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1.1 Introduction

Virtual microscopy is a relatively new term; however, it has its origins in a
much older technology, that of Telemedicine (where Telepathology can be
considered to be a subdiscipline). A general definition of this process would
be the acquisition, storage and transmission of microscope images from a
local site to a remote site for a specific reason. The main reasons for this
were usually diagnostic, consultation or educational. The initial concept
was probably driven by researchers in disciplines outside those of pathology
or microscopy. Many believed that this was an example of a technology
looking for an application, and this hindered the widespread acceptance of
this technology.

The first telepathology system was developed in the United States in the
1960s when monochrome images were transmitted between locations via a
microwavelink. However, it was not significantly explored and used until the
late 1980s with the advent of readily-available computer equipment. The
main problem for telepathology at this time was a general scepticism about
its practical use. Pathology is an extremely visual discipline and there were
concerns that the technology would be unable to deliver a high enough image
resolution for diagnostic accuracy comparable to that being achieved by
traditional microscopy diagnosis. However, the rapid growth in high-speed
Internet connections, imaging and computing technology has provided a
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substantial backbone for the provision of a telepathology infrastructure. This
has increased the acceptance of this technology among pathologists and it
has been shown that it has clear operational and economic benefits to it.

Traditionally there have been two main types of telepathology and it is
useful to understand the advantages/disadvantages of these systems within
a health care infrastructure. The first (and simplest) type of telepathology
is Static Imaging Telepathology, which is also referred to as ‘Store-and-
Forward’ or ‘Passive Telepathology’. This is an asynchronous technology in
that there is no simultaneous interaction with the microscope slide. In this
approach, a pathologist selects images (from a microscope fitted with a digital
camera), stores them on a PC and uploads them to other pathologists usually
by e-mail. Systems of this type are obviously cheap and easy to implement and
may seem useful. However, in consideration there are two disadvantages
to this modality: (1) only a limited number of representative images can
be transmitted for interpretation. This is useful but it must be remembered
that the consulting pathologist is examining a case without any contextual
information from the surrounding tissue. There is a concern that a general
opinion offered by the remote pathologist may be influenced by the primary
pathologist through the selection of representative images; (2) the consulting
pathologist (remote) is unable to select the images he/she requires.

The second type of telepathology is Dynamic Telepathology, which is
also known as ‘Real-time Video Imaging’. During a telepathology session, a
microscope is used in conjunction with a PC to send images to a remote
computer. This form can be subdivided into two systems: passive-dynamic
and active-dynamic. Passive-dynamic systems allow the implementation of
real-time pathology across the Internet, where a local pathologist positions
and focuses the microscope slide on pertinent regions and a remote
pathologist can join the consultation simultaneously. The important point
here is that this is an asynchronous communication; the remote pathologist
cannot drive the diagnostic session. Active-dynamic systems have the
advantage that they are synchronous systems and allow the remote
pathologist to control the microscope.

1.2 Digital (virtual) microscopy: equipment

for implementation

1.2.1 Automated microscopes

Automated microscopes represent a form of hybrid technology in that they

bring together various components within the industry to form a device
capable of creating virtual slides without being dedicated to that purpose.
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High-specification microscopes are the starting point for this technology
and essentially combine imaging (CCD) and computational technology to
produce the device. A benefit of this modality is that as the component
technologies advance inside the three domains here, it should be relatively
easy to integrate them into product advancements. The champion of this
technology has been Dr James Bacus, who developed the BLISS system
and began working in the area of virtual microscopy in the mid-1990s.
The BLISS system (Bacus Laboratories Inc., Chicago IL) is a slide scanner
comprising a high-end fully-automated microscope (e.g. Olympus BX61)
that rapidly scans glass microscope slides (maximum X60 objective),
integrated CCD and a high-specification PC. The system uses a proprietary
method of image tiling to transform the glass slide into a virtual slide.

Due to the microscopes used in these systems, they have the capability to
produce very high-quality images. Image quality, although important, is
however not the only consideration when looking at these machines. The
original concept for these was simply to produce an image. In a clinical
setting time constraints play an important role, and the ability to batch
slides to be digitized is important.

1.2.2 Image production

Image acquisition as in the systems described above is realized via a digital
camera. The CCD chip acquires the centre of the field given by the objective,
thus reducing optical aberration to a point considered negligible. When the
picture is taken, the slide-moving mechanism puts the slide in the next
position for image acquisition while refocusing the slide. The whole process
takes milliseconds to execute; however, there may be many thousands of
iterations.

Image tiling is a technique that requires the capture of multiple small
regions of a microscope slide using a traditional CCD camera. Image tiles
are subsequently stitched together to create a large contiguous mosaic, or
virtual slide, of the entire slide. Due to the sheer number of image tiles
required to create the resultant virtual slide, image tiling systems tend to be
slow. It can take hours to capture and align the thousands of tiles that are
required to create the virtual slide. Consider the example of tiling with a
1000 x 1000 pixel CCD with a scanning resolution 0.25um/pixel. The
digitization of a standard coverslip (20 x 30 mm) area would require the
capture of around 9600 image tiles. Assuming that there is no overlap
between adjacent tiles, the actual number may be 10500 + image tiles, to
allow for the stitching algorithm to accurately align them. Both BLISS and
DotSlide are tiling systems.
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Figure 1.1 Olympus DotSlide scanning system

1.2.3 Olympus DotSlide

The Olympus DotSlide system (shown in Figure 1.1) is essentially an
automated microscope (Olympus upright BX research microscope) that is
computer-driven over the slide to form an image from a Peltier-cooled
1379 x 1032 pixel camera. As with those from other manufacturers, this is
a high-throughput machine in that it is provided with a 50-slide loader
(five trays of ten slides). This form of slide scanner tends to be slower
than the line-scan variety. The manufacturer quotes a figure of less than
three minutes per slide with a X20 objective for a sample of tissue
measuring 10 X 10 mm. This leads us to consider the question of what a
high-throughput machine really is. All manufacturers quote times based on
a 15 x 15 mm piece of tissue, quoting times of a reasonable level. However,
many tissues that are regularly found in the average slide tray are signifi-
cantly larger than this. Histology specimens may be this size, but can be
25 x 20 mm, and traditional cytology specimens can occupy the whole
cover slip (50 x 25 mm); liquid-based cytology (LBC) specimens, depend-
ing on manufacturer, can be less than 25mm diameter. Under these
conditions, times may be significantly higher. According to the Olympus
figures this would represent a time of up to 38 minutes to scan a whole
coverslip. The problem is exacerbated when a X40 objective is available.
This generally allows the scan to be useful if subsequent analysis at the
cellular level is required. In the case of Olympus, this would produce a
scanning time of up to 150 minutes. Granted this is a worst-case scenario,
but it emphasizes the problems in producing a truly ‘clinical machine’ at
present. Many clinical laboratories can produce more than 200 slides per
day. All the manufacturers provide high-throughput capability, but the
limiting factor here is not how many slides can be batched in the machine
but how quickly it can get them processed. My personal experience has been
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that typically, most average-sized sections take 20-30 minutes per slide to
scan and a fully-loaded carousel (e.g. 200 slides) may take 3—4 days to
complete, excluding any failures.

1.2.4 Scanners
1.2.4.1 Progressive scan CCD systems

The Nikon COOLSCOPE 11 is not truly a virtual slide scanner. It should
more correctly be referred to as a digital microscope. It has the capability for
slide observation and allows digital image capture. It additionally has
Internet communications capabilities; this is the major feature that allows
the device to act beyond the role of a traditional microscope. Samples can
be viewed on networked PCs at remote locations. Additionally, because the
essential operations of the COOLSCOPE 1II can be managed remotely,
diagnostic opinions on particular cases can be exchanged within a medical
institution or in the global arena.

Mercy Ships is a global Christian-based charity founded in 1978 by Don
and Deyon Stephens. Mercy Ships specializes in using hospital ships to
provide free world-class health care and community development services
to developing nations. Since 1978, Mercy Ships has performed more than
1.7 million services valued in excess of US$670 million and affecting more
than 1.9 million people as direct beneficiaries. Volunteers onboard the
Mercy Ship Anastasis can obtain a second opinion on pathological speci-
mens from an expert located anywhere in the world thanks to satellite
technology and the implementation of an onboard telepathology system.
Consequently, volunteer staff using a Nikon COOLSCOPE will be able to
load samples and subsequently make images available over the Internet.
These can be accessed by authorized experts in the United Kingdom, by
logging on to a secure dedicated Web page. In its mode of operation the
COOLSCOPE allows a pathologist to view a live image. Additionally, it also
allows control of the microscope and image acquisition by a local com-
puter. Verbal communication of the diagnosis between the ship’s medical
team and the remote consultant is made using telecommunications.

1.2.4.2 Zeiss Mirax system
This system was developed in Hungary by a team from Semmelweis

University in Budapest and is now marketed under the name ‘Mirax’ by
Zeiss (Figure 1.2). Mirax is currently a family of scanning devices. Mirax
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Figure 1.2 Zeiss Mirax scanning system

DESK is a semi-automatic tool for scanning a single slide using a X20
objective. The Mirax MIDI is a research solution and provides the ability to
scan 12 slides with a X40 objective. The largest machine in the family is the
Mirax SCAN. This is a machine in a similar vein to those from other
manufacturers in that it is a fully-automatic system capable of being loaded
with 300 slides for scanning up to and including a X40 objective. Fluores-
cence labelling is currently being used in many research applications. The
Mirax SCAN can be upgraded with a fluorescence module, giving it auto-
mated fluorescence slide-scanning capabilities. The hardware comprises a
10-position filter wheel and a fibre-coupled fluorescence illumination
system.

1.2.4.3 Aperio ScanScope system

Many of the virtual microscopy manufacturers offer varying levels of
machine. It is not acceptable to assume that all institutions will have a
large demand for slide scanning. The ScanScope GL system from Aperio is
an entry-level device allowing small laboratories or university schools
to implement a virtual microscopy programme. The machine only offers
single-slide scanning on a manual basis. This is suitable for lower-volume
environments provided with a X20 objective but with the capability of a
final magnification of X400 (via a X2 magnification changer). A similar-
specification machine, but offering a higher throughput, is the ScanScope
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Figure 1.3 Aperio ScanScope scanning system

CS. This machine uses a five-element slide tray, which allows the batch
processing of five slides. It claims to be suitable for medium-volume
environments, but again, as with the ScanScope GL system, would be
only reasonably effective in slide throughput as the slide number grows.
The high-end machine from Aperio currently is the ScanScope XT (shown
in Figure 1.3). This high-throughput machine offers a slide capacity of
120 slides and is suitable for environments such as hospitals, reference
labs, research organizations and pharmaceutical organizations. However,
in reality this is probably the machine that is required generally. In my
experience the installation of any low-volume scanner simply becomes a
victim of its own success. Research/educational groups within organiza-
tions tend to come to the scanner with 5-10 slides initially, but rapidly the
number of slides increases to 100s as the potential of virtual microscopy is
realized. This is not functionally beyond low-volume machines, but it tends
to tie up technical support and only five slides can be run overnight. Some
specialized pathology preparations, such as blood smears, bone marrow
and gram stains, require higher-power scanning using X100 objective (oil
immersion), which can be achieved using the ScanScope OS. The scans
from the Aperio machine are created in an alternative way to tiling, termed
‘line scanning’.

Line scanning accurately moves the slide under a line-scan camera to
acquire the image. A line-scan camera is an image-capturing device with a
CCD sensor that is formed by a single line of photosensitive elements.
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Therefore, unlike area sensors, which generate frames, the image acquisition
is made line by line. ScanScope scanners do not use a fixed-area camera to
capture thousands of individual image tiles but instead employ linear-array
detectors in conjunction with specialized motion-control components, a
microscope objective lens and customized optics. As a result, ScanScope
scanners efficiently capture a small number of contiguous overlapping
image stripes. Whereas image tiling is inherently stop-and-go, ScanScope
scanners continuously move microscope slides during the acquisition of
imagery data. This ability to capture imagery data while the sample is
moving is a key reason why line scanning is ideally suited for rapid slide
digitization. Approximately 28 000 image tiles must be captured and aligned
to create a seamless digital slide ofa 30 x 20 mm area of a slide at a scanning
resolution of 0.25 um/pixel (X40 objective). In contrast, only 60 image
stripes must be captured and aligned using the line-scanning method
employed by the ScanScope. This example illustrates one of the fundamental
advantages of line scanning: the capture and alignment of a small number of
image stripes is dramatically more efficient than the capture of thousands of
image tiles.

Currently, line scanning seems to offer the advantage of efficient and fast
data capture and creation of a virtual slide. Line-scanning systems also
benefit from several advantages that optimize image quality: (1) focus of the
linear array can be adjusted on each scan line (tiling systems are limited to
a single focal plane per tile); (2) the linear array sensor system is one-
dimensional; therefore there will be no optical aberrations along the
scanning axis (image tiling systems produce a circular optical aberration
symmetric about the centre of the tile; (3) the linear array sensor has a
complete fill factor (providing full pixel resolution) unlike colour CCD
cameras, which lose spatial resolution because of the interpolation of
nonadjacent pixels (e.g. using a Bayer mask).

1.2.4.4 Hamamatsu NanoZoomer system

NanoZoomer Digital Pathology (NDP) (shown in Figure 1.4) is a high-
throughput slide-scanning system. It is not offered as a low-throughput
machine. It has been recognized that most applications will require batch
processing, which is an integral part of the system. Up to 210 slides can be
loaded for processing. It differs from the Aperio systems in that it offers
some additional functionality, while losing the ability to scan at magnifi-
cation greater than X400. This for now will probably exclude this machine
from the haematopathology and microbiology disciplines, where oil-
immersion X100 objective scanning is a necessity. This machine does
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Figure 1.4 Hamamatsu NanoZoomer scanning system

currently have two distinct advantages, namely true 3D z-stack scanning
and an option to add fluorescence scanning. In addition to standard
brightfield applications, therefore, the NanoZoomer system also has fluo-
rescence microscopy capability. Fluorescence microscopy, combined with
the NanoZoomer’s 3-CCD TDI camera, allows the observation of low-
light-level fluorescence tissue samples at high resolution. A realization
between all the manufacturers is that virtual microscopy must mimic the
traditional microscope exactly, otherwise it will never be truly recognized
as a natural development of microscopy. One feature that manufacturers
have given minimal attention in the development of their systems is that
of focus. There is now an acceptance that all the tissue on a preparation
may not nicely fit on one optimized plane of focus (especially appropriate
for cytological preparations). They have now recognized this and are
implementing 3D scanning (to varying levels). The NanoZoomer is a
true 3D scanner (in that it incorporates registered z-stack information
into the image file) and can scan images in a specified number of slices in
the z-axis and at a specified distance apart. There is no real limit on the
numbers here, however it should be realized that the more slices there are,
the larger the already huge image can be made. Typically an LBC
preparation slide can be in the order of 600 Mb as a single-plane image;
this can be scaled by the number of slices in the 3D image. Typically
around 11 (centre + 10 top/bottom) slices are required to gain an
acceptable result, although 20 + are probably required to gain any of
the diagnostic subtleties observed on the traditional microscope. No real
studies are available on how many slices are required; it is simply a trade-
off between storage, scan time (this may be many hours) and keeping an
optimal degree of accuracy in the image.
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Figure 1.5 D-Metrix DX-40 scanning system

1.2.4.5 D-Metrix DX-40 imaging system

The DX-40 slide scanner (shown in Figure 1.5) has been developed by
D-Metrix Inc. (Tucson AZ). This company is a spin-out company from the
University of Arizona. It was within the Arizona College of Optical Sciences
(then the Optical Sciences Center) that Professor Peter Bartels proposed
that through miniaturization, tiny microscopes might be produced and
combined to form an optical-imaging ‘chip’, which could serve as a digital-
imaging engine for a very rapid virtual-slide scanner. He suggested that
such a device could produce the first sub-one-minute slide scanner. At
that time this represented a significant reduction in scanning time (X20
objective or better). Additionally, Bartels suggested that it would be
possible to extend the field of view of a conventional light microscope
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from a millimetre (using a X20 objective) to several centimetres. As the field
of view of his proposed optical device could be the width of a glass slide, it
would be possible to digitally image a whole glass slide with a single pass of
the digital-imaging unit. Massive parallel processing of data would further
reduce the processing time for a virtual slide.

The DX-40 instrument attempts to implement these principles into a
slide scanner. The array technology here replaces the single objective lens
with an array of 80 lenses within one instrument. D-Metrix suggests that a
single slide can be imaged in one minute and offers a throughput of 40 slides
per hour. With such figures, this would represent a 60-fold increase in slide-
scanning capacity.

1.3 The virtual slide format

Virtual microscopy, from its inception, has been growing in strength
significantly. However, one area in this domain that requires optimization
is that of image format. Virtual microscopy currently lacks a globally-
accepted image format. In general, manufacturers are providing scanners
with an image format that is tailored to their own instrument and its
perceived benefits. This is rather short-sighted as it does not acknowledge
the requirement that virtual slides be produced not for themselves but
rather to integrate into an already present hospital system where standards
for image format are already in place.

When the slide has gone through the scanning process the end result is
the virtual slide. This is what could be considered an image file; however,
because of the file size, all the manufacturers have taken different ap-
proaches as to how this is represented and stored on hardware. There are
three general frameworks on which to hang the virtual slide: (1) multiple
files — usually thousands of JPEGs (or uncompressed files) in one or several
folders. Normally each folder corresponds to a different magnification.
This is the format of the BLISS system. As seen earlier, this format has
the disadvantage that it will need to store thousands of files to hardware.
The management of these files in hardware can become difficult as the
number of files stored increases; (2) several files with one or multiple
resolutions (usually JPEG). This is the method used by Zeiss Mirax
scanner; (3) a single compressed JPEG2000 (Aperio) or JPEG (Aperio,
Hamamatsu). It is possible to obtain a single file with multi-resolution
information. All the information, including the panoramic image or
thumbnail and the captures to different resolutions, is stored in a single
physical file. Often, the structure of these files is pyramidal and may be
TIFF or JPEG2000.
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1.3.1 Image format: TIFF

Virtual slides produced by scanning instrumentation are generally re-
corded in TIFF format with a suffix appropriate to the manufacturer
(ScanScope Virtual Slide (.SVS) and Hamamatsu NanoZoomer (.NDPI)).
These images are officially compatible with the TIFF standard, although
due to their typically large size they are compressed using JPEG2000
protocol, which is not included in the current release of the TIFF library.

1.3.2 Image format: JPEG

The JPEG image-compression standard is currently in worldwide use, and
has become the industry standard in photography today. Initially this
format was appropriate for the acquisition and efficient storage of images
captured from the traditional optical microscope.

The JPEG quality factor (QF) is defined in the range 0<QF <100
and associates a numerical value with the level of compression applied to
the resultant images. As the QF decreases from 100, image compression
becomes enhanced. There is an inverse relationship with image quality as
the resulting image can be significantly reduced in quality, even to the point
where the image is unusable. JPEG uses algorithmic encoding to compress
images in an 8 X 8 pixel block. At the highest compression ratios, the 8 x 8
JPEG blocking artefact occurs, which masks many of the image features.
This artefact can also be seen with moderate compression and the virtual
slides viewed under higher magnification.

The compression of images introduces another point of contention
within the scientific community, and that is the issue of whether images
should have compression applied at all. It has been suggested by many
manufacturers and researchers that compression of images by the JPEG
algorithm should be limited to those intended for visual display purposes
only. Virtual slides that are acquired for scientific research with regard to
spatial positions, intensities or colour resolutions should never have loss of
image information in the process of removing redundant or unnecessary
information (lossy compression).

1.3.3 Image format: JPEG2000

A promising solution is JPEG2000, which has potential advantages for use
in virtual microscopy, where multi-gigapixel images are the norm. JPEG2000
is a wavelet-based image-compression standard (Joint Photographic Experts
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Group committee) developed as an enhancement to the existing JPEG
standard. JPEG2000 provides many features that support scalable and
interactive access to large-sized images. These include efficient and unified
compression architecture, especially at low bit rates; resolution and quality
scalability; region-of-interest coding; spatial random access; and effective
error-resiliency.

JPEG2000 uses wavelet encoding to compress images in much larger
blocks of configurable size. In general, JPEG2000 is a newer and better
technique, yielding higher-quality images with higher compression ratios
than JPEG. The only disadvantage is that encoding images with JPEG2000
requires significantly more computer processing time. This generally is
not good news for the manufacturers as the quest for speed of scanning
receives a setback with JPEG2000. Some of the manufacturers provide
this format. However, the compression is done ‘on the fly’ in the hard-
ware. In tests it has been observed that JPEG2000 seems to provide an
image quality which is at least as good as JPEG, if not better. The main
advantage here is the storage overhead. Typically a virtual slide can be
around 2 Gb (JPEG), whereas the same slide compressed to JPEG2000 will
be around 650 Mb. The issue of size here really only manifests itself where
scanning is being done for archival purposes; in this case the saving can be
significant.

1.4 Image serving and viewing

Two applications that are core to the delivery of any virtual microscopy
system are the image server and the image viewer. The significant advan-
tage of virtual microscopy is its ability to deliver images remotely. Due to
the size of virtual slides this removes the possibility of simply opening the
image, as could be achieved in Photoshop, for example. The image must
be delivered to the viewer as part of a region-on-demand process. The
viewing software will request a spatial region of an image at a specific
magnification and the server will access the file and return the appropriate
image information as requested. The viewing software will then place
the returned image region on-screen in the appropriate position. Image
serving/viewing software is provided by all the major virtual microscopy
manufacturers. The problem for the user here is that all products only
serve out and view the images scanned by that manufacturer. This will need
to change and some companies are now starting to develop scanning
platform-independent solutions.

Image serving is going to be a central issue for digital microscopy.
Pathologists/scientists can be demanding in their acceptance of any new
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technology and reasons not to use it tend to come easily to their minds.
Anissue that is central to this is that of speed of delivery of the image over the
Internet. If this technology is to be accepted in a clinical setting the use of the
computer must provide the same speed of delivery as the microscope (or
similar). Internet traffic will always be a problem in the delivery mechanism.
However, there are ways around this.

Buffering the image is potentially a method for significantly increasing the
speed of delivery. While a virtual slide is being viewed the viewer will be
requesting the surrounding areas of the image. When they navigate the slide,
the appropriate region will already be in memory. Buffering around the
position where the viewer is located is a passive solution to this problem. A
more intelligent solution would be smart browsing, where the viewer knows
something about the image and buffers relevant portions of it. This could be
achieved from an image-processing standpoint; groups are already investi-
gating this methodology. The reason for this thought is that a pathologist/
scientist rarely moves in a random manner about a slide — there is always an
area of interest. An alternative approach is that of motion prediction;
estimating where the viewer will go and buffering the sections ahead.

1.5 Applications of virtual microscopy

1.5.1 General

Quantification of biological and medical analysis is a major concern in
standardizing and improving the efficiency and objectivity of the studies.
Virtual microscopy in combination with sophisticated image analysis offers
a great opportunity.

With virtual slides, the operator can define accurate protocols and run
efficient algorithms on whole slides or specified areas. Under the control
of a pathologist, this is a powerful tool that makes scoring more accurate
and achieves high throughput to increase statistical significance. This is
currently of very high interest, for example, in cancer biomarker expres-
sion quantification (e.g. HER2/NEU), and is frequently of importance for
both patient health and financial considerations. In the research and
pharmaceutical industries these methods become increasingly important
in proportion to the number of markers, targets and drugs to test. The
embedding of source images, analysis parameters and analysis results in a
common database from the beginning allows for powerful data handling,
including data mining, cross-correlation studies, automatic report gen-
eration and so on.
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1.5.2 Tissue microarray (TMA)

There are many limiting factors in any pathology or molecular clinical-
analysis study of tissues due to: (1) the non-optimization of slide-preparation
procedures; (2) the limited availability of diagnostic reagents used in proces-
sing; (3) the usually less-than-optimal patient sample size. The technique of
using tissue microarray (TMA) was developed to alleviate these issues.

In constructing a TMA, a hollow needle is used to remove tissue cores
(usually 0.6 mm but this can vary) from regions of interest in paraffin-
embedded tissues (i.e. clinical biopsies). These tissue cores are then inserted
in a recipient paraffin block in a spatial array. Sections from this new block
can subsequently be cut and mounted on a microscope slide and prepared
under the normal processing schedule. TMAs are commonly prepared for
tissue immunohistochemistry and fluorescent in situ hybridization. TMAs
are particularly useful in the analysis of morphology in haematoxylin and
eosin (H&E)-stained preparations.

The use of TMA analysis is now becoming standard practice in research
pathology laboratories. Automated preparation allows the operator to
deposit hundreds of tissue cores from different individuals on the same
slide. This is a powerful technique that enhances throughput and leads
to greater statistical significance of the results. However, the standard
manual analysis of the slide with a conventional microscope is tedious
and time-consuming, and in practice the relevance of the method and
the timing of the availability of the results are usually limited by a
manpower bottleneck. Digital slide-scanning systems that can produce a
virtual slide of a TMA slide, used in combination with dedicated TMA
analysis software, are significantly increasing the throughput of these
processes.

On large TMAs the manual scoring process can be time-consuming
and it is easy for the pathologist/scientist to lose their place. Having the
TMA stored as a virtual slide negates this. The virtual slide is essentially
a series of discrete images representing the TMA. This allows the user
to be presented with each core in turn on-screen, thus avoiding missing
cores or, more importantly, becoming out of sequence when screening
the slide.

Because the slide is in digital form core information can automatically
be stored in a database. The advantage of this is that it will allow the
subsequent mining of the data for pertinent statistical parameters of the
dataset, with the potential to make this data available across the Internet. All
data can be linked to each core and can be made available on demand for the
efficient and optimal production of reports.
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The ultimate use of virtual slides is in the automated analysis and scoring
of slides. This is where the major impact of this technology will lie. The
throughput quantity is important to laboratories in the pharmaceutical
sector, where thousands of slides with hundreds of cores per slide are
scored. Here the automated application of algorithms to the virtual slide is
of significant importance. This is covered in Section 1.7.1.

TMAs provide a potentially high-throughput platform for the identifi-
cation of tissue biomarkers in cancer. While the tools for the preparation of
TMAs have developed rapidly, the tools for automated TMA analysis are
still in their infancy, with pathologists still playing a key role in the
subjective visual interpretation of biomarkers.

1.5.3 Clinical examples: tissue-based morphology
1.5.3.1 The identification of tissue type in prostate histopathology

Prostate cancer is set to become the most common cancer in men. Figures
show that its incidence has been increasing since 1971. Around 22 000 cases
of prostate cancer are diagnosed in the United Kingdom each year.
Statistics reveal that deaths from prostate cancer have gradually declined
since the early 1990s, but mortality is still high; 9 500 men die from the
disease each year. A continuing challenge to the medical community is
to develop successful strategies for the treatment and early diagnosis of
prostate cancer. It has been suggested that automated machine vision
systems would form an element of this overall diagnostic strategy by
providing improved accuracy and reproducibility of diagnosis.

The study in [1] was designed to investigate how image analysis on
virtual slides as applied to prostate histology sections could be an early
marker for abnormal change. Texture analysis and morphological mea-
surements were made from images to allow the quantization of tissue type.
Within the study it was assumed that there would be three main types of
tissue: (1) stroma — fibro-elastic tissue containing randomly-orientated
smooth muscle bundles that act as a framework to support the prostatic
architecture; (2) normal tissue — prostatic tissue with increased amounts of
smooth muscle, glandular and/or stroma components; (3) prostatic ade-
nocarcinomas (PCa) — histologically diverse and having more than one
characteristic composition.

Both texture and morphological characteristics of the scene were used in
the classification of tissue. Texture analysis was appropriate for the identi-
fication of regions exhibiting greater homogeneity in structure. Conse-
quently, in the present example, texture was used to distinguish between
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piece of prostate histology approximately 30 x 20 mm in size (JPEG
format, 58 877 x 42 336 pixels). Regions A and B represent the main areas
of interest on this image, with both representing regions of PCa. The PCa in
region A has been identified, as has the glandular region D. Region C is an
area of lymphocyte aggregate, which has morphology similar to that of
poorly differentiated PCa and has been misclassified by the system.
Generally the system coped well in the analysis. However, it highlighted
some practical constraints on this form of analysis. The process time for this
analysis was 5.5 hours, which is clearly impractical for a routine automated
system. If such images are to be analysed in this manner then the move to
hardware-based systems will be a necessity. Making use of modern high-
performance computers, grid computers or field-programmable gate array
(FPGA) technology, for example, would result in a substantial speed
increase with the move to real-time image processing.

1.5.3.2 The identification and grading of cervical
intraepithelial neoplasia (CIN)

Cervical intraepithelial neoplasia (CIN; described in more detail in Chapter
2), also known as cervical dysplasia, is defined as the abnormal growth of
potentially pre-cancerous cells in the cervical epithelium. Dysplasia is used
to describe histological tissue changes and dyskaryosis is used to describe
cellular changes. Most cases of CIN remain stable and change is held within
the epithelium, or is eliminated by the immune system without interven-
tion. However, a small percentage of cases progress to become invasive
cervical cancer, usually cervical squamous cell carcinoma (SCC). Figure 1.8
shows a section of the cervix that is stained with H&E.

The grading of CIN is problematic, with poor inter/intra-observer
reproducibility. CIN represents a morphological continuum and biopsies
displaying CIN are classified into three grades (Chapter 2, Figure 2.9).
There are also difficulties in reliably distinguishing low-grade CIN from its
reactive stimulants such as koilocytosis (Chapter 2, Figure 2.7). CIN 1
represents low-grade dysplasia and is confined to the basal 1/3 of the
epithelium. CIN 2 is moderate-grade dysplasia confined within the basal
2/3 of the epithelium. CIN 3 represents high-grade dysplasia and occupies
>2/3 of the epithelium, and may involve full thickness (also referred to as
carcinoma in situ). CIN 3 is a precursor to invasive carcinoma of the cervix.

Due to the size of virtual slides and the time constraint in processing
them it is important to optimize the processing conditions. Processing
must mimic what a pathologist will do in the routine traditional exami-
nation of a slide. This can be highlighted in the identification of the












1.6 VIRTUAL MICROSCOPY IN EDUCATION 23

we can take these images into the diagnostic arena through the development
of automated devices for quantitative assessment. A major consideration in
implementing such systems will be the computational challenge in proces-
sing these images. The current PC/software framework will simply not
provide enough computational power, so hardware/high-performance com-
puting implementations will need to be evaluated.

1.6 Virtual microscopy in education

Pathology education for undergraduate medical and biomedical students
has traditionally been implemented using microscopy with standard glass
slides. Virtual microscopy is now offering an alternative approach to this
regime. Both the educator and the student have their views on the
effectiveness of this approach.

Virtual microscopy allows viewing of virtual slides by large numbers of
students or trainees over a computer network, thus avoiding the necessity
for them to be at a particular venue at a set time to attend a teaching or
training session. This can lead to a large reduction in the time and expense
required to organize and run these sessions. Traditionally, the students and
trainees would have viewed images generated by a digital camera mounted
on a microscope. Each person would have only been able to view the part
of the slide and objective magnification selected by the microscope
operator. Using Web-server software it is now possible for each person
to view a portion of the virtual slide selected by them at the magnification
they choose. Not only are there significant cost savings to be made but the
quality of the learning experience is enhanced. With the advent of wireless
networks it is possible to extend the accessibility of teaching and training
materials to make them available on portable and pocket computers/
devices to facilitate ‘anytime, anywhere’ learning.

Virtual microscopy provides several advantages over the traditional
approach: (1) the first, obvious one is that we do not need a microscope.
Microscopes are expensive to buy (and maintain) and are specific to a
microscopy class. Universities usually have an IT infrastructure in place and
the education sessions may now be implemented in general-purpose IT
suites; (2) digitized images may be archived to an image repository and
served out, facilitating sharing by many students (everyone may use and be
examined on the same material). Rare, valuable and one-off specimens
such as reference tissue biopsies, which cannot be duplicated or reproduced
because of limited samples, can be used for education; (3) There will
generally be no breakages as there will be minimal removal of slides from
archived storage; (4) students tend to assume that the microscope can
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simply be turned on and the slide viewed and tend to have little (or any)
knowledge on how the microscope should be optimized for use (e.g. Kohler
illumination). Virtual slides can always be presented in optimal state for
viewing.

Virtual microscopy implementations in education are held currently
within the domains of computer-aided learning (CAL) and self-directed
learning (SDL). Interest in the use of SDL has increased in recent years and
has received significant attention from academics. In many UK universities
many new programmes, practices and resources for implementing SDL
have been initiated. It is beyond the scope of this chapter to consider the
pros and cons of SDL, and valid arguments apply to both camps. However,
it is in this domain that virtual microscopy in education finds itself. Many
things are known about SDL, but most significant is that it empowers
learners to take increasingly more responsibility for various decisions
associated with the learning process and to explore this process themselves,
usually under the guidance of some computer-based (or approved Web
delivery system) mechanism. SDL is becoming an essential element in
medical/biomedical education due to the expansion of knowledge, acces-
sibility to information and greater emphasis on reflecting on issues learned.
So what is the role for virtual microscopy in this domain? Here virtual
microscopy is simply an enabling technology. How we use Internet and
computational methodologies as an adjunct to virtual microscopy provides
downstream functionality.

1.6.1 PathXL

PathXL is an online platform for hosting and managing virtual microscopy
and digital slide media for diagnostic pathology, laboratory medicine and
tissue-based research. It is a content-management system that permits the
hosting and management of virtual slides. This tool has a wide range of
functions that support e-learning, quality assurance and teleconsultation in
pathology.

The architecture of PathXL relies on Internet servers providing the
information that is presented on the PathXL Web site. Managers within this
system have full control over the look and feel of that Web site, how the
slide-based content is organized and how it is presented. Additionally, there
is no restriction to only managing virtual slides; other content such as
documents, standard images, Web sites and so on can be added to the
PathXL platform.

PathXL provides a dedicated online viewer for virtual slides. This viewer
can set interface notes and annotations, record movement through the
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1.6.3 Training

InView is a new software platform aimed at training pathologists and
biomedical scientists in diagnostic cytology and histology. InView uses a
completely innovative approach to education in diagnostic practice through
case-based diagnostic simulation using virtual microscopy, decision analysis
and instructional video. InView is developed by i-Path Diagnostics Ltd.,
Belfast, UK. All educational content is approved by The Royal College of
Pathologists Australasia (RCPA) and covers many diagnostic scenarios
(breast cytopathology Pap & Giemsa, urine cytopathology, cervical histopa-
thology, breast histopathology, skin histopathology, prostate histopatholo-
gy, salivary gland histopathology and neuro histopathology).

Products such as InView are emerging as a consequence of the virtual
microscopy revolution. Before the advent of virtual microscopy, educa-
tional products such as InView would have been impossible. InView and
products like it rely on the distribution (or Web delivery) of content. In this
case the bulk of the content is the virtual slide. Before virtual microscopy,
physical glass slides would have needed to be delivered with each instance of
the application, clearly a factor against the delivery of any such tools.

InView as a tool has grown out of medical decision support research,
where investigations were made into how medical/scientific professionals
actually make diagnostic decisions. The ability to quantitatively define how
decisions are made provides an inroad into being able to develop compu-
tational methods to assist in the process of diagnosis.

InView was developed around a methodology derived from the artificial
intelligence community — Bayesian belief probability and its extension
into belief networks. The explanation of how these modalities work is
beyond the scope of this chapter but suffice it to say InView provides a
well-recognized methodology for mimicking the diagnostic process nu-
merically. The only real problem with decision support within the medical
community is that of ‘do they really want it?” The answer is a vague no.
Handing over responsibility to a machine to make a diagnostic decision is
going just a bit too far. Public acceptance of machines helping in the
diagnostic process is at about the same level; society will always demand a
personal decision on diagnostic matters. So where does this leave decision
support? The methodology of InView provides a framework for the
establishment of a training regime [3].

InView provides an interface which implements diagnostic simulation
and guides the user through the diagnostic process with the aim of showing
the user how to make diagnostic decisions. A pathological decision in any
diagnostic scenario is usually made by observing a sequence of clues and
observing the severity of each clue in the case. Here subjectivity comes into
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implemented in a similar manner by all practitioners, independent of
country. However, there are major differences in the training that is
required and the manner in which practitioners are certified. In the
United States, 85% of practitioners are certified, and usually this is
considered a measure of quality. Certification is through the American
Board of Pathology (ABP), which has been operating since 1936. A recent
change in the board’s approach is the implementation of maintenance-of-
certification (MOC), and over the coming years there will almost certainly
be an implementation of such programmes worldwide. These programmes
will address many issues, such as learning, but an important consideration
will be the monitoring of cognitive expertise, which essentially means
the maintenance of diagnostics skills. This, as on most programmes, is
currently implemented via examination at a remote site on an annual basis,
although there is an acknowledgement that this could be moved to a World
Wide Web modality given security considerations. Virtual microscopy may
have an important role to play in this form of monitoring. The ABP has
initiated the introduction of virtual microscopy into its programmes.
Currently a small percentage of questions are offered virtually, usually for
biopsies where there would not be enough material to produce sufficient
glass slides. However, this is likely to snowball and the likelihood is that
before long the complete cycle of certification and testing from any
organizational body will be online with the use of virtual microscopy.

1.7 Computational aspects of virtual microscopy

Image analysis is a powerful technique used to extract useful quantitative
information from images; this usually refers to the analysis of digital images
using computerized techniques such as pattern recognition (morphology),
texture analysis, densitometry and digital signal processing. Since medical
images are composed of distinct shapes, patterns and colours, image-
processing techniques can be used to quantifiably analyse them. By merging
image analysis and virtual microscopy we can unlock the true potential of
virtual slides. However, image analysis of virtual slides is not a straightfor-
ward task. Unlike radiology images, virtual slides cannot be opened by
imaging software such as general-purpose manipulation tools (Adobe
Photoshop). Some platforms are beginning to come into use that can deal
with virtual slides (ImagePro Plus). This is due to two factors: image size
and format.

Virtual slides can be many gigabytes in size and contain more than a
billion pixels, and as a result automated image analysis is extremely time-
consuming. As we have seen from the example of the identification of tissue
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type in prostate histopathology above, automated analysis can take up to
5.5 hours, obviously making routine automated analysis of an entire slide
impractical [1].

Another factor which makes image analysis of virtual slides challenging is
image format. As we have discussed above, virtual slides are generally
compressed using JPEG/JPEG2000, with each scanner manufacturer using
its own proprietary image file format, for example Hamamatsu virtual slides
are. NDPI (NanoZoomer Digital Pathology) files, which are loosely based
on stripped tiff images, typically JPEG-compressed and use the blue, green,
red colour model. Aperio store their images as.SVS (ScanScope Virtual
Slide) files, which are standard pyramid TIFF images, JPEG- or JPEG2000-
compressed and use the red, green, blue, alpha colour model. A detailed
understanding of this underlying file format, compression type and colour
model is necessary before any image analysis can be conducted. With an
increasing number of scanner manufacturers, each with a unique image
format, algorithm development is both difficult and time-consuming.
Ideally, virtual slides should be in a standard open format, promoting and
encouraging the development of imaging algorithms.

These problems can be solved in a number of different ways. Aperio has
developed a plug-in to allow MATLAB and ImagePro Plus to run algo-
rithms directly on a ScanScope Virtual Slide image. However, algorithms
developed using this approach won’t run on any slides scanned using any of
the other scanning manufacturers and obviously this approach will not
solve the speed issue. The only way to rapidly analyse slides is to use
dedicated high-performance hardware. There are a wide variety of tech-
nologies that offer solutions to the problem on the market, which can be
grouped together under the following headings: (1) high-performance
computing; (2) grid computing; (3) other hardware methodologies.

1.7.1 High-performance computing

A high-performance computer is built to be state-of-the-art in terms of
technology, particularly in regards to processing capacity and speed of
processing. They have been around since the 1960s and were designed
primarily by Seymour Gray. Early supercomputers were simply computers
with very fast scalar processors. Today supercomputers are parallel designs
based on off-the-shelf processors combined with specialist interconnects
and are mainly highly-tuned high-performance clusters (HPC), which can
be seen in Figure 1.15.

A high-performance computer is a number of linked nodes (computers)
interconnected via a dedicated high-speed network to form a single
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clusters, a system for the rapid, high-throughput automated analysis of
TMAs can be developed.

The biomedical imaging and informatics research group at the Centre for
Cancer Research & Cell Biology (CCRCB), Queen’s University Belfast has
been developing such a system for the rapid analysis of TMAs using a high-
performance cluster. The system works by identifying each of the cores in
the TMA using a semi-automated core-identification system. The coordi-
nate positions of the cores on the TMA virtual slide are then stored in a
database. Now that the position of each of the cores is known, the high-
performance cluster can begin the image analysis. The cluster works on the
standard manager/worker model, where the cluster is divided up into a
single manager and many worker nodes. The manager node is responsible
for giving the worker nodes work. The manager node has access to the
coordinate position of each of the cores. The worker nodes request work
from the manager node, which sends out the coordinate positions of the
cores that need to be processed. The worker node then dips into the virtual
slide and extracts the next core that needs to be processed, performs the
image analysis and sends the result back to the manager node, which stores
the results in a database. This cycle continues until all the cores in the TMA
have been processed.

1.7.2 Grid computing

Grid computing is another style of parallel computing whereby a virtual
supercomputer is formed from a cluster of networked computers acting
in unison to perform very large tasks. What distinguishes it from cluster
computing is that grids tend to be heterogeneous and geographically
dispersed, and to consist of standard desktop computers connected via
a standard office Ethernet or through the Internet. It is most commonly
used for computationally-intensive scientific tasks such as drug discovery,
economic forecasting and the search for extraterrestrial intelligence.
Grids work by dividing a task into subtasks, which are farmed out to
spare processors. The progress of the subtasks is monitored and if they fail
the task is restarted. Results are collected and collated by the grid com-
puting engine. The Oxford Cancer Project [4] used grid computing for
computational drug discovery. A specialist screensaver was developed to
harness the computing power of millions of computers to build a database
of 3.5 billion molecules with known routes to synthesis. These compounds
were screened using a process known as ‘virtual screening’, where analysis
software identified molecules that interacted with proteins and determined
which of the molecular candidates was likely to be developed into a drug.
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IBM is very influential in the area of grid computing and has established a
world community grid to solve problems that benefit humanity. The grid
works by utilizing thousands of PCs throughout the world. Idle computers
request data from a specific project on the world community grid server.
They perform some computations on this data and feed the results back
into the community server. One project that is being run on the grid is the
‘Help Defeat Cancer Project’, which uses advanced image processing and
pattern recognition techniques to determine the protein expression level in
TMAs. The grid speeds up this process dramatically and can analyse 130
years of computation in one day. The long-term goal of the project is to
build up a comprehensive library of biomarkers and their expression
patterns that can be consulted to find the most appropriate treatment for
a specific type of cancer.

The major disadvantage of grid computing is that it is only suitable for
CPU-intensive applications, and not for applications which require a lot
of data transfer. This is because the data is sent out over standard Ethernet
or an Internet connection using TCP/IP as the transfer protocol. TCP/IP
divides data up into packets and ensures each packet arrives at its destina-
tion before sending out another one. This means the system has a high fault
tolerance but at the expense of communication. If there is a vast amount of
data to be sent out the network can become a limiting factor and slow down
the application. For communication-intensive applications, clusters of
FPGAs are a better choice.

1.7.3 Field-programmable Gate Array (FPGA)

An FPGA is a hardware device that slots into the PCI slot of a desktop PC
and acts as an additional processing device. FPGAs were invented in 1984
and consist of programmable logic blocks and interconnections. They are
typically parallel devices and can contain hundreds of specially-developed
processors. The speed increase is not due to their parallel nature but is
because the algorithms are programmed in hardware rather than software.
Typical applications of FPGAs include medical imaging and computer
vision.

ClearSpeed technology is a hardware acceleration technology specifi-
cally designed for high-performance computing. It makes a range of
accelerator boards that slot into the PCI slot. These boards are not strictly
speaking FPGAs but are known as attached processors or co-processors.
One product is the ClearSpeed CSX600 Advance Accelerator Board,
which provides up to 50 GFLOPS of sustained performance (the equiva-
lent of five workstations) while using just 25 W of power. The accelerator
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board consists of two CSX600 processors. Each processor has 96 cores,
and it is the world’s fastest and most power-efficient 64-bit floating point
processor. The accelerator board works by accelerating standard math
libraries used by common mathematical and image-processing platforms
such as MATLAB. This means that software engineers get a performance
gain without having to change their code. When a call is made by an
application to a ClearSpeed-supported library the computer calculates
whether the function is worth offloading to the accelerator board. If it is,
the answer is calculated on the ClearSpeed board and sent back to the
host computer.

The accelerator board can be used to accelerate a standard desktop PC
or can be used in high-performance computers to give a performance
boost. The ninth-fastest supercomputer in the world was given a 24%
performance boost by adding 360 ClearSpeed Advance boards, without
the need to add any additional facilities and only increasing the power
requirements by a single percent. ClearSpeed has the potential to be used
in the acceleration of analysis from virtual slides in a number of ways. It
can be combined with a cluster to give an extra speed boost, or it can be
added to a standard desktop PC to create a low-cost imaging analysis
solution. In this guise it may potentially integrate into the scanner-
controlling software. The benefit of this is that the virtual slides are
local to the computational device, thus avoiding the necessity to transfer
images to a remote analysis engine, which may be the case for the HPC and
grid solutions.

1.8 Conclusions

Current microscopy technology using the conventional microscope has
reached a tipping point in its existence. The digital information age and
the introduction of virtual microscopy into these domains are set to
revolutionize current practices. In today’s environment, virtual micros-
copy has shown itself to have a significant role in pathology applications.
Initially we will appreciate ever-increasing uses in the delivery of educa-
tion, in clinical meetings (multi-disciplinary meetings) and in roles
within quality assurance programmes. Eventually virtual microscopy will
become a standard tool in routine diagnostics. For now there is a feeling
within the pathological/scientific community that virtual microscopy
should be regarded as a useful adjunct to conventional microscopy. This
will change with time through advances in the scanning equipment,
efficient remote delivery of virtual slides and increases in resolution on the
viewing platform.
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