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Abstract

The future paradigm of pathology will be digital. Instead of
conventional microscopy, a pathologist will perform a diag-
nosis through interacting with images on computer screens
and performing quantitative analysis. The fourth generation
of virtual slide telepathology systems, so-called virtual mi-
croscopy and whole-slide imaging (WSI), has allowed for the
storage and fast dissemination of image data in pathology
and other biomedical areas. These novel digital imaging mo-
dalities encompass high-resolution scanning of tissue slides
and derived technologies, including automatic digitization
and computational processing of whole microscopic slides.
Moreover, automated image analysis with WSI can extract
specific diagnostic features of diseases and quantify individ-
ual components of these features to support diagnoses and
provide informative clinical measures of disease. Therefore,
the challenge is to apply information technology and image
analysis methods to exploit the new and emerging digital
pathology technologies effectively in order to process and
model all the data and information contained in WSI. The fi-

nal objective is to support the complex workflow from spec-
imen receipt to anatomic pathology report transmission,
that is, to improve diagnosis both in terms of pathologists’
efficiency and with new information. This article reviews the
main concerns about and novel methods of digital pathol-
ogy discussed at the latest workshop in the field carried out
within the European project AIDPATH (Academia and Indus-
try Collaboration for Digital Pathology).

© 2016 S. Karger AG, Basel

Introduction

In recent years, digital imaging has been applied to
many medical fields. Due to technological improvements
in hard- and software, digital microscopy became an im-
portant diagnostic tool in surgical pathology [1]. Digital
microscopy creates the digital version of whole glass
slides (whole-slide imaging; WSI), which can be dynami-
cally viewed, navigated and magnified on computer mon-
itors across a computer network. Digital slides can be in-
tegrated into existing hospital databases and accessed
through the intranet or internet for teaching, primary
diagnosis, teleconsultation and quality assurance.
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WSI continues to gain attraction among pathologists
for diagnostic, educational and research purposes. WSI is
already influencing pathology practices, but ‘has diagnos-
tic accuracy improved in anatomic pathology?” [2]. Is
WSI incorporated in the pathologist workflow? Is WSI
used and validated for clinical applications? [3]. ‘Are we
there yet?’ [4]. Problems include limitations in technol-
ogy and image quality, problems with the scanning of all
material and costs [5], in addition to digital slide storage,
inability to handle high-throughput routine work, regu-
latory barriers and pathologists’ reluctance [6].

The concept of digital pathology refers to the applica-
tion of information technology in pathology to support
the creation, sharing or exchange of information, includ-
ing data and images. The final aim is to aid in the complex
workflow from specimen receipt to anatomical pathology
(AP) report transmission [7]. The main components of
digital pathology are: (a) AP information systems and (b)
digital image analysis systems, including image acquisi-
tion and processing. However, digital pathology is not
just connecting scanner devices to AP information sys-
tems. It is an integrated effort that requires developing
both (a) infrastructure to facilitate the collaboration be-
tween different departments and health care systems,
and, therefore, use of multimodal and multilevel data
generated in AP departments, and (b) image analysis
methods to process and model the huge amount of infor-
mation included in WSIs to provide additional diagnostic
information and to assist pathologists during evaluation
and diagnosis.

The two key factors that will improve accurate diagno-
sis are the use of standardized diagnostic language and
criteria, as well as the development of digital tools, includ-
ing classical issues of big data management and image
processing [2]. These tools can help to collect and com-
bine all available clinical history data to provide a diagno-
sis and to connect pathologists for a second opinion.

The development of these tools is only possible through
integrated and collaborative projects between the indus-
try and the public sector, including both research insti-
tutes and hospitals, focused on developing efficient and
innovative products for digital pathology. This is the
aim of the European project AIDPATH (Academia and
Industry Collaboration for Digital Pathology) [8]. AID-
PATH is an IAPP (Industry Academia Partnerships and
Pathways) MCA (Marie Curie Action) European Union’s
7th Framework Program (FP7) that is going to unfold for
4 years, starting in November 2013. The AIDPATH proj-
ect is fostering advances in digital pathology through a
series of work packages and activities, including work-
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shops, where the new trends and emerging technologies
in digital pathology are reviewed.

This paper summarizes the conclusions of the 2nd and
3rd AIDPATH workshops. The 2nd workshop, entitled
Information Technology in Digital Pathology, was a sat-
ellite event of the ‘Medical Informatics Europe’ Confer-
ence conducted by the European Federation for Medical
Informatics (EFMI). Therefore, the topics covered differ-
ent aspects related to the EFMI working groups, such as
MIP (Medical Image Processing), IDeS (Information and
Decision Support in Biomedical and Health Care) and
THI (Translational Health Informatics), all tailored to
digital pathology. The 3rd workshop, entitled New Trends
in Digital Pathology, was an event within the Joint Meet-
ing of the British Division of the IAP (International Acad-
emy of Pathology) and the Pathological Society of Great
Britain and Ireland (http://www.path.org.uk/). Most of
the references of this paper are part of the research work
of the invited speakers to theses workshops (http://aid-
path.eu/?page_id=40).

For making medical decisions, health care profession-
als require that all necessary information is both correct
and easily available [9]. Collaboration in digital pathology
is supported by standardization efforts towards interop-
erability and knowledge representation for sharable and
computable clinical information. These efforts will be
discussed in the following Section: Standards in Digital
Pathology.

Digital image analysis is now available in a variety of
platforms to improve quantification performance of di-
agnostic pathology. The advances in diagnosis using WSI
processing tools and the emerging research in this area
will be the topic of Image Analysis in Digital Pathology.
Finally, the conclusions will be drawn.

Standards in Digital Pathology

Data representation, coding and communication stan-
dards in pathology are important concepts that facilitate
communication between pathologists and other medical
departments. An understanding of the basics of data rep-
resentation has implications that affect a pathologist’s
daily practice by optimizing a physician’s workflow [10],
i.e. the knowledge of which variables must be included in
pathology reports and how they are arranged. Moreover,
medical coding is required to document pathology ser-
vices in a way other departments understand.

The use of codes, such as CPT (Current Procedural
Terminology) and ICD (International Classification of
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Diseases), summarizes many services and diagnoses by
means of alphanumeric codes, which are also understood
by other actors (e.g. researchers or clinicians, for exam-
ple). Information systems that follow standards for data
representation can transmit and accept these variables
more easily. Pathologists’ input in the design of electron-
ic medical records, as well as interfaces between these
electronic medical records and their relation to AP infor-
mation systems, is essential to ensure that data are prop-
erly represented [11].

A standard is a formal terminology that establishes
uniform criteria, methods, processes and practices. Com-
munication standards are crucial to understand and share
information. Existing standards range from units, for-
mats, terms to entities. Standards in pathology may be
identified with units of measurement (i.e. microns)
adopted by the International System of Units (SI) and for-
mats for image representation, such as DICOM (Digital
Imaging and Communications in Medicine). A DICOM
working group (WG-26) in pathology was created in
2005. The goal of WG-26 is to extend minimal capabilities
to describe specimens in DICOM (Supplement 122), to
create a mechanism to allow exchange and use of WSI
within DICOM (Supplement 145) [12], to include other
imaging modalities, such as multispectral images, elec-
tron microscopy, flow cytometry and clinical laboratory
images, for example, and to facilitate pathology imaging
workflow and overall specimen tracking. In other fields,
such as radiology, image formats have already been stan-
dardized with a DICOM format and are archived with
PACS (Picture Archiving and Communication System),
but this is not the case in pathology. Currently, no WSl is
used in DICOM format.

An example of standards applied to terms is SNO-
MED CT (Systematized Nomenclature of Medicine -
Clinical Terms) created by the College of American Pa-
thologists and the National Health Service of the United
Kingdom, and maintained by the International Health
Terminology Standards Development Organization. Al-
though SNOMED CT codes offer flexibility to provide
codes for pathologists, care must be taken to cover the
entire histological context. Some studies are concerned
that histopathological findings may not be properly rep-
resented for patient information exchange and research
unless further modifications to SNOMED CT models
are developed [13].

Standard entity is Health Level Seven International
(HL7), an international organization for hospital infor-
mation systems accredited by the American National
Standards Institute. HL7 allows for messaging protocols
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that simplify the interface between health care software
applications and vendors. If two different information
systems follow HL7, they can provide patient and clinical
information, as well as diagnoses between each other
without loss or misinterpretation of information.

Some initiatives to promote the adoption of standards
in pathology have been done at European level under the
COST Action EuroTelepath [14]. The methodology of
Integrating the Healthcare Enterprise (IHE) initiative was
used in the AP domain [7]. The goal of IHE is to improve
the way computer systems share information. The IHE
process is based on working groups that include both
health care providers and information system vendors in
charge of defining domain-specific integration profiles
taking into account well-established health care data
standards (such as DICOM and HL7) [9]. IHE also stages
Connectathons and Interoperability Showcases, in which
vendors meet to demonstrate the interoperability of their
products. This allows to define new profiles by users and
adoption of standards into products. The IHE and con-
tent profiles, developed as a result of the AP IHE initia-
tive, support the AP workflow, the AP reporting to public
health and the AP structured report with the standardized
AP vocabulary called PathLex [15]. Thus, this initiative
successfully supports basic image acquisition and report-
ing processes in AP laboratories and provides a standard
solution for sharing structured AP reports in which ob-
servations can be explicitly bound to WSI or to regions of
interest (ROI) in images [9].

Beside the efforts, there is very little standardization
within pathology. Standards in pathology reporting are
not widely addressed, except for some standards which
emerged for malignant neoplasms [16]. It is usually up to
the pathologists’ criteria to decide how to report these
findings. Moreover, each AP department has their own
way of staining, sectioning, imaging, storing and even
scoring the slides. Advances in the standardization of dig-
ital pathology have been mainly limited by the industry.
Another obstacle is that commercial solution providers
often create their own proprietary methods, making it
impossible to combine technology, equipment or soft-
ware from different companies [17]. A lack of universal
standards is one of the major barriers that have limited
the widespread use of digital pathology [6].

An open question arises: Is it time to merge with IHE
laboratory domains to better address the new challenges
of digital pathology? The risk involved in merging labora-
tory and AP domains is the possibly decreased visibility
of the AP community and less focus on specific AP needs.
However, the challenges are both better coverage of the
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Fig. 1. Extended scope of digital pathology. ADT = Admission (Adm), discharge and transfer; CLM = conven-
tional light microscopy; Mgmt = management.

extended scope of digital pathology and better involve-
ment/adoption by vendors. The coverage of the extended
scope of digital pathology can be achieved by means of:
(a) new integration profiles for in vitro imaging, to obtain
a better definition and management of imaging proce-
dures; (b) new integration profiles for the AP structured
report for a better integration of molecular biology and
clinical genomics, as well as better alignment to standard
terminologies [Logical Observation Identifiers Names
and Codes (LOINC), ICD-O, SNOMED CT] and DI-
COM SR (Supplement 155); (c) use of laboratory integra-
tion profiles defined for automation, and (d) improving
efficiency in addressing new challenges, e.g. biobanking
and NGS (next-generation sequencing).

Figure 1 shows the extended scope of digital pathology
where clinical genomics is represented. Knowledge of the
human genome is far from complete, but there are al-
ready uses for genetic and genomic information in the
clinic. Genome sequencing is expected to have the most
impact in categorizing patients for appropriate cancer
treatment; characterizing and diagnosing genetic diseas-
es, and providing information about genomic alterations
in order to match small-molecule drugs to specific disease
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types. In the near future, researchers expect to gather a
broad range of variants that will be clinically useful. In-
terestingly, the application of genomic medicine may not
be limited to typically genetic conditions. Comprehensive
profiles of an individual’s genetic data combined with
common clinical markers are expected to provide new
insights into genetic and infectious diseases. This must
be taken into account and, therefore, integrated into the
extended scope of digital pathology.

Image Analysis in Digital Pathology

Automatic image analysis has many potential advan-
tages, including reducing interobserver discrepancy, in-
creasing consistency and improving efficiency. Further-
more, the amount of information included in WSI pre-
sents tremendous opportunities for developing and
evaluating new and more effective treatments that may
revolutionize the care of patients with cancers and other
diseases.

However, image analysis algorithms in digital pathol-
ogy are still under research and there are many challeng-
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ing problems and open questions, such as image quality,
calibration and optimizing display, development of im-
age processing and machine learning methods for com-
puter-aided diagnostic systems as well as their validation
for diagnostic use.

One of the main concerns is if WSI can replace con-
ventional light microscopy to render diagnoses. There are
some studies were the use of WSI usually shows good
agreement with glass slides [18]. Discrepancies in diagno-
ses were attributed to image quality, rarely missed tissue
on the digital image, inadequate clinical metadata and pa-
thologists’ lack of experience using the WSI system [19].
There are no standard guidelines regarding validation of
WSI for diagnostic use but just some recent recommen-
dations [19]. Though some researches have compared the
quality of images captured with optical microscopes and
scanners [20], no metrics are currently applied to WSI to
quantify its quality. Is WSI acquired with scanners of
equal or better quality than images obtained with a mi-
croscope [21]?

WSI quality should be analyzed at different levels, such
as focus, color, contrast, resolution, noise and distorted
tissue artifacts. All these issues may interfere with image
analysis algorithms [22]. Some recent advances have been
done for color standardization in WSI by means of using
a color calibration slide [23]. A solution to overcome tis-
sue fold artifacts by color enhancement techniques has
also been developed by the same authors [24]. Another
issue regarding color is the color space used to represent
WSl in order to obtain an optimal visualization. There are
some recommendations for using a perceptually uniform
color space in digital pathology [25], but there is no agreed
standard on how color information needs to be visualized
for medical applications. This can make quality assurance
a challenge. It has been shown that the color space of the
display has a significant impact on the perception of clin-
ically relevant areas of digital pathology images [26].
There are some recent studies on the effect of display res-
olution, not the display of size, on time to diagnosis with
WSI [27]. However, the study is limited to 2 monitors, 9
pathologists and 81 slices [28]. Further clinical tests must
be done to analyze how the use of different monitors in-
fluences diagnosis.

The challenges in digital pathology have led to im-
provement in image analysis techniques resulting in bet-
ter opportunities for the pathologist for treatment of be-
nign tissues. The techniques cover all steps of a computer
vision system, i.e. preprocessing, segmentation and clas-
sification [29, 30]. WSI processing is slowly becoming
more relevant for clinical trials, to ensure proper classifi-
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cation of cases and to lower diagnosis discrepancy rates.

Combining WSI with image analysis tools allows users to

leverage technology to perform tasks that were previous-

ly too cumbersome or even impossible for humans to un-
dertake manually. Examples include:

- high-throughput morphological analysis of cases to
quantitatively and reproducibly measure histological
structures such as tumors [31];

- automated grading of tumors to reduce variability en-
countered with manual grading [32];

- automated selection of desired ROIs, such as hot spot
areas with high proliferative activity) [33];

- vessel quantification for angiogenesis research [34],
and

- molecular mapping through multistained WSI align-
ment [35].

Additional WSI-related technologies currently under
investigation include automated image analysis tools for
computer-assisted diagnosis. Increasingly, the role of
(computer-aided diagnostic) algorithms in medical im-
aging has escalated to a point where algorithms have been
developed for disease detection, diagnosis and prediction
of prognosis that complements the opinion of the pathol-
ogist. A good review on recent developments in comput-
er-aided diagnostic systems for digitized histopathology
can be found in the literature [36].

The value of pattern recognition in histopathology can
be seen for different applications. Among others, we can
identify the following:

1 itis useful to find patterns in artifacts; hopefully there
are consistent patterns of ‘consistent artifacts’ to en-
able the analysis of changes in relation to normal tissue
changes/tumor differentiation and relationships to
drug administration;

2 it provides practical, more robust solution for ROI

identification;

it obviates bias;

4 it is likely to identify stochastic artifacts in tissue sec-
tions, and

5 the potential to use misclassification rate as a marker
of response.

For example, in many cases, tissue phenotypes are
scored from 1 to 4, but the truth is that biological hetero-
geneity is more complex than that. The good news is that
image analysis software solutions, including pattern rec-
ognition, can provide a quantitative readout capturing
the heterogeneity in the tissue. Using software to identify
individual objects in a tissue sample and evaluate those
objects in relation to the rest of the tissue, you will have a
better read on the heterogeneity of your samples and pos-

w
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sibly a deeper understanding of disease states and prog-

nosis.

Some considerations should be directed to some exist-
ing market applications using pattern recognition [37]. A
recent review on 5 commercial systems, Aperio/Genie
(developed under the name Genie Pro at Los Alamos
National Laboratories); Definiens Tissue Studio;
TissuemorhDP (Visiopharm); Halo (Indicalabs) and
iPerkinElmer, reveals the following:

1 Methods are sensitive to variations in sample prepara-
tion processes, which influence both spectral and tex-
ture-based classifiers. The classification methods used
are quite simple.

2 They provide classification translation (dedicated ap-
plication may not translate to other ‘like’ studies).
Therefore, complex tumor/tissue heterogeneity may
not be accounted for.

3 They have misclassifications and lack of robustness
due to several aspects such as insufficient optimiza-
tion. Moreover, too many classes increase computa-
tional requirements and too few classes provide noisy
data.

4 They are specific to object orientation (they may re-
quire associated image registration to eliminate the ef-
fect of orientation, e.g. polarized cells).

Novel pattern recognition and classification methods,
such as deep structured learning or hierarchical learning,
as well as ensemble learning and adaptive boosting,
should be applied to digital pathology. Moreover, for
most of the classification techniques, a good set of fea-
tures describing the ROIs, i.e. the tissue components and
tumor patterns, must be defined.

New Techniques

Multiplexing is the localization of multiple protein and
similar species antibodies in a single section from the
same sample. Multiplexing assists in the localization of
proteins of interest and concurrent association with cell
compartments or cell types. Simultaneously, several as-
pects of a cell can be measured. Novel works in digital
pathology are emerging by using new methods for multi-
plexing using new protein expression methods and auto-
mated multispectral slide imaging techniques. Immuno-
histochemistry (IHC) methods and multispectral analysis
with the image processing and pattern recognition tech-
niques mentioned above are the focus of novel oncologi-
cal assays. Expression profiles of each marker can be eval-
uated alone in a singleplex assay, or together within a
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multiplex assay, in order to verify the utility of this novel
multiplex IHC. Multiplexing uses primarily fluorescence
with either standard fluorochromes or quantum dots
(qdots). In current practice, multiplexed stained samples
can be difficult to interpret, since, due to fluorescence,
multiple targets can blend together and tissue autofluo-
rescence can appear. Those are sources of visual percep-
tion errors. These errors can be addressed by means of
multispectral unmixing.

One novel system is the toponome imaging system, i.e.
an automated molecular fluorescence tagging and imag-
ing system that yields subcellular colocalization of more
than 100 proteins through sequential episodes of tag
binding/bleaching to an intact cell or tissue section [38].
Therefore, this novel technology holds promise for devel-
oping a new generation of multiplex biomarkers. The in-
tegral role of the microenvironment in malignant pro-
gression and the recently appreciated heterogeneity of
cancer cells stress the importance of characterizing com-
plex molecular phenotypes and the large protein network
structures of single cells within their anatomical context.
However, the technology requires optimization to im-
prove the reproducibility and accuracy of image analysis,
as well as further validation of findings using comple-
mentary techniques [38].

Multispectral analysis has broad potential for design-
ing combinatorial therapeutic approaches by revealing
coexpression, pathway configurations and spatial rela-
tionships among cell types in oncology [39]. Some studies
use multispectral analysis for quantitative in situ immu-
nophenotyping in immuno-oncology research [40, 41].
Currently, despite advances in technology, the majority
of studies in histopathology utilize manual, qualitative
analysis of single markers to denote the phenotype. This
process is highly subjective with intra-/interobserver
variation. On the other hand, multiple marker expression
delineates phenotypes — as currently determined using
other methods such as flow cytometry - but this has been
difficult to achieve using histology-based techniques.

In the past, qdots have been applied to multispectral
analysis for multiplex IHC and in situ hybridization [42].
qdots are photostable semiconductor nanocrystals pos-
sessing wide excitation spectra and narrow, symmetrical
emission spectra. qdots combined with multispectral im-
aging have enabled to quantitate and determine colocal-
ization of gene expression in clinical tissue. However, for
more complex assays, especially using IHC, this method-
ology has some difficulties, i.e. antibody cross reactivity
and the need for individual antibodies to different spe-
cies, as well as the need for an ever more complex labora-
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tory workup. In realistic terms, this means going beyond
three stains becomes very cumbersome.

Tyramide signal amplifications (TSA) were launched
in 2014 as part of the Opal multiplex IHC [43]. TSA re-
agents address the problems encountered with qdots.
They work very much similar to a standard IHC protocol,
using the horseradish peroxidase enzyme for protein de-
tection. Moreover, the method enables the deposition of
TSA fluors close to the antigen of interest. The nature of
the protocol allows for a simplified multiplexing strategy,
where primary antibodies can be chosen based on perfor-
mance and not on species.

In multispectral imaging analysis, the raw image cube,
which comprises up to 60 images acquired at regular
wavelength intervals, is first taken. Then, previously de-
termined spectral profiles associated with each individual
fluorophore are used to spectrally deconvolute the origi-
nal image into several component images associated with
each individual fluorophore. Taking multispectral imag-
ing a step further, we can use image processing methods
to segment cells based upon a nuclear stain. Subsequent-
ly, it is possible to determine within a specific cell area the
colocalization of spectrally deconvoluted stains, using
staining thresholds, in order to determine positivity for
one or more markers per cell. The added advantage of us-
ing image processing is that it is possible to acquire x-/y-
coordinates of the cells alongside immunophenotypic
characteristics. Moreover, further analysis can be done to
analyze the texture of pattern biomarkers as well as the
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interaction distributions of different cell expressions, i.e.
cells in close proximity may be interacting and therefore
paired-cell/protein interactions (number and distance)
may be quantified. The co-occurrence matrix of these in-
teractions can be represented in a heat map format, as
PLA (proximity ligation assay), which may be useful for
examining invasion and progression of tumors.

Figure 2 shows a scheme of the future perspective of
digital pathology imaging taking into account the new
trends on the above-described emerging technologies in
digital pathology [37].

Conclusions

Digital pathology and WSI technology have the poten-
tial to improve diagnostic accuracy, increase workflow ef-
ficiency, balance workloads and better integrate images in
information systems. The amount of information that
can be extracted from a tissue sample using complex, au-
tomated and miniaturized devices will continue to in-
crease thanks to sophisticated computer-based algo-
rithms, which will assist in the integration of all informa-
tion.

The two main aspects that will help to foster the use of
digital pathology in clinical routine are the use of stan-
dards and the development and validation of image anal-
ysis tools.
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Standardization is needed for pre-imaging steps (e.g.
consistent staining and optimal slide preparation without
artifacts), image acquisition (e.g. optimal resolution),
processes after imaging (e.g. color calibration) and shar-
ing/transmission of digital images (e.g. interoperable file
formats).

Furthermore, as more image analysis algorithms and
computer-assisted diagnosis tools get developed and val-
idated for clinical use, they will empower pathologists to
become more efficient, precise and reproducible at quan-
tifying prognostic biomarkers. Moreover, laboratory and
tissue-based diagnostics will increase their capability to
provide a safe guide to therapy. Enhanced imaging capa-
bilities will allow groups of pathologists to share informa-
tion on tissue-based diagnostics. Pathologists sharing
knowledge of histopathology, disease-related molecular
processes and laboratory diagnostics will be the integra-

tors of information related to the molecular, biochemical
and cellular processes underlying the patient’s disease,
complications and symptoms.

Finally, we believe that all of these challenges are af-
fordable and, therefore, digital pathology will continue to
transform the practice of pathology, which will provide
opportunities for developing and evaluating new and
more effective treatments that will benefit the patients.
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