissues/calibration, quality control reviews, selecting regions for analysis, and anno-
tations. A big component of successful image analysis implementation is having
very good quality control processes around the inputs. Table 1 highlights factors
that may impact tissue staining. For pathology, image analysis input actually starts
in the operating room when the specimen is removed from the body. Cold ischemia
time, fixation time/quality, gross room processing, tissue processor programs, sec-
tioning, histology processing, and staining all impact the quality of the slide. At
best, the scanner can only yield output as good as the input slide. Usually there is
some anticipated degradation of the image between glass and digital. The final digi-
tal image is dependent on illumination, the optical pathway, scan magnification, and
file compression techniques. Table 2 summarizes some of the factors which may
impact the digital image. Because of these factors, there is some variability inherent
in digital images produced by different scanners. Figure 1 shows the same glass
slide scanned across various different commercially available scanners. There are
differences in color, detail, and sharpness which will impact some image analysis
techniques.

There are a lot of variables inherent in tissue processing and slide scanning that
make it challenging to produce an algorithm that performs reliably across many dif-
ferent labs. Even algorithms which have been cleared by the FDA need to be veri-
fied within the lab prior to implementation. Commercial algorithms that have been
submitted to the FDA generally specify the antibody clone, staining hardware, and
scanning hardware. In order to implement the algorithm according to the manufac-
turer label, the elements described in the package insert need to be preserved. In
other words, the antibody clone, staining platform, scanner hardware, and algorithm
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Table 1 Factors that may impact staining

Tissue factors which may impact staining
Biologic heterogeneity
Fixation quality

Necrosis

Blood or hemorrhage (nonspecific staining)
Inflammatory infiltrate (nonspecific staining)
Preparation type (cytology cell block, tissue section, core/fine needle biopsy)
Edge artifact

Crush artifact

Sampling bias

Slide preparation factors which may impact staining
Antigen retrieval

Antibody selection

Use of blocking agents

Chromagen selection, multi-chromagen protocols

Lot-to-lot or day-to-day variability in reagents

Microfluidics of stain platform (covertiles, tissue folds, large sections which interfere with the
edge of the slide, viscosity)

Environmental factors (temperature, humidity, atmospheric pressure)

Floaters
Slide drying, tissue lifting, or deparaffinization variability
Personnel performing procedure

Hardware platform variability
Age of paraffin section (oxidation)
Section thickness

Tissue folds

Decalcification

Table2 Imaging system Light source (LED, halogen, environmental light interference)
factors which may impact

the digital image

Calibration of imaging system (white balance, illumination,
color, focus, tissue detection)

Optical pathway (alignment, lens defects, lens aberration, lens
contamination)

Magnification of scan, depth of field (Z-stack)

Hardware platform variability

File compression/file type (lossy or lossless)
Vibration during scan
Stitching/tiling artifact

specified in the FDA submission must match what the lab does in practice. If any of
these elements are different, then it would be considered off-label use. In this con-
text, a lab can still perform image analysis as a lab developed test (LDT); however,
an internal validation must be performed. These requirements narrow the potential
market size for a specific algorithm considerably. The vendors which produce anti-
bodies, staining platforms, and whole slide scanners are in the best position to
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Fig. 1 The same glass slide scanned across various different commercially available scanners.
There are differences in color, detail, and sharpness which will impact some image analysis
techniques

market algorithms for clinical use. The implementation of these algorithms may be
more streamlined if the lab already has the antibodies and specified hardware. To
understand why, it is important to distinguish assay verification from assay valida-
tion. Verification applies to commercially available in vitro diagnostic tests (IVD).
Verification means the laboratory has followed the package insert instructions and
confirmed the assay performs according to vendor specifications. Validation applies
to lab-developed tests. The validation documentation is more rigorous, requiring the
laboratory to confirm that the assay performs according to the predetermined per-
formance criteria and is safe and effective for its intended use.

WSI Scanner as a Medical Device

Slide scanners are medical devices which produce a digital image that is used by
pathologists to render a diagnosis. The performance of the scanner is highly depen-
dent on the mechanical and optical design. A single scanner needs to be able to
produce high-quality scans consistently. The same slide should produce similar
scans on different scanners of the same model and on the same scanner on repeated
scans which is a measure of precision. In contrast, accuracy represents how well the
device represents the color, clarity, and microscopic details present in the glass
slide. Another way to think about precision and accuracy is that precision is a mea-
sure of repeatability while accuracy is a measure of how well the image represents
ground truth. Currently there is no standard definition for ground truth in a whole
slide image. For regulatory purposes accuracy has been measured by how well the
diagnoses from digital images correlate with diagnoses performed on the same glass
slide with a traditional microscope. A predefined standard that could be used com-
mercially would be helpful to the industry. The standard would ultimately need to
be able to quantify microscopic details which serve as proxy for resolving diagnos-
tic features in tissue (nucleoli, nuclear grooves, mitotic figures). There is also a need
to measure autofocus capabilities since tissue folds and undulations are part of
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Table 3 Potential areas for WSI benchmarking

Accuracy Metric Utility
Color Standardized metric of color May also be used to perform white balance
reproduction or tune color output across scanners and
across runs
Fine detail Standardized metric of resolution | May be used to benchmark scanner
resolution performance performance or indicate need for
maintenance
Autofocus Standardized metric of focal May be used to benchmark scanner
plane optimization performance or indicate need for
maintenance
Tissue Standardized metric to detect May be used to benchmark scanner
detection faintly stained or small pieces of | performance or indicate need for
tissue maintenance

routine slide preparation. In addition, basic tissue detection may be an important
performance metric. Standardized color slides have been used in a research setting
to improve color reproduction between scanners [5]. Table 3 highlights some of the
potential areas for slide scanner benchmarking. Development of these metrics may
allow performance comparison among different vendors and may also make it eas-
ier to demonstrate devices are substantially equivalent from the perspective of regu-
latory agencies.

A few other major considerations in production use of digital pathology include
scanner robustness and usability. Scanners need to be available for production use
with minimal downtime and a low maintenance burden. In addition, a scanner that
can automatically detect the area of interest and determine focus points would be
more appealing for production use than a scanner that requires manual intervention
to determine these parameters.

Economics

WSI scanners may vary widely in cost and features. Some desktop models may be
available for under 25K while larger scanners integrated with slide storage servers,
service contracts, and infrastructure can exceed 300K. Most institutions are going
to need multiple scanners to accommodate the daily volume of slides and to build
in redundancy for potential machine downtime. Image analysis packages also have
a wide range of features and costs which may range from zero cost for open-source
solutions such as ImagelJ/Fiji and QuPath to several thousand dollars per year for
some commercial solutions. One of the larger image analysis use cases is seen in
quantitative immunohistochemistry. In 2020 the CPT code for a semi-quantitative/
quantitative immunohistochemistry manual read is 88360 and 88361 for a read
using computational approaches [6]. The expected CMS reimbursement rates for
2020 are shown in Table 4. Considering the extra costs of hardware, software, stor-
age, service contracts, personnel, and time to run computational image analysis,
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Table 4 Reimbursement for semi-quantitative/quantitative IHC [6]

CPT code Description Technical | Professional | Total

88360 Quantitative IHC — manual 83.37 44.03 127.40
88361 Quantitative IHC — computational 82.65 46.56 129.21
IHC differential -0.72 2.53 1.81

the economics require extremely high volume to even approach break-even num-
bers. For those using open-source or zero-cost software, the break-even calculation
should also include the time spent to develop, modify, and validate/verify
algorithms.

Digital Images Dissected

Every digital image is comprised of pixels. The term pixel is a hybrid of the terms
picture (pix) and element (el) [7]. To gain a firm understanding of digital images and
to really understand image analysis, further consideration of pixels is essential. The
term pixel is often used interchangeably to describe characteristics of the image
capture device, the digital file, and the physical display. In each of these situations,
a pixel represents two parameters in the construction of an image: the coordinates
and the color. The coordinate metric is the physical location of the pixel in a plane
as determined by horizontal and vertical values. Color in digital images can be rep-
resented by several color spaces which include RGB, CMYK, CIE Lab, HSV, etc.
[8, 9]. Work in different color spaces can be achieved by converting the image to the
desired color space. For example, an RGB image can be converted to CIE Lab.
Segregation of color components can also be achieved with color deconvolution.
For the purposes of this chapter, examples will be described within the RGB space
(red, green, blue) since it is the most common color space and conceptually easy to
understand. Table 3 contains sample colors and component values for the RGB
color space.

RGB Space

The RGB characteristics of a pixel describe the amount of red, green, and blue
which are mixed together to represent one color. The scale for RGB space in com-
puter terms is 0-255 for each channel: red, green, blue. In an electronic display,
each pixel is composed of one red, one green, and one blue diode. Based on differ-
ent intensities of each diode, different color combinations can be achieved. The
value of O represents the minimum value or no color for that channel while 255
represents maximum color for that channel. Using these parameters basic colors can
be defined as in Table 5 and Fig. 2.
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Table 5 Example pixel values in RGB color space

Red value Green value Blue value

Pixel color R G B
White 255 255 255
Gray 122 122 122
Black 0 0 0
Red 255 0 0
Green 0 255 0
Blue 0 0 255
Yellow 255 255 0
Purple 255 0 255
Cyan 0 255 255
Fig.2 Colors

corresponding to Table 5

Pixels in Digital Detectors

Images are somewhat dependent on the properties of the camera which captured the
image. For the purposes of discussion, an image sensor is either a charge-coupled
device (CCD) or a complementary metal oxide semiconductor (CMOS) which con-
verts light into a digital signal. The image sensor is composed of millions of photo
diodes. The photo diodes convert light to a digital signal that can be processed and
stored as a file for later display on a monitor. For instance, a 20 megapixel camera
would have about 20 million photo diodes/pixels available to capture an image. A
common microscopy camera has a CMOS sensor with 5760 x 3600 pixels/photo
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detectors on the chip. This totals about 20.7 million pixels with each pixel represent-
ing a 5.86 micron square in physical space [10]. While the concept is similar, this
camera may differ in performance characteristics from a camera used in a whole
slide scanner. In addition to the width and height properties present in the detector
array, various detectors have different sensitivities to light conditions and speed of
capture. One may gain additional understanding of the use of CCDs in microscopy
by referencing the tutorial provided by Nikon at microscopyu.com [11].

Pixels in Digital Files

Digital pixels are the building blocks of digital images. Digital images are an archive
of what was captured by the image detector. File formats will differ in how they
store pixels, but they generally allocate space for storing pixel coordinates and color
values. In the image file, the array of pixel values allows the reconstitution and dis-
play of the digital image. The files may also hold a color profile which helps with
image display. The exact same image file can be used to show an image on two dif-
ferent display devices such as on a phone and a computer display. The operating
system for each device reads the image file and renders it on the screen. The color
elements and coordinate elements are exactly the same in each file (it is the same
file). However, the rendering and conversion of the image to light are somewhat
dependent on the display and software. The physical size of the image will obvi-
ously be different on a phone vs desktop display. While some of that size difference
may be due to settings and scaling to fit the image to the display, there are also
actual differences in the size of the pixels which can be seen in Fig. 3.
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Fig. 3 (a) Magnified pixels from a desktop monitor 1920 x 1200 (24 inch diagonal, pixel pitch
0.27 mm, 94.07 pixels per inch). (b) Magnified pixels from a phone with screen resolution of 2560
% 1440 (5.7 inch diagonal, pixel pitch 0.049 mm, 518 pixels per inch)
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There are also impacts on pixel values based on file type. A lossless file type such
as BMP, PNG, or RAW preserves the original pixel values. If the file is alternatively
saved in a lossy file type such as JPG, the original pixel values will be averaged
based on the compression algorithm. While the images between a lossless and lossy
file type may look the same, the process of file compression will change the pixel
values and accordingly may impact image analysis algorithms. There are also some
file types which may be either lossy or lossless depending on how the file was saved
(JPEG2000, TIF).

Pixels in Digital Displays

Digital displays are an integral part of everyday life. They are present in phones,
laptops, stand-alone computer monitors and television sets. Each of those displays
has an electronic representation of color driven by pixels. Each pixel is actually
composed of red, green, and blue diodes packed very closely together. A standard
computer monitor is composed of a planar array of pixels. The array has a width and
a height with coordinates x and y (x = width, y = height). At the time of this writing,
a common monitor configuration known as 4K has a width of 3840 pixels with a
height 2160 pixels. The native monitor resolution actually specifies the number of
pixels physically present in the display expressed as width x height (3840 x 2160 in
the current example). A monitor may display resolutions lower than the native reso-
Iution using the display settings on the computer. This may make the objects dis-
played on the monitor appear larger and blocky. Two monitors which are both 3840
by 2160 will have the same number of pixels, but they may differ with respect to
pixel size. The spatial configuration of pixels is referred to as pixel pitch (pp) which
is a measure of the distance between the centers of two adjacent pixels [12]. Smaller
measures of pixel pitch indicate more densely packed pixels which is often found in
higher quality displays that can display the same image in a smaller space. The
monitor on a desktop computer and a smartphone may both have similar resolu-
tions, but they have very different physical dimensions. Figure 3a shows the three
colored diodes (red, green, blue) in each pixel in a standard desktop display with a
pixel pitch of 0.27 mm. Figure 3b shows the more densely packed, smaller pixels
from a phone display with pixel pitch of 0.049 mm. It is important to note that the
representation of color in the display can be adjusted by hardware and software.
However, for the purposes of image analysis, the digital file contains the color val-
ues and color profile where most calculations are performed.

WSI Images vs Other Images

In contrast to the digital images we commonly see from digital cameras and smart-
phones, the images captured from whole slide scanners can be huge. A slide scanned
at 40x magnification could be 220,000 x 100,000 pixels and several gigabytes in
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size. Even CT and MRI images used in radiology are very small in comparison to
digital pathology images. Radiology images are comprised of multiple image slices
of a relative small proportion (1024 x 1024 pixels). The size of the radiology images
can be calculated by multiplying the dimensions of one individual slice by the total
number of slices. The total number of slices in CT and MRI images is recorded in
the DICOM image header, and each image is the same size. In contrast, pathology
WSI images are captured with many small fields of view that are stitched together
in a larger single plane. In addition, pathology images may vary greatly in size
based on the amount of tissue captured, whereas radiology images are consistently
the same dimensions for the same type of study.

While the WSI scanner captures at one magnification and one plane, the patholo-
gist needs to be able to see various magnifications. Most commercial scanners cap-
ture at 20x or 40x with some vendors offering options to capture at 100x (oil
immersion). The magnification used at the time of scanning will impact the number
of pixels and will impact many image analysis techniques. This has to be considered
when running algorithms for research or clinical purposes. An algorithm developed
and validated on 20x scans cannot be run on 40x scans without additional validation.

Pathologists often use many different magnifications to evaluate a sample and
make a diagnosis. The common lenses on a traditional microscope include 2x, 4x,
10x, 20x, and 40x. Down sampling is performed to provide different levels of magni-
fication in the WSI file. For example, if the original image is 75,000 x 75,000 pixels,
then a down sampled image may be 50,000 x 50,000 images. This conceptually cre-
ates two levels; however, the WSI file may contain even more levels. Digital pathol-
ogy vendors will often store these down sampled images in one file with the thumbnail
and macro images. This eases file management and also speeds viewing by avoiding
the overhead of down sampling on the fly while the image is being viewed [13].

Image Analysis Benefits

Many researchers and pathologists use image analysis techniques. While the options
and approaches for image analysis are broad, they generally share one common
theme: to quantify features in an image in a standardized, repeatable fashion. Manual
methods are subject to intra- and inter-reader variability, fatigue, and variable applica-
tion of scoring rules. Additional considerations for manual reads are listed in Table 6.

Table 6 Examples  Manual interpretation factors which may impact results
of factors which

may impact results

Intra-observer variability

Inter-observer variability
Inconsistent application of scoring rules
Fatigue

Experience

Variations in field of view/microscope configuration
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In contrast, computational techniques can apply the same rules to each specimen
which may improve result repeatability.

Pathologists may also find interest in algorithms performing some of the more
tedious scoring procedures. The H-score is defined as the sum of the percentage of
cells at staining intensities 0-3. This requires an estimate of percentage of tumor
cells (PTC) at each intensity of staining (0+, 1+, 2+, 3+) with the application of a
formula to achieve the end result. The formula for H-score is sum of PTC at 0, PTC
at 1, PTC at 2, and PTC at 3. An image analysis algorithm could help pathologists
save a lot of time in this determination. The complexity may increase in the research
setting where H-scores may be calculated for the nuclear, cytoplasmic, and mem-
branous compartments simultaneously.

If the algorithm gets too complex, image analysis techniques may struggle with
validation. PD-L1 scoring is an area where strong clinical expertise is needed in
conjunction with strong image analysis knowledge. The variety of antibody clones
for PD-L1 tied to different pharmacologic agents is only a small component of the
complexity. Each clone may have a variety of scoring techniques with different
cutoffs in a different tumor types [14]. This complexity makes manual scoring of
PD-L1 and comparison of results across clones difficult. Even validating one clone
can be challenging. The PD-L1 combined positive score (CPS) for gastric, cervical,
and urothelial cancers requires identification of which cell compartment is staining
in which cell type and in some cases which grade of tumor (low-grade and high-
grade papillary urothelial patterns are handled differently) [15]. This also requires
assessment of proximity of inflammatory cells to tumor for proper handling of
tumor-associated (TA) positive lymphocytes and macrophages. The CPS is calcu-
lated as follows: the sum of tumor cells with membrane staining, positive TA lym-
phocytes with membrane or cytoplasmic staining, and positive TA macrophages
with membrane or cytoplasmic staining divided by the total number of viable tumor
cells. Of note, positive staining plasma cells, eosinophils, neutrophils, stromal cells,
and non-tumor-associated inflammatory cells are excluded. The exceptions to cell
compartment staining, cell type, and inflammatory cell proximity to tumor are
intriguing but make algorithmic approaches difficult for a comprehensive solution.
Algorithmic approaches may help reduce workload by performing scoring in set-
tings where the sample is clearly positive or negative. Algorithms may also be of
benefit in cases where tumor can be easily distinguished from non-tumor.
Furthermore, retrospective analysis using algorithmic approaches may be useful for
finding additional relationships in the data.

Computational methods can be run on very large data sets in a relatively short
period of time where manual methods may be impractical. In some instances algo-
rithms can run in the background for quality assurance or overnight as a tool to help
pathologists produce more consistent results. There are some pathologists who fear
that algorithms may do such a good job that the practice of pathology will change
leading to fewer jobs and more automation. This perspective should be balanced
with a closer look at some of the pitfalls in image analysis.
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Image Analysis Concerns

While computational approaches may improve precision, it should not be assumed
that the results are automatically more accurate. Algorithms need to be carefully
tuned and verified for appropriate results in a wide variety of contexts. Figure 4
shows how an algorithm can inaccurately represent a cell population and skew the
results. Figure 4a shows invasive breast tumor with some glandular elements nestled
deep in an inflammatory infiltrate. For estrogen and progesterone scoring, these
glandular elements need to be included, but Fig. 4b shows only some of these nests
are detected. In addition, the dense lymphocyte infiltrate is being counted as nega-
tive (blue) which should be excluded from the score. Overdetection of non-target
objects and underdetection of target objects can each markedly skew quantitative
results. This would be a challenging case to annotate which may be helpful in con-
cept for excluding the inflammatory infiltrate. Other issues may arise with cell
detection. For example, a single tumor nucleus may be detected as many nuclei, or
the opposite problem may occur where many adjacent cells are detected as one. For
these reasons, a pathologist experienced in image analysis should oversee the anno-
tations and algorithm results to avoid some of these pitfalls. Algorithms do not work
in all scenarios, and performing a manual score may be the only way to address
some of the more challenging cases. Table 7 lists some of the common artifacts
which may impact image analysis.

In addition to the target detection issues and artifacts, there are some other pit-
falls to consider when implementing image analysis solutions. One of the biggest
objections to image analysis raised by pathologists is that it takes time to annotate
the image, wait for the algorithm run, and then come back to the case to report the
result. These extra steps are an unwelcome disruption to workflow. It is much easier
for a pathologist to render a manual score on a glass slide and be done with the
result so that other tasks can be handled. The reimbursement schedule listed in
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Fig.4 (a, b) Inaccurate markup
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Table 7 Common artifacts that may impact image analysis

Image Potential impact

Tissue folds May increase the color density or introduce artifactual lines into the
tissue

Poor focus Out-of-focus regions may impact edge detection and may homogenize
pixel values over a broad area

Color variation May be introduced by the scanner. May also be impacted by stainer
variability

Dust/dirt/pigment | Pixel values in will usually register darker than tissue

Tissue ink/marking | Pixel values will usually register differently than tissue
pen
Stitching artifact May introduce artificial edges

Magnification Algorithm designed to detect features at 40x may not work well with a
20x image
Coverslip issues Air bubbles, dirt, debris, scratches, and glue may obscure the image

Table 4 certainly supports the argument that the extra time to run image analysis
may actually be negatively impacting revenue. Some of the logistics underlying
time concerns may change in a fully digital workflow.

Parallel Processing

One of the challenges in performing image analysis is processing time. There are
many factors that may influence run time including hardware, processor load, algo-
rithm design, image size, number of processing steps, etc. More recently, algorithms
have benefited from the parallelization offered by running the algorithm on graphics
processing units (GPUs). Within that space, there are two primary contenders:
CUDA which is an Nvidia technology and OpenCL which was originally developed
by Apple but is now open source. Without delving too much in to the technical
details of these technologies, an improvement in processing speed can be realized
by running portions of the algorithm in parallel. Using these technologies does
require that the software is specifically designed to run on these architectures. A
discussion of the benefits and differences between the technologies and the algo-
rithm design for building on such technologies is beyond the scope of this chapter.

Tiling

The size of whole slide images makes them difficult to analyze as a single image.
Most WSI systems capture small images during scanning and stitch them together
to make one larger image. The approach to analyzing the image is often the reverse
of the stitching procedure. A few image analysis packages will handle these proce-
dures behind the scenes. There is an open-source plug-in for Imagel/Fiji called
SlideJ which was developed by a team at the University of Udine, Italy [16]. This
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plug-in handles native formats of some of the major WSI vendors. SlideJ allows an
Imagel/Fiji macros to be applied across the entire slide (https://github.com/MITEL-
UNIUDY/SIlidelJ). The SlideJ GitHub site hosts some demonstration macros in addi-
tion to the SlideJ plug-in. By default it works at the highest resolution of the target
image. The setting can be modified using the “Series” variable. There is also a fea-
ture to account for overlap between tiles. Overlap becomes very useful when ana-
lyzing objects which span the interface between two tiles. If an object is present on
both tiles, it may be cut in half and detected as two separate objects. This may not
be a major issue if the number of tiles is low or the number of objects spanning tiles
is low. It may however affect calculations and results which are based on object size.

Annotations

Many image analysis solutions allow the use of annotations to help focus the algo-
rithm results. Annotations provide an alternative to running the algorithm on the
entire whole slide image. This can have a big impact on reducing the algorithm run
time by eliminating areas which are not relevant to the result. Annotations may also
increase the performance characteristics for specificity and sensitivity of the result.
In general, annotations can be classified as including specific regions or excluding
specific regions. For most pathology tissues, the target of interest would include
tumor tissue. The areas to be excluded are generally non-tumor portions of the slide
which may be stroma, vessels, benign epithelium, necrosis, non-tissue/white space,
blood, debris, margin ink or marking pen ink, printed regions of the slide, etc. This
may be more difficult to address in practice as areas of tumor may be interrupted by
areas which should be excluded. For practical purposes, annotations should be sim-
ple and easily repeated. If the annotations are high in number, time-consuming, or
complex in nature, there is a negative impact on the precision/repeatability of the
algorithm. If annotations cannot be easily reproduced by another user, then the algo-
rithm results may in fact be invalid. In practice many pathologists find the manual
process of drawing annotations time-consuming and tedious. Regulatory standards
in the United States allow performance of annotations by non-pathologist staff
members, but pathologist approval of the annotations is required [4].

Image Analysis Tools

The purpose of image analysis is to quantify, measure, or categorize some aspect of
a digital image. There are several tools that may be used to assist in this regard.
Open-source tools include QuPath and Imagel/Fiji and Open Microscopy
Environment (OME). Commercial tools include Aperio Algorithm Framework,
HALO, Visiopharm, Definiens, ImagePro, and inForm. Each of these tools has its
own learning curves and intended uses. Some of them come prepackaged with spe-
cific algorithms geared toward pathology use. They may offer algorithms for quan-
tifying immunohistochemistry staining of nuclei or membrane staining, for example.
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Some of them are geared for specific image formats. To avoid the vendor-specific
file formats, storage techniques, and algorithm approaches, it is easiest to consider
images from the properties they all share, pixels.

Pixel-Based Methods

Detecting pixels which meet certain criteria is the most basic approach to image
analysis. Filters can be applied to separate the red, green, and blue channels to con-
sider the values of one channel at a time. This reduces the complexity and essen-
tially gives the equivalent of a grayscale image with pixel values ranging from O to
255. The complexity can be reduced even further by thresholding which sets a level
at which pixels are included or excluded. The pixels above threshold are positive.
The pixels below threshold are negative. After thresholding, the working image is
now in binary format, and the image can be analyzed for particles/objects. Some
useful ImageJ functions are presented in Table 8, and many more are available
within Imagel’s documentation [17]. Similar functions are available in many image
analysis packages.

Many vendors include a positive pixel count algorithm in the base package. In
concept, the algorithm processes and categorizes pixels based on predefined param-
eters. While a pixel level analysis provides a lot information about the underlying
data, establishing a clinically relevant cutoff based on individual pixels alone may
be more difficult because the biologic and clinical areas of interest are usually rep-
resented by cells not pixels. Useful applications applying pixel-based approaches
are still possible and may include representing the output as an intensity heatmap or
averaging pixel values over an area of interest. Pixel intensity values are often used
as building blocks for other algorithms.

Object-Based Methods

In contrast to pixel-based algorithms which use the intrinsic pixel values in the
image, an object-based algorithm first attempts to categorize groups of pixels into
an object. The object may be a nucleus, nucleolus, membrane, or an entire cell.
Object-based algorithms are more difficult to code because there is biologic

Table 8 Image analysis Procedure Utility
functions Split channels Separate red, green, and blue channels
Threshold Set minimum value for pixels of interest

Remove outliers | Remove objects which are less than a
specific pixel size

Watershed Split adjacent objects into separate objects
Dilate Grow regions of binary image (fill holes)
Erode Shrink regions of binary image

Analyze particles | Quantify features and number of particles
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heterogeneity in cells and structures which becomes even more pronounced when
looking at tumors which by definition have lost some of their regulatory mecha-
nisms. Object-based algorithms are more analogous to how a pathologist would
perform ITHC scoring in a clinical scenario. As an example, imagine a scenario
requiring quantification of nuclear staining intensity in a digital slide. The pixel
intensity averaged over the entire nucleus could be used to determine a per cell
score. The scoring paradigm should be chosen to match the purpose of the algo-
rithm. There are a few approaches to scoring which can be broadly categorized into
binary, categorical, or continuous scales. A binary scale classifies all objects into
positive or negative based on a cutoff or threshold value. A categorical scale sets
predefined limits which pertain to certain categories that may be based on intensity
such as negative, low, medium, and high. A continuous scale scoring paradigm may
be more linear in nature.

Scoring of predictive markers for breast tumors uses object-based methods to
determine a percentage of positive cells which is often used in combination with an
intensity score. The clinical decision points in predictive markers for breast cancer
are based on the percentage of positive tumor cells so it is important that nuclear
detection efforts differentiate tumor nuclei from non-tumor nuclei. Algorithms may
require fine-tuning and tweaking to filter out non-tumor cells such as lymphocytes,
stromal cells, and DCIS. If these cell types are not excluded, the denominator
becomes artificially enlarged which drives the positivity percentage down.
Therefore, tumor isolation and nuclear detection must be performed prior to per-
forming stain intensity scoring. HER-2 scoring uses cell detection to identify tumor
cells prior to making determinations on membrane stain intensity. Many clinical
scoring paradigms using visual methods use a quantitative estimate of the percent-
age positive tumor cells. Table 9 shows some example scoring paradigms and the
clinical scenarios.

Architecture-Based Methods

Architecture-based analysis abstracts information about the objects and begins to
look at relationships of objects to one another. This is parallel to how many patholo-
gists approach histologic patterns. Some architectures are easy to conceptualize like
a vessel, stroma, adipose tissue, epithelial surface, or a germinal center. These archi-
tectures are based on arrangement of cells in addition to their cellular morphologic
features. Architecture approaches may be used to detect fibrosis, invasive tumor,
epithelial surfaces, major tissue types such as bone and adipose, and disruptions in
architecture such as effacement of a node. These approaches may extract data from
the pixel and object levels to help identify differences in tissue architecture.
Alternatively pattern recognition software may be used to train algorithms to clas-
sify patterns based on a training set.
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Table 9 Example scoring paradigms

Scoring factors Clinical scenario

Positive cell count CD34-positive blast index

Ki-67 proliferative index

Kappa to Lambda ratio determination
CD138 plasma cell index

Cell count and stain intensity ER scoring

PR scoring

HER-2 scoring

H-scoring

Cell count and stain density FISH/CISH scoring

Cell count and cell type PD-LI scoring

Marrow cellularity

Myeloid to erythroid ratio scoring
Tumor percentage of section
Inflammatory infiltrate index

Non-cellular staining Fibrosis
Congo red/amyloid
Cirrhosis

Cell morphology Eosinophil count

H. pylori detection

Hodgkin lymphoma detection
Follicular lymphoma grading
Breast tumor grading

Future Directions

The application of computer-assisted diagnosis is a rapidly expanding area of medi-
cal informatics. This is being driven by multiple factors, but the growing digitization
of health data is a key essential element. Analysis of digital images is just one appli-
cation. The application of artificial intelligence (AI) techniques to digital pathology
may vastly change how we practice pathology. There are long-standing products
already using AI within the laboratory. CellaVision’s DM96 has been FDA cleared
since 2004 for classification of peripheral blood white blood cell images using a
neural network with confirmation by a medical technologist [18]. Cell classifiers
could be developed for other body fluids such as bone marrow aspirates, cerebrospi-
nal fluid, pleural fluid, peritoneal fluid, or synovial fluid. The applications extend to
solid tumors and other areas of medical imaging as well. An Al system performing
image analysis on diabetic retinopathy images was granted de novo classification
approval by the FDA in 2018 which allows the device to be legally marketed [19]. Of
note, the de novo pathway is the same pathway used to allow marketing of the first
WSI scanner system for clinical use in the United States in 2017.

Al technology is well suited to address some of the difficulties of object clas-
sification prior to running quantitative algorithms. Neural networks (NN) are
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established by training on a large set of images that have been previously classi-
fied. During training the network determines features and weights that optimally
stratify the training set into the predetermined categories. A validation set is then
run to test the performance on images that have not been seen by the NN before.
Generally the training, validation, and test images represent small subsamples of a
whole slide image. Using these techniques, computational models for pathology
can be established that can be used to classify future images. A potential applica-
tion of Al tools may include categorizing whole slide images into various tumor
classes for final approval by a pathologist. There may be applications which triage
the cases to specific pathologists for the day based on Al technologies. For exam-
ple, an excised lymph node may be triaged to a surgical pathologist if metastatic
disease is detected or sent to a hematopathologist if a lymph node showing a lym-
phoma pattern is detected. Realizing maximal benefit from Al technology would
require a fully digital workflow with Al algorithms running as soon as the slide is
digitized.

In a very large reference center, the volume of cases may support triaging cases
within a given specialty. For example, a bone marrow with myelodysplastic features
may be triaged to a specific pathologist while a plasma cell myeloma or benign mar-
row may be triaged to separate pathologists. A GI biopsy may be scanned and sent
to hematopathology if the findings support MALT lymphoma or a GI pathologist if
the findings were suspicious of adenoma or cancer. Case triaging may help patholo-
gists become more efficient by providing a consistent mix of cases where the
pathologist carries domain expertise. The algorithms may improve over time by
comparing the preliminary classification to the final classification. In addition, if the
cases are classified by Al with preliminary diagnoses, the concept could be extended
to placing orders for panels of tests for further work up. The systems may also be
able to monitor workload so that cases which need a lot of work can be evenly dis-
tributed. Digital queues may even be monitored to prevent sending new cases to an
overburdened pathologist.

It must also be considered that there is a time element to running any algorithm.
Very strong computational capabilities will be needed if Al algorithms are running
on every slide coming out of the lab. Each slide processed by an Al algorithm may
take several minutes or more depending on the size of the slide and the features
which are being detected. Very small features on a very large slide will increase the
amount of time required to run the algorithm. The time factor can be shifted to non-
working hours or run in parallel with other procedures so as not to increase the
turnaround time before a final interpretation is rendered. There are also cloud
resources which can be leveraged to spread computational tasks over more hard-
ware. However, cloud-based systems relating to digital pathology will need a fast
and reliable mechanism to upload slides securely and in compliance with all regula-
tions. Building local Al resources is also possible to avoid the security issues and
network delays inherent in loading slides to the cloud. However, local resources
may come at a higher initial expense.
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Conclusion

The next several years in digital pathology will certainly be exciting. As adoption of
digital workflows continues, the opportunities to use image analysis will increase.
The combination of Al techniques with traditional image analysis techniques may
yield results which are superior to either of the techniques applied independently.
The use of these techniques may complement the expertise of pathologists to pro-
vide improvements in diagnostic accuracy, efficiency, and patient care.
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ROC  Receiver operating characteristic
ROI  Regions of interest

TIFF  Tagged Image File Format

WSI  Whole slide image

Introduction

Converging waves of increasingly sophisticated machine learning (ML), whole
slide images (WSIs), and computing power have artificial intelligence (Al) (Fig. 1)
poised to transform the practice of pathology. The ongoing collaboration of research-
ers from computer vision, Al, and pathology domains is driving this revolution. A
recent explosion of ML models for the analysis of WSIs has produced state-of-the-
art biomarker discoveries and impressive disease recognition capabilities [1]. ML
has the potential to address the worsening global undersupply of pathologists [2]
and the thorny issue of interpathologist variability [3]. Additionally, ML can be used
to optimize the diagnostic pathologist’s workflow via (1) attention direction to
regions of interest (ROI) and (2) automated quantification of time-intensive tasks
(e.g., mitotic indices). From the discovery perspective, ML can identify novel fea-
tures of WSIs with prognostic and therapeutic significance in a variety of neoplastic
and metabolic conditions [4, 5].

ML can be unsupervised or supervised. Unsupervised models do not introduce
labeling bias when learning patterns in data. Rather, the model identifies distinct pat-
terns in the data and forms clusters with unique patterns. Unsupervised learning is
useful in an exploratory analysis in which ground truth is unknown. In comparison,
supervised learning utilizes manually assigned labels from ground truth that identify
relevant features of the dataset. Supervised models are conducive to iterative improve-
ment, as the presence of labels helps optimize the model. The performance of the

Artificial Intelligence (Al) i
\5_‘,’; Techniques and methods that enable
Artificial Intelligence ™~ ﬁ computers to emulate or exceed human
intelligence. o/
(i ; .
Machine Learning Machlr_u_e Learning (ML) \
----------------- The ability of computers to learn patterns in
I‘.@ data without being explicity programmed._/
Deep Learning ¢/~ , Deep Learning (DL) N

/7o Algorithms that enable computers to extract
§§ representative features and perform various

\_ + tasks based on these features. /’
Convolutional
Neural (= Convolutional Neural Network (CNN) \
Network @ /A4 A sequence of layers that use the principle
of convolution, a mathematical operation,
& commonly applied to analyse images.

Fig. 1 The hierarchical relationship of different artificial intelligence concepts
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supervised model depends on the (1) features, (2) labels, and (3) core algorithm used
in training.

Deep learning (DL) is a subcategory of ML (Fig. 1) known for its ability to
achieve high performance from complex visual inputs, such as WSIs [6]. DL algo-
rithms utilize networks several layers in depth, progressively extracting higher level
features from the raw input with each additional layer. DL algorithms iteratively
improve by maximizing the separation between classes. With each iteration, data
are propagated through the network to determine the corresponding output. The
machine-predicted output is then compared to the actual output, and a penalty score
is assigned so that the algorithm can learn to map the sample output to the correct
class. Once the algorithm determines the discriminant features for each class, it is
often able to generalize to unseen data without the need to handcraft additional
features.

The convolutional neural network (CNN) is typically a supervised method under
the DL umbrella (Fig. 1) that has recently been applied to digital pathology. CNNs
are generally used to analyze images, where they assign weights to different regions
and structures to model and classify groups. CNNs use the principle of convolution,
in which a mathematical operation on two functions is used to produce a third that
highlights essential structures (i.e., changes in signal or an underlying smoothness).
CNNss are composed of three main types of layers: convolution layers, pooling lay-
ers, and fully connected layers. Stacking these layers forms a CNN architecture.
The more layers added, the “deeper” the network becomes, hence the name deep
convolutional neural networks (DNNSs).

In this chapter, we highlight challenges in implementing CNNss in digital pathol-
ogy (section “Challenges in Implementing Convolutional Neural Networks in
Digital Pathology™), discuss data quality and transformation (section “Data Quality
and Transformation”), inform annotation and labeling (section “Annotation and
Labeling”), demystify CNNs (section “Convolutional Neural Networks”), explore
fine-tuning CNNss (section “Further Steps for Fine-Tuning the CNN”), and list mod-
ern applications for Al in digital pathology (section “Applications of Al in WSI”).

Challenges in Implementing Convolutional Neural Networks
in Digital Pathology

Computational modeling of WSIs poses many unique challenges. CNNs are data-
driven and require large datasets for training, validating, and testing. The develop-
ment of large, high-quality datasets is impeded by several barriers to entry in digital
pathology, including cost, expertise, and resistance to change. There are multiple
steps in data pre-processing with the goal of maintaining data quality and optimiz-
ing data transformation. A compatible image format is imperative for downstream
analysis, and investigators should consider the entire pipeline before selecting the
image format. Different scanners can use propriety data formats for both image
generation and annotation, which can add unique challenges for pre-processing and
analysis. Investigators can choose from a variety of color spaces, transformations,
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and contrasts to suit their purpose. The images must then be tiled and filtered with
care to maintain the representation of all structures of interest. Normalization is
required to counteract batch effects, which can increase image variability due to
disparate sample handling. The challenge of isolating distinct morphologic features
can be overcome via stain deconvolution, a powerful computational technique for
isolating the relative contributions of hematoxylin and eosin staining.

After image pre-processing, pathologist expertise is required to annotate key fea-
tures for training. Pathology is a highly specialized field, and different organs and
diseases require pathologists with a variety of specializations in order to generate
accurate annotations. Furthermore, image annotation is time-consuming and
requires multiple pathologists to reach a consensus [7]. For any computational mod-
eling endeavor to be executed successfully in the histology domain, the modeling
approach must be designed with the input of an expert pathologist at every stage.
Hence, each modeling effort should begin with the well-understood integration of
pathologists. Pathologist expertise to annotate data, construct models, and verify
results is of utmost importance to ensure usability and adoption of Al in pathology.

Ultimately, careful consideration of the parameters for the modeling algorithms,
the feature sets, and the neural network architecture are all essential pieces in the
overall success of a digital pathology modeling experiment. From the size of the tiles
(must contain enough of the relevant tissue substructures but not so much as to add
unnecessary variation and noise) to the complexity of the ML model (less training
data with more complex models leads to overfitting), all decisions impact the results
and should be made after careful consideration and comprehensive validation [8].

Data Quality and Transformation
Sample Size

In computer-aided pathology, the size of the dataset is a crucial factor underlying
model performance. The more data fed into the algorithm, the more accurately it
will be able to model the full range of the disease of interest. Variation in the form
of disease presentation and processing techniques must be captured in training to
ensure robust results.

Image Format

Digital pathology relies on scanning hardware to convert glass slides into specific
image formats with high resolutions. Automated image processors use existing
standard formats or unique proprietary formats with associated tools and viewers
[9]. Generally, the difference between formats stems from different metadata tags
used, as well as the file compression type. Investigators should be aware that down-
stream analysis depends on how well computational tools handle the chosen image
format. For example, fast rendering in the viewer, ease of annotations, and data
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management are dependent on the file format. Converting from a scanner-specific
format to a standard format may be possible. However, lossy compression methods
that degrade the data may be required to achieve a smaller size that is capable of
easy viewing.

A standard image format for WSIs is the TIFF (Tagged Image File Format) with
lossless compression to maintain image details via storage as multi-resolution (or
“pyramidal”) representations [10]. Scanner-specific formats include SVS (based on
TIFF) from Aperio scanners [11] and MRXS from the Zeiss MIRAX series [12] and
3DHISTECH Pannoramic series [13]. These files typically contain multiple images
that range from full-resolution to a low-resolution thumbnail [14]. Any or all these
images can be extracted, and the investigator’s choice will depend on the resolution
needed for analysis.

Color Space, Transformation, and Contrast

Many downstream analyses, such as segmentation and object counting, are based on
native color space. Thus, transformation of an image to a different color space
affects the results of these endeavors. Different color spaces focus on distinct image
quality characteristics. To illustrate, RGB (red, blue, green) and HSV (hue, satura-
tion, value) are shown in Fig. 2. The number of possible color spaces is too vast to
list here, and an investigator’s selection will be informed by their objective. A
straightforward and commonly used transformation is color to grayscale. This trans-
formation has one feature per pixel: color intensity. Standard ML enables edge
detection and segmentation using color intensity and can facilitate precise homoge-
neous region identification [15]. Similarly, a change in the contrast of an image can
enable the detection of larger, more apparent objects. A change in contrast essen-
tially changes the difference in luminance between objects in the image. In a gray-
scale image, darker objects become darker and lighter objects become lighter, in
some cases rendering subtle details more apparent [16].

GREEN

Fig.2 RGB vs. HSV color spaces and their individual channels for a digital image of breast cancer
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Tiling and Filtering the Image

In most cases, the whole image should be tiled for faster processing, meaning the
whole image is segmented into smaller, rectangular regions or files, and irrelevant
parts of the image should be filtered. The size of the tiles needs to be appropriate for
the analysis being performed. Since the tile analyses are done in lieu of analyzing
the entire WSI, the tiles need to be representative of the structures present in the
whole tissue. Thus, the location, size, and magnification should facilitate each tile
containing relevant structures [17].

Images can be filtered in multiple ways. We can filter artifacts (e.g., white space)
or biological entities that do not pertain to the question (e.g., non-tumor region).
The easiest way to perform filtration is to compute a measure per tile, which denotes
whether the tile is useful or not. For example, if we aimed to analyze any areas
which were not predominantly white space, we could average the RGB values of all
pixels in each tile and use a threshold to demarcate the tiles to be included in the
analysis. An alternative method is to extract specific ROIs from each tile and discard
the rest of the image.

Normalization

A standard step in any data modeling protocol is data normalization, and computa-
tional modeling of WSIs is no different. Normalization is required whenever a set of
images is to be analyzed together. This step is imperative as WSIs exhibit consider-
able variation and are highly prone to batch effects. Sources of variability include
histology lab personnel, staining procedures, lab instruments, scanners, and digiti-
zation protocols [18]. Most normalization techniques transform all slides in the
dataset to mimic a preselected reference slide [19]. The reference slide needs to be
an accurate representation of the staining and structures across all slides. Hence,
choosing a reference slide poses a challenge. Normalization techniques include
pixel-wise standardization of image colors, brightness, and contrast. There are mul-
tiple proposed computational methods to perform normalization, and newer, more
sophisticated methods are being developed using neural networks [20]. Approaches
include color space transformation in the RGB space and color deconvolution that
isolates the contribution of the two stain vectors, hematoxylin and eosin.

Stain Deconvolution

Since hematoxylin and eosin dyes adhere to different tissue components, an impor-
tant step of many analysis protocols is to separate these two dyes in the image. This
results in two grayscale images, one of each stain (Fig. 3). For some downstream
analyses, such as counting nuclei, distinguishing epithelium and stroma, and assess-
ing the nuclear to cytoplasmic ratio, single-channel grayscale is a powerful technique.
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Fig.3 An example of applying color deconvolution on a digital image of breast cancer

There are a variety of methods for stain deconvolution [21]. Most use a stain
matrix, which, when multiplied with the color space channels, will produce a stain
channel. These channels are specific to each image (or a set of images if they are
normalized) and can be transformed into a grayscale image that represents stain
intensity.

Annotation and Labeling
Annotation

Pathologists evaluate various structural, textural, and morphological markers to find
evidence of disease. This expertise is achieved through years of training. Similarly,
CNNss must be trained to identify diagnostic features and to ignore irrelevant noise
and artifacts. This is accomplished via annotation of key morphological features.
The specific features that are labeled depend on the problem to be addressed. For
example, annotation of mitotic cells can inform a model predicting tumor grade in
breast cancer [22].

Ideally, annotation protocols are determined at the inception of the computa-
tional modeling project with consideration of the clinical question/problem.
Depending on the task, various implementations may be suitable, such as point
annotations (that identify the centroid of the pathology marker), shape annotations
(that define a bounding pre-defined shape around the pathology marker), or granu-
lar outline annotations (that precisely segment out the pathology marker). A cate-
gorical label needs to be assigned to each annotation. An annotation tool that
allows for viewing the WSI, efficient annotation, and exportation is required.
Annotation tools and software are commercially available with some provided by
the image scanner manufacturers [23]. There are several open-source tools that
support WSIs in a variety of formats, including QuPath, HistomicsTK, and
ASAP. The annotations are exported in easily interpretable text formats such as
JSON and XML [24]. Some annotation tools provide options for automated analy-
sis, image normalization, and segmentation to aid in more efficient annotation of
many images.
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Recent crowdsourcing initiatives for histology annotation have been successful
in aggregating labels for large datasets [25]. This has helped to address limitations
in dataset sample size. Such initiatives facilitate computational modeling solutions
that could be benchmarked and repurposed by computational pathologists to better
understand and model in-house data [22].

Clinical and Histopathologic Labels

In contrast to annotation, which assigns labels to specific morphologic features,
each WSI may be assigned a diagnostic label for training. Labels are shared by
all the tiles emanating from the WSI. Examples of diagnostic labels include dis-
ease subtype, grade, sequencing data, drugs administered, and survival. These
labels are extracted from patient records or derived by a subject matter expert
who reviews the data before processing. Using labeling for sequencing data,
we can identify recurring patterns that characterize genetic subtypes of the dis-
ease [26].

Convolutional Neural Networks

Prior to DL, traditional classification approaches required researchers to manually
harvest domain-specific features. This process of extracting handcrafted features
required extensive tuning to accommodate the variability of the data, and applicabil-
ity to other problems (i.e., analyzing different diseases) was limited. Addressing this
challenge, DL follows a domain agnostic approach, combining the process of auto-
mated feature extraction with the identification of discriminating markers. Thus, the
process of harvesting discriminatory features becomes automated.

Deep convolutional neural networks (DNNss) (Fig. 4) have a dominant learning
ability due to multiple feature extraction stages that allow them to learn representa-
tive features of the data. This powerful capability has earned DNNs steady popular-
ity in analyzing large, high-resolution WSIs across a variety of cancer subtypes
[27], as well as many other conditions, such as Alzheimer’s disease [28].

= =
; }
& (.__/ (_/ =
@\ \® \__J Prediction/
@SN /) Classification
= | ~\ Y

[\_/’ 4\._/’

Input Image Sequence of Convolutional
and Pooling layers Fully Connected layers

Fig. 4 The common structure of DNN models. An image is passed through a series of convolu-
tional and pooling layers. These layers extract representative features that are used in the fully
connected layers to classify the input image
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Anatomy of a CNN

Neurons, the basic building block of the neural network, are assigned to one of three
possible layers: input, hidden, or output. If every input neuron is connected to every
output neuron and vice versa, the layers are considered fully connected. The input
layer receives a pre-processed image as a matrix and passes it to the first hidden
layer. The hidden layers perform mathematical computations to extract relevant
image features. Lastly, the output layer returns the predicted value for the input
image based on the features identified in the hidden layers.

Each connection between neurons is associated with a weight that prescribes the
importance of the value from a neuron in the preceding layer. These are called the
model’s parameters. At the beginning of the training process, these weights are
assigned randomly. Throughout the learning process, the model adjusts these
weights based on how accurately it predicts the actual outputs. A loss function is
used to evaluate the learning ability of the model. Ideally, the generated loss func-
tion is close to zero, which means the labels generated by the model are highly cor-
related with the actual labels.

Hidden Layers

The convolutional layer is the first layer to extract features from an input image. It
preserves the dimensions of the input. It is based on a mathematical operation that
takes two inputs, such as an image and a filter, and produces a convolved feature
output. Applying different types of filters can generate the following transforma-
tions: edge detection, smoothing, and sharpening the input image.

The pooling layer is used to reduce the dimensionality of the input image to
shorten training time and combat overfitting. There are different types of special
pooling: max pooling, average pooling, and sum pooling.

The activation layer operates to minimize a loss function. This layer is to clas-
sify the output into different classes. The choice of activation function is dependent
on the desired output. For example, sigmoid is preferred for binary classification
while softmax is typically used for multiple classes [29].

Further Steps for Fine-Tuning the CNN
Feature Identification

A feature is defined as any measurable property of the WSI that is characteristic of
the phenomenon being observed. For example, features can define a cell nucleus,
inflammatory cells, extracellular matrix, etc. Choosing discriminative, informative,
and independent features is a crucial component of developing a powerful CNN. The
inherent statistics of the feature set, such as variation and distance between data
points in the feature space (e.g., Euclidean space), will be used by the CNN to
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predict the most appropriate label (supervised models) or grouping (unsupervised
models) for individual data points.

Validation and Performance

For model validation, common measurements like accuracy, precision, recall,
F-score, and mean squared error evaluate correctness in different contexts. To assess
the performance of a model, one can utilize K-fold validation, randomization of the
input data, or titration with noise to compare the penultimate results. Techniques
such as the receiver operating characteristic (ROC) curves make these measures and
the changes easy to interpret and contextualize.

Applications of Al in WSI
Detection and Segmentation

CNN:s facilitate the detection of disease-relevant structures and the subsequent seg-
mentation of ROIs with high probability. This capability allows CNNs to be used as
pre-screening and augmentation tools during histopathologic diagnosis of digitized
slides. The CNN-guided discovery focuses the pathologist’s attention on ROlIs,
thereby optimizing the pathologist’s workflow. Moreover, identification and quanti-
fication of disease markers become standardized, thus reducing interpathologist
variability.

The nucleus has been the target of many early studies in CNN segmentation.
Investigators have successfully used several unique approaches and architectures to
identify nuclear ROIs. For example, a PMap approach using CNNs gauges the prob-
ability of each pixel’s proximity, according to its intensity, to cell nuclei to deter-
mine nuclei locations [30]. Alternatively, Mask R-CNN utilizes a region proposal
network, first zeroing in on the areas that may contain nuclei and iteratively finding
their exact boundaries for nuclei detection [31].

In addition to cellular features, detection of unique cellular phenomena, such as
mitoses, is enabled by CNN segmentation. A standard method for quantifying
mitotic figures is the mitotic count. Counting mitoses requires the pathologist to (1)
identify the tumor region with highest mitotic activity, (2) differentiate mitoses from
nuclear pyknosis, and (3) count mitotic events in at least ten representative, non-
overlapping high-power fields. Each of these challenges is both time-consuming
and highly prone to interobserver variability. DL networks that use spatial context
to identify mitosis using a max pooling CNN have achieved significant success in
mitosis identification [32]. A CNN feature set combined with domain-specific hand-
crafted features gave rise to a computationally economical model which success-
fully identified mitosis [27].

CNNs have also been used to identify broad areas that contain multiple ROIs.
For instance, to recognize tissue alternations of nonalcoholic fatty liver disease, a
CNN model attained almost 95% accuracy, paving the way for more feasible and
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rapid diagnosis [33]. A CNN trained on patch annotations to identify ROIs and post-
process the segmentation with a fully connected conditional random field can be
used to build a generalizable method for identifying regions of diagnostic relevance
in histology images [34].

Artifact Discovery

There are a variety of artifacts in histology slides that can impede accurate compu-
tational diagnosis and hamper experts when using digitized WSIs. To address this
challenge, CNNs can be used as quality control and correction tools. For example,
a tool trained on different amounts of blurry histology and immunohistochemistry
images can reliably identify artifactual ROIs. Tools such as these may soon be inte-
grated with scanners to automatically re-scan artifactual ROIs and optimize the
preparation process prior to pathologist interpretation [35].

Classification (Diagnosis and Grading)

Diagnosis and grading are classification tasks conducted by the pathologist in daily
practice. There are many examples of CNNs achieving success in this domain,
showcasing the potential to reduce interpathologist discordance and hasten accurate
diagnosis. For example, a CNN-based method presented an accuracy of 98% when
using confidence-based scoring from a deep network to classify histology tissue of
skin cancer into four main classes [36]. Another model, performing predictions on
patches of WSIs using CNNs and subsequently aggregating these, was able to
deliver whole slide classification close to pathologist decisions for subtypes of can-
cers [37]. Extending the classification paradigm, tumor grades can be identified
using CNNgs, as is evidenced by studies in the kidney [38], brain [39], and prostate
[40]. A CNN training framework with the relevant labeled images can go a step
further and directly prognosticate using WSIs from cancer [41].

Summary

This is an exciting time in pathology diagnostics. CNNs are powerful tools for com-
plex image analysis, making them ideal for digital pathology applications. The
workflow of CNN development on WSIs has several challenges, and the perspective
of the pathologist is welcome at every stage of model development. As it is widely
deployed and adopted in clinical settings, WSI technology will allow pathologists to
rapidly access and share images easily. Once well integrated with clinical work-
flows, WSI will be increasingly used in CNNs and Al applications for feature selec-
tion, tumor diagnosis, tumor grading, and developing image-based prognostic
assays. Progress in CNN- and Al-based tool development will be further accelerated
as overall WSI adoption for primary diagnosis and other clinical applications moves
forward.
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