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ABSTRACT

Information, archives, and intelligent artificial systems are part of everyday life in modern medicine. They
already support medical staff by mapping their workflows with shared availability of cases’ referral information,
as needed for example, by the pathologist, and this support will be increased in the future even more.

In radiology, established standards define information models, data transmission mechanisms, and work-
flows. Other disciplines, such as pathology, cardiology, and radiation therapy, now define further demands in
addition to these established standards. Pathology may have the highest technical demands on the systems, with
very complex workflows, and the digitization of slides generating enormous amounts of data up to Gigabytes per
biopsy. This requires enormous amounts of data to be generated per biopsy, up to the gigabyte range.

Digital pathology allows a change from classical histopathological diagnosis with microscopes and glass slides
to virtual microscopy on the computer, with multiple tools using artificial intelligence and machine learning to

support pathologists in their future work.

1. Introduction

The term “digital pathology” (DP) was first introduced in 1986 by
Weinstein [67]. DP is defined as a pathological diagnosis transmitted
over a distance, together with specific digital images of micro- and
macroscopic preparations, clinical data, and information on cases sent
to a pathologist via a data link [37,70]. This system allows both the
transfer of images and live video recordings [35]. DP is the integrated
use of information technology to assist in the creation, sharing, and
exchange of information, including data and images, and to support the
complex workflow, which ranges from receipt of study material to
submission of the final data. For these purposes, DP requires the de-
velopment of an infrastructure that enables collaboration between dif-
ferent pathology facilities or health systems by allowing multimodal
and multi-level pathology data to be shared by all specialists involved.

In this review, we summarize current developments and aims of DP,
considering recent publications on compatible hardware, software, and
other applications, as well as current opportunities and limitations of
DP.

2. Status quo in the digitalization process of pathology

Technical progress in diagnostic disciplines has enormously
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increased during recent years. Unlike laboratory medicine, diagnostics
in pathology is very comprehensive. The task of the pathologist is to
identify characteristics and patterns of cells and tissues for pathological
changes, with the microscope still considered to be the gold standard.
For the pathologist’s diagnosis and classification, assessment of mor-
phology and characteristic changes at the molecular level of the pa-
tient's sample are essential - with important consequences for the fol-
lowing therapeutic decisions. Also, preparation strongly depends on the
material examined, including body fluids and small biopsies, as well as
complex surgical specimens and amputates. Therefore, automation in
pathology primarily focuses on specific aspects of pre-analytic and
analytic sample processing and staining, respectively.

The knowledge of tissue selection (macroscopic), preparation of
microscopic sections (paraffin sections / frozen sections), and the final
pathological diagnosis and classification are achievements made by
skilled laboratory and medical personnel [23]. Today, the pathologist's
assessment is based on the histological patterns as well as cell counting.
Therefore, computer-generated tumor grading should not and cannot
replace human expertise. For specific prespecified purposes, however,
computers can fulfill the same task more objectively [4] and more ra-
pidly. Computer algorithms can help pathologists to screen the sample
for predefined morphological findings and to assess samples more
precisely using established scores, thus reducing the differences
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between the experts’ assessments — to make pathology more compar-
able worldwide.

DP could also help in the scientific exchange with colleagues in
multidisciplinary tumor board (MTB) conferences. The mentioned
conferences represent a multidisciplinary approach to the care of cancer
patients, which is commonly incorporated in academic institutions.
MTBs are formal, regularly-scheduled meetings of specialized medical
oncologists, radiation oncologists, surgeons, radiologists, and patholo-
gists devoted to the care of cancer patients. These teams then review
patients diagnosed with cancer, patients at high risk for cancer or pa-
tients with complex management questions, discuss diagnosis, and
formulate management plans using an evidence-based approach
[45,46]. It could be demonstrated that MTBs improve diagnostic ac-
curacy, adherence to clinical practice guidelines, and some clinical
outcomes [44].

Future DP-related advantages for the patients are obvious: As cancer
and other therapies are becoming more and more personalized, DP
allows the pathologist to consult specialists within seconds. As more
sophisticated pathological diagnoses can be made earlier, the appro-
priate treatment can be started at an early stage of the disease.
However, DP has not yet caught on in routine pathological diagnostics,
and the process of digitization poses new challenges to pathology. Light
microscopy is still considered the gold standard in pathology. It can
only be speculated that the high costs for necessary infrastructure with
rapid scanners, large storage spaces, and full integration in medical
information systems are the main reasons. Also, it is necessary to
standardize the scanner systems, image processing systems, image for-
mats, as well as the interfaces of virtual microscopy with pathology and
clinical information systems, or the integration of molecular pathology
subsystems.

At present, whole slide imaging (WSI) is introduced in routine pa-
thology departments. WSI means that prepared biopsies of tissue sam-
ples and cytological preparations are scanned, digitized, and displayed
[47]. When several layers of a sample are imaged, even the spatial
dimension of a sample becomes visible. Thus, the pathologist’s eva-
luation quality is comparable to that of a modern microscope. The
“virtual” microscope simply replaces the conventional microscope.
Both methods have been compared in serval studies [3,9,38,53,541,
indicating that WSI can be considered as an equivalent to the conven-
tional microscope and as a gold standard. As a consequence, WSIs fa-
cilitate remote primary diagnosis, teleconsultation, improved workload
efficiency and balancing, collaborations with sub-specialists, and allows
central clinical trial reviews, development of artificial image analyses,
practical education, and lead to other innovative research perspectives
[27,47].

However, WSI still raises only modest interest, mainly due to reg-
ulatory data security, technical challenges, and increased non-personal
costs [21]. So, although DP is faster, it is associated with higher ex-
penditure than conventional pathology, at least in the initial im-
plementation phase. Nevertheless, digitalization is progressing and will
lead to new working methods in modern pathology. More and more
pathologists can use high-performance systems to scan tissue sections
and analyze them on a screen.

3. Influence of digitization on pathology in Austria

In Austria, 299 specialists actively practice pathology, most of them
at the age of around 58 years. Thus, in 10 years, 48 percent of all active
pathologists will reach the age of retirement. Since there are hardly any
young pathologists, these retirements will not be compensated easily.
However, the need for pathologists is growing due to the progressively
more complex examinations and the increasing importance of perso-
nalized therapies. Even today, the 144 apprenticeship training positions
for pathologists approved by the Medical Association and the Ministry
of Health cannot be filled according to the old training regulations (see
also Table 1) [8].
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Table 1
Apprenticeship training position listed by province.

Province Approved apprenticeship Occupied apprenticeship
training positions training positions

Burgenland 3 0

Carinthia 6 0

Lower Austria 15 6

Upper Austria 17 6

Salzburg 6 3

Styria 36 8

Tyrol 6 0

Vorarlberg 4 2

Vienna 51 12

Therefore, it is necessary to make pathology more attractive and to
give young pathologists an understanding of this discipline. One pos-
sibility could be the digitization of histological slides with potential
further developments of supporting tools to be used by the younger
generation. These tools have to present detailed information about
disease processes, which is essential for both clinical diagnosis and
medical research. Advances in the processing of large volumes of data
now make it possible to systematically standardize digital information
from complex images of tissue sections and clinical disease courses. In
the future, this should make it possible to utilize a previously un-
explored source of information from histological sections generated
within the framework of pathological research, diagnostics and medical
teaching [4,23].

4. Purposes and aims of Digital Pathology (DP)

DP promises an extension of the traditional light microscopy.
Traditionally, glass slides must be physically brought from the labora-
tory to the pathologist; the light microscope is then used for one single
slide to be investigated by the pathologist. This single-view could
change fundamentally using WSI. Glass slides are then scanned in the
laboratory, and WSIs are immediately available without using the usual
transport routes. Virtual microscopy and deciding about the diagnosis
takes place on the screen, even with simultaneous assessment of several
slides [22]. The daily routine will thus be facilitated:

Advantages of diagnosis and classification:

Improved standardization and optimization of microscopic methods
A simultaneous and rapid examination of several regions and several
staining procedures in any magnification

Simplification of morphological findings through digital tools, such
as annotations, measurements, and counts

Support of the assessment process by certified digital quantification
of diagnostic and predictive markers and use of other validated ar-
tificial intelligence applications, classification systems, and other
decision aids

® Provision of detailed clinical information, including clinical, mor-
phological and radiological details in one data-set, thus assuring the
submission of full patients’ records to the pathologist (on request)

Organizational advantages:

Support of accreditation processes

Digital archiving: easy and fast access to WSIs in the digital archive

Error-free allocation of slice preparations provide higher patient

safety

® Location independence: consultation with other pathologists around
the world - faster and easier network cooperations between pa-
thologists, especially in areas with few specialists available

e Spatially and temporally more flexible job opportunities (home of-

fice)
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e Optional development of new artificial intelligence applications for
the analysis of existing image archives, classification systems for
diagnostics, research, teaching, and other new decision aids

At present, the main areas of application of diagnostic DP are in-
traoperative frozen sections and consultations of a colleague
[14,16,36,51,52,69]. Teleconsultation is suitable for the technically
simple transmission of digitized image sections of a histological spe-
cimen by e-mail, providing a safe data-transfer. The implementation of
intraoperative frozen sections for diagnosis requires a more sophisti-
cated technical and organizational approach [68]. At least, a remotely
controllable microscope equipped with a digital video camera and an
online data connection is required to transmit a live video stream [71].
A telepathology system consists of a personal computer, a remotely
controllable telemicroscope with an attached digital camera, and an
optional macroscopic workstation with a video camera.

Future applications are already under discussion and are likely to go
far beyond the points mentioned above [12]. In particular, quantifica-
tion of biomarkers and the tedious search for diagnostically relevant
and representative tumor areas can be automated by computer pro-
grams. Specific patterns are recognized and stored to support and ac-
celerate the pathologists’ work. Machine learning approaches designed
for comparing other samples with the same histological pattern will
allow more precise decision-making.

In brief, it can be anticipated that the new possibilities and ad-
vantages of DP will enable pathologists to solve tedious and repetitive
tasks much more efficiently [40]. However, it is essential to note that
digitalization can support but definitely not replace the pathologists’
knowledge. The pathologists’ expertise, in combination with the tech-
nical advances of DP, including artificial intelligence and machine
learning tools, will then provide the best diagnostic accuracy, thus
supporting correct clinical decisions in the future.

The applications of digital images in DP are manifold and can be
subdivided into three major categories: clinical services, education/
teaching, and research [17].

4.1. Clinical routine services

A rapidly growing area in pathology is the integration of WSI for
clinical diagnostic and consultation purposes [17]. This applies to the
primary diagnosis, frozen section consultations [6,11,56] and second
opinion consultations for challenging cases [5,31] By using automatic
image analysis tools, pathologists could be supported for complex
routine activities, such as cell count. The use of DP should also help to
accelerate the creation of pathological reports. Standardized, structured
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reports can accelerate and even improve communication and coopera-
tion between various institutions involved in the patient’s treatment.
Additional clinical procedures include quality assurance, data retrieval/
electronic medical records, and autopsy reports [17].

The main obstacle to applying automatic image analysis tools in
routine pathology is the lack of digitalization. However, even if digital
images are available, vast amounts of data have to be processed (even
much more than in radiology). It has already been shown that the use of
digital images will probably prevail in the long term. Even the problem
of large data volumes can already be solved by multi-resolution ap-
proaches and the ever-increasing computing power.

Although legal and safety issues have to be considered and may
increase administrative efforts, it can be anticipated that quality and
research issues become easier using DP.

4.2. Digital Pathology for teaching purposes

The collection and integration of WSI can be used as an essential
teaching tool. Collections then contain typical phenomena and unusual,
novel cases. Such an extensive image collection will be useful for aca-
demic pathology. Digital microscopic images should make students
independent of microscopes and glass slides. Furthermore, images can
be extracted from the databank for conference presentations, for sci-
entific publications, self-study, and continuing medical education pur-
poses [17].

4.3. Research agenda in digital pathology

The fields for the possible use of automatic image analysis tools in
DP are multiple and diverse, although most of them are not yet con-
sidered as research priorities. Automatic image analysis can already
quantify phenomena that a pathologist can only describe using quali-
tative statements. With the help of image analysis, new and clinically
relevant, predefined limits could be determined more precisely even in
clinical routine.

More and more research projects integrate digital slides into tissue
microarray (TMA) databases [29,32,43]. Other research areas include
biomarker testing with immunohistochemistry, immunofluorescence,
or fluorescence in situ hybridization (FISH) [10,28,64].

5. Technical issues in digital pathology

DP enables the responsible processing of a microscopic slide over
any distance, provided that both sites are equipped with the appro-
priate technical facilities. DP requires the generation, distribution and
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Fig. 1. Functional diagram of necessary technical layers with information and data flows in DP.
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Table 2
System Goals of Digital Pathology.
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System Tasks

Aims

Pathology information system

Material-management / documentation subsystem
Microscopy subsystem
Diagnostic subsystem

Microscopic findings

case information

Archive Digital case-based archiving

Support for complete work processes
Case creation, image and document capture

Case-based presentation and editing of all image and

Reduction of administrative work and improvement of work
processes

Improvement and organization of documentation

Digital capture, distribution, display of slides

Fully digital visualization, assessment, and observation of
information available on a case

Organization and distribution of all images and information

archivation of large images like WSIs, as well as the digital processing
of the pathological workflow in the form of a distributed system with
components and interfaces for many different situations. An overview is
outlined in Fig. 1.

5.1. Pathological information systems and issues on data storage

A pathological information system is designed to manage case-or-
iented objects and procedures, material usage, and documentation of
work steps, which have to be integrated into DP, as summarized in
Table 2.

By using digital image processing, even small pathologies can re-
duce the efforts necessary to document material input and macroscopy.
This requires a robust and straightforward image capture and archiving.
Requirements for image processing are so high that they can currently
only be met by federal institutions, such as university departments,
partly by integrating already existing infrastructure. However, this will
become more profitable as more options for storage and network re-
sources are available. It appears that the benefits of virtual microscopy
for consultation and medical training are significant enough to justify
the effort, even if only a fraction of the cases are entirely processed
digitally.

5.2. The scanning process - crucial for the quality of reproducibility

Further insights into DP are possible by the advances made in in-
formation technology [68,71]. Today several models of scanners are
available, differentiating between high-volume and low-volume scan-
ning systems (as examples outlined in Table 3).

5.3. Whole slide imaging as a prerequisite for Digital Pathology

WSI's means that the entire slide is scanned to be then available in a
digital archive. Consequently, a simultaneous and rapid examination of
several regions and several staining procedures in any magnification is
possible (see Figs. 2 and 3). Access to the image data can be achieved
using imaging software, which also allows access from a different
workplace. The use of a standardized form guarantees this image dis-
tribution. Access to image data becomes more efficient as the

Table 3

mechanical control of the microscope is eliminated. The conventional
microscope is replaced by its virtual counterpart, which allows several
parties to have access to the same preparations. Access is also possible
at any time because the specimen can be examined without a micro-
scope.

WSI has decisive advantages: Instead of photographing the specific
regions, the entire slides are digitized. This is the basis for creating a
data archive. The original slides are, therefore no longer necessary.
Regions of interest can be viewed without placing the slide under the
microscope, and simultaneous presentations can easily compare dif-
ferent slide scans. If a server-side image distribution is used for vendor-
independent protocols, then the client-side does not need any special
software, which broadens the range of users practically without lim-
itations, thus combining the advantages of static and interactive tele-
pathology. WSI also offers new possibilities, such as the linkage of di-
agnosis data and image content in structured form or the constant
availability for automated image analysis [1,47,68].

6. Analytical approaches

A variety of different approaches for digital image analysis have
emerged, which are suitable for medical questions with prespecified
objectives. A successful analysis depends on (a) the staining, (b) the
scanning technology and (c) the image analysis. Various questions have
to be answered to select the right method.

e How many and what (structure, biomarker, etc.) will be analyzed?

e What is the spatial expression profile?

e How many samples will be analyzed?

e Which staining strategy and which image evaluation strategy should
be used?

These criteria primarily relate to the question of statistical sig-
nificance which is expected for the sample under investigation.
Analyses in DP are only irregularly in clinical use and currently used
more in research. In clinical studies, such analyses are already applied
with the aim of a quantitative, objective recording of im-
munopathological parameters. There is a general procedure for these
evaluations, but individual processing steps are not enough automated

Scanning systems for Whole Slide Images, grouped according to their scanning capacity (in alphabetical order).

Low volume (2 — 6 slides)

Medium volume (10— 60 slides)

High volume (> 100 slides)

PreciPoint (M8)

Objective Imaging (Glissando)
Mikroscan (SL5)

Sakura (VisionTek M6)

Leica (Aperio LV1)
Hamamatsu (Nanozoomer SQ)
Roche (Ventana DP 200)
3DHistech (Panoramic Desk II)
Huron (TissueScope PE)
Motic (EasyScan)

Grundium (Ocus)

Motic (EasyScan)

Hamamatsu (Nanozoomer S60)
3DHistech (Panoramic MIDI)
Huron (TissueScope LE)

Huron (TissueScope LE120)
OptraScan (OS-FCL)

Leica (Aperio AT2)

3D Histtech (Panoramic 1000)
Philips (UltraFast)

Hamamatsu (Nanozoomer S210)
Roche (iScan HTo) Olympus (VS120)
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Fig. 3. Example of WSI of a follicular lymphoma tissue section with a multiplex
Staining for CD3, CD8 and PDL1using a whole slide scanner Olympus V120,
digitized at 20-fold resolution. (A) whole-slide (B) inlet at a 5-fold resolution.

to handle extensive studies effectively.

Most algorithms in DP are so-called classifiers for one of two rough
analysis steps. Classifiers assign a specific object class to an image re-
gion or a cell. Classification of the image regions is called image seg-
mentation. This step can also be done by manual drawing. In the seg-
mentation step, the tissue is first recognized, tumors are annotated and
then spatially divided. Fully automatic segmentation algorithms are
available.
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Fig. 2. Region of interest of a WSI scanned
myocardial tissue section affected by myo-
carditis. Image captured using a whole slide
scanner Olympus V120. Digitized at 20-fold
_,‘%?‘e o resolution and displayed at a 5-fold resolution.
\\. ﬂ" -é" g’-’,{ Tissues are stained with (A) HE and (B)
{ & Trichrome, as well as immunostained with (C)
anti-CD3- and (D) anti-CD45-antibodies.
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6.1. Computer-assisted diagnosis (CAD)

CAD refers to technical procedures using computer algorithms to
assist medical diagnoses. During the past 25 years, CAD has evolved
into a frequently used research tool and has meanwhile been im-
plemented in many clinical practices for various imaging techniques,
such as mammography, radiography, computed tomography, and
magnetic resonance imaging [13,39,50,60]. CAD is becoming one of the
major research areas in medical imaging and has been the inspiration
for significant advances in many areas, such as image processing, ma-
chine learning, user interfaces, and clinical systems integration.
Within histopathology, CAD systems are applied more frequently
[7,48,62,73], helping pathologists to find pathological changes. One of
the aims is to replace the second evaluation of an additional expert.
Currently, such a second evaluation is made whenever the number of
false-positive test results has to be minimized, for example, in the case
of malignant neoplasms. Replacement of the second opinion by a CAD
system is especially crucial for mass examinations, such as cyto-
pathology. Given the high number of cases, it is difficult to find enough
experts for a second opinion. Also, patients usually have to wait longer
for the result, especially if the two reviewers work in different places.
Usually, histological images are more challenging to handle than
radiological images. Histological images contain large numbers of dif-
ferent cells that form a variety of different structures. Therefore, the
manual interpretation of histological images is time-consuming and
requires a lot of skill and experience. Identifying specific histological
structures is one of the prerequisites for cancer grading. Quantitative
and qualitative data regarding the presence, extent, size, and shape of
structures, such as cell membranes, cytoplasm or nuclei, can be essen-
tial indicators for treatment prediction and prognosis.

Studies have demonstrated that the use of a microscope for inter-
pretation and scoring of stained specimens is both labor-intensive and
also a highly visual and subjective process [2,57,58]. Despite efforts
achieved in standardizing the scoring processes, the inter- and intra-
observer reproducibility of histopathological scoring by pathologists is
not optimal [30,61,63,66]. Also, with the increasing importance of
molecular biomarkers, quantitative studies are somewhat limited to the
practical limitations involved in traditional microscopy. The use of
computer-assisted analysis of histological images seems to promise a
simplification of the workflow, because of automation and consistent
interpretation [18,24,49].

The combination of computational power, high-quality digital
cameras, and WSI scanners, together with the improvement of image
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Fig. 4. Example of the resulting image from a free web application (ImageJ, Qupath) for automated image analysis of Ki67 immunohistochemically stained and
digitally scanned follicular lymphoma tissue section. (A) the original image, (B) pseudo-colored image shows the segmented staining component for Ki67 (red) and
(C) pseudo-colored image shows the segmented staining components for Ki67 (red) and hematoxylin (blue).

analytical algorithms during the last decade, has allowed the develop-
ment of many powerful computer-assisted approaches to histological
data [19,47,48]. The new methods offer not only a successful and ro-
bust quantification of protein expression but also objectivity and re-
producibility [26,33,55,65]. Currently, most algorithms include all of
the pattern recognition procedures, texture analysis, densitometry, and
digital signal processing that compare and analyze patterns, as well as
colors of the pixels making up the image.

Algorithms are now simple enough to run on standard laptops or
desktop computers. Modern software distinguishes between tumor and
non-tumor tissue, requires relatively few manual commands before
analysis, and presents the data in a quick, systematic, and compre-
hensible way [25,41,42]. Costs range from free open source-solutions
where users can add, change, and develop new applications (e.g., Im-
ageJ, Fiji, Qupath, Cell profiler, Ilastik, Orbit, Icy, Cytomine) to ad-
vanced licensed software (see Fig. 4).

For example, quantitative histomorphometry (QH) is a rapidly
growing field that aims at introducing advanced image analytics into
the histopathological workflow. QH is the conversion of a digitized
histopathology slide into a series of quantitative measurements of
tumor morphology and is tightly coupled with the first steps of DP [72].
Early applications of quantitative DP required necessary measurements,
such as cell count, object size measurement, and light absorption
characteristics [34]. QH is starting to gain popularity in clinical practice
but is often limited to identifying the extent of staining in IHC-stained
images. Routine hematoxylin and eosin (H & E) staining accounts for
the vast majority of histopathology studies, but the development of
robust QH tools for large-scale diagnostic and prognostic analysis of H
& E images has proven to be difficult [41].

A major limitation is that available software still has to be adapted
to the different file formats as each manufacturer of scanners tends to
use his unique image compression standard. Furthermore, the software
is not widely accessible to the pathology community. As a consequence,
software solutions are either complicated and challenging for their
users, or poorly supported by the companies. Moreover, users of ad-
vanced image analysis software often have to make a compromise be-
tween simplicity of use and flexibility for diverse and complex research
applications. Optimized, validated, and certified digital image analysis
techniques should then be available and incorporated into the daily
workflow of pathologists and researchers.

6.2. Artificial intelligence going into routine work

DP can be considered as one of the pioneers of applied artificial
intelligence (AI). In particular, multilayer neural networks are on the
way to routine as diagnostic assistance systems. An obstacle to over-
come is the black box character of the algorithms; this black box does
not allow easy understanding of the predictions and is therefore met
with skepticism among medical professionals. Apart from this, Al en-
ables simple, efficient as well as robust pattern recognition. An essential

distinction is made between two approaches:

o knowledge-based systems the knowledge is entered explicitly by
experts

o self-learning systems: the knowledge is trained using sample data
sets

Al has great potential as a data-driven DP approach. Indeed, the use
of Al in DP is referred to as the third major revolution in pathology after
the introduction of immunohistochemistry in the 1980s and molecular
pathology in the 1990s [59]. Researchers have already demonstrated
the potential of this technology for the automation of diagnostic tasks
[15]. The ability and robustness of Al depend on the amount of un-
derlying data, which is still minimal. In order to get broadly applicable
classifiers for specific questions, databases must now be built up. This is
currently done mainly in isolated initiatives and there are hardly any
standardized approaches. This complicates the standardization of di-
agnostic and therapy standards [20]. An important step for DP stan-
dardization was achieved by the creation of a guide for DP from the
Association of German Pathologists [27].

Overall, it is highly unlikely that any kind of AI will replace pa-
thologists in the foreseeable future. Software and hardware develop-
ments have made rapid progress in recent years and first applications in
pathology are being tested, but they cover only a fraction of this highly
complex field of pathology. As noted above, current Al strategies pri-
marily depend on a large number of high-quality and annotated
training examples. For rare entities, it is questionable whether there
will ever be enough annotated training examples to achieve the accu-
racy values required for diagnosis. Even the already existing image data
in digital form are not available for broad use yet.

Moreover, even if the digitization of the pathological examination
material is being massively promoted, only a fraction of the histological
data produced daily in pathologies worldwide are then available as
digital images in the near future. So it is likely that AI will not diagnose
alone, but simultaneously with the pathologists, e.g., as part of a so-
called clinical decision support system. Particularly in view of an ex-
pected shortage of qualified specialist personnel and at the same time a
rather increase of workload with higher numbers of examinations in the
future, the developments of DP should be recognized as an important
opportunity.

Before DP can ever independently generate and release a finding, a
crucial question must be answered: What happens if this finding is in-
correct? Precisely these medical-legal aspects may represent an in-
surmountable hurdle for an autonomous diagnosis based on Al Last but
not least, the patient's wishes also count. It remains to be seen whom
they trust more: a computer or their pathologist.

7. Outlook and future perspectives

DP will open up new possibilities. Differentiated work processes of
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DP with real-time integration in existing clinical infrastructures will
allow a practical and widely accepted implementation of DP based on
international standards. Telemedical applications of DP, automated
image evaluations, or three-dimensional views are developed and will
be validated for specific purposes. It can be anticipated that patient care
will benefit as much as medical education - directly and indirectly.

8. Summary

Clinical pathology applies histological, immunohistological, and
molecular techniques, and all of these can be simultaneously presented
to the pathologists after digitization. Depending on the specimen and
the scanner, large amounts of data are generated and need proper
storage. Since the microscopic resolution is very demanding, WSI oc-
cupies even more storage space than needed in radiology.

While digitization in pathology is currently less common and still
less standardized than in some other areas of medicine, the develop-
ment of advanced CAD-based applications will provide tremendous
potential for cost-saving measures through increased efficiency and
patient safety. Integration of images and results in larger information
systems is not yet standard, but will significantly contribute to the ac-
ceptance of digital pathology as part of the clinical workup.

References

[1] S. Al-Janabi, A. Huisman, P.J. Van Diest, Digital pathology: current status and fu-
ture perspectives, Histopathology 61 (2012) 1-9.

[2] Y. Al-Kofahi, W. Lassoued, K. Grama, S.K. Nath, J. Zhu, R. Oueslati, M. Feldman,
W.M. Lee, B. Roysam, Cell-based quantification of molecular biomarkers in histo-
pathology specimens, Histopathology 59 (2011) 40-54.

[3] A.L.D. Araujo, L.P.A. Arboleda, N.R. Palmier, J.M. Fonseca, M. de Pauli Paglioni,
W. Gomes-Silva, A.C.P. Ribeiro, T.B. Brandao, L.E. Simonato, P.M. Speight,

F.P. Fonseca, M.A. Lopes, O.P. de Almeida, P.A. Vargas, C.C. Madrid Troconis,
A.R. Santos-Silva, The performance of digital microscopy for primary diagnosis in
human pathology: a systematic review, Virchows Arch. 474 (2019) 269-287.

[4] E. Arvaniti, K.S. Fricker, M. Moret, N. Rupp, T. Hermanns, C. Fankhauser, N. Wey,
P.J. Wild, J.H. Ruschoff, M. Claassen, Automated Gleason grading of prostate
cancer tissue microarrays via deep learning, Sci. Rep. 8 (2018) 12054.

[5] T.W. Bauer, R.J. Slaw, Validating whole-slide imaging for consultation diagnoses in
surgical pathology, Arch. Pathol. Lab. Med. 138 (2014) 1459-1465.

[6] T.W. Bauer, R.J. Slaw, J.K. McKenney, D.T. Patil, Validation of whole slide imaging
for frozen section diagnosis in surgical pathology, J. Pathol. Inform. 6 (2015) 49.

[7] E. Bengtsson, H. Danielsen, D. Treanor, M.N. Gurcan, C. MacAulay, B. Molnar,

Computer-aided diagnostics in digital pathology, Cytometry A. 91 (2017) 551-554.

M.R. Bettschart, Aktuelle Zahlen: Pathologen-mangel Verschirft Sich in Osterreich

Rapide, (2019).

[9] W.S. Campbell, S.H. Hinrichs, S.M. Lele, J.J. Baker, A.J. Lazenby, G.A. Talmon,
L.M. Smith, W.W. West, Whole slide imaging diagnostic concordance with light
microscopy for breast needle biopsies, Hum. Pathol. 45 (2014) 1713-1721.

[10] H.Y. Chang, C.K. Jung, J.I. Woo, S. Lee, J. Cho, S.W. Kim, T.Y. Kwak, Artificial

intelligence in pathology, J. Pathol. Transl. Med. 53 (2019) 1-12.
[11] L. Cima, M. Brunelli, A. Parwani, I. Girolami, A. Ciangherotti, G. Riva, L. Novelli,
F. Vanzo, A. Sorio, V. Cirielli, M. Barbareschi, A. D’Errico, A. Scarpa, C. Bovo,
F. Fraggetta, L. Pantanowitz, A. Eccher, Validation of remote digital frozen sections
for Cancer and transplant intraoperative services, J. Pathol. Inform. 9 (2018) 34.
[12] U. Djuric, G. Zadeh, K. Aldape, P. Diamandis, Precision histology: how deep
learning is poised to revitalize histomorphology for personalized cancer care, NPJ
Precis Oncol 1 (2017) 22.
[13] K. Doi, Computer-aided diagnosis in medical imaging: historical review, current
status and future potential, Comput. Med. Imaging Graph. 31 (2007) 198-211.
[14] B.E. Dunn, H. Choi, U.A. Almagro, D.L. Recla, E.A. Krupinski, R.S. Weinstein,
Routine surgical telepathology in the Department of Veterans Affairs: experience-
related improvements in pathologist performance in 2200 cases, Telemed. J. 5
(1999) 323-337.
[15] B. Ehteshami Bejnordi, M. Veta, P. Johannes van Diest, B. van Ginneken,
N. Karssemeijer, G. Litjens, J.A.W.M. van der Laak, a.t.C. Consortium, Diagnostic
assessment of deep learning algorithms for detection of lymph node metastases in
women with breast Cancer, JAMA 318 (2017) 2199-2210.
[16] T.J. Eide, I. Nordrum, Current status of telepathology, APMIS 102 (1994) 881-890.
[17] M.Y. Gabril, G.M. Yousef, Informatics for practicing anatomical pathologists:
marking a new era in pathology practice, Mod. Pathol. 23 (2010) 349-358.

[18] M.A. Gavrielides, B.D. Gallas, P. Lenz, A. Badano, S.M. Hewitt, Observer variability
in the interpretation of HER2/neu immunohistochemical expression with unaided
and computer-aided digital microscopy, Arch. Pathol. Lab. Med. 135 (2011)
233-242.

[19] N. Grabe, W. Roth, S. Foersch, Digital pathology in immuno-oncology-current op-
portunities and challenges : overview of the analysis of immune cell infiltrates using
whole slide imaging, Pathologe 39 (2018) 539-545.

[8

—

[20]
[21]

[22]
[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]
[36]

[371

[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]

Pathology - Research and Practice 216 (2020) 153040

N. Grabe, W. Roth, S. Foersch, Digitale Pathologie in der immunonkologie — ak-
tuelle chancen und herausforderungen, Pathologe 39 (2018) 539-545.

J. Griffin, D. Treanor, Digital pathology in clinical use: where are we now and what
is holding us back? Histopathology 70 (2017) 134-145.

R. Grobholz, Digital pathology : the time has come!, Pathologe 39 (2018) 228-235.
R. Grobholz, Digitale pathologie, Pathologe 39 (2018) 228-235.

M. Grunkin, J. Raundahl, N.T. Foged, Practical considerations of image analysis and
quantification of signal transduction IHC staining, Methods Mol. Biol. 717 (2011)
143-154.

A. Hamidinekoo, E. Denton, A. Rampun, K. Honnor, R. Zwiggelaar, Deep learning in
mammography and breast histology, an overview and future trends, Med. Image
Anal. 47 (2018) 45-67.

M.E. Hammond, D.F. Hayes, M. Dowsett, D.C. Allred, K.L. Hagerty, S. Badve,

P.L. Fitzgibbons, G. Francis, N.S. Goldstein, M. Hayes, D.G. Hicks, S. Lester, R. Love,
P.B. Mangu, L. McShane, K. Miller, C.K. Osborne, S. Paik, J. Perlmutter, A. Rhodes,
H. Sasano, J.N. Schwartz, F.C. Sweep, S. Taube, E.E. Torlakovic, P. Valenstein,

G. Viale, D. Visscher, T. Wheeler, R.B. Williams, J.L. Wittliff, A.C. Wolff, O.
American Society of Clinical, P. College of American, American Society of Clinical
Oncology/College of American Pathologists guideline recommendations for im-
munohistochemical testing of estrogen and progesterone receptors in breast cancer
(unabridged version), Arch. Pathol. Lab. Med. 134 (2010) e48-72.

G. Haroske, R. Zwonitzer, P. Hufnagl, G. Haroske, K.-F. Biirrig, L. Fiizesi,

F. Hofstddter, M. Morz, J. Schrader, G. Kayser, A. Perez-Bouza, P. Hufnagl,

T. Kalinski, R. Zwonitzer, K.D. Pathologie, Leitfaden, Digitale Pathologie in der
Diagnostik“, Pathologe 39 (2018) 216-221.

S.N. Hart, W. Flotte, A.P. Norgan, K.K. Shah, Z.R. Buchan, T. Mounajjed, T.J. Flotte,
Classification of melanocytic lesions in selected and whole-slide images via con-
volutional neural networks, J. Pathol. Inform. 10 (2019) 5.

J. Hipp, J. Cheng, L. Pantanowitz, S. Hewitt, Y. Yagi, J. Monaco, A. Madabhushi,
J. Rodriguez-Canales, J. Hanson, S. Roy-Chowdhuri, A.C. Filie, M.D. Feldman,
J.E. Tomaszewski, N.N. Shih, V. Brodsky, G. Giaccone, M.R. Emmert-Buck,

U.J. Balis, Image microarrays (IMA): digital pathology’s missing tool, J. Pathol.
Inform. 2 (2011) 47.

R.K. Jain, R. Mehta, R. Dimitrov, L.G. Larsson, P.M. Musto, K.B. Hodges,

T.M. Ulbright, E.M. Hattab, N. Agaram, M.T. Idrees, S. Badve, Atypical ductal hy-
perplasia: interobserver and intraobserver variability, Mod. Pathol. 24 (2011)
917-923.

N.C. Jones, R.M. Nazarian, L.M. Duncan, M. Kamionek, G.Y. Lauwers,

R.H. Tambouret, C.L. Wu, G.P. Nielsen, E.F. Brachtel, E.J. Mark, P.M. Sadow,

J.P. Grabbe, D.C. Wilbur, Interinstitutional whole slide imaging teleconsultation
service development: assessment using internal training and clinical consultation
cases, Arch. Pathol. Lab. Med. 139 (2015) 627-635.

J. Kalra, J. Baker, Using digital quantification of stained tissue microarrays as a
medium-throughput, quantitative method for measuring the kinetics of signal
transduction, Methods Mol. Biol. 1554 (2017) 107-125.

B. Karacali, A.P. Vamvakidou, A. Tozeren, Automated recognition of cell pheno-
types in histology images based on membrane- and nuclei-targeting biomarkers,
BMC Med. Imaging 7 (2007) 7.

G. Kayser, K. Kayser, Quantitative pathology in virtual microscopy: history, appli-
cations, perspectives, Acta Histochem. 115 (2013) 527-532.

K. Kayser, Telepathology-visual telecommunication in pathology. An introduction,
Zentralbl. Pathol. 138 (1992) 381-382.

K. Kayser, M. Beyer, S. Blum, G. Kayser, Recent developments and present status of
telepathology, Anal. Cell. Pathol. 21 (2000) 101-106.

K. Kayser, G. Kayser, D. Radziszowski, A. Oehmann, From telepathology to virtual
pathology institution: the new world of digital pathology, Rom. J. Morphol.
Embryol. 45 (1999) 3-9.

M.N. Kent, T.G. Olsen, T.A. Feeser, K.C. Tesno, J.C. Moad, M.P. Conroy,

M.J. Kendrick, S.R. Stephenson, M.R. Murchland, A.U. Khan, E.A. Peacock,

A. Brumfiel, M.A. Bottomley, Diagnostic accuracy of virtual pathology vs traditional
microscopy in a large dermatopathology study, JAMA Dermatol. 153 (2017)
1285-1291.

K. Kiszka, J. Haduch, M. Pasowicz, Application of computer aided diagnosis (CAD)
in clinical imaging. Presentation of the value and current directions in CAD de-
velopment in various imaging techniques based on literature review, Przegl Lek 66
(2009) 437-447.

V.H. Koelzer, A. Gisler, J.C. Hanhart, J. Griss, S.N. Wagner, N. Willi, G. Cathomas,
M. Sachs, W. Kempf, D.S. Thommen, K.D. Mertz, Digital image analysis improves
precision of PD-L1 scoring in cutaneous melanoma, Histopathology 73 (2018)
397-406.

D. Komura, S. Ishikawa, Machine learning methods for histopathological image
analysis, Comput. Struct. Biotechnol. J. 16 (2018) 34-42.

D. Komura, S. Ishikawa, Machine learning approaches for pathologic diagnosis,
Virchows Arch. 475 (2019) 131-138.

T. Krenacs, L. Ficsor, S.V. Varga, V. Angeli, B. Molnar, Digital microscopy for
boosting database integration and analysis in TMA studies, Methods Mol. Biol. 664
(2010) 163-175.

B.W. Lamb, J.S. Green, J. Benn, K.F. Brown, C.A. Vincent, N. Sevdalis, Improving
decision making in multidisciplinary tumor boards: prospective longitudinal eva-
luation of a multicomponent intervention for 1,421 patients, J. Am. Coll. Surg. 217
(2013) 412-420.

M. Lesslie, J.R. Parikh, Implementing a multidisciplinary tumor board in the
community practice setting, Diagnostics Basel (Basel) 7 (2017).

M.D. Lesslie, J.R. Parikh, Multidisciplinary tumor boards: an opportunity for radi-
ologists to demonstrate value, Acad. Radiol. 24 (2017) 107-110.

Y. Liu, L. Pantanowitz, Digital pathology: review of current opportunities and


http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0005
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0005
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0010
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0010
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0010
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0015
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0015
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0015
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0015
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0015
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0020
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0020
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0020
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0025
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0025
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0030
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0030
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0035
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0035
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0040
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0040
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0045
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0045
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0045
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0050
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0050
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0055
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0055
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0055
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0055
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0060
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0060
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0060
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0065
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0065
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0070
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0070
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0070
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0070
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0075
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0075
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0075
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0075
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0080
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0085
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0085
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0090
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0090
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0090
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0090
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0095
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0095
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0095
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0100
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0100
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0105
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0105
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0110
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0115
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0120
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0120
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0120
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0125
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0125
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0125
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0130
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0130
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0130
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0130
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0130
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0130
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0130
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0130
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0130
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0135
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0135
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0135
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0135
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0140
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0140
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0140
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0145
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0145
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0145
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0145
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0145
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0150
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0150
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0150
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0150
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0155
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0155
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0155
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0155
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0155
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0160
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0160
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0160
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0165
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0165
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0165
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0170
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0170
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0175
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0175
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0180
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0180
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0185
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0185
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0185
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0190
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0190
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0190
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0190
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0190
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0195
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0195
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0195
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0195
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0200
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0200
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0200
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0200
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0205
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0205
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0210
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0210
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0215
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0215
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0215
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0220
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0220
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0220
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0220
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0225
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0225
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0230
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0230
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0235

J.D. Padllua, et al.

[48]

[49]

[50]

[51]
[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

challenges for oral pathologists, J. Oral Pathol. Med. (2019).

A. Madabhushi, G. Lee, Image analysis and machine learning in digital pathology:
challenges and opportunities, Med. Image Anal. 33 (2016) 170-175.

Z.M. Mohammed, D.C. McMillan, B. Elsberger, J.J. Going, C. Orange, E. Mallon,
J.C. Doughty, J. Edwards, Comparison of visual and automated assessment of Ki-67
proliferative activity and their impact on outcome in primary operable invasive
ductal breast cancer, Br. J. Cancer 106 (2012) 383-388.

Y. Mori, S.E. Kudo, T.M. Berzin, M. Misawa, K. Takeda, Computer-aided diagnosis
for colonoscopy, Endoscopy 49 (2017) 813-819.

I. Nordrum, Telepathology. Is there a future? Telemed. Today 4 (1996) 24-26.

I. Nordrum, V. Isaksen, L. Arvola, Breast carcinoma diagnosed by telepathology, J.
Telemed. Telecare 3 (1997) 172-173.

T. Onega, R.L. Barnhill, M.W. Piepkorn, G.M. Longton, D.E. Elder, M.A. Weinstock,
S.R. Knezevich, L.M. Reisch, P.A. Carney, H.D. Nelson, A.C. Radick, J.G. Elmore,
Accuracy of digital pathologic analysis vs traditional microscopy in the inter-
pretation of melanocytic lesions, JAMA Dermatol. 154 (2018) 1159-1166.

L. Pantanowitz, J.H. Sinard, W.H. Henricks, L.A. Fatheree, A.B. Carter, L. Contis,
B.A. Beckwith, A.J. Evans, A. Lal, A.V. Parwani, P. College of American
Pathologists, C. Laboratory Quality, Validating whole slide imaging for diagnostic
purposes in pathology: guideline from the College of American Pathologists
Pathology and Laboratory Quality Center, Arch. Pathol. Lab. Med. 137 (2013)
1710-1722.

M. Paramanandam, M. O’Byrne, B. Ghosh, J.J. Mammen, M.T. Manipadam,

R. Thamburaj, V. Pakrashi, Automated segmentation of nuclei in breast cancer
histopathology images, PLoS One 11 (2016) e0162053.

D. Pradhan, S.E. Monaco, A.V. Parwani, I. Ahmed, J. Duboy, L. Pantanowitz,
Evaluation of panoramic digital images using Panoptiq for frozen section diagnosis,
J. Pathol. Inform. 7 (2016) 26.

A.E. Rizzardi, A.T. Johnson, R.I. Vogel, S.E. Pambuccian, J. Henriksen, A.P. Skubitz,
G.J. Metzger, S.C. Schmechel, Quantitative comparison of immunohistochemical
staining measured by digital image analysis versus pathologist visual scoring,
Diagn. Pathol. 7 (2012) 42.

A.E. Rizzardi, X. Zhang, R.I. Vogel, S. Kolb, M.S. Geybels, Y.K. Leung,

J.C. Henriksen, S.M. Ho, J. Kwak, J.L. Stanford, S.C. Schmechel, Quantitative
comparison and reproducibility of pathologist scoring and digital image analysis of
estrogen receptor beta2 immunohistochemistry in prostate cancer, Diagn. Pathol.
11 (2016) 63.

M. Salto-Tellez, P. Maxwell, P. Hamilton, Artificial intelligence-the third revolution
in pathology, Histopathology 74 (2019) 372-376.

J. Shiraishi, Q. Li, D. Appelbaum, K. Doi, Computer-aided diagnosis and artificial
intelligence in clinical imaging, Semin. Nucl. Med. 41 (2011) 449-462.

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

Pathology - Research and Practice 216 (2020) 153040

J.P. Sloane, I. Amendoeira, N. Apostolikas, J.P. Bellocq, S. Bianchi, W. Boecker,
G. Bussolati, D. Coleman, C.E. Connolly, V. Eusebi, C. De Miguel, P. Dervan,

R. Drijkoningen, C.W. Elston, D. Faverly, A. Gad, J. Jacquemier, M. Lacerda,

J. Martinez-Penuela, C. Munt, J.L. Peterse, F. Rank, M. Sylvan, V. Tsakraklides,
B. Zafrani, Consistency achieved by 23 European pathologists from 12 countries in
diagnosing breast disease and reporting prognostic features of carcinomas.
European Commission Working Group on Breast Screening Pathology, Virchows
Arch. 434 (1999) 3-10.

J. Slodkowska, M. Garcia-Rojo, Digital pathology in personalized cancer therapy,
Stud. Health Technol. Inform. 179 (2012) 143-154.

B. Stenkvist, E. Bengtsson, O. Eriksson, T. Jarkrans, B. Nordin, S. Westman-Naeser,
Histopathological systems of breast cancer classification: reproducibility and clin-
ical significance, J. Clin. Pathol. 36 (1983) 392-398.

H.R. Tizhoosh, L. Pantanowitz, Artificial intelligence and digital pathology: chal-
lenges and opportunities, J. Pathol. Inform. 9 (2018) 38.

M. Veta, P.J. van Diest, R. Kornegoor, A. Huisman, M.A. Viergever, J.P. Pluim,
Automatic nuclei segmentation in H&E stained breast cancer histopathology
images, PLoS One 8 (2013) e70221.

B. Wei, H. Bu, C.R. Zhu, L.X. Guo, H.J. Chen, C. Zhao, P. Zhang, D.Y. Chen, Y. Tang,
Y. Jiang, Interobserver reproducibility in the pathologic diagnosis of borderline
ductal proliferative breast diseases, Sichuan Da Xue Xue Bao Yi Xue Ban 35 (2004)
849-853.

R.S. Weinstein, Prospects for telepathology, Hum. Pathol. 17 (1986) 433-434.
R.S. Weinstein, Telepathology: practicing pathology in two places at once, Clin.
Lab. Manage. Rev. 6 (1992) 171-173 discussion 174-175.

R.S. Weinstein, A. Bhattacharyya, Y.P. Yu, J.R. Davis, J.M. Byers, A.R. Graham,
R. Martinez, Pathology consultation services via the Arizona-international
Telemedicine Network, Arch. Anat. Cytol. Pathol. 43 (1995) 219-226.

R.S. Weinstein, A.K. Bhattacharyya, A.R. Graham, J.R. Davis, Telepathology: a ten-
year progress report, Hum. Pathol. 28 (1997) 1-7.

R.S. Weinstein, M.R. Descour, C. Liang, A.K. Bhattacharyya, A.R. Graham,

J.R. Davis, K.M. Scott, L. Richter, E.A. Krupinski, J. Szymus, K. Kayser, B.E. Dunn,
Telepathology overview: from concept to implementation, Hum. Pathol. 32 (2001)
1283-1299.

R.S. Weinstein, A.R. Graham, L.C. Richter, G.P. Barker, E.A. Krupinski, A.M. Lopez,
K.A. Erps, A.K. Bhattacharyya, Y. Yagi, J.R. Gilbertson, Overview of telepathology,
virtual microscopy, and whole slide imaging: prospects for the future, Hum. Pathol.
40 (2009) 1057-1069.

R. Zemouri, C. Devalland, S. Valmary-Degano, N. Zerhouni, Neural network: a fu-
ture in pathology? Ann. Pathol. 39 (2019) 119-129.


http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0235
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0240
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0240
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0245
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0245
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0245
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0245
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0250
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0250
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0255
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0260
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0260
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0265
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0265
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0265
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0265
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0270
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0270
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0270
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0270
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0270
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0270
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0275
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0275
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0275
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0280
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0280
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0280
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0285
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0285
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0285
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0285
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0290
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0290
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0290
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0290
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0290
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0295
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0295
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0300
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0300
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0305
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0305
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0305
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0305
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0305
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0305
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0305
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0305
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0310
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0310
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0315
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0315
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0315
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0320
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0320
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0325
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0325
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0325
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0330
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0330
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0330
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0330
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0335
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0340
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0340
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0345
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0345
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0345
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0350
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0350
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0355
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0355
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0355
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0355
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0360
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0360
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0360
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0360
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0365
http://refhub.elsevier.com/S0344-0338(19)33059-6/sbref0365

	The future of pathology is digital
	Introduction
	Status quo in the digitalization process of pathology
	Influence of digitization on pathology in Austria
	Purposes and aims of Digital Pathology (DP)
	Clinical routine services
	Digital Pathology for teaching purposes
	Research agenda in digital pathology

	Technical issues in digital pathology
	Pathological information systems and issues on data storage
	The scanning process - crucial for the quality of reproducibility
	Whole slide imaging as a prerequisite for Digital Pathology

	Analytical approaches
	Computer-assisted diagnosis (CAD)
	Artificial intelligence going into routine work

	Outlook and future perspectives
	Summary
	References




