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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



