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"We are here to add what we can to life, not to get what we can from it." 

 

quote credited to Sir William Osler, renowned Canadian physician and student of 

Rudolf Virchow, German physician and founder of cellular pathology 
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ABSTRACT 

Cancer is a significant and growing public health concern. According to the World 

Health Organisation's estimates it is – after cardiovascular diseases – the second 

leading cause of death worldwide. Excluding non-melanoma skin cancers the most 

common types of cancer are for women breast cancer and for men lung cancer 

followed by prostate cancer. 

While the biological understanding of cancer has expanded, so too has the 

selection of available treatments. More than one fourth of all new medicines 

entering the market during 2010-2018 were for treating cancer. In order for a 

patient to benefit from the wide variety of cancer treatments, and avoid adverse 

effects, their unique cancer has to be matched with the appropriate treatment. For 

this the cancer needs to be both diagnosed accurately and classified in detail. 

Although non-invasive imaging methods, such as magnetic resonance imaging, 

have evolved substantially in recent years, the basis of cancer diagnosis is still in 

histopathology, that is, the pathological evaluation of tissue removed through 

surgery or needle biopsy. The light microscope has remained the pathologist's main 

diagnostic tool for a century and a half allowing for the examination of tissue down 

to cellular – and even subcellular – level. Important adjuncts to routine 

histopathological staining of tissue, needed for light microscopy, are techniques 

allowing for the visualization of protein antigens and nucleic acid in the tissue. 

These techniques, among which are immunohistochemistry and in situ 

hybridization, respectively, can be used for instance in the molecular 

characterization of cancer. 

There are challenges in meeting the need for accurate diagnosing and 

characterization of cancer. One such challenge is posed by the shortage of 

pathologists observed in Finland and elsewhere. Another challenge is the variability 

in the interpretation of the tumor growth pattern (grading, such as Gleason grading 

in prostate cancer) and in the interpretation of certain tissue staining patterns (such 

as the immunohistochemical staining of the HER2 molecule in breast cancer). This 

variability manifests itself both between pathologists (interobserver variation) and 

also in the same pathologist's work over time (intraobserver variation). A third 
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challenge is presented by the fact that the light microscope – although a reliable, 

cheap, and easy-to-use diagnostic tool – has shortcomings in the modern day 

pathology service. 

Digital histopathology presents a new way of carrying out the central task of a 

pathologist in managing cancer patients, namely making the diagnosis and 

characterising the tumor in detail. Making the shift from a light microscope to a 

computer environment offers many benefits, some of which have been examined 

in this dissertation. 

The present study was carried out with the purpose of developing and testing 

applications of digital pathology in order to improve the histopathological 

diagnosis of cancer. The individual studies looked at advancing the teaching and 

standardization of Gleason grading or prostate cancer, aiding in the interpretation 

of immunohistochemical staining of prostate and breast cancer, as well as 

facilitating the implementation of digital pathology by way of a novel whole slide 

image optimised image compression algorithm and mapping the determinants of 

an optimal imaging resolution for a whole slide scanner. 

We demonstrated that whole slide images can be used to assess the Gleason 

grade of a prostate biopsy and that the use of an internet based platform can be 

beneficial in assessing interobserver variation in the grading and teaching and 

standardising the grading. 

Besides Gleason grading another important aspect of prostate histopathology is 

the interpretation of immunohistochemistry. We created a method of viewing two 

whole slide images simultaneously and synchronously and tested this method in 

visualising the AMACR-p63 double stain along with normal hematoxylin and eosin 

staining of prostate biopsies. We showed that this technique can be used for 

histopathology education as well as in clinical diagnostics in selected cases. 

A key issue in breast cancer diagnostics is defining the HER2 status of a tumor, 

that is, whether the tumor overexpresses the molecule and can then be treated with 

HER2 antibody based drugs. We studied the use of digital image analysis, using 

both photomicrographs and whole slide images, in aiding the pathologist in 

defining the HER2 status on a breast cancer surgical resection specimen. We 

showed that using a free and publicly available image analysis software can help to 

resolve cases otherwise deemed equivocal by conventional light microscopy. 

The introduction of digital histopathology into routine diagnostic work is 

underway. One technical challenge is managing the large amounts of image data 

generated by whole slide images. When there is a need to store large numbers of 

whole slide images it is essential to strike a balance between image fidelity and file 
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size. To deal with this issue we studied the optimal imaging resolution of a whole 

slide scanner using a methodology that can be utilised for instance in comparing 

whole slide scanners before acquiring one. In addition we introduced a novel way 

of image compression suited for whole slide images in order to reduce the storage 

footprint, and cost, of whole slide images. 

The first two studies in this dissertation represent the very beginnings of whole 

slide imaging in pathology, and the field has advanced since then, perhaps in small 

part due to the findings in these studies. Taken together, the findings in this 

dissertation can hopefully advance the use of digital pathology in cancer diagnostics 

and thereby improve the care of cancer patients.  
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TIIVISTELMÄ 

Syöpä on merkittävä ja yleistyvä kansansairaus. Maailman terveysjärjestön mukaan 

syöpä on maailmanlaajuisesti toiseksi yleisin kuolinsyy sydän- ja verisuonitautien 

jälkeen. Jos ei-melanoottisia ihosyöpiä ei oteta huomioon, ovat tavallisimmat 

syöpätyypit naisilla rintasyöpä ja miehillä keuhkosyöpä ja eturauhassyöpä. 

Sitä mukaa kun syövän biologisten syntymekanismien ymmärrys on lisääntynyt, 

ovat myös hoitovaihtoehdot lisääntyneet. Useampi kuin joka neljäs uusi lääke, joka 

lanseerattiin vuosina 2010-2018, oli tarkoitettu syövän hoitoon. Jotta potilas voisi 

hyötyä tarjolla olevasta laajasta syöpälääkevalikoimasta ja minimoida lääkkeiden 

haittavaikutukset, tulee hoito kohdistaa hänen yksilölliseen syöpäänsä. Tätä varten 

syöpä on sekä diagnosoitava luotettavasti että luokiteltava yksityiskohtaisesti. 

Vaikka kajoamattomat kuvantamistutkimukset kuten magneettikuvaus ovat 

viime vuosina kehittyneet huomattavasti, on syöpädiagnostiikan perusta edelleen 

histopatologiassa eli leikkauksessa tai neulanäytteenotossa poistetun kudoksen 

mikroskooppisessa tutkimuksessa. Valomikroskooppi on pysynyt patologin 

pääasiallisena työvälineenä yli puolentoista vuosisadan ajan. Se on sallinut kudoksen 

tarkastelun aina solutasolle saakka ja jopa sitä pienempiin rakenteisiin. Tärkeitä 

lisätutkimuksia tavallisen valomikroskooppisen tutkimuksen lisäksi ovat 

proteiiniantigeenien osoittamistutkimukset, kuten immunohistokemia ja in situ -

hybridisaatio, joita voidaan käyttää syöpäkudoksen luokittelemiseen. 

Syövän tarkalla diagnosoimisella ja luokittelulla on haasteensa. Yksi sellainen on 

Suomessa ja ulkomailla vallitseva pula patologeista. Toinen haaste liittyy kasvainten 

välisen vaihtelun arviointiin, joka on tärkeää kasvainten kasvutaipumuksen 

luokittelussa (esim. eturauhassyövän Gleason-luokitus) ja tiettyjen värjäysten 

tulkinnassa (esim. rintasyövän HER2-värjäytyminen). Todellisen biologisen 

vaihtelun lisäksi vaihtelua esiintyy patologien välisissä arvioissa (interobserver 

variation) sekä saman patologin luokitteluissa eri ajan hetkellä (intraobserver 

variation). Kolmas haaste on itse valomikroskooppi. Vaikka se on luotettava, halpa 

ja helppokäyttöinen diagnostiikkalaite, on sillä omat puutteensa modernin 

patologian laboratorion työnkulussa. 



 

xi 

Digitaalihistopatologia edustaa uutta tapaa toteuttaa patologin pääasiallinen 

työtehtävä syöpäpotilaan hoidossa: asettaa diagnoosi ja luokitella syöpä 

yksityiskohtaisesti. Siirtyminen valomikroskoopista tietokoneympäristöön tarjoaa 

monia etuja, joista muutamia on tutkittu tässä väitöskirjassa. 

Tämän tutkimuksen tarkoituksena oli kehittää ja testata digitaalipatologian 

sovelluksia syöpädiagnostiikan parantamiseksi. Osatöissä tutkittiin eturauhassyövän 

Gleason-luokituksen opettamista ja standardointia, rinta- ja eturauhassyövän 

immunohistokemiallisten värjäysten tulkintaa, digitaalinäytteille kehitettyä 

kuvanpakkausmenetelmää, sekä näyteskannerin optimaalisen kuvausresoluution 

määrittämistä. 

Väitöskirjassa osoitetaan, että digitaalinäytteitä voi käyttää eturauhaskoepalan 

Gleason-luokituksen tekemiseen ja että internet-pohjainen ohjelma voi edistää 

tulkitsijoiden välisen vaihtelun määrittämistä sekä Gleason-luokituksen opettamista 

ja standardisointia. 

Gleason-luokituksen ohella toinen tärkeä osa eturauhassyövän histopatologiaa 

on immunohistokemiallisten värjäysten tulkinta. Tässä väitöskirjassa esitetään 

menetelmä, jolla kahta digitaalinäytettä voidaan tutkia yhtäaikaisesti ja 

synkronoidusti. Menetelmää testattiin eturauhassyövän immunohistokemiallisella 

AMACR–p63-kaksoisvärjäyksellä yhdessä rutiininomaisen hematoksyliini–eosiini-

värjäyksen kanssa. Tutkimuksessa osoitettiin, että tekniikkaa voidaan käyttää 

hyväksi histopatologian opetuksessa ja valikoiduissa tapauksissa kliinisessä 

diagnostiikassa. 

Keskeinen asia rintasyövän diagnostiikassa on HER2-statuksen tutkiminen, 

koska kasvaimia, joissa HER2 on yli-ilmentynyt, voidaan hoitaa anti-HER2-

lääkkeillä. Yhdessä osatöistä tutkittiin digitaalisen kuva-analyysin käyttöä niin 

valomikroskooppikuvilla kuin digitaalinäytteillä tarkoituksena auttaa patologia 

määrittämään kirurgisesti poistetun kasvainkudoksen HER2-status. Työssä 

osoitettiin, että ilmaista ja kaikille avointa ohjelmistoa käyttämällä voitiin vähentää 

HER2-statuksen suhteen vaikeatulkintaisten tapausten määrää. 

Digitaalihistopatologian käyttöönotto rutiinidiagnostiikkaan on laajentumassa 

nopeasti. Yksi tekninen haaste on digitaalinäytteiden vaatiman suuren 

tallennuskapasiteetin hallinta. Tarve tallentaa suuria määriä tietoa edellyttää 

digitaalinäytteiden kuvanlaadun ja tiedostokoon yhteensovittamista. Yhdessä tämän 

väitöskirjan osatöistä tutkittiin skannerimikroskoopin optimaalisen 

kuvausresoluution määrittämistä. Menetelmää voidaan hyödyntää esimerkiksi 

vertailtaessa skannereita ennen hankintaa. Toisessa osatyössä esiteltiin uusi 

kuvanpakkausmenetelmä, joka suunniteltiin varta vasten histopatologisia 



 

xii 

digitaalinäytteitä varten niiden tiedostokoon minimoimiseksi ja siten 

tallennuskustannusten pienentämiseksi. 

Tämän väitöskirjan kaksi ensimmäistä osatyötä edustavat digitaalipatologian 

alkutaivalta ja tutkimuskenttä on kehittynyt sittemmin, mahdollisesti pieneltä osin 

edellä mainittujen tutkimusten löydösten myötä. Yhteenvetona osatyöt toivottavasti 

vievät digitaalipatologian alaa eteenpäin ja siten edesauttavat syöpäpotilaiden 

hoitoa.  
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SAMMANFATTNING 

Cancer är en växande folksjukdom. Enligt Världshälsoorganisationens 

uppskattningar är cancer den näst vanligaste dödsorsaken i världen efter hjärt- och 

kärlsjukdomar. Med undantag för icke-melanom hudcancer är de vanligaste 

cancerformerna för kvinnor bröstcancer och för män lungcancer efterföljt av 

prostatacancer. 

I takt med att den biologiska förståelsen för cancer har ökat har också urvalet av 

cancerbehandlingar vuxit. Mer än var fjärde av alla nya läkemedel som lanserades 

under 2010-2018 var till för att behandla cancer. För att en patient ska dra nytta av 

det stora utbudet av cancerbehandlingar och undvika biverkningar måste hennes 

unika cancer paras ihop med rätt behandling. Detta kräver både korrekt diagnos 

och noggran klassifikation av cancern i fråga. 

Även om icke-invasiv bilddiagnostik, såsom magnetkameraundersökning, har 

utvecklats påtagligt under senare år utgörs fortfarande grunden i cancerdiagnostik 

av histopatologi, det vill säga den mikroskopiska undersökningen av vävnad 

avlägsnad kirurgiskt eller med nålprovtagning. Ljusmikroskopet har kvarstått som 

patologens huvudsakliga diagnostiska instrument under ett och ett halvt sekel. Det 

möjliggör undersökningen av vävnad ända till cellulär och även subcellular nivå. 

Förutom morfologisk undersökning av färgade vävnadssnitt kan man använda sig 

av metoder som visualiserar proteinantigen och nukleinsyra i vävnaden. Dessa 

tekniker, inklusive immunhistokemi och in situ hybridisering, kan användas för 

molekylär profilering av cancer. 

Det finns utmaningar i att uppfylla kravet för korrekt och detaljerad 

karaktärisering av cancer. En sådan är bristen på patologer som konstaterats i 

Finland och annanstans. En annan utmaning är den variabilitet som existerar i hur 

man bedömer olika egenskaper i vävnaden, till exempel differentieringsgraden av 

en tumör (till exempel med Gleasonsystemet när det gäller prostatacancer) eller 

vissa färgningsmönster (till exempel den immunhistokemiska färgningen av HER2-

molekylen i bröstcancerpreparat). Denna variabilitet manifesterar sig både mellan 

olika patologer (så kallad interobservervariaton) och i hur en och samma patolog 

bedömer preparat över tid (intraobservervariation). En tredje utmaning utgörs av 
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det faktum att även om ljusmikroskopet är ett pålitligt, billigt och lättanvändligt 

diagnostiskt verktyg har den vissa tillkortakommanden i dagens moderna 

patologilaboratorium. 

Digital histopatologi representerar ett nytt sätt att genomföra patologens 

centrala roll i handläggningen av cancerpatienter, nämligen diagnosticeringen och 

karaktäriseringen av tumören. Att byta från ljusmikroskopi till digital mikroskopi 

medför många fördelar varav några har undersökts i denna avhandling. 

Målet med den här avhandlingen var att utveckla och testa tillämpningar av 

digital patologi i syfte att förbättra den histopatologiska cancerdiagnostiken. De 

individuella studierna behandlar dels bröst- och prostatacancer (undervisningen 

och standardiseringen av Gleason-gradering för prostatacancer samt tolkningen av 

immunohistokemi vid bröst- och prostatacancer) och dels digital patologi i 

allmänhet (utvecklingen av en ny bildkompressionsmetod optimerad för digitala 

histopatologiska preparat samt utvecklingen av en metod för att kartlägga den 

optimala digitaliseringsupplösningen för preparatscanners). 

Denna avhandling påvisade att digitala preparat kan användas för Gleason-

graderingen av prostatabiopsier och att användningen av ett internetbaserat 

program kan uttnyttjas i studerandet av interobservervariation samt i 

undervisningen och standardiseringen av Gleason-gradering. 

Förutom Gleason-graderingen är en annan viktig aspekt av 

prostatahistopatologi tolkningen av immunhistokemi. I en av delstudierna beskrivs 

en metod för att visualisera två digitala preprat samtidigt och synkront. Denna 

metod testades med AMACR–p63-dubbelfärgning samt vanlig hematoloxylin–

eosin-färgning. Den här dubbelvisualiseringstekniken kan användas för 

undervisning samt för rutindiagnostik i utvalda fall. 

En viktig komponent i bröstcancerdiagnostiken är bestämmandet av om 

tumören överuttrycker molekylen HER2 eftersom det har en direkt koppling till 

vare sig man kan använda anti-HER2-läkedemel mot cancern i fråga. I denna 

avhandling undersöktes användningen av digital bildanalys, med både 

mikrofotografi och hela digitala preparat, som stöd för patologens tolkning av 

HER2-status i operationspreprat från bröstcancrar. Det visade sig att användandet 

av ett fritt och allmänt tillgängligt datorprogram för bildanalys kan underlätta för 

patologen att lösa annars problemtiska fall med avseende på HER2-status. 

Införandet av digital patologi i rutindiagnostik är i antågande. Ett tekniskt 

hinder är hur man handskas med den stora mängd bilddata som genereras av hela 

digitaliserade histopatologiska preparat. Ju fler digitala preparat som man måste 

lagra desto större är kravet att balansera bildkvalitén med filstorleken. För att 
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hantera denna situation undersöktes hur man bestämmer den optimala 

scanningupplösningen för en preparatscanner. Den metod som utvecklades kan 

användas i framtiden för till exempel jämförandet av olika preparatscanners. 

Dessutom utvecklades en ny bildkompressionsmetod avsedd för hela digitala 

histopatologipreparat med avsikt att reducera filstorleken och på så sätt behovet 

och kostnaden av lagringsutrymme. 

De två första delstudierna i denna avhandling representerar själva början av 

digital patologi och fältet har utvecklats sedan dess, möjligen dels tack vare fynden i 

nämnda studier. Tillsammans kan resultaten av denna avhandling förhoppningsvis 

hjälpa till att utöka användandet av digital patologi i cancerdiagnostiken och på så 

sätt befrämja vården av patienter med cancer. 
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1 INTRODUCTION 

Cancer is a significant and growing public health concern. According to the World 

Health Organisation’s estimates (2018a) it is – after cardiovascular diseases – the 

second leading cause of death worldwide. In 2018 there were 18 million new 

cancer cases and 9.5 million cancer-related deaths in the world (International 

Agency for Research on Cancer, 2020). By the year 2040 the number of new cancer 

cases is projected to rise to 29.5 million globally. The reasons for rising cancer rates 

are thought to include population growth and ageing as well as social and 

economic development (International Agency for Research on Cancer, 2018). 

Worldwide the cancer types with the highest recorded incidences are for women 

breast cancer (estimated 24% of all cancers in women in 2018) and for men lung 

cancer followed by prostate cancer (estimated 14.5% and 13.5%, respectively, of all 

cancers in men in 2018). Breast cancer is globally the leading cause of cancer death 

in women (estimated 15% of all cancer deaths in women). For men, globally, 

prostate cancer comes fourth (estimated 6.7% of cancer deaths in men) after lung, 

liver and stomach cancers (accounting for 22%, 10.2% and 9.5% of cancer deaths 

in men, respectively) (International Agency for Research on Cancer, 2020). 

Prostate cancer occurs only in men whereas breast cancer predominantly in 

women; the incidence of breast cancer in men is 1% of that in women (Lester, 

2015). 

These incidence and mortality figures probably underestimate the number of 

non-melanoma skin cancers because of difficulties in obtaining reliable data (Lucas 

et al., 2006). Non-melanoma skin cancer is mainly made up of basal cell cancer 

(roughly 80%) and squamous cell cancer (roughly 20%) whose global incidences in 

2000 were estimated as 10.5 million and 2.9 million, respectively. These can be 

compared with the global incidences of lung (2.1 million), breast (2.1 million) and 

prostate cancer (1.3 million) in 2018 (International Agency for Research on Cancer, 

2020). 

Cancer affects countries and peoples with high and low living standards alike. 

Whereas developed countries have traditionally had high incidence rates, 

developing populations are affected particularly severely: about 70% of deaths 
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from cancer occur in low- and middle-income countries (World Health 

Organization, 2018b). 

Instead of a single disease entity, cancer is better understood as a group of 

diseases affecting different organs in different ways, although sharing common 

pathophysiological features. While the biological understanding of cancer has 

expanded, so too has the selection of available treatments. More than one fourth of 

new medicines entering the market during 2010-2018 were for treating cancer 

(Tufts Center for the Study of Drug Development, 2019). 

To choose the best therapy for a patient the treating doctor has to know the 

specific type of cancer the patient has. With the great variety of cancer treatments 

currently available the need for a detailed and accurate diagnosis and classification 

of cancer is greater than ever before. A challenge in meeting the need for an 

accurate diagnosis without undue delay is presented by pathologist shortages 

reported in the United States (Metter et al., 2019) and the United Kingdom (The 

Royal College of Pathologists, 2018) as well as Finland (Mälkiä, 2015; Hänninen & 

Liljeberg, 2019). Many developing countries are of course persistently underserved 

with regard to pathology services (Tsang & Kovarik, 2010). 

Although non-invasive radiological imaging methods, such as magnetic 

resonance imaging, have evolved substantially in recent years (Tonttila, 2020), the 

basis of cancer diagnosis is still in the pathological evaluation of tissue removed 

through surgery or needle biopsy, that is, histopathology (Gress et al., 2017). In 

histopathology light microscopy is used to visualize tissue architecture and cellular 

structures using visible light and special optics. To be able to discern microscopic 

details, the tissue specimen must be fixed (i.e. preserved, usually using formalin, a 

solution of formaldehyde and water), embedded (usually in paraffin wax), cut into 

thin sections, mounted on a glass slide and stained, so as to allow light to pass 

through the tissue and permit examination of the tissue details (Muskett, 2012). 

Immunohistochemistry (IHC) is an adjunct to the morphological evaluation of 

tissue enabling the visualization of protein structures called antigens through 

binding with specific antibodies labeled with color bearing chromogens (Orchard 

& Javed, 2012). In situ hybridization (ISH) is similar to IHC with the exception of 

visualizing nucleic acid (DNA or RNA) by hybridization with specific probes. Two 

common methods of visualising in situ hybridization is by fluorescent dye 

(fluorescence in situ hybridization, FISH) and chromogens (chromogenic in situ 

hybridization, CISH) (Cullen et al., 2012). 

The light microscope has remained the histopathologist’s main diagnostic tool 

for over a century and a half (van den Tweel & Taylor, 2010). It permits the 
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examination of tissue down to cellular – and even subcellular – level, but it has 

important shortcomings regarding its usability in the modern healthcare setting. 

The light microscopic diagnosis requires that the microscope, the slide and the 

pathologist are all in one place. The microscopic slide is unique and can break or 

be misplaced. The standard microscope furthermore only permits one viewer to 

examine the slide at a time with the exception of multi-viewer microscopes which 

are nor available in every pathology department. Lastly, quantitative microscopic 

evaluation, that is, carrying out measurements on the tissue, is cumbersome. 

Advances in information and communication technology, including digital 

photography, high speed internet access, computational power and digital data 

storage have enabled the development of digital microscopy systems (Sucaet & 

Waelput, 2014a). These systems have permitted addressing the usability issues of 

conventional light microscopy and extending its diagnostic power. This thesis 

examines the development and evaluation of digital pathology applications in the 

histopathological diagnostics of cancer, in particular breast and prostate cancer.  
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2 REVIEW OF THE LITERATURE 

2.1 A brief history of light microscopic imaging 

The light microscope is an instrument that uses visible light and lenses made from 

specially ground glass to produce magnified images of objects (Abramowitz, 2003). 

Light microscopes are divided into simple and compound ones, where the former 

have a single lens and the latter two or more lenses or lens systems. A magnifying 

glass is a form of a simple microscope whereas modern microscopes are all 

compound ones by design. 

The compound light microscope was invented in the late sixteenth or early 

seventeenth century (Ball, 1966; Abramowitz, 2003). The Dutch lens-makers Hans 

and Zacharias Jansen, father and son, are often cited as being first in producing this 

kind of a microscope. Some other pioneers of light microscopy are the Dutch 

scientist Antonie van Leeuwenhoek, and the English scientist Robert Hooke. 

Leeuwenhoek advanced the production of high quality microscope lenses and 

made scientific discoveries of microorganisms while Hooke was the first person to 

visualize a biological cell using a microscope. 

The introduction of the microscope in pathology, and the foundation of 

histopathology, occurred in the middle of the nineteenth century, and can be 

attributed in large part to the German scientists Johannes Müller and Rudolph 

Virchow (van den Tweel & Taylor, 2010; Hajdu, 2005). Müller was Virchow’s 

mentor and encouraged Virchow to study the pathological changes in tissues 

microscopically. Virchow eventually founded cellular pathology, in which disease is 

conceptualized on the cellular level instead of the level of organs, thus laying the 

ground for modern scientific pathology. 

At the end of the nineteenth century microscope optics had been improved by 

the introduction of so called achromatic objectives, a means to manufacture them 

precisely, and the principle of standardized so called Köhler illumination 

(Abramowitz, 2003). Achromatic microscope objectives correct for some 

chromatic aberration, that is, the optical defect in the microscopic image resulting 

from different wavelengths of white light being refracted differently. 
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While the optics of the light microscope have gone through further 

development, such as the introduction of apochromatic objectives (producing even 

higher quality images with even less chromatic aberrations than achromatic 

objectives), pioneered by the German physicist Ernst Abbe, it can be argued that 

no fundamental improvements have been made to the design of the instrument in 

over a hundred years (Abramowitz, 2003; Nature, n.d.). 

Photomicrography, or microscopic photography, emerged in the nineteenth 

century (Morrison & Gardner, 2015; Overney & Overney, 2011; Jardim & Peres, 

2014). The English scientist William Henry Fox Talbot is often cited as the first 

person to have successfully taken microscopic photographs. Initially the images, 

which lacked color, were formed on bulky slides and plates and the photographic 

process was both laborious and difficult to master. A major breakthrough in both 

ease-of-use and image quality came in the 1930s when the first high quality three-

colored multilayered photographic films were introduced into the commercial 

market. 

In the 1950s and 1960s new imaging techniques called video microscopy and 

television microscopy started to emerge so as to allow making histopathological 

diagnoses over a distance (Krupinski et al., 2016). These techniques, together 

forming the beginnings of telepathology, are imaging methods in which the analog 

video image from a microscope is sent to a remote location for visual analysis with 

the microscope still being operated on-site. 

The term telepathology was first used in 1986 by pathologist Ronald Weinstein 

(Weinstein, 1986) who also invented the first dynamic-robotic telepathology system 

in which the viewer controls the microscope remotely (Weinstein et al., 1987). In 

parallel with the introduction of dynamic-robotic telepathology another method, 

called static telepathology, was being developed. In this approach individual static 

images, captured by a pathologist on-site, are transmitted to an off-site pathologist 

for analysis. Telepathology is nowadays defined in the medical subject headings 

database (MeSH) as ”transmission and interpretation of tissue specimens via 

remote telecommunication, generally for the purpose of diagnosis or consultation 

but may also be used for continuing education” (U.S. National Library of 

Medicine, n.d.). 

The invention of the virtual microscope in the 1980s and its first commercial 

design in 1994 are credited to the scientist and inventor James Bacus (Weinstein et 

al., 2012; Pantanowitz, 2017). The first mentions of virtual microscopy in the 

MEDLINE research database are from 1997 (Ferreira et al., 1997; Grimes et al., 

1997). The development of virtual microscopy was made possible by a number of 
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technological advances, the most important of which are the large scale 

development of filmless digital cameras in the 1980s and the invention of the 

World Wide Web in the early 1990s (Sucaet & Waelput, 2014). Additional 

important enabling factors were the rapidly advancing processing power of 

computers, the growing hard drive storage capacity and the widespread 

introduction of high speed Internet access – the first two of these phenomena 

being sometimes referred to as Moore’s law (Peercy, 2000) and Kryder’s law 

(Walter, 2005), respectively. Moore’s law states that the number of transistors on a 

microchip doubles approximately every two years whereas Kryder’s law asserts that 

the hard disk storage density doubles approximately every thirteen months. 

Virtual microscopy is defined by The digital pathology association (DPA) as 

”viewing of microscope slides on a computer screen over a network” and is 

sometimes used interchangeably with the term digital pathology (Digital Pathology 

Association, n.d). Virtual microscopy as a term is being increasingly replaced by 

digital pathology: web search engine results via Google give ”digital pathology” 931 

000 results, ”virtual microscopy” 258 000 results and ”virtual microscope” 131 000 

results (web search conducted 6 January 2022 on https://www.google.com/). 

Digital pathology is defined by the DPA as ”a dynamic, image-based 

environment that enables the acquisition, management and interpretation of 

pathology information generated from a digitized glass slide” (Digital Pathology 

Association, n.d). The first research papers using the term ”digital pathology” in 

the MEDLINE database are from the year 2000 (Saltz, 2000; Barbareschi, 2000; 

Danielsen, 2000). Digital pathology can be thought of as an integral part of 

pathology informatics, which is defined by the Association for Pathology 

Informatics as ”collecting, examining, reporting, and storing large complex sets of 

data derived from tests performed in clinical laboratories, anatomic pathology 

laboratories, or research laboratories in order to improve patient care and enhance 

our understanding of disease-related processes” (Association for Pathology 

Informatics, n.d.). 

Whole slide imaging is according to the DPA ”the acquisition process of 

creating a virtual slide or whole slide image on a slide scanner” (Digital Pathology 

Association, n.d). The terms whole slide image, digital slide and virtual slide are 

used interchangeably to refer to a complete digitized microscopic slide produced by 

a whole slide scanner. A whole slide scanner is in essence a robotic microscope 

fitted with a digital camera that photographs a microscopic specimen and uses 

special software to stitch the individual photomicrographs (microscopic 
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photographs) into a single whole slide image which can be navigated freely and 

viewed using different magnifications. 

An overview of the use of digital pathology related terminology is presented in 

Table 1. It is worth noting that from the viewpoint of pathological imaging, digital 

pathology and telepathology are wider concepts encompassing both microscopic 

and gross (macroscopic) imaging, whereas virtual microscopy and whole slide 

imaging comprise only microscopic imaging. Figure 1 presents some milestones in 

the history of light microscopic imaging as well as the rate of publications on 

digital pathology. 

 

Table 1.  An overview of the use of digital pathology related terminology 

 Telepathology Virtual 
microscopy/ 
virtual 
microscope 

Digital pathology Whole slide 
imaging/ 
whole slide 
imaging 

Appeareance of 
term  in MEDLINE* 

1986 1997 2000 2006 

MEDLINE* term 
search results 
6 January 2022 

1198 408/83 1597 590 

Google** term 
search results 
6 January 2022 

139 000 258 000/131 000 931 000 102 000 

* https://www.ncbi.nlm.nih.gov/pubmed/ 

** https://www.google.com/ 

 

Figure 1.  Milestones of light microscopic imaging, and digital pathology publications timeline 
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2.2 Whole slide scanning 

Whole slide imaging in pathology is the process of producing entire digitized 

representations of glass slides and viewing them. Producing digital slides (whole 

slide scanning) is carried out using a whole slide scanner (or a digital slide scanner) 

whereas viewing them is done using a digital pathology workstation. 

Digitizing a glass slide using a slide scanner can be conceptualized as a sequence 

of events together comprising the part of the imaging chain that represents the 

flow of information from a glass slide into a digital slide (U.S. Food and Drug 

Administration, 2016; Fiete, 2010a). A common digital slide scanner’s imaging 

chain has the following components: glass slide – slide feeder – light source – 

optics – mechanical scanner movement – digital image sensor – image processing 

software – image composition software – digital slide (Figure 2). The rest of the 

imaging chain is made up of the digital pathology workstation. 

Whole slide scanners are in essence robotic microscopes that capture individual 

images of tissue on a glass slide and then use special software to stitch the 

individual images seamlessly together into a whole slide image. The resulting digital 

slide can then be viewed using a digital pathology workstation. Whole slide 

scanners can be fully automated high-throughput laboratory instruments or 

standard light microscopes fitted with a digital camera and computer software to 

operate the scanning process. An overview of some commercially available 

scanners suitable for digital pathology is presented by Pantanowitz, 2017. There are 

also portable whole slide scanners (Meyer Instruments, n.d; Grundium, n.d; 

Holmström, et al., 2019). 
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Figure 2.  An overview of whole slide imaging: whole slide scanner and digital pathology workstation 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2.1 Glass slide 

Standard histopathology glass slides are by convention 1 mm thick and 25 x 75 mm 

in dimensions, and have the stained tissue section, usually 3-4 micrometers thick, 

placed between the slide and a thin (usually 0.17 mm) coverslip. A standard in 

histopathology is to use formalin-fixed and paraffin-embedded (FFPE) tissue that 

is cut into thin sections with a microtome, stained (most commonly using 

hematoxylin and eosin stains), and then mounted onto the slide. The transparent 

glass slide and coverslip, and the thinly sectioned and stained tissue, make it 

possible to visualize the tissue in a light microscope (Muskett, 2012). 

Although digital slide scanners normally employ standard histopathological glass 

slides, the use of digital imaging has permitted histopathological imaging without 

conventional slides, using techniques such as microscopy with UV (ultraviolet) 

surface excitation (Fereidouni et al, 2017). 
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2.2.2 Slide feeder 

The glass slide is fed into the scanner either manually or using a slide feeder. The 

feeder allows transferring a batch of slides into the scanner without having to 

manually insert the slides one by one. Careless preparation of the slides can lead to 

problems in the scanning process (Pantanowitz, 2017). Air bubbles under the 

coverslip, for instance, can disturb the focusing of the images to be captured. 

Excess mounting media on the slide or protruding slide labels, in turn, can make 

the slide get stuck in the feeder. 

These things can be thought of both as a weakness and a strength of whole 

slide imaging. Whole slide scanners are vulnerable to simple defects on the slide, 

for instance air bubbles under the coverslip, which a pathologist can work their 

way around using a normal light microscope. On the other hand, if the use of 

whole slide imaging puts more focus on careful preparation of slides in the 

pathology laboratory and leads to better quality slides, it can be seen as 

advantageous. 

In order to be used in a pathology department with a high caseload, the slide 

feeder has to function reliably and have a high capacity. The options of using larger 

50 x 75 mm whole mount slides and the ability to bypass individual slides in the 

feeder are favorable in a clinical setting (Pantanowitz, 2017). 

2.2.3 Light source 

The light source of a whole slide scanner has a lamp and a microscope condenser 

as its main components. The light source most commonly employs either LED 

(light-emitting diode) or halogen light bulbs that produce white light which is then 

gathered by the condenser and concentrated onto the tissue specimen. The light 

source and condenser follow the same optical principles as in a conventional light 

microscope (Abramowitz, 2003). 

An exception to this is strobe illumination which is sometimes used together 

with the mechanical scanner movement in order to remove motion blur in 

capturing sequential images of the tissue (Varga et al., 2012). Strobe illumination 

means lighting the specimen for a short period of time – enough to expose the 

image adequately – and then shutting off the light, so as not to illuminate the 

specimen while it is moving in the camera field of view thereby eliminating motion 

blur. 



 

35 

Using normal visible white light to illuminate the microscopy specimen is called 

brightfield microscopy and is by far the most common method of lighting used in 

histopathology. Some whole slide scanners have the option of using fluorescent 

illumination and thus permit the use of immunofluorescence and fluorescence in 

situ hybridization (FISH). 

2.2.4 Optics 

The imaging optics of a digital scanner consist of a microscope objective lens and 

eventually other secondary lenses, such as a photo tube lens, that project an 

enlarged image of the tissue onto the digital image sensor. A modern microscope 

objective is a system of individual optical elements, or lenses, that together form 

the image (Abramowitz, 2003). 

The system of different types of lenses is designed to produce a high-quality 

image and correct for many optical aberrations, or distortions in the image, 

produced by single lenses. Chromatic aberration, for instance, is the process of 

light of different wavelengths being refracted slightly differently by the lens. The 

three most common types of objectives, with increasing degrees of chromatic 

aberration correction, are called achromats, fluorites (or semi-apochromats) and 

apochromats (Abramowitz, 2003). 

Another optical aberration that is corrected in some objectives is field curvature 

which means that the image of a flat object produced by a simple curved lens is not 

flat but curved. Flatness corrected objectives correct for this aberration bringing a 

wider area of the image into focus simultaneously. A high-quality plan apochromat 

objective thus corrects for much of both color and field curvature aberrations 

(Abramowitz, 2003). 

Some important attributes of a microscope objective, besides the type of optical 

aberration correction, are its working medium, magnification and numerical 

aperture. The most common working medium, or the substance in which light 

travels from the specimen to the objective, is air, used by ”dry” objectives. There 

are also objectives designed for other media, such as immersion oil, which offer 

greater optical resolution. Dry objectives usually offer magnifications up to 60x 

whereas oil immersion objectives can produce magnifications of up to 100x 

(Abramowitz, 2003). 
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Numerical aperture describes the light gathering power and the optical 

resolution of a microscope objective (Abramowitz, 2003). Numerical aperture is 

defined mathematically as 

NA = n sin(μ), 

where ”NA” is numerical aperture, ”n” is the refractive index of the imaging 

medium (1.0 for air, 1.51 for immersion oil) and ”μ” is ½ angular aperture (or light 

gathering angle) of the objective (some authors use alpha, α, or theta, θ, instead of 

mu, μ). A high quality dry (n = 1.0) plan apochromat 20x microscope objective for 

instance can have an angular aperture of 98.2 degrees (μ = 49.1) and thus a 

numerical aperture NA of 1.0 x sin(49.1) = 0.75. The formula for calculating 

numerical aperture comes from the Abbe diffraction limit for a microscope, 

r = λ/[2n sin(θ)] = λ/(2NA), 

in which ”r” is the resolvable feature size and ”λ” is the wavelength of light (about 

400-700 nm for visible light). This formula, created by the German physicist Ernst 

Abbe, describes the maximum theoretical spatial resolution for a light microscope 

in which the image is composed of light passing through an object (both directly 

and through diffraction) and being reconstituted (through interference) 

(Abramowitz, 2003; Wilson, 2016). There are microscopy techniques that 

circumvent the diffraction limit called super-resolution microscopy (Schellermeh et 

al., 2019). Using an objective with a numerical aperture of 0.75 to calculate the 

diffraction limit for green light (wavelength ~550 nm) gives r ≈ 367 nm as the 

smallest resolvable feature size for the objective in question. Thus, the higher the 

numerical aperture of an objective is, the greater the spatial resolution it can 

produce. 

2.2.5 Mechanical scanner movement 

The mechanical scanner movement usually consists of robotics that take a glass 

slide from the slide feeder, move it under the optical path at a defined distance – so 

as to have the image in focus – and then return it to the slide feeder or a separate 

output tray for scanned slides. Together with the digital image sensor the 

mechanical scanner movement divides whole slide scanners into two main 

categories, namely tile based scanners and line scanners (Sucaet & Waelput, 2014b). 
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Tile based scanners capture rectangular image tiles, with a pixel resolution (or 

pixel dimensions) of for instance 2000 x 2000 pixels, which are then stitched 

together to form a complete whole slide image covering the entire digitized slide. 

Line scanners instead capture long and narrow image strips, for instance 4000 x 60 

pixels in size, that are combined to make the digital slide. 

To capture a vast number of individual images (in the order of hundreds or 

thousands for most histopathology slides) fast enough, every image frame can not 

be brought into focus individually because it would require too much time for the 

scanning process. A common strategy to deal with this issue is to only set the focus 

for some of the image frames, commonly predefining these into a focus map, 

either manually or automatically (Montalto et al., 2011). The rest of the focus 

values can then be calculated based on these points. 

Folds in the thinly cut tissue, or the tissue not lying completely flat on the slide, 

can cause some parts of the slide to be digitized out of focus and also create visible 

seams between the individual digitized image frames. These of course can in turn 

hamper the interpretation of the image. Overall the focusing of the image requires 

a substantial amount of time and there is a tradeoff between image quality (i.e. 

sharply focused image tiles) and scanning time. 

Z-stacking is a special case of focusing the image, where several different focal 

planes are captured individually to create a Z-stack (Khalbuss et al., 2011). This 

allows the digital slide to be examined in the Z plane, bringing the whole thickness 

of the tissue into focus. This can be advantageous in interpreting cytopathological 

samples (such as urine and pleural fluid) with the expense of longer scanning time 

and greater whole slide image file size. 

2.2.6 Digital image sensor 

The digital imaging sensor and its controlling electronics make up the part of a 

whole slide scanner that performs the analog-to-digital (A/D) conversion of image 

information. In other words, a sensor can take analog information in the form of 

visible light (photons) coming from the microscope objective, and turn it into 

digital information (electrical signals) that is ultimately stored as a digital whole 

slide image (U.S. Food and Drug Administration, 2016). 

The imaging sensor serves the same purpose as in an ordinary digital camera 

e.g. on a mobile phone. A CCD (charge-coupled device) or a CMOS 

(complementary metal oxide semiconductor) sensor detects light by catching 
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photons on pixels (picture elements) made up of silicon that turn the photons into 

electrons and ultimately into an electrical signal (Fiete, 2010b). 

The sensor is usually covered with a color filter array, such as a Bayer color 

filter, that defines which wavelength of light is registered by a certain pixel. Thus, 

initially every pixel only registers color of a certain wavelength; red, green, or blue. 

In the final image, data from surrounding pixels is used to estimate the full color 

(using all three additive primary colors red, green, and blue) of the pixel (Fiete, 

2010b). The image produced by the sensor is a raster image meaning a rectangular 

grid made up of individual pixels (Sinard, 2017). 

An important attribute of an imaging sensor is the size and number of its pixels 

because together with the optics, the sensor defines the optical resolution of the 

digital slide (Sellaro et al., 2013). A 20x objective and an imaging sensor with a pixel 

size of 5 micrometers (having rectangular pixels measuring 5 x 5 μm) thus produce 

an optical resolution of 0.25 micrometers per pixel. The smaller the individual 

pixels in the camera sensor are, and the greater the magnification is, the better is 

the resulting optical resolution (meaning that a greater number of pixels is used to 

cover a feature of a certain size on the slide). 

2.2.7 Image processing software 

Image processing software refers to computer software that handles individual 

images produced by the imaging sensor before they are stitched together to form 

the final whole slide image. The common functions of image processing software 

are shading correction and the setting of default image brightness, contrast, and 

desired color balance. 

Shading correction refers to the act of producing an image with uniform 

illumination. Even if the whole slide scanner has been set up using Köhler 

illumination, for example vignetting (deficient illumination at the image periphery) 

can produce uneven image brightness (Leong et al., 2003). Shading correction can 

be achieved for example by using a blank image field to calibrate the illumination. 

Color balance comprises the intensities of the colors in an image. White balance 

refers to the color balance stressing neutral colors – that is, colors that contain 

equal amounts of red, green and blue. Properties of the glass slide and light source, 

for instance, can cause color casts or tints of particular color in the image. Setting 

the color balance is a process whereby these are eliminated (Yagi & Gilbertson, 

2008). 
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2.2.8 Image composition software 

In order to create a single whole slide image the individual image tiles need to be 

stitched together seamlessly. Individual images can be captured with some overlap 

while specialized computer software is used to stitch them together (Steckhan et 

al., 2008). In the first generations of whole slide images the stitching was often 

suboptimal creating visible seams between the individual image tiles. Since then the 

image stitching algorithms have gotten more sophisticated creating essentially 

seamless boundaries between individual image tiles. 

Some of the early file formats used for whole slide images were JPEG (Joint 

Photography Experts Group; JPEG, n.d.) and TIFF (Tagged Image File Format, 

Adobe Developers Association, 1992) (Sinard, 2017) which lacked support for 

larger amounts of image information: JPEG only supports files up to 65,535 × 

65,535 pixels (Mozilla and individual contributors, 2021) and TIFF has a maximum 

file size limit of four gigabytes (Adobe Developers Association, 1992). 

While there are different file formats for whole slide images, a standard is to use 

a pyramidal organization of data. This is done to counteract the problem of not 

being able to load the whole digital slide into the computer’s working memory 

(DICOM, 2010). 

In the pyramidal organization the scanned image information is represented 

with varying degrees of magnification with the image in its entirety (100% 

magnification) constituting the base of the pyramid and the magnification of the 

image decreasing going up the pyramid. The image information is thus represented 

several times with varying magnifications so that when it is viewed with a 

magnification lower than the maximum, a lower resolution image (instead of the 

maximum resolution image) is retrieved, thereby saving memory and access time 

(DICOM, 2010). The pyrimadial organization of data is supported in the DICOM 

(Digital Imaging and Communications in Medicine) medical imaging standard 

(DICOM, 2010). There are also ways of arranging the large amount of image data 

needed for whole slide images that do not employ the pyramidal organization, such 

as the JPEG 2000 imaging standard (Tuominen, 2012), that is discussed more later 

on. 

2.2.9 Digital slide 

Digital slides are raster images, meaning images composed of individual pixels, that 

each have their own color. The color depth (bit depth), defined as the number of 
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bits used to represent the color of a single pixel in a whole slide image, is usually 

24. Since each bit is a binary digit (either 1 or 0) the number of possible colors in a 

24 bit image is 2^24 = 16 777 216 (Sinard, 2017). 

The dimensions of a digital slide are defined by the size of the digitized 

specimen and the optical resolution of the scanner. A histopathological tissue 

section can be for instance 10 x 20 mm in size. Covering this area with a tile based 

scanner using an image sensor with 2000 x 2000 pixel resolution (or number of 

pixels on the sensor), 5 x 5 micrometer pixel size and a 20x objective lens, creates 

800 individual image tiles and a digital slide with a total pixel resolution of 40 000 x 

80 000 pixels. The optical resolution (or resolving power) of the image is 0.25 

micrometers per pixel. 

The amount of storage space a digital slide takes up is determined by its pixel 

dimensions and color depth. Thus, a 24-bit image measuring 40 000 x 80 000 pixels 

takes up 24 x 40 000 x 80 000 bits = 76 800 000 000 bits = 9 600 000 000 bytes (1 

byte = 8 bits) = 9600 megabytes = 9.6 gigabytes. Table 2 summarizes the effects of 

the specimen size and the whole slide scanner optical resolution (scanning 

resolution) on the resulting digital slide size on disc (the amount of storage space 

the digital slide takes up). 

Table 2.  The determinants of the size of a histopathological digital slide 

glass slide 
specimen size 

whole slide scanner 
optical resolution 

digital slide 
pixel dimensions 

digital slide 
size on disc* 

10 x 20 mm 0.5 µm/pixel 20 000 x 40 000 2.4 gigabytes 

 0.25 µm/pixel 40 000 x 80 000 9.6 gigabytes 

20 x 30 mm 0.5 µm/pixel 40 000 x 60 000 7.2 gigabytes 

 0.25 µm/pixel 80 000 x 120 000 28.8 gigabytes 

* assuming a standard 24-bit color image 

Whole slide scanners produce raster images, meaning images composed of a 

rectangular grid of individual pixels, each with an individual color. The available 

colors are defined by the color depth or bit depth and the used color space. A 

color space defines how the bits used to represent colors translate to different 

individual colors (Sinard, 2017; Pantanowitz, et. al., 2017; Gurcan, 2017). 

The most common color space used in computers overall is RGB, with 

different variations, such as sRGB, Adobe RGB and ProPhoto RGB, having 

different numbers of individual colors. RGB is a trichromatic additive color space 

comprising the three primary colors red, green and blue in which all colors are 

produced by mixing the three individual colors in different intensities. Other color 

spaces are for instance CIE L*a*b* and CMYK. An image represented in a certain 
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color space can be converted into another color space (Pantanowitz, et. al., 2017; 

Gurcan, 2017; Cambride in Colour, n.d.). 

The final step in the digitization process is saving of the image data as a 

computer file. A file format is a standardized way of representing this data. The 

simplest image file format is a raw file containing unprocessed data from the digital 

slide scanner image sensor. A raw file contains all of the information a digital 

imaging sensor can capture and has to be processed into a color space in order to 

be viewed and edited in a reproducible manner. Other common digital imaging file 

formats are TIFF, JPEG, JPEG 2000, and in the case of many commercial digital 

slide scanners, proprietary file formats based usually on the three aforementioned 

ones (Sinard, 2017; Gurcan, 2017). 

2.3 Whole slide viewing 

Whole slide images are viewed using a digital pathology workstation (Figure 3). The 

simplest possible workstation is a standard personal computer (or a mobile device 

such as a tablet or a smartphone) with no special components. A specialized digital 

pathology workstation can, in turn, include several medical grade displays, input 

devices (such as mouses and trackballs) and software applications for image 

viewing and manipulation as well as a software interface to the digital patient 

record and pathology laboratory information system (Pantanowitz et al., 2017). 

When talking about the digital pathology workstation a distinction should be 

made between hardware and software, where the former is physical components 

(such as device motherboard, graphics card, keyboard and display) and the latter 

computer programs (or applications that can be stored and run by the hardware 

such as an image viewing program). A digital pathology workstation comprises in 

essence the following parts: computer environment – image review software – 

input devices – display. 
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Figure 3.  Two different designs of a whole slide scanner: left Aperio CS2 and right Aperio VERSA, 
both by Leica Biosystems (screenshots from https://www.leicabiosystems.com/digital-
pathology/scan/aperio-cs2/ and https://www.leicabiosystems.com/digital-
pathology/scan/aperio-versa/, retrieved May 6, 2020) 

 

2.3.1 Computer environment 

The computer environment constitutes as its foundation a computer with its 

incorporated operating system, such as Microsoft Windows, Apple Mac or Linux. 

Also portable devices such as smartphones and tablets can be used as digital 

pathology workstations. 

The hardware part of the computer environment affects the usability of viewing 

digital slides by way of input devices (keyboard, computer mouse, trackball), 

computing power (motherboard with processor and working memory, graphics 

processor) and output device (that is, type of display). Generally speaking, a digital 

pathology workstation does not require special hardware compared to standard up-

to-date components. 

The main software component of the computer environment is the operating 

system, which to some degree dictates what hardware as well as other software can 

be used with it. The most common platform for digital pathology workstations is 

Microsoft Windows, which is also the overall most common operating system used 

in desktop and laptop computers worldwide (Netapplications.com, n.d.). 
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2.3.2 Whole slide viewing software 

Slide viewing software is the central part of a digital pathology workstation. Its 

output occurs through a computer display and its input is executed with diverse 

input devices. The software can be multipurpose, such as a web browser, or 

operated through one, or a dedicated software application operated from a hard 

disk drive. 

Viewing digital slides is problematic because of their considerable size. This is 

because they are usually too big to be loaded onto a computer’s working memory 

or random access memory. However when viewing a part of the image the whole 

image does not need to be retrieved from the hard disc or the internet. By 

organizing the image information in a pyramid made up of tiles (or in another 

format allowing for random image data access) makes it possible to retrieve only 

the tiles that are viewed at a time. This way of organizing image information makes 

it possible to use streaming, i.e. sending parts of the image data over the network 

while they are being viewed without having to download the entire image first. This 

on-demand sending of image data over the network to the client requires special 

data server hardware and software. 

2.3.3 Input devices 

Input devices are hardware that the digital pathology workstation uses to operate 

the slide viewing software. Most common ones are a standard keyboard and a 

computer mouse. There is, however, a multitude of options to choose from so as 

to make slide viewing as effortless as possible (Molin et al., 2015). 

2.3.4 Computer display 

The computer display is the final component of the imaging chain in whole slide 

imaging. The computer display is also a major factor differentiating whole slide 

imaging from conventional light microscopy where glass slides are viewed through 

ocular lenses or eyepieces. Modern computer displays usually employ LCD (liquid 

crystal display) or OLED (organic light-emitting diode) technology with the former 

being the most common one in both all-purpose consumer computers as well as 

dedicated digital pathology workstations (Tannas, 2020). 
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Most common LCD monitors can be more precisely characterized as LED-

backlit TFT-LCDs or thin-film-transistor liquid crystal displays. These are flat 

screen displays lit by LED lamps and consist of individual pixels which in turn are 

made up of subpixels of usually red, green and blue colors produced using color 

filters. Each pixel is switched on and off using a liquid crystal, polarization filters 

and an electrical current controlled by a transistor (Tannas, 2020). 

Further important attributes of a computer display are its physical size and pixel 

resolution. The size of a display is traditionally given as the length of the display 

diagonal in inches, for instance 24 inches (≈ 61 cm). The pixel resolution, in turn, 

is usually described as width by height, for instance 1920 x 1200 pixels. It can also 

be given in megapixels, where 1920 x 1200 pixels for instance would be 2.3 

megapixels (1920 x 1200 = 2 304 000). A third way of describing the pixel 

resolution of a display is by the approximate number of pixels lengthwise, by which 

terminology 4K pixel resolution translates to 4000 lengthwise pixels. In routine 

diagnostics, monitors of 32-43 inches have so far turned out most practical based 

on pathologist feedback. 

Modern digital pathology workstations usually employ a two-screen setup, 

where one monitor is used for viewing the digital slide and the other for displaying 

auxiliary information, such as the LIS (laboratory information system) interface 

with additional data on the patient case (Pantanowitz et al., 2017). 

2.4 Whole slide image compression and storage 

It is not uncommon for histopathological whole slide images to be over 20 

gigabytes (GB) in size, and as such, they take up a lot of hard disk storage space 

(Pantanowitz et al., 2014). Large-scale use of whole slide imaging in a pathology 

department can generate tens (Stathonikos et al., 2013) or hundreds (Clunie et al., 

2016) of terabytes (1 terabyte = 1000 GB) of image data each year, not including 

storage redundancy or backup, which further increase the hard disk footprint 

(García-Rojo, 2016; Chlipala et al., n.d.). 

Image compression is a form of data compression which in turn is the act of 

reducing redundancy in data representation so as to facilitate data storage and 

communication. Some of the redundancy in image data is purely mathematical 

whereas some has to do with human vision (perceptual redundancy) that cannot 

perceive all visual data it is presented with. The beginning of data compression 
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research is usually credited to mathematician and engineer Claude Shannon’s 

pioneering of information theory (Acharya & Tsai, 2005; Wolfram, 2002). 

Image compression is carried out using compression algorithms (or codecs, 

from coding-decoding) that compress or code the original image into a compressed 

one. When viewing the compressed image decompression or decoding has to be 

carried out first. Data compression is achieved by minimizing redundancy in image 

data and by creating an approximation of the original data, thereby reducing the 

image entropy or the average information content per symbol (Acharya & Tsai, 

2005). 

2.4.1 Storage media 

Digital slides are commonly stored on either magnetic hard disk drives (HDD) or 

flash-memory based solid state drives (SSD). Magnetic hard disk drives record data 

in the form of binary data bits by magnetizing a layer of ferromagnetic material 

(such as a cobalt-chrome-platinum-based alloy) on a disk called platter, made up of 

for instance aluminium. Magnetic hard disk drives thus employ a spinning disk and 

a swinging read-write arm. Solid state drives, in turn, use integrated circuit 

assemblies, and no moving mechanical parts, to store data. They instead make use 

of floating gate metal-oxide-semiconductor field-effect-transistors (MOSFETs), 

made up of silicon (Lacaze & Lacroix, 2014). The storage media can be local, such 

as hard drives in the desktop computer, or accessed through the internet, as is the 

case in cloud storage (Mahmoud & Xia, 2019). 

A common consumer grade personal computer of the 2020s might have an 

SSD of 512 gigabytes, which would only hold 25 uncompressed whole slide images 

of 20 gigabytes each. Owing to the high costs of storing WSIs (Häger, 2016), digital 

archiving in a clinical setting may necessitate some form of image lifecycle 

management, such as deleting older WSIs from hard disks, or moving them to 

cheaper storage media, for example, magnetic tape (Stathanikos et al., 2013; 

Chlipala et al., n.d.). This, in turn, counteracts one of the main advantages of WSIs 

over glass slides, namely, ease of access. 

2.4.2 Lossy and lossless compression 

To save storage space WSIs are compressed using so-called lossy compression 

algorithms (García-Rojo, 2016; DICOM, 2010). Lossy image compression is 
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mathematically irreversible, meaning some image information is lost during the 

compression. Lossless image compression, on the other hand, is reversible, and no 

image information is lost in the process. To put it in another way, lossless data 

compression retains identical data whereas lossy compression results in an 

approximation of the original data (Acharya & Tsai, 2005). 

The degree of data compression is generally expressed as a compression ratio 

defined as the uncompressed file size divided by the compressed file size. In 

histopathological whole slide imaging lossless compression generally yields 

compression ratios of 3:1–5:1 which is usually not thought to be enough and 

consequently lossy compression is used more often (DICOM, 2010). 

2.4.3 Compression algorithms 

The most common compression algorithms for whole slide images are JPEG and 

its successor JPEG 2000 (DICOM, 2010). JPEG is the acronym for ”Joint 

Photographic Experts Group” which includes the International 

Telecommunication Union (ITU), International Organization for Standardization 

(ISO) and International Electrotechnical Commission (IEC) (JPEG, n.d.). The 

group released the JPEG standard in 1992 and the first part of the JPEG 2000 

standard in 2000 (JPEG, n.d; ISO, 2000). 

The three central steps in lossy JPEG and JPEG 2000 compression algorithms 

are data transform, quantization and entropy encoding (Figure 4). The first and 

third steps can be thought of as providing lossless compression whereas the 

second step, quantization, is what achieves lossy compression (Acharya & Tsai, 

2005). 

Data transform means that the raster image data is transformed, mainly 

losslessly, from its representation in the spatial domain (as individual pixels in 

order) into the frequency domain. This means that the data is represented for 

instance by cosine waves (in the case of JPEG using discrete cosine 

transformation, DCT) or wavelets (in the case of JPEG 2000 using discrete wavelet 

transformation, DWT). By transforming the image data into the frequency domain 

it is possible to do further processing on the image and achieve satisfactory image 

compression. The transform in itself also achieves some image compression by 

reducing the data redundancy which exists in many images because of the tendency 

of neighbouring pixels to be similar (in ”smooth” image areas without edges) 

(Acharya & Tsai, 2005). 
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Quantization is the step where lossy image compression takes place. The 

transformed data is expressed by wave and wavelet functions whose coefficients 

determine the accuracy of the data representation. The less detailed these 

coefficients are, the more the image data is compressed. By discarding some image 

information the entropy (average information content per symbol) is reduced and 

the image compressed (Acharya & Tsai, 2005). 

Entropy encoding, finally, achieves lossless image compression by finding a 

more compact representation of the compressed data. In its simplest form this can 

mean that a string of symbols, such as ”AAAAAA”, is shortened by not expressing 

every symbol individually but instead coding them in some way, for instance ”6A”. 

For entropy encoding JPEG uses classical Huffman coding and run-length coding 

whereas JPEG 2000 utilizes fractional bit-plane coding and binary arithmetic 

coding (Acharya & Tsai, 2005). A flowchart describing the process of an image 

compression algorithm is shown in Figure 4. 

JPEG compression is often defined by a non-standard compression quality 

level, usually expressed as a value between 0 and 100, where the bigger the value, 

the better the resulting image quality is, and the less compression is applied. The 

compression ratio achieved with a given compression quality level depends on the 

image content and therefore the compression quality level is not directly 

proportional to the compression ratio (Acharya & Tsai, 2005). 

Although there is no consensus regarding acceptable degrees of image 

compression for pathology WSIs, JPEG is thought to allow 10:1–20:1 and JPEG 

2000 30:1–50:1 (mathematically lossy) data compression without loss of diagnostic 

information, sometimes referred to as perceptually or visually lossless compression 

(DICOM, 2010). 

JPEG 2000 is especially suited for whole slide imaging because of its ability to 

handle very large images, such as whole slide images, and its use of a multi-

resolution approach to image compression (Tuominen, 2012). 
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Figure 4.  Flowchart describing the major steps in an image compression algorithm. DCT: discrete 
cosine transformation, DWT: discrete wavelet transformation 

 
 
 
 
 
 
 
 
 
 
 
 

2.5 Digital image analysis 

Computers were first used to analyze cells (Mendelsohn et al., 1965) and X-ray 

images (Meyers et al., 1964) more than 50 years ago. Since then substantial progress 

has been made in both computer performance (starting with the appearance of 

personal computers in the 1970s), and digital imaging, leading to considerable 

interest and technological advancements in computerized image analysis 

(Haidekker, 2010). 

The National Cancer Institute at the National Institutes of Health defines digital 

image analysis as ”a method in which an image or other type of data is changed 

into a series of dots or numbers so that it can be viewed and studied on a 

computer. In medicine, this type of image analysis is being used to study organs or 

tissues, and in the diagnosis and treatment of disease” (National Cancer Institute, 

n.d.). This definition captures the important distinction between visual inspection 

and digital analysis of histopathological tissue specimens. The aforementioned 

comprises human visual analysis of forms, patterns and colors (represented in the 

two-dimensional spatial domain) while the latter involves mathematical analysis of 

the image data (represented as numbers), although in many cases mimicking or at 

least drawing inspiration from the principles underlying human visual analysis. 

The Digital Pathology Association, in turn, citing The College of American 

Pathologists defines image analysis as ”computer-assisted detection or 

quantification of specific features in an image following enhancement and 
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processing of the image, including DNA analysis, morphometric analysis and 

FISH” (Digital Pathology association, n.d.). This definition, on the other hand, 

puts focus on the fact that image analysis can be thought of as a process of 

detecting and measuring structures in an image, thus representing morphometry, 

that is, quantitative analysis of form. Applications of digital image analysis in the 

field of pathology are summarized by Conway & Hewitt (2017). 

Digital image analysis can be basically conceptualized as a three-step process 

(Bankman, 2009; Haidekker, 2010) with each step comprising a set of computer 

algorithms to carry out a specific task. This process starts with a digital image and 

ends with the output or result of the analysis algorithm. The three steps can be 

designated enhancement, segmentation, and quantification. 

2.5.1 Preprocessing 

The first step of digital image analysis, preprocessing, can also be called image 

processing, enhancement or image operations. This step involves processing the 

image in order to facilitate further steps in the analysis procedure. Image 

preprocessing can entail data transform from the spatial domain into the frequency 

domain and back, for example using wavelet transform (Bankman, 2009; 

Haidekker, 2010). 

Examples of the uses of preprocessing algorithms are histogram manipulation, 

filtering and stain separation. Histogram manipulation can be used for image 

contrast expansion while filters are used to amplify or attenuate specific features in 

the image. Stain separation, finally, is used to separate different staining patterns in 

a histopathological slide and can be achieved for instance by color deconvolution 

(Haidekker, 2010; Tuominen, 2012). 

2.5.2 Segmentation 

Segmentation is the process of dividing the image into an object of interest and the 

background (which involves everything else). The object of interest is sometimes 

designated ROI (region of interest). Segmentation is done so as to distinguish 

biological entities of interest, such as cells, cell membranes, nuclei, and glands in 

the image (Gurcan, 2017). 

Some common methods for segmentation are thresholding, region 

growing/splitting and edge based techniques. Thresholding involves segmentation 
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by pixel value (intensity-based segmentation) whereas region growing/splitting 

delineates similar areas in the image (region-based segmentation). Edge based 

segmentation acts by detecting boundaries in the image (Haidekker, 2010; 

Tuominen, 2012; Gurcan, 2017). 

2.5.3 Quantification 

Quantification is the final step in the digital image analysis process. It produces the 

output either in the form of measurement and/or classification. Measurements can 

include a wide variety of variables, such as size, form, area, number or proportion 

of cells, and cytoplasm/cell membrane/nucleus staining intensity as a continuous 

variable. Classification is done based on the measurements and can involve staining 

properties (positive – negative), and cell types (such as epithelial cell – fibroblast in 

the breast) (Bankman, 2009; Haidekker, 2010). 

2.5.4 Artificial intelligence 

Artificial intelligence in medicine refers to computational methods that perform 

tasks generally thought to require human intelligence (Tecuci, 2012; Bera et al., 

2019). The term was coined in the 1950s (Tecuci, 2012) and encompasses different 

intelligence requiring processes such as perception, learning, and problem solving. 

Machine learning is one area of artificial intelligence that has gained much 

interest lately. The term dates back to 1959 (Bera et al., 2019) and includes deep 

learning which makes use of artificial neural networks. Artificial neural networks 

can be thought of as computerized representations of human neural networks in 

which a form of learning can take place by the network adjusting its connections 

(Mareschal & Althaus, 2009). In digital image analysis artificial neural networks can 

be used either by themselves or together with existing conventional algorithms. 

Automatic Gleason grading of prostate cancer (Bulten et al., 2020) exemplifies the 

former approach whereas automatic detection of epithelial cells and their 

subsequent analysis using an existing non-artificial intelligence based image analysis 

algorithm (Valkonen et al., 2020), the latter. 

Applications of artificial intelligence in digital pathology are reviewed by Bera 

and colleagues (2019) whereas Tizhoosh and Pantanowitz (2018) examine general 

challenges and opportunities facing such applications. 
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2.6 Histopathology of prostate and breast cancer 

Prostate and breast cancer can be defined as malignant clonal proliferations of cells 

in the respective organ. In an overwhelming majority of cases the tumor is made 

up of epithelial cells and so is designated a carcinoma. Because the carcinoma 

usually grows in a glandular pattern it can be further characterized as an 

adenocarcinoma (Kumar et al., 2015; Lester, 2015; Epstein & Lotan, 2015). 

The prostate and the breast can develop both invasive (or infiltrating) 

carcinoma as well as carcinoma in situ/intraductal carcinoma. The latter is a cancer 

that has not spread beyond the basement membrane underlying the epithelium and 

so does not grow invasively or metastasize and can be seen as a precursor to 

invasive carcinoma (Kumar et al., 2015). 

The histopathological diagnosis of prostate and breast cancer includes the 

specific type of tumor (such as invasive acinar adenocarcinoma of the prostate or 

invasive ductal carcinoma of the breast) as well as the tumor grade (for instance 

Gleason score 3+4=7 in the case of prostate cancer or Nottingham grade 3 in the 

case of breast cancer). The tumor grade is a classification of the cancer’s 

aggressiveness and is based on the notion of tumor differentiation: the less the 

cancer resembles its tissue of origin (the less differentiated it is), the more 

aggressively it grows (Kumar et al., 2015). The pathology report should also include 

other data on the tumor such as the molecular subtype of the tumor in a breast 

biopsy. 

In order to standardize the histopathological diagnostics of cancer the World 

Health Organization publishes The WHO Classification of Tumors in the form of 

WHO Blue Books. The latest edition of the classification of tumors of the urinary 

system and male genital organs (including the prostate) was published in 2016 

(Moch et al.) while the most recent edition of the classification of breast tumors 

was published in 2019 (WHO Classification of Tumors Editorial Board). 

Besides the WHO there are also other organizations that publish guidelines so 

as to standardize the pathological diagnostics of prostate and breast cancer. The 

International Society of Urological Pathology (ISUP) as well as The Genitourinary 

Pathology Society (GUPS) publish guidelines on the grading of prostate cancer 

(van Leenders et al.,  2020; Epstein et al., 2019) while The American Society of 

Clinical Oncology and The College of American Pathologists publish joint 

guidelines (”ASCO/CAP guidelines”) on estrogen and progesterone receptor 

testing (Allison et al., 2020) as well as HER2 (human epidermal growth factor 

receptor 2) testing in breast cancer (Wolff et al., 2018). 
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2.6.1 Morphological diagnosis and grading 

The basis of the histopathological diagnosis of prostate and breast cancer is in light 

microscopic examination of hematoxylin and eosin stained tissue removed most 

commonly through needle biopsy (Humphrey et al., 2016; Rakha et al., 2019). The 

main features that are analysed are cytological and architectural. Cytological (or 

cellular) features, that is the appearance of individual cells (their size, form and 

appearance of the cell nucleus) are examined at high magnification. Architectural 

features, such as growth patterns of groups of cells (for instance glandular 

formations), on the other hand, are examined at lower magnification. Finally, both 

immunohistochemical staining and in situ hybridization can be used as adjuncts to 

the morphological diagnosis of prostate and breast cancer. 

Prostate cancer 

Prostate cancer comes in different histopathological subtypes with usual acinar 

adenocarcinoma being by far the most common one. There are several variants of 

acinar adenocarcinoma, such as atrophic, pseudohyperplastic, and microcystic 

adenocarcinoma (Humphrey et al., 2016). Other types of prostate cancer including 

ductal adenocarcinoma, urothelial carcinoma, squamous cell carcinoma, 

neuroendocrine carcinoma, and sarcomas are only infrequently diagnosed. 

Prostatic adenocarcinoma is graded using a system originally developed by Dr 

Donald Gleason in 1966. Gleason made various revisions to the grading system up 

till 1977 after which time it remained mainly unaltered until the 2000s. During the 

1990s Gleason grading was universally adopted leaving behind other grading 

systems such as the Broders, the Mostofi and the MD Anderson systems 

(Kweldam et al., 2019). In 2004 Gleason grading was featured in the WHO blue 

book (Eble et al., 2004). 

The significance of Gleason grading is evidenced by the fact that it is the single 

most important histopathological feature of prostate cancer. It provides both 

prognostic and predictive information about the cancer; prognostic information 

relates to the patient’s prognosis of survival whereas predictive information 

concerns the likelihood of benefiting from a certain treatment. Gleason grading is 

also a central criterion in deciding whether a prostate cancer patient is treated 

actively (for instance with surgery or radiation therapy) or monitored (with so 

called active surveillance or watchful waiting) (Humphrey et al., 2016). 
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The Gleason grading system is based solely on the architectural growth pattern 

of the tumor (Gleason, 1966). It originally consisted of a composite score made up 

of the two most prevalent growth patterns, or grades 1-5, of the cancer, 

representing the differentiation of the tumor. Grade one designates a well 

differentiated cancer whereas grade five specifies a poorly differentiated one. If the 

cancer is only made up of a single growth pattern then the primary and secondary 

grades are the same. 

The Gleason grade of a tumor is expressed as an equation: primary (most 

prevalent) grade + secondary (second most prevalent) grade = score, for instance 3 

+ 4 = 7. Originally the Gleason score ranged from two (1 + 1) to ten (5 + 5) but 

there were actually 25 possible scores (1 + 1...5, 2 + 1...5, and so forth) considering 

that 1 + 2 = 3 and 2 + 1 = 3 describe different types of tumors. When applying 

Gleason grading for prognostic or predictive information, however, the overall 

Gleason score has been mostly used (Kweldam et al., 2019). 

While representing a continuous spectrum of a tumor’s differentiation the 

cutoffs between different Gleason grades are arbitrary. Even though the different 

grades have been described both in writing and using drawings (see Figure 5 for an 

example of Gleason grading diagrams) it isn’t possible to define exactly where one 

grade ends and another begins. This makes the grading prone to interpretation. 

The pathologist compares the morphology of the tumor to the textual and pictorial 

representations of the different grades in literature and assigns the grades that best 

suit the case at hand. Through the years it has become evident that there is 

considerable variation in the grading, both between individual pathologists 

(interobserver variation) and also in the same pathologists grading over time 

(intraobserver variation) (Bostwick, 1994; Gleason, 1992). The grading variation 

has been demonstrated for both general pathologists (Allsbrook et al., 2001a) as 

well as specialists in urological pathology (Allsbrook et al., 2001b). 
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Figure 5.  Drawings of the Gleason grading system representing the different growth patterns of 
prostatic adenocarcinoma, left: the original Gleason grading system (1966-1977), center: 
the 2005 International Society of Urological Pathology (ISUP) modification, right: the 2015 
ISUP modification (modified from Epstein et al; 2005, 2016) 

 

With time and mounting evidence it became evident that the original findings 

underlying Gleason grading were not in keeping with modern prostate cancer 

diagnostics. When Gleason developed his grading system there was for instance no 

PSA testing (prostate-specific antigen, a blood test used in screening and 

diagnosing prostate cancer) nor immunohistochemical staining and the prostate 

biopsy procedure was different. This, in addition to the problems in the 

reproducibility of the grading, led to the need to revise the grading. 

To bring the Gleason grading system up to date the International Society of 

Urological Pathology (ISUP) has so far held three consensus conferences on how 

to perform the grading. In the 2005 ISUP Modified Gleason system the five 

Gleason patterns were defined more comprehensively (Epstein et al., 2005). Prior 

to this, in 2000, the use of Gleason grades 1-2 started diminishing (Epstein, 2000). 

In the 2014 ISUP consensus conference a new grading system (”ISUP grading”) 

with grade groups, based on Gleason grading, was proposed. Grade groups 1-5 

corresponded roughly to Gleason scores 6-10 as Gleason scores 2-5 were not 

assigned any more on biopsies (Epstein et al., 2016). The latest ISUP consensus 

conference so far was held in 2019 and addressed issues such as reporting 

quantities of Gleason grades and reporting minor/tertiary patterns in addition to 

the primary and secondary grades (van Leenders et al., 2020). 

Despite the consensus conferences, there are still controversies and uncertainty 

regarding the use of the Gleason grading system (Kweldam et al., 2019; Epstein et 
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al., 2020). These range from the correct assigning of grades to more basic 

phenomena of tumor biology such as the nature of intraductal carcinoma of the 

prostate and whether it should be graded at all (Delahunt et al., 2020). There are, 

also, some differences between different contemporary grading recommendations, 

for instance the ISUP and The Genitourinary Pathology Society (GUPS) 

recommendations (Smith et al., 2020). 

Breast cancer 

Breast adenocarcinoma is distinguished architecturally by a disturbance of the 

normal growth pattern of breast ducts and lobules (Lester, 2015; Rakha et al, 2019). 

The appearance can take many forms. Invasive cancer involves by definition 

invasive growth into the breast stroma. Cytologically breast adenocarcinoma is 

characterized by nuclear pleomorphism, that is, variability in the size, shape and 

staining of cell nuclei (and nucleoli). 

Breast cancer can present in different morphological subtypes, such as lobular, 

tubular, cribriform, and mucinous carcinoma. The most common variant, however, 

is invasive breast carcinoma of no special type, also called invasive ductal 

carcinoma (Rakha et al, 2019). 

According to the WHO, breast cancer should be graded using the Nottingham 

histologic grade, also called the Elston-Ellis modification of the Scarff-Bloom-

Richardson grading system (Elston & Ellis, 1991; Rakha et al., 2019). The grading 

is based on one architectural feature, tubule formation, and two cytological 

features, nuclear pleomorphism and mitotic count. Each of the three features is 

assigned a score 1-3 and the three scores are summed up to make the final grade: 

scores 3-5 correspond to grade 1 (well differentiated tumor), scores 6-7 to grade 2 

(moderately differentiated) and scores 8-9 to grade 3 (poorly differentiated tumor). 

The greater the grade and the score is, the more aggressive is the tumor. 

Tubule formation is assessed semi-quantitatively: in score 1 cases the majority 

of the tumor (> 75%) exhibits tubules, in score 2 cases tubule formation is 

moderate (10-75% of the tumor) and in score 3 cases little or none of the tumor (< 

10%) forms tubules. Nuclear pleomorphism divides the cancer cells into ones with 

small, regular, and uniform nuclei (score 1); nuclei with moderate increase in size 

and shape (score 2); and nuclei with marked variation in size and shape (score 3). 

Mitotic count is obtained by directly adding up mitoses from ten high-power 

microscopic fields of view and the mitotic frequency produces scores 1-3 

depending on the field diameter (for instance for a field diameter of 0.5 mm ≤ 7 
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mitoses gives score 1, 8-14 mitoses score 2 and ≥ 15 mitoses score 3) (Rakha et al., 

2019). 

The tumor grade is one of several variables that offer prognostic and predictive 

information about breast cancer. Other variables include expression of hormone 

receptors and the HER2 receptor (human epidermal growth factor, a member of 

the HER family, HER1-4, of tyrosine kinase growth factor receptors) (Rakha et al., 

2010; Rakha et al., 2019; Kreutzfeldt et al., 2020). 

2.6.2 Immunohistochemistry and in situ hybridization 

Prostate cancer 

While hematoxylin and eosin (H&E) staining allows for careful examination of the 

tissue morphology, it is sometimes difficult to differentiate especially small foci of 

carcinoma from benign lesions mimicking cancer. Examples of these 

pseudoneoplastic conditions are atrophy and adenosis. By allowing the 

identification of specific cell types through staining of protein antigens 

immunohistochemistry (IHC) presents an important adjunct to the routine H&E 

staining in prostate histopathology (Humphrey et al., 2016). 

Basal cells are usually absent in cancerous glands but they are not always easy to 

distinguish in H&E stained tissue sections. Fibroblasts for instance can be 

mistaken for basal cells. Also luminal epithelial cells can be difficult to tell apart 

from basal cells, whether because of pyknotic (shrunken) nuclei or because of their 

stratified formation resulting from tangential sectioning of the tissue. Staining 

proteins expressed by basal cells, such as high molecular weight cytokeratins (for 

instance 34betaE12) or the transcription factor p63, helps in differentiating the 

basal cells from benign luminal and carcinoma cells (Humphrey et al., 2016). 

Besides the staining of basal cells, which are lacking in cancerous glands, 

immunohistochemistry can also be used to stain cells suspicious for cancer. 

AMACR (alpha-methylacyl-coenzyme-A racemase) is a protein overexpressed in 

prostatic adenocarcinoma cells and can be used by itself, or together with basal cell 

markers, to differentiate malignant glands from benign ones (Humphrey et al., 

2016). 

When intrepreting prostate immunohistochemistry the pathologist should 

always take into account the tissue morphology as examined by H&E staining 

(Moinfar, 2007; Pernick, 2020; Shah & Zhou, 2012). 
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Breast cancer 

Contemporary diagnostics of breast cancer includes molecular subtyping of the 

tumor irrespective of the morphological classification. The subtyping is generally 

done by immunohistochemistry and in situ hybridization (Szymiczek et al., 2020). 

Immunohistochemical staining is used to categorise breast cancers with regard to 

protein expression of hormone receptors (estrogen receptor, ER, and progesterone 

receptor, PR), the human epidermal growth factor receptor 2 (HER2, ERBB2) and 

the Ki-67 cell proliferation marker. In situ hybridization (ISH) in turn, usually 

either fluorescence in situ hybridization (FISH) or chromogenic in situ 

hybridization (CISH), is used to study the HER2 status for potential gene 

amplification (Wolff et al., 2018). The molecular subtypes of breast cancer 

commonly used in breast cancer diagnostics are ”luminal A-like” (ER positive, PR 

positive, HER2 negative and low Ki-67 proliferation index), ”luminal B-like HER2 

negative” (ER+, HER2-, high Ki-67 index and/or negative-low PR), ”luminal B-

like HER2 positive” (ER+, HER2+), ”HER2 positive non-luminal” (ER-, PR-, 

HER2+) and ”triple-negative” (ER-, PR-, HER-) (Rakha et al., 2019). 

Estrogen receptor, progesterone receptor and HER2 play a part in the growth 

of the cancer. Ki-67 is, in turn, a protein expressed in the active phases of the cell 

cycle and thereby a marker for proliferating cells (Lester, 2015). ER and PR are 

expressed in normal luminal breast epithelium but their expression can be lost 

during carcinogenesis (Hicks, 2011; Rakha et al., 2019). HER2 is also expressed in 

normal breast epithelium at low levels and can conversely be upregulated in cancer 

making it a proto-oncogene (Kumar et al., 2015; Rakha et al., 2019). HER2 

overexpression is almost exclusively due to gene amplification on chromosome 

17q12 (Lester, 2015). 

The HER2 status of breast cancer offers both prognostic and predictive 

information about the tumor. HER2 positive cancers generally carry a worse 

prognosis than tumors without it. Most importantly HER2 positive cancers can be 

treated effectively with anti-HER2 therapies such as trastuzumab (a humanized 

monoclonal antibody targeting the extracellular domain of HER2, Herceptin®), 

lapatinib (a dual HER1/HER2 kinase inhibitor), pertuzumab (a dual HER2/HER3 

monoclonal antibody), and trastuzumab emtansine (a conjugate of trastuzumab 

and the chemotherapeutic agent emtansine, T-DM1). Anti-HER2 treatments 

provide significant increases in survival rates (Rakha et al., 2019) and are generally 

thought to have brought about a paradigm shift in the treatment of breast cancer 

(Kreutzfeldt et al., 2020). However at least trastuzumab exhibits cardiotoxicity 
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which stresses the importance of correct qualifying of patients for anti-HER2 

treatment (Dias et al., 2016). 

Defining the HER2 status of a tumor is not always easy. For one thing, there is 

no consensus as to whether in situ hybridization or immunohistochemistry should 

be regarded as the ”gold standard” method of testing. For another, in situ 

hybridization is carried out both with a single-probe method (labeling the HER2 

gene) and with a dual-probe method (labeling HER2 and the chromosome 17 

centromere region, for instance with the CEP17 probe) producing in total three 

sets of criteria for HER2 amplification/overexpression (IHC, single-probe ISH, 

and dual-probe ISH). A third issue in HER2 diagnostics is the fact that there exists 

substantial interobserver variation in interpreting the immunohistochemical 

staining. In addition to the aforementioned issues the quality of the HER2 staining 

methods varies between laboratories which is why guidelines recommend the use 

quality control measures. The ASCO/CAP guidelines on HER2 testing in breast 

cancer were first published in 2007 (Wolff et al., 2007) in order to improve the 

accuracy of HER2 testing in breast cancer. They have since been updated twice, 

first in 2013 (Wolff et al., 2013), and subsequently in 2018 (Wolff et al., 2018). 

2.6.3 Digital image analysis 

Through the advancement of digital pathology it has become possible to use 

conventional digital image analysis as well as applications of artificial intelligence in 

prostate and breast cancer histopathology. 

Breast cancer 

The most widely used applications of digital image analysis in breast histopathology 

are algorithms for analysing immunohistochemical stains, especially for cancer 

diagnostics including the analysis of hormone receptor and HER2 status (Conway 

& Hewitt, 2017). In a supplement to the 2013 ASCO/CAP guidelines on HER2 

testing (Data Supplement 7: IHC Interpretation Criteria) the use of quantitative 

image analysis is encouraged for cases with weak immunohistochemical staining (1-

2+) to improve the consistency of the interpretation (American Society of Clinical 

Oncology & College of American Pathologists, 2014). The College of American 

Pathologists has since published a guideline on the use of quantitative image 

analysis in HER2 immunohistochemistry (Bui et al., 2019). Some of the image 

analysis algorithms used are free and open source meaning the source code is 
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publicly available whereas others are proprietary/commercial (Tuominen et al., 

2010). 

Prostate cancer 

Both the ISUP and GUPS recommendations on prostate cancer grading discuss 

the application of artificial intelligence and other digital pathology methods to not 

only prostate cancer grading but also detection, quantification and prognostication 

(Epstein et al., 2019; van Leenders et al., 2019). In Gleason grading, for instance, 

deep neural networks have been shown to outperform general pathologists and 

match specialists in uropathology in grading accuracy (Nagpal et al., 2020; Ström et 

al., 2020). Deep learning has also been used to differentiate cancer from benign 

prostate tissue reliably (Campanella et al., 2019; Ström et al., 2020). Both the ISUP 

and GUPS recommendations conclude that although the applications of artificial 

intelligence are promising there is still work to be done before they can be applied 

to routine clinical practice. 
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3 AIMS OF THE STUDY 

The aim of the study was to develop applications of digital pathology and test 

whether these can improve the histopathological diagnosis of prostate and breast 

cancer by: 

1. advancing the teaching and standardization of Gleason grading of prostate 

cancer. (Study I: Whole slide imaging in Gleason grading) 

2. aiding in the interpretation of immunohistochemical staining of prostate 

cancer. (Study II: Simultaneous viewing of whole slide images) 

3. aiding in the interpretation of immunohistochemical staining of breast 

cancer. (Study III: Image analysis of HER2 immunohistochemistry) 

4. facilitating the implementation of digital pathology in larger scale by 

a. introducing a novel whole slide image optimized image 

compression algorithm. (Study IV: WSI-optimized JPEG 2000 

image compression) 

b. mapping the determinants of an optimal imaging resolution for 

whole slide scanners (Study V: Determining the optimal imaging 

resolution in a whole slide scanner) 
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4 MATERIALS AND METHODS 

4.1 Tissue samples 

Studies I-IV utilized histopathological tissue samples. The studies were carried out 

in 2004-2005 (Study I: Whole slide imaging in Gleason grading, and Study II: 

Simultaneous viewing of whole slide images), 2015 (Study III: Image analysis of 

HER2 immunohistochemistry), and 2017 (Study IV: WSI-optimized JPEG 2000 

image compression). Studies I, III and IV made use of archived pathological tissue 

samples originally acquired in routine clinical practice. The samples were retrieved 

after they had been used for histopathological diagnosis and there was no 

intervention in the diagnostic or therapeutic process, or in the integrity of the 

persons from which the tissue samples came. In Study II new tissue sections were 

cut from archived tissue blocks and the blocks were selected so as to include 

sufficient amount of tissue for the extra sections and still have tissue left for 

potential additional sections needed in the future. 

Study IV employed a set of histopathology slides without any accompanying 

patient information whereas the clinical data in studies I-III was restricted to 

pathological-anatomical diagnoses and specimen ID codes. The ID codes were 

handled for a brief amount of time until slide digitization after which purely 

anonymised data, that is, new unique specimen identifiers and their corresponding 

pathological-anatomical diagnoses, were used. 

The tissue samples were acquired from Tampere University Hospital (courtesy 

of Heikki Helin), Seinäjoki Central Hospital (courtesy of Mervi Jumppanen), and 

Helsinki University Central Hospital (courtesy of Heikki Helin), with applicable 

permits from the institutions in question. The studies were carried out before the 

passing of the Data Protection Act (1050/2018) and the Act on the Secondary Use 

of Health and Social Data (552/2019). The studies did not employ any data 

pertaining to biobanks. 
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4.1.1 Whole slide imaging in Gleason grading (Study I) 

Sixty-two consecutive patients who underwent radical prostatectomy preceded by a 

needle biopsy were identified in the patient records of Tampere University 

Hospital, Finland. For each patient a representative, archived, hematoxylin and 

eosin stained glass slide of a needle biopsy was selected to be digitized. 

4.1.2 Simultaneous viewing of whole slide images (Study II) 

Twenty-three cases with formalin fixed, paraffin embedded prostatic needle 

biopsies were identified in the archive of the Pathology Department at Central 

Hospital Seinäjoki, Finland. Specimens were selected so as to favor challenging 

diagnoses such as small focus carcinoma, PIN (prostatic intraepithelial neoplasia), 

ASAP (atypical small acinar proliferation), proliferative inflammatory atrophy and 

suspicion for carcinoma without a more detailed description. All diagnoses were 

based on the original hematoxylin and eosin staining only. In addition to 

challenging diagnoses, also common diagnostic entities were included. Ordinary 3 

to 4 μm tissue sections were cut from paraffin blocks and mounted on charged 

SuperFrost™ Plus slides to avoid detachment of the tissue sections from the slides. 

The slides were stained routinely with hematoxylin and eosin, and digitized. 

Afterwards the tissue sections were destained, restained and digitized again, as 

described later on. 

4.1.3 Image analysis of HER2 immunohistochemistry (Study III) 

A database search was conducted at the Department of Pathology, Helsinki 

University Central Hospital, Finland, in order to identify invasive breast cancer 

cases tested for HER2 from the period of 1 January 2010 to 1 July 2011. The 

search yielded 1249 cases. The slides for the corresponding surgical resection 

specimens were retrieved from the archives, and starting from the earliest case, 750 

consecutive cases (one slide per case) were included in the study. The 750 cases 

represented the period of 1 January 2010 through 23 May 2011, in which period 

1186 breast cancer cases were histologically diagnosed. The missing 436 cases 

(1186-750) were not found in the archives at the time of retrieval and were 

distributed along the whole period of time taken for the study. The largest number 

of consecutive cases missing was 28, representing a period of 14 days. The 
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specimens had been routinely fixed for a period of 24–48 h in neutral formalin and 

embedded in paraffin. 

4.1.4 WSI-optimized JPEG 2000 image compression (Study IV) 

A set of seventeen histopathological slides were selected to be digitized from the 

Tampere university hospital pathology archive (see Figure 6). The slides were 

chosen to reflect the routine workload of a general pathologist and included 

biopsies (n = 10) as well as surgical sections (n = 7). The tissue sections were 

stained with hematoxylin and eosin (n = 15) and modified Giemsa (n = 2). In 

addition a gastric biopsy slide was digitized so as to test the visualization of 

Helicobacteria. 

Figure 6.  The seventeen routine histopathological glass slides used in Study IV: the shaded 
rectangle in slide 14 demonstrates the area that makes up a whole slide image consisting 
of both tissue and empty slide area 
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4.2 Immunohistochemistry and in situ hybridization 

4.2.1 Simultaneous viewing of whole slide images (Study II) 

After slide scanning the slide coverslips were removed by soaking the slides in 

xylene until they detached. The slides were then washed with absolute ethanol, air 

dried, and immersed in antigen retrieval buffer, composed of 0.5 M (molar) tris 

(tris(hydroxymethyl)aminomethane) and 1 mM (millimolar) 

ethylenediaminetetraacetic acid, pH 9. Antigen retrieval was done in an autoclave at 

105°C for 5 minutes, followed by a 20-minute cooling period. This procedure also 

removed the hematoxylin and eosin staining completely. After rinsing and 

endogenous peroxidase quenching primary antibody incubation was done using a 

cocktail of antibodies to p63 (clone 4A4+Y4A3, Novocastra, Newcastle, United 

Kingdom), dilution 1:200, and to AMACR (clone P504S), dilution 1:200, for 30 

minutes at room temperature. Antibodies were detected using a PowerVision+™ 

reagent kit according to the manufacturer’s instructions. The slides were immersed 

for 10 minutes in DAB (diaminobenzidine) and enhanced with 0.5% copper sulfate 

for 5 minutes. The slides were counterstained with hematoxylin, dehydrated in 

graded series of ethanol, cleared in xylene, and coverslipped. The laboratory work 

was carried out at the Institute of Medical Technology, University of Tampere 

(cancer biology research group, professor Jorma Isola). 

4.2.2 Image analysis of HER2 immunohistochemistry (Study III) 

Immunohistochemistry had originally been performed according to the 

manufacturer’s instructions using the BenchMark XT automated staining system 

(Ventana Medical Systems, Tucson, Arizona, The United States) with PATHWAY 

anti-HER2/neu (4B5) rabbit monoclonal antibody at a dilution of 6 μg/ml and 

Ventana ultraView Universal DAB Detection Kit (both Ventana Medical Systems). 

The slides were counterstained using Ventana Hematoxylin II (Ventana Medical 

Systems) as part of the automated staining procedure. The HER2 status of the 

specimens was established by immunohistochemical staining, and positive (3+) and 

equivocal (2+) cases were further subjected to in situ hybridization to classify them 

into positive and negative with regard to HER2 gene amplification. 
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In situ hybridization had been carried out in the BenchMark XT automated 

staining system using the INFORM HER2 DNA and the INFORM Chromosome 

17 probes and the ultraVIEW SISH Detection Kit (all Ventana Medical Systems) 

according to the manufacturer’s instructions. Consecutive sections of the 

specimens were hybridized with the probes for HER2 and chromosome 17, 

respectively, and the specimens’ HER2 gene status was classified as amplified if the 

ratio of HER2 to chromosome 17 was over 2.2. Both the ISH and IHC assays had 

been subjected to external quality assessment by the Nordic Immunohistochemical 

Quality Control organization. 

Both the immunohistochemistry and the in situ hybridization were carried out 

as part of the routine clinical practice at HUSLAB, Division of Pathology and 

Genetics, Helsinki University Central Hospital. 

4.3 Whole slide imaging 

Apart from Study IV, all of the whole slide scanning was done at the Institute of 

Medical Technology cancer biology research group (professor Jorma Isola). The 

web server in Study II was used courtesy of Johan Lundin and Mikael Lundin, 

Biomedical Informatics Group, Department of Oncology, University of Helsinki. 

4.3.1 Whole slide imaging in Gleason grading (Study I) 

A Zeiss Axioskop2 MOT microscope (Zeiss Gmbh, Göttingen, Germany) was 

equipped with a 40x NeoFluar® immersion oil objective and Märzhauser 

motorized specimen stage (Märzhauser, Wetzlar, Germany), which holds 8 

standard microscope slides at a time. Images were captured at a 0.26-μm resolution 

with a CCD camera (Zeiss Axiocam HR; sensor size 6.8 x 7.6 mm; capture 

resolution 1300 x 1030 pixels). The camera was attached to the microscope with a 

0.63x magnifying phototube. Image acquisition was controlled by the KS400 

software (version 3.0, Zeiss) running on a standard MS Windows workstation. A 

custom macro command script running within the KS400 controlled for sequential 

autofocus, image acquisition, shading correction, and stage movement 

consecutively for 8 slides on the specimen stage. The acquired image files were 

digitally sharpened and stitched into a single montage file, which was then 

compressed. This robotic microscope was to the best of my knowledge the first 
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fully functioning whole slide scanner in Finland and probably in the Nordic 

countries as well. 

4.3.2 Simultaneous viewing of whole slide images (Study II) 

An Axioskop2 MOT microscope (Zeiss GmBH, Göttingen, Germany) was 

equipped with a NeoFluar® immersion oil 40 objective (numerical aperture 1.3) 

and a motorized specimen stage. A contiguous array of digital images covering the 

entire biopsy was captured at 0.3 μm per pixel resolution with a color sensor 

camera (capture resolution 1,300 x 1,030 pixels in 3 color scanning mode). The 

image capture process, i.e. stage movement, autofocus, shading correction and 

image capture, was automated using KS400 software, version 3.0 (Zeiss GmBH). 

The acquired image files were digitally sharpened and stitched into a single 

montage file, which was compressed. The compressed virtual slides were uploaded 

onto a web server running the Image Web Server software (Earth Resource 

Mapping Pty, West Perth, Australia). The virtual slide pairs (hematoxylin and eosin, 

and IHC) were exactly aligned for synchronized viewing by keeping the 

hematoxylin and eosin virtual slide as a reference and adjusting the position of the 

corresponding IHC virtual slide. 

4.3.3 Image analysis of HER2 immunohistochemistry (Study III) 

The 30 cases, one glass slide per case, were scanned as whole slide images using the 

Objective Imaging Surveyor with Turboscan digital slide scanner (Objective 

Imaging Ltd., Cambridge, UK) employing a ×20 Plan Apo microscope objective 

(scanning resolution 0.23 μm per pixel). 

4.3.4 WSI-optimized JPEG 2000 image compression (Study IV) 

The slides were digitized with whole slide scanners from four different vendors, 

including two line scanners (Aperio and Hamamatsu) and two tile-based scanners 

(Pannoramic and SlideStrider). The scanner setups were as follows: 

1. Aperio ScanScope AT2 (Leica Biosystems, Nussloch, Germany; courtesy 

of Juha Näpänkangas, Department of Pathology, Oulu University 
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Hospital) brightfield line scanner, Piranha Color 2k PC-30-02K80 camera 

(Teledyne DALSA, Ontario, Canada) with 2048 × 3 pixel resolution, pixel 

size 14 × 14 μm, ×20 Olympus Plan-Apo objective lens with a numerical 

aperture (NA) of 0.75, and scanning resolution of 0.5 μm/pixel 

2. Hamamatsu NanoZoomer XR (Hamamatsu Photonics, Hamamatsu, 

Japan; courtesy of Teemu Tolonen, Department of Pathology, Fimlab 

Laboratories, Tampere University Hospital) brightfield line scanner, 

charge-coupled device (CCD) camera with 4096 × 64 pixel resolution, 

pixel size 8 × 8 μm, ×20 Olympus Plan-Apo objective lens (NA 0.75) and 

×1.75 relay lens, scanning resolution of 0.46 μm/pixel 

3. Pannoramic SCAN (3DHISTECH Ltd, Budapest, Hungary; courtesy of 

Fang Zhao, HUSLAB, Division of Pathology and Genetics, Helsinki 

University Central Hospital) brightfield tile-based scanner, CIS 3CCD 

camera with 2048 × 2048 pixel resolution, pixel size 5.5 × 5.5 μm, ×20 

Carl Zeiss Plan-Apochromat objective lens (NA 0.8) and ×1 phototube, 

scanning resolution of 0.24 μm/pixel 

4. SlideStrider (Jilab Inc, Tampere, Finland; courtesy of Jorma Isola, Jilab 

Inc.) brightfield tile-based scanner, Lumenera Lt1265R CCD camera 

(Lumenera Corporation, Ottawa, Ontario, Canada) with 4240 × 2832 pixel 

resolution, pixel size 3.1 μm × 3.1 μm, ×10 (NA 0.4) and ×20 (NA 0.75) 

Olympus UPLSAPO objective lenses, scanning resolution 0.16–0.31 

μm/pixel. 

The area included in the WSI was the smallest rectangle covering all individual 

tissue fragments on the slide. For the SlideStrider scans, the non-scanned empty 

slide areas required to fill in the WSI rectangle were copied automatically from a 

standard empty slide image tile. All WSIs were scanned as 24-bit RGB color 

images. 

4.3.5 Determining the optimal imaging resolution in a whole slide scanner 
(Study V) 

The Extreme Resolution 1951 USAF Target slide (model 2012A; Ready Optics, 

California, USA; Figure 7) was digitized with the tile-based SlideStrider scanner 
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(Jilab Inc, Tampere, Finland) using Koehler-adjusted brightfield illumination, three 

objective lenses and two cameras, producing in total six whole slide images (pairing 

each camera with each objective lens). The cameras used were Lumenera Lt1265R 

CCD (pixel size 3.1 x 3.1 μm, 4240 x 2832 pixels in 1-inch sensor format) and 

Lumenera Lt425 (pixel size 5.5 x 5.5 μm, 2048 x 2048 pixels in 1-inch sensor 

format). The objective lenses were plan apochromats, Olympus UPLSAPO 10x 

NA 0.4, 20x NA 0.75, and 40x NA 0.95. All images were acquired with 8-bit pixel 

depth resulting in 24-bit color images. The images were saved as uncompressed 

bitmap images. 

 

Figure 7.  Photograph of the Extreme Resolution 1951 USAF Target slide. Element 1 from group 4 is 
placed in the lower right hand corner with the rest of the elements in group 4 (2-6) in the 
left side. Group 5 (elements 1-6) is to the right with the rest of the groups (6-11) being 
placed in a spiraling manner in the center. The line width of group 4 element 1 is 31 μm or 
0.031 mm. 

 

 

The target slide consists of 48 elements divided into 8 groups (groups 4-11) with 

each group being further divided into 6 individual elements (elements 1-6). Each 

element is made up of three horizontal and three vertical lines. The elements are 
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arranged according to their size with the biggest element being number 1 in group 

4 and the smallest element 6 in group 11. The line width of the biggest element 

(group 4, element 1) is 31 μm and the period (the space between two lines) 62 μm; 

the corresponding width and period of the smallest element (group 11, element 6) 

are 137 nm and 274 nm. The groups and elements are arranged on the slide in a 

spiral fashion with the biggest elements (groups 4 and 5) in the periphery and the 

smaller elements getting successively nearer the center. 

The sampling resolution of a slide scanner-objective combination was 

experimentally defined by looking up the dimensions of the smallest element in the 

resolution target whose individual lines could still be distinguished in the digitized 

image without them blending into each other. 

 

4.4 Digital image compression 

The image compression was carried out at the Institute of Medical Technology 

(studies I-III), University of Tampere (cancer biology research group, professor 

Jorma Isola) and Jilab Inc (Study IV), Tampere. 

4.4.1 Whole slide imaging in prostate cancer Gleason grading & 
Simultaneous viewing of prostate cancer morphology and 
immunohistochemistry (Studies I-II) 

After being scanned, the whole slide images were compressed using the ECW 

algorithm (enhanced compression wavelet) which was done by the ERMapper 

software (Earth Resource Mapping Pty, West Perth, Australia). 

4.4.2 Image analysis of HER2 immunohistochemistry (Study III) 

The whole slide images were compressed using standard JPEG 2000 compression. 
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4.4.3 WSI-optimized JPEG 2000 image compression (Study IV) 

WSIs from the Aperio, Hamamatsu, and Pannoramic scanners were saved without 

compression and then compressed with JP2-WSI. The same scanned WSIs were 

also saved using the manufacturers’ proprietary file formats and their default 

compression schemes. Aperio SVS format used JPEG tile compression with 

compression level set at 70/100. Both Hamamatsu NDPI format and Pannoramic 

MRXS format employed JPEG tile compression with quality level 80/100. The 

WSIs scanned with SlideStrider were first saved losslessly and then converted to 

either fixed 35:1 ratio JPEG 2000 or the developed JP2-WSI compression. The 

compression method of the SlideStrider software is based on the Kakadu software 

development kit library implementation of JPEG 2000 (version 7.5, Kakadu 

Software Inc., NewSouth Innovations Pty Limited, Sydney, Australia). The four 

scanners all had different sampling resolutions, Aperio 0.5 μm/pixel, Hamamatsu 

0.46 μm/pixel, Pannoramic 0.24 μm/pixel, and SlideStrider 0.16–0.31 μm/pixel. 
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5 RESULTS 

5.1 Whole slide imaging in teaching and standardizing prostate 
cancer Gleason grading (Study I) 

A public website was constructed (http://www.webmicroscope.net/gleason) for 

the purpose of conducting the study and presenting its results. The website is no 

longer maintained and is only available for viewing through The Internet Archive 

(http://archive.org/). The website served as a platform for self-testing and learning 

of Gleason grading. The user could choose whether to randomly view slides from 

the pool of sixty-two slides included in the study or from a selected smaller set of 

biopsies representing an educationally more meaningful distribution of Gleason 

grades. The user could assign each biopsy a Gleason score and compare it with the 

scores given by the expert urological pathologists in the study. Grading could be 

conducted in an interactive learning mode with instant feedback, or the user could 

choose to assess their agreement with the expert urological pathologists after 

finishing a grading session. Additional features of the website included an option to 

save a scoring set to later return to and score the same slides again in random order 

and thus assess one’s own intraobserver agreement. Figure 8 shows a screenshot of 

the summary statistics page of the website. 

One of the expert urological pathologists viewed the sixty-two prostate biopsies 

from the original glass slides with a conventional light microscope and again six 

weeks later. The latter slide review was done with the pathologist's ordinary office 

computer, screen, and internet connection using the virtual slides on the website in 

a random order and without specimen codes. The intraobserver agreement (glass 

slides versus virtual slides) was excellent (weighted kappa = 0.73; 95% confidence 

interval [CI] 0.61-0.85) in that 48 (77%) of the 62 scores were identical and the 14 

remaining scores differed only by 1 point on the Gleason scale. When the data 

were categorized into Gleason score groups (< 7, 7, > 7) as in Table 3, the 

weighted kappa was 0.75 (95% CI 0.63-0.88). Recorded from the web server log, 

the average time needed to grade a biopsy using a digital slide was 3 minutes. 
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Figure 8.  Screenshot of the summary statistics page of the interactive Gleason grading website 
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Table 3.  Intraobserver variation in Gleason grading using digital slides over the internet vs. 
glass slides 

Digital slide 
Gleason score 

Glass slide 
Gleason score 

Total 

 < 7 7 > 7  

< 7 32 4 0 36 

7 1 14 5 20 

> 7 0 1 5 6 

 33 19 10 62 

 

The sixty-two digital slides were independently assessed from the website by three 

expert urological pathologists with their own ordinary office computers, screens, 

and internet connections. No efforts were made to standardize the Gleason scoring 

for the purpose of the study. The Gleason scores of the three pathologists were 

compared pairwise, that is, pathologist 1 versus pathologist 2, pathologist 2 versus 

pathologist 3, and pathologist 1 versus pathologist 3 (see Table 4). The 

corresponding weighted kappa coefficients for categorized Gleason scores (< 7, 7, 

> 7) were 0.66 (95% CI 0.50-0.82), 0.59 (95% CI 0.42-0.77), and 0.61 (95% CI 

0.43-0.78), whereas the coefficients calculated for uncategorized Gleason scores 

were 0.62 (95% CI 0.47-0.78), 0.58 (95% CI 0.42-0.75), and 0.55 (95% CI 0.39-

0.70), reflecting moderate to substantial interobserver agreement. 

 

Table 4.  Interobserver variation of Gleason grading using web based digital slides 

 Gleason 
score 

< 7 7 > 7 Interobserver 
agreement 

Pathologist 1  Pathologist 2    

 < 7 23 5 0  

 7 5 21 1 0.66 

 > 7 0 3 4  

Pathologist 3  Pathologist 2    

 < 7 25 11 0  

 7 3 16 1 0.59 

 > 7 0 2 4  

Pathologist 3  Pathologist 1    

 < 7 25 10 1  

 7 3 16 1 0.61 

 > 7 0 1 5  
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5.2 Simultaneous whole slide imaging of prostate cancer 
morphology and immunohistochemistry (Study II) 

The routinely hematoxylin and eosin stained slides were first digitized using an 

established whole slide scanning technique. The slide coverslips were then 

removed in xylene and the tissue sections destained (with the destaining doubling 

as antigen retrieval) and restained immunohistochemically with AMACR and p63, 

using a standard protocol. The quality of the following immunostaining was 

deemed similar to staining carried out on ordinary unstained tissue. After the 

immunohistochemical staining the slides were digitized again. Removing the 

coverslip and performing the AMACR/P63 immunostaining required 

approximately 3 hours, followed by slide scanning, which required 0.5 to 1 hour. 

The staining and scanning protocol is shown diagrammatically in Figure 9. 

Figure 9.  Diagram showing the process of creating whole slide images with simultaneous viewing of 
hematoxylin and eosin (H&E) and immunohistochemically stained (AMACR/p63) glass 
slides 
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A publicly open website was created 

(http://www.webmicroscope.net/AMACRp63) for the viewing of the thirty digital 

slides. The website is no longer maintained and is only available for viewing 

through The Internet Archive (http://archive.org/). The paired digital slides 

consisting of hematoxylin and eosin, and IHC stains, could be viewed using a 

standard web browser (Internet Explorer or Mozilla® Firefox™). Figure 10 is a 

screenshot of the digital slide viewing interface. 

The website user was able to view the stainings either side-by-side or blended 

on top of each other. In the blending mode, a slider was used to control the 

transparency of the immunohistochemical staining on top of the H&E staining. 

This yielded a result of seeing only the H&E staining, only the IHC staining, or a 

blend of the two. Almost perfect alignment of the hematoxylin and eosin, and the 

IHC stainings was achieved, allowing the comparison of the H&E staining 

morphology and immunophenotype even at a single cell level. When viewing the 

stainings side by side, zooming (magnification change) and navigation within the 

sample were synchronized, i.e. every movement took place in the hematoxylin and 

eosin, and IHC viewing windows simultaneously and similarly. 

The website not only demonstrated the simultaneous viewing of sequentially 

stained digital slides, but also served as a self-educational tool for learning the 

correlation between prostate histopathology and the interpretation of 

AMACR/p63 immunostaining. To improve the pedagogic value of the website, an 

experienced uropathologist (HJH) defined and annotated regions of interest 

(ROIs) in the slides with foci of particular diagnostic interest. ROIs were indicated 

on the screen by circles and they represented carcinomatous and suspicious glands, 

PIN, ASAP and post-atrophic hyperplasia. ROI indicators and the annotations 

were initially hidden and could be turned on by the user. 
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Figure 10.  Simultaneous viewing of two whole slide images with different stainings. Screenshot of the 
side-by-side viewing interface 

 

5.3 Image analysis of HER2 immunohistochemistry (Study III) 

Of the original database search result of 1249 cases, 157 cases (12.6%) were 

positive by ISH, and of the 750 case subset in the study, 74 (9.9%). In situ 

hybridization had been performed in 314 (41.9%) cases (originally 2+ and 3+ by 

IHC). The frequencies for a positive (3+) IHC staining for the original pathologist, 

the researcher and ImmunoMembrane image analysis were 8.4% (63 cases), 9.5% 

(71 cases) and 9.1% (68 cases), respectively. Equivocal (2+) staining was reported 

by the pathologist, researcher and ImmunoMembrane image analysis in 34% (255 

cases), 43.7% (328 cases) and 10.1% (76 cases), respectively. Negative staining 

(0/1+) showed, for the pathologist, the researcher and ImmunoMembrane image 

analysis, frequencies of 57.6% (432 cases), 46.8% (351 cases) and 80.8% (606 

cases), respectively. These data are summarised in Table 5. 

  



 

77 

Table 5.  Frequencies of the HER2 IHC scores in percent, number of cases in parentheses 

 Pathologist 
visual score 

Researcher 
visual score 

ImmunoMembrane 
image analysis score 

Negative (0/1+) 57.6 (432) 46.8 (351) 80.8 (606) 

Equivocal (2+) 34 (255) 43.7 (328) 10.1 (76) 

Positive (3+) 8.4 (63) 9.5 (71) 9.1 (68) 

Total 100 (750) 100 (750) 100 (750) 

Of the 750 cases, 6 (0.8%) were false positives in ImmunoMembrane image 

analysis, defined as 3+ positive by IHC but negative by ISH. The corresponding 

number of false positives was for the researcher 8 (1.1%) and for the pathologist 0. 

Similarly, there were 6 (0.8%) false negative cases by ImmunoMembrane image 

analysis (0/1+ negative by IHC while positive by ISH). The number of false 

negatives was 0 for the researcher whereas it could not be defined for the 

pathologist because the laboratory performed ISH only on cases originally scored 

as 2+ or 3+ by IHC. A cross tabulation comparing the IHC scores of the 

pathologist, the researcher and ImmunoMembrane image analysis with in situ 

hybridization is presented in Table 6. Examples of images from the 

ImmunoMembrane analyses are shown in Figure 11. 

Table 6.  Cross tabulation comparing HER2 in situ hybridization to immunohistochemistry by 
visual scoring and by image analysis in numbers of cases 

 Pathologist IHC Researcher IHC ImmunoMembrane IHC Total 

 0/1+ 2+ 3+ 0/1+ 2+ 3+ 0/1+ 2+ 3+  

No ISH 427 5 4 322 110 4 424 7 5 436 

ISH - 5 235 0 29 203 8 176 58 6 240 

ISH + 0 15 59 0 15 59 6 11 57 74 

Total 432 255 63 351 328 71 606 76 68 750 

The six false positive and six false negative cases (each representing 0.8% of the 

total 750 cases) in ImmunoMembrane image analysis were divided into four 

categories: truly discrepant IHC and ISH, borderline ImmunoMembrane IM-score, 

heterogeneous staining, and low-contrast staining. Of the six false positive cases, 

only two exhibited true discrepancy between IHC and ISH after review by an 

experienced breast pathologist, who scored the cases as 3+ positive in line with 

ImmunoMembrane while ISH was negative. In both cases, the original pathologist 

had scored the cases 2+ and the researcher 3+. 
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Figure 11.  Three result images from ImmunoMembrane image analysis using digital 
photomicrographs. All three cases were originally scored as equivocal (2+) by a 
pathologist. The first image (a) receives an IM score of 2 points and is thus classified as 
negative (0/1+), the second image (b) 8 points (classified as equivocal, 2+), and the third 
image (c) 16 points (classified as positive, 3+). The first two cases were classified visually 
as 2+ by the researcher and the last one 3+. The first two cases are negative by ISH and 
the last one positive. 

 

Two false positive cases showed a borderline IM score of 10 (in the scale of 0–20) 

which, according to our cutoff, value qualifies them as positive, although they were 

negative by ISH. In both cases, both the original pathologist and the researcher had 

scored the cases 2+. 

Two false positive cases were found to exhibit heterogeneous staining when 

reviewed by an experienced breast pathologist. In these cases, some of the 

photomicrographs were classified by ImmunoMembrane in agreement with ISH 

whereas a greater number of images showed a negative score, which rendered the 

overall score in disagreement with ISH. One of the cases was scored 2+ by the 

original pathologist and 3+ by the researcher whereas the other case was scored 2+ 

by both. 

Of the six false negative cases, one was found to be discrepant between IHC 

and ISH after review by an experienced breast pathologist (0/1+ IHC-negative in 

both the pathologist and ImmunoMembrane image analysis but positive by ISH). 

The case was scored 2+ by both the original pathologist and the researcher. 

Heterogeneous staining was observed in three false negative cases. All three cases 
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were scored 2+ by both the original pathologist and the researcher. Two false 

negative cases exhibited low-contrast staining when reviewed by an experienced 

breast pathologist. Both cases were scored 2+ by the original pathologist and the 

researcher. 

Table 7 presents a cross tabulation of HER2 IHC scores rendered by a 

pathologist with the help of ImmunoMembrane using digital photomicrographs 

and by a researcher using ImmunoMembrane directly on whole slide images. Of 

the thirty cases two were discordant. Of these the first was scored 2+ using 

ImmunoMembrane with photomicrographs and 3+ using WSI and the second one 

vice versa (3+ using WSI and 2+ using photomicrographs). Interobserver 

variability, calculated using linearly weighted kappa statistic, was almost perfect at 

0.92 (95% confidence interval 0.82–1.0). 

Table 7.  Cross tabulation of cases analysed with ImmunoMembrane using digital 
photomicrographs and whole slide images 

ImmunoMembrane, 
photomicrographs 

ImmunoMembrane, 
whole slide images 

   

 0/1+ 2+ 3+ Total 

0/1+ 10 0 0 10 

2+ 0 9 1 10 

3+ 0 1 9 10 

Total 10 10 10 30 

5.4 WSI-optimized JPEG 2000 image compression (Study IV) 

Table 8 presents the pixel dimensions, the ratios of empty slide to tissue area, and 

the file sizes of the 17 slides digitized with the SlideStrider scanner at 0.31 

μm/pixel. The uncompressed file sizes ranged from 2.6 to 30 GB. Lossless JPEG 

2000 compression yielded compression ratios ranging from 3:1 to 56:1 and file 

sizes from 341 megabytes (MB) to 5.9 GB. The fixed ratio JPEG 2000 algorithm 

compressed all images to the 35:1 extent, except for two cases (slides 14 and 16), 

for which higher compression ratios were achieved with the lossless algorithm. The 

file sizes ranged from 74 MB to 686 MB. The developed JP2-WSI compression 

produced overall compression ratios varying from 41:1 to 1487:1, and file sizes of 8 

MB to 442 MB. As an average, using JP2-WSI, we obtained file sizes that were 

33% of fixed-ratio lossy compressed JPEG 2000. Of the individual scanned 

histopathology test slides, JP2-WSI reduced file sizes most effectively in biopsy 

slides containing multiple small tissue fragments and abundant empty slide area 
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(slides 14, 16, and 17 in our test set, see Figure 6). The ratio of empty slide area to 

tissue-containing slide area showed an approximately linear relationship with the 

overall compression ratio achieved with JP2-WSI. 

Figure 12 allows comparison of the visual image qualities obtained with JP2-

WSI compression, JPEG quality level 80 compression, and fixed 35:1 ratio JPEG 

2000 compression. In this figure, visually detectable differences can be seen only 

with zoom levels well over 100%, which represent purely digital magnification. The 

magnified screenshots come from WSIs with file sizes of 528 MB and 21 MB 

(JPEG 2000 35:1 and JP2-WSI, respectively) and 611 MB and 18 MB (JPEG 2000 

35:1 and JP2-WSI, respectively). The slides were scanned using the SlideStrider 

whole slide scanner with x10 objective lens and a charge-coupled device camera 

with 3.1 μm pixel size, resulting in 0.31 μm/pixel scanning resolution. Figure 13 

presents zoomed screenshots of Helicobacteria in a gastric biopsy, scanned with 

resolutions of 0.31 μm/pixel and 0.16 μm/pixel (Plan-Apo ×10 and ×20 objective 

lenses, respectively). At 0.31 μm/pixel, there are subtle visible differences in the 

image quality. JP2-WSI eliminates random noise, resulting in a smooth or blurry 

image appearance, whereas JPEG produces a grainier or noisier image. With the 

higher optical scanning resolution we were unable to detect diagnostic differences 

in image quality. 
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Table 8.  Comparison of whole slide image file sizes produced by three different 
parametrizations of JPEG 2000 image compression 

Slide WSI 
dimensions 

in pixels 

Ratio of 
empty slide 

to tissue area 

Un- 
compressed 
file size (MB) 

JP2-lossless 
file size 

(MB) 

JP2-35:1 
file size 

(MB) 

JP2-WSI 
file size 

(MB) 

1 19,728 x 71,824 9.0 4251 387 122 13 

2 22,544 x 67,600 10.1 4572 347 131 12 

3 25,360 x 67,600 11.5 5143 387 147 12 

4 19,728 x 80,272 6.7 4751 593 136 17 

5 25,360 x 33,808 3.2 2572 448 74 12 

6 64,784 x 92,944 0.3 18064 5545 517 442 

7 67,600 x 67,600 1.0 13709 3431 392 289 

8 56,336 x 63,376 1.0 10711 2382 306 120 

9 19,728 x 59,152 1.9 3501 634 100 26 

10 22,544 x 80,272 3.0 5429 928 155 38 

11 64,784 x 92,944 1.2 18064 3512 517 304 

12 67,600 x 118,288 0.6 23989 5896 686 284 

13 67,600 x 67,600 0.2 13709 4091 392 248 

14 67,600 x 147,856 49.0 29985 528 528 21 

15 56,336 x 135,184 32.3 22847 669 648 25 

16 61,968 x 143,632 49.0 26702 611 611 18 

17 19,728 x 13,9408 24.0 8251 341 236 8 
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Figure 12.  Comparison of image quality between JP2-WSI (a and b), JPEG quality level 80 (c and d) 
and fixed 35:1 ratio JPEG 2000 (e and f) compression. Digitally magnified screenshots of 
whole slide images 14 (a, c, e) and 16 (b, d, f). 
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Figure 13.  Effects of image compression and whole slide image scanning resolution on image quality 
exemplified by the detection of Helicobacteria in a gastric biopsy. JP2-WSI (a and c) and 
JPEG quality level 80 (b and d) compressed images scanned at 0.31 μm/pixel (a and b) 
and 0.16 μm/pixel (c and d) sampling resolutions. 

 

Table 9 shows the file sizes resulting from digitizing the set of 17 slides with 

3DHISTECH, Aperio and Hamamatsu scanners. For each scanner, three different 

file sizes are shown per slide: the raw uncompressed file size, the file size using the 

scanner’s default compression method, and the file size using JP2-WSI 

compression. The file sizes are not comparable between scanners because of 

different scan area dimensions and different scanning resolutions. 

The uncompressed file sizes ranged from 4.84 GB to 63.15 GB. 3DHISTECH 

default compression produced compression ratios of 10–158:1 while JP2-WSI 

compressed the same images with ratios of 66–2250:1. For Aperio, the 

compression ratios were 7–32:1 for default compression and 48–1289:1 for JP2-

WSI. Hamamatsu default compression produced compression ratios of 10–42:1 

with JP2-WSI producing compression ratios of 49–1342:1. JP2-WSI compression 

had the widest range of overall compression ratios, 66–2250:1, 48–1289:1 and 49–

1342:1 for 3DHISTECH, Aperio, and Hamamatsu scanned images, respectively. 
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JP2-WSI compressed images were smallest and had the highest overall 

compression ratios in every case. All of the compression methods produced the 

highest compression ratios for the biopsy slides 14–17. These slides had the 

highest ratios of empty slide to tissue area. JP2-WSI compressed file sizes were 

15%, 9%, and 16% of the file sizes produced by 3DHISTECH, Aperio, and 

Hamamatsu default compression methods (Table 10). 

Table 9.  File sizes (gigabytes) of slides digitized with different scanner and compression 
method combinations with compression ratios in parentheses 

 3DHISTECH Aperio Hamamatsu 

 Raw Default JP2-WSI Raw Default JP2-WSI Raw Default JP2-WSI 

1 16.77 0.27 (63) 0.03 (643) 6.34 0.32 (20) 0.02 (270) 11.89 0.36 (33) 0.03 (446) 

2 18.48 0.30 (62) 0.03 (678) 7.10 0.31 (23) 0.02 (333) 13.08 0.39 (34) 0.03 (498) 

3 18.58 0.28 (66) 0.03 (709) 9.98 0.44 (23) 0.02 (479) 11.01 0.34 (32) 0.03 (432) 

4 21.15 0.37 (57) 0.03 (649) 7.24 0.43 (17) 0.03 (243) 9.87 0.33 (30) 0.03 (301) 

5 7.91 0.29 (28) 0.04 (221) 6.62 0.47 (14) 0.03 (205) 4.84 0.23 (21) 0.03 (143) 

6 39.63 4.13 (10) 0.60 (66) 36.07 5.35 (7) 0.76 (48) 40.87 4.10 (10) 0.84 (49) 

7 33.90 2.56 (13) 0.48 (70) 36.46 3.30 (11) 0.40 (91) 27.35 2.32 (12) 0.44 (62) 

8 25.97 1.59 (16) 0.29 (89) 14.80 1.94 (8) 0.27 (55) 20.35 1.53 (13) 0.29 (70) 

9 18.48 0.48 (38) 0.07 (271) 7.00 0.48 (15) 0.06 (116) 10.66 0.50 (22) 0.07 (151) 

10 16.89 0.57 (29) 0.07 (238) 7.79 0.61 (13) 0.06 (124) 10.70 0.50 (21) 0.07 (151) 

11 47.22 2.61 (18) 0.47 (100) 28.07 2.89 (10) 0.40 (70) 37.79 2.57 (15) 0.46 (83) 

12 56.35 3.28 (17) 0.50 (112) 40.37 3.73 (11) 0.42 (96) 49.81 2.87 (17) 0.47 (105) 

13 34.23 3.06 (11) 0.52 (66) 25.82 3.41 (8) 0.44 (59) 29.37 2.49 (12) 0.47 (62) 

14 59.32 0.37 (158) 0.03 (1739) 43.14 1.48 (29) 0.03 (1289) 52.85 1.27 (42) 0.04 (1342) 

15 62.33 0.51 (123) 0.04 (1641) 49.37 1.55 (32) 0.04 (1189) 49.68 1.23 (40) 0.05 (1033) 

16 63.15 0.50 (127) 0.03 (2250) 37.20 1.56 (24) 0.04 (905) 49.68 1.24 (40) 0.05 (1078) 

17 35.64 0.24 (146) 0.02 (2093) 13.22 0.58 (23) 0.02 (671) 16.21 0.41 (39) 0.02 (862) 

 

Table 10.  Mean whole slide image file sizes produced by different scanner and compression 
method combinations 

Compression method Mean whole slide image file size in gigabytes (mean compression ratio) 

 3DHISTECH Aperio Hamamatsu 

No compression 33.88 22.15 26.24 

Default compression 1.26 (27) 1.70 (13) 1.33 (20) 

JP2-WSI compression 0.19 (176) 0.18 (122) 0.20 (131) 
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5.5 Determining the optimal imaging resolution for whole slide 
images 

The scanner setup of the two alternative cameras and three different objective 

lenses produced in total six digital images, for which we calculated a number of 

parameters as well as measuring the sampling resolution from the uncompressed 

digital images (Table 11). 

For each objective lens, the theoretical optical resolving power was calculated as 

the Rayleigh resolution limit (Sellaro et al., 2013; Murphy & Davidson, 2013a) 

using the formula 

R = 0.61 λ / NA, 

where R is the smallest resolved distance in μm, λ is the wavelength in μm, and NA 

is the numerical aperture of the objective lens. The theoretical optical resolving 

power ranged from 0.839 to 0.353 μm. 

In the same manner, each objective lens and camera sensor combination has a 

theoretical resolving power (theoretical sensor resolving power using the 

microscope magnification). This is defined by the sensor pixel size, the objective 

lens magnification, and the Nyquist criterion for image sampling (Sellaro et al., 

2013; Murphy & Davidson, 2013b) according to which a minimum of two pixels is 

needed to cover the distance to be resolved. Thus, a sensor with 5,5 μm pixel size 

and a 10x magnification produces 5,5 μm x 10 x 2 = 1,1 μm resolving power. The 

theoretical sensor resolving power ranged from 1.1 to 0.155 μm. Expressed in 

μm/pixel, these values produce the theoretical sampling resolutions of the scanner 

setups, which ranged from 0.55 to 0.078. 

By comparing the optics resolving power to the camera sensor resolving power 

we attained a percent value illustrating the extent to which the resolving power of 

the optics is utilised by the camera sensor. Percentages below one hundred indicate 

that the camera sensor is the limiting factor of the total resolving power of the 

scanner and that the image resolving power is not limited by the optics (image 

formation through diffraction and interference). A value of 100% signifies that the 

sampling resolution and the optical resolution are matched according to the 

Nyquist criterion, and that the image resolving power is diffraction limited. 

Percentages over one hundred mean that the whole resolving power of the optics 

is utilised, and that there is additional ”empty” digital resolution, which is not 

matched by optical resolution (Abramowitz, 2003). 
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Table 11.  Determinants of the resolving power and sampling resolution of a WSI scanner and 
sampling resolutions measured from a resolution target slide 

Objective 
lens 

Theoretical 
optical 

resolving 

power1, µm 

Sensor 
pixel size, 
µm 

Theoretical 
sensor 

resolving 
power2, µm 

Optics 
resolving 
power 
utilised by 

sensor3 

Theoretical 
sampling 
resolution4, 

µm/pixel 

Measured 
sampling 
resolution, 
µm/pixel (% of 
theoretical) 

10x NA 0.4 0.839 5.5 1.1 76% 0.55 0.87 (63%) 

10x NA 0.4 0.839 3.1 0.62 135% 0.31 0.49 (63%) 

20x NA 0.75 0.447 5.5 0.55 81% 0.28 0.39 (72%) 

20x NA 0.75 0.447 3.1 0.31 144% 0.16 0.27 (59%) 

40x NA 0.95 0.353 5.5 0.275 128% 0.14 0.27 (52%) 

40x NA 0.95 0.353 3.1 0.155 228% 0.078 0.22 (35%) 

NA = numerical aperture. 1: According to the Rayleigh resolution limit calculated for 550 nm wavelength. 2: 
Smallest detectable object according to sampling theory. 3: Percentages below 100 mean that the camera sensor 
is the limiting factor in the sampling resolution whereas percentages over 100 mean empty digital resolution. 4: 
Sampling resolution calculated according to sampling theory using the measured total resolving power. 
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6 DISCUSSION 

The present study was carried out with the purpose of developing and testing 

applications of digital pathology in order to improve the histopathological 

diagnosis of prostate and breast cancer. The first two studies, I and II, represent 

the very beginnings of digital pathology, and the field has advanced since then, 

perhaps in small part due to the findings from these studies (Weinstein, 2005; 

Camparo et al., 2012). 

Cancer histopathology is a field under constant progress. The pathologist 

shortage observed in many countries as well as the need for ever more detailed 

characterizations of cancer present challenges for this advancement of diagnostics. 

6.1 Web-based whole slide imaging in cancer histopathology 

Historically, the histopathological diagnosis of cancer has been made with light 

microscopy. Transitioning from physical glass slides to whole slide imaging makes 

it possible to take advantage of all the features that a computer environment offers. 

The studies I, II, and IV were carried out employing whole slide images. In 

Study II photomicrographs as well as whole slide images were used. Whole slide 

imaging can be thought of as the pinnacle of digital pathology: it translates the 

work done with light microscopes into the digital realm. Tissue microarrays and 

photomicrographs, used in some studies, for instance, only emulate the task of 

making a histopathological diagnosis on a complete tissue specimen. 

WSIs have been used for quite some time in certain environments, such as 

undergraduate teaching of histology and pathology (Saco et al., 2016; Nauhria & 

Ramdass, 2019). However, much of the material on Gleason grading is still 

photomicrographs and textual descriptions. The International Society of Urological 

Pathology, for example, has a Pathology Imagebase with a section on prostate 

cancer grading aiming to standardize the grading (The International Society of 

Urological Pathology, n.d.). The Imagebase is made up of photomicrographs. The 

WHO Classification of Tumors, as another example, is published in book form 
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while some volumes are also published on a website (International Agency for 

Research on Cancer, 1965). The ones that have been published online feature 

almost exclusively photomicrographs instead of whole slide images. 

Moving from the light microscope to a computer enables, among other things, 

more flexible viewing of the histopathological sample. Using a computer display 

instead of microscope oculars confers advantages in ergonomics as well as taking 

advantage of the computer graphical interface in annotating the slides and using 

the cursor to indicate areas of interest. The simultaneous viewing of a single slide 

by several people without a multi-viewer microscope is also advantageous. 

A novel application of digital pathology – compared to light microscopy – is the 

viewing of two slides simultaneously and synchronously. Some light microscope 

stages permit having two slides on at the same time but moving between the two – 

and locating the corresponding tissue areas – is cumbersome at best. After the 

methodology of simultaneous viewing of digital slides (Study III) was published, it 

has become almost standard in commercial whole slide imaging systems. Our 

method involved aligning the two slides partially by hand whereas the currently 

used applications do this fully automatically. A novel application of the 

simultaneous viewing of two whole slide images in breast cancer HER2 diagnostics 

is the viewing of an immunohistochemically stained section simultaneously with an 

in situ hybridization section. 

The method of destaining and restaining histopathological sections has been 

described before (Halmi, 1978). Even though its use in routine work is limited by 

labour intensiveness it can have practical implications, for instance, in cases where 

there is insufficient amount of tissue to cut additional sections for new stains. The 

method can also be applied in education and research. We showed that the 

destaining procedure also functions as antigen retrieval in immunohistochemistry. 

The Studies I and II used web-based software which made them accessible 

through the internet. With high speed internet access being practically ubiquitous it 

is possible to operate applications such as whole slide viewers over the internet 

even when fast transfer of large amounts of data is needed. Compared to locally 

installed software web-based applications are available to a much broader audience 

benefiting the dissemination of information. Some hospital networks, for instance, 

have firewalls and other security measures that prohibit installing software onto 

local workstations which further increases the feasibility of internet based software 

applications. 

Whether considering on-site use through local area computer networks or web 

based applications such as off-site diagnostics or second opinion use, the 
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introduction of whole slide imaging into routine clinical practice has been slow 

(Griffin & Treanor, 2017; Jahn et al., 2020). Even though the shift from glass slides 

to whole slide images is in many ways advantageous for routine diagnostics, the 

process of going digital can be strenuous (Stathonikos et al., 2021). 

In Finland, the first digital pathology systems – then called virtual microscopy – 

were developed in the early 2000s with the first scientific publications documenting 

the technology published in 2004 (Lundin et al., 2004a; Lundin et al., 2004b). Since 

then, digital pathology has been successfully used in Finland in pre- and 

postgraduate medical education, research, and clinical pathology quality control 

(Tolonen et al, 2021). However, the introduction of whole slide imaging into 

routine histopathology practice has taken over fifteen years, with the first 

workflows having been adopted into clinical practice in the 2010s and 2020s in 

Oulu University Hospital, Hyvinkää Hospital, Tampere University Hospital, and 

Turku University Hospital (Teemu Tolonen, personal communication, 18 January, 

2021). 

6.2 The evolving nature of histopathological and 
immunohistochemical entities 

Since the present study was carried out, both Gleason grading of prostate cancer 

and HER2 diagnostics of breast cancer have changed. This is part of the nature of 

histopathological grading and immunophenotyping of malignant tumors: as more 

knowledge is acquired, changes are made to the diagnostic/grading criteria. The 

histopathological grading and immunophenotyping is in essence subjective 

definitions agreed upon by the experts in the field: the biological entities 

themselves express continuous variability, whereas the histopathological and 

immunohistochemical definitions are made up of categories with subjectively 

defined cutoffs. 

Study I dealt with teaching and standardizing Gleason grading in prostate 

cancer. Since the study was carried out, The International Society of Urological 

Pathology (ISUP) has held three consensus conferences on how to perform the 

grading (Epstein et al., 2005; Epstein et al., 2016; van Leenders et al., 2020). The 

Genitourinary Pathology Society has also published its white paper on the 

contemporary grading of prostate cancer (Epstein et al., 2020). Even though the 

details of how to perform the grading have changed after Study I was published, 
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the basic principle of assigning grades according to the architectural growth 

patterns of the cancer has remained intact. 

Despite the consensus conferences and other recommendations, there are still 

issues to be resolved regarding the exact use of Gleason grading (Kweldam et al., 

2019; Sopyllo et al., 2020; Epstein et al., 2020; Smith et al., 2020). The 

methodology presented in Study I can be of value in spreading guideline 

recommendations and in proficiency testing. 

The three versions of the ASCO/CAP guidelines on breast cancer HER2 

diagnostics published so far – in 2007 (Wolff et al., 2007), 2013 (Wolff et al., 2013 ) 

and 2018 (Wolff et al., 2018) – have gone back and forth in how the HER2 status 

of a cancer should be determined. Study III was published after the issuing of the 

2013 guidelines and subsequently the 2018 guidelines have changed the definition 

of the HER2 status. This change was mostly confined to the definition of HER2 

positivity using in situ hybridization. However, the definition of IHC category 2+ 

(equivocal staining) was changed from "circumferential membrane staining that is 

incomplete and/or weak/moderate and within > 10% of tumor cells or complete 

and circumferential membrane staining that is intense and within ≤ 10% of tumor 

cells" (2013) to "weak to moderate complete membrane staining observed in > 

10% of tumor cells" (2018) (Wolff et al., 2018). It seems that there are still 

unresolved issues in how to exactly interpret the cutoffs between the IHC 

categories (Taylor et al., 2021). More research is warranted, including evaluating the 

methodology presented in Study III, in order to clarify the best way of determining 

the HER2 status of a breast cancer by immunohistochemistry. 

6.3 Black boxes and proprietary technology 

Artificial intelligence, especially deep neural networks, hold great promise for 

advancing the histopathological diagnosis of cancer. In the case of prostate cancer, 

neural networks have been shown to be able to differentiate cancer from normal 

tissue and assign Gleason grades with high sensitivity and specificity (Nagpal et al., 

2020; Ström et al., 2020; Bulten et al., 2020). 

In theory, neural networks can analyze histopathological images with more 

precision than human pathologists. A neural network registers every single pixel in 

a digital image and can process vast numbers of individual images in a matter of 

seconds. 
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A problem with diagnoses and other categorizations made using neural 

networks is that the process by which the network arrives at a conclusion (such as 

an image representing ”cancer” versus ”not cancer”) is not easy to follow for a 

human observer. Whereas a human pathologist registers commonly accepted 

anatomical entities (cells, nuclei, nucleoli) and pathological changes 

(dedifferentiation or anaplasia, invasion, inflammation), a neural network can, at 

least in theory, analyze aspects with no clear correlates in conventional 

pathophysiology. This is sometimes referred to as the black box nature of artificial 

neural networks (Sakamoto et al., 2020; Liu et al., 2019; Block, 2005). Making 

diagnoses such as cancer, that can impact a person’s life profoundly, without being 

able to clearly state what the diagnosis is based on, is by no means unproblematic. 

In a broader sense, the black box theory can be applied to all forms of image 

analysis algorithms, not merely those using neural networks. By ”looking inside” 

the black box one can find that algorithms can exhibit different forms of bias 

(Danks & London, 2017) and that they are not as objective as sometimes made out 

to be (Tadrous, 2010). One incentive for using black box technology, or at least 

not actively avoiding it, could be financial gain. This is exemplified by ”trade 

secrets” giving an advantage to one proprietary technology over another. 

A contrasting approach to black box applications and proprietary technology is 

presented by free and open source software. It is defined as software distributed 

under terms that allow users to use, modify, and redistribute the software freely 

(Feller et al., 2005). Free and open source software, such as the ImmunoMembrane 

application used in Study III, can be seen as more conducive for the scientific 

endeavor than proprietary software (Kelty, 2005). The advantages include concrete 

aspects (such as vendor lock-in) as well as more abstract ones (for instance peer 

review). The notions of freedom and openness can be extended from software to 

hardware as well as publishing and educational resources (Marée, 2019; Pearce, 

2020). 

6.4 Striking a balance between whole slide image fidelity and 
file size 

With advancements in digital cameras and, by extension, in whole slide scanning, 

the fidelity of whole slide images has reached a point where greater scanning 

resolution does not automatically equal better usability in the clinical setting. Too 

big scanning a resolution produces too big images with more time needed to scan, 
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view and upload/download the images. Too big whole slide images also make up a 

greater storage footprint. The more widely digital pathology is adopted in a hospital 

setting, for instance, the more important it is to optimize the file size of whole slide 

images. 

The two main approaches to optimizing whole slide image file size are using 

image compression algorithms and avoiding excessive optical resolution in the first 

place. In Study IV, a novel whole slide image optimized parametrization of JPEG 

2000 was introduced and found to have advantages compared to conventional 

compression methods used in whole slide scanners. 

When it comes to optimizing the scanning resolution of a whole slide image, an 

important aspect is the matching of the components in the imaging chain of the 

whole slide scanner, particularly the camera and the objective lens. To study this, 

we digitized an optical resolution target using a whole slide scanner with two 

alternative cameras and three different objective lenses. 

The sampling resolution of a WSI can either be expressed as a theoretical value 

calculated from the sensor pixel size and the objective lens magnification, or 

obtained empirically by measuring the total resolving power of the scanner (in μm) 

using the USAF 1951 Extreme Resolution Target slide (see Figure 7). By matching 

the measured total resolving power to the corresponding sampling resolution given 

by the Nyquist criterion, we were able to compare the theoretical and measured 

sampling resolutions (see Table 11). 

By optimizing the sampling resolution, one can make sure that the image 

resolving power is diffraction limited (that is, the whole resolving power of the 

optics is utilised) and that there is no empty digital resolution (that is, too many 

pixels to cover the smallest image detail discernible by the optics) (Abramowitz, 

2003). 

Our study showed that by using a camera sensor with too large a pixel size (5.5 

μm for 10x NA 0.4 and 20x NA 0.75 objective lenses), the resulting resolving 

power is limited by the camera sensor, meaning only part of the resolving power of 

the optics is utilised (76% for the 10x and 81% for the 20x objective lenses). By 

using a camera sensor with a smaller pixel size (3.1 μm for the 10x and 20x 

objective lenses), the optics resolving power is obtained, meaning the camera 

sensor has 2 to 3 pixels covering the smallest image detail discernible by the optics 

(translating to 100-150% optics resolving power utilised by sensor in Table 11). In 

the case of the 40x NA 0.95 objective lens, the camera sensor with 3.1 μm pixels 

produces so called oversampling, or empty digital resolution. Oversampling can be 

defined as the use of a sampling resolution greater than 1-1.5 times the Nyquist 
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criterion (that is, over 100-150% utilization of the optics resolving power by the 

camera sensor). The extra pixels do not convey additional image information 

because the resolving power of the optics has already been met, but they increase 

the image file size. Thus, with the 40x objective lens, the camera sensor with 5.5 

μm pixel size is better. 

An additional observation when it comes to sampling resolution is, that the 

theoretical values are not reached empirically. With very high sampling frequencies 

the limits posed by the laws of optics are reached. The so called Abbe limit, 

d = λ / 2NA, 

where d is the smallest periodicity in a structure that can be detected in the 

microscope image, λ is the wavelength of light being used, and NA is the numerical 

aperture, gives 0.275 μm as the resolving power limit for an objective lens with NA 

1.0 used with light having a wavelength of 550 nm. This is in keeping with previous 

observations that the spatial resolution limit of a light microscope is roughly half of 

the wavelength of the light used for illumination (Schermelleh et al., 2019). 

The higher the theoretical sampling resolution is, the smaller is the proportion 

of it being realised in practice. This is in part due to empty digital resolution, while 

camera sensor noise can also be partly responsible. 

WSI sampling resolution, meaning the resolution in μm/pixel at which a WSI is 

digitized, is, together with image compression, an important factor in determining 

WSI file size and image quality. By matching the sampling resolution to the 

resolving power of the scanner optics, the file size and spatial resolution of a WSI 

can be optimized. When the sampling resolution is too low in relation to the optics 

resolving power, the camera sensor limits spatial resolution, and pixelation occurs, 

even when the optics would have allowed for more detail to be displayed. In the 

opposite scenario, too high a sampling resolution results in oversampling, creating 

empty digital resolution, which means redundant pixels that do not convey extra 

image information but that do increase the file size. In determining the exact 

sampling resolution of a scanner, the theoretical calculations do not seem to be 

reached in practise, and therefore, it is better to use an experimental procedure. 
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6.5 The rationality of digital pathology technology 

Digital histopathology represents new technology that is meant to augment or 

replace existing diagnostic equipment, namely the light microscope. Despite the 

many advantages presented by working with computers it is worthwhile to consider 

the presuppositions underlying the use of this new technology and whether ”going 

digital” is a rational choice or not. Light microscopy is, after all, compared to many 

digital pathology solutions, a reliable, cheap, and easy-to-use technology. 

A framework for considering the rationality of technology is presented by the 

Swedish philosopher Ingemar Nordin (Nordin, 1988). As the goal for rational 

technology he designates usefulness, defined as techniques producing their effects 

reliably and efficiently. The reliability and efficiency – and by extension the 

usefulness of a technology – are thus ultimately judged subjectively by the users of 

the technology in question. 

According to Nordin’s model of technology, digital histopathology and 

conventional light microscopic histopathology can be thought of as two separate 

technological paradigms (or parapraxes). They are competing ways of solving the 

practical problem of making histopathological diagnoses. Proponents of each 

paradigm see their own technology as useful and use it to solve new problems. In a 

technologically pluralistic society, the two paradigms are able to coexist and 

compete with each other, thereby allowing the user to choose the one they find 

most suitable for the task at hand. 

In line with this notion, digital pathology can be seen as a rational technology 

for cancer histopathology if the persons employing the technology, namely 

practicing pathologists, choose to use it over light microscopy. As we have already 

discussed, the shift from light microscopy to digital whole slide images has already 

begun and is anticipated to continue. The ambition of this shift is to advance the 

histopathological diagnostics of cancer, thereby improving the care of patients 

dealing with "the emperor of all maladies" (Mukherjee, 2010). 

6.6 Limitations of the study 

The current study dealt with different aspects of digital pathology, namely the use 

of whole slide scanning and viewing, digital image analysis, as well as digital image 

compression and storage. All of the aforementioned were studied in the context of 

light microscopic histopathology. Digital pathology as a whole, however, 
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encompasses a wider range of applications such as cytopathology, fluorescence 

microscopy, as well as special visualization techniques including spectral imaging 

(Pantanowitz & Parwani, 2017). 

The study also focused on digital pathology from the perspective of high-

income countries with good pathology resources, funding, and infrastructure. Yet, 

from the point of view of developing countries and rural regions, digital pathology 

holds special promise in alleviating the lack of pathology services (Holmström, 

2020). 

The individual studies examined applications of digital pathology in what might 

be considered a proof of concept manner. The sample sizes were limited and 

applications in routine diagnostics probably call for more validation studies. 

6.7 Future prospects 

The single hottest topic in digital pathology at the moment, at least from the 

perspective of cancer diagnostics, is most likely the use of deep learning algorithms 

in image analysis. At the same time, the use of magnetic resonance imaging can in 

some instances almost parallel histopathology (Bardis et al., 2020). An exciting 

prospect would be to combine histopathological and magnetic resonance imaging 

data as substrate for deep learning applications in otder to help discover new 

aspects of cancer pathophysiology (Kartasalo et al., 2021). 

Another possible implementation of neural networks in cancer diagnostics 

would be to train them with large prospective cohort data sets in otder to directly 

produce information about clinical events, such as metastasis or mortality, instead 

of histopathological entities (Kartasalo et al., 2021). 

Digital image analysis could help the pathologist in some of their less 

challenging diagnostic tasks and free up time for more demanding work thereby 

mitigating the aforementioned pathologist shortage. Examples of such tasks could 

be the detection of carcinoma metastasis in lymphadenectomy preparations 

(Sakamoto et al., 2020), and the preanalyzing of common non-malignant tissues 

such as ordinary cholecystectomy and appendectomy specimens (Wrenn et al., 

2017). 

A long standing issue in studying various aspects of histopathology is the variety 

of practices in the preanalytical phase (Bass et al., 2014). This refers to all of the 

steps in turning a piece of tissue into a stained histopathological slide ready to be 

analysed by the pathologist. For instance, factors concerning the sectioning, 
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fixation, and staining of the tissue need to be standardised in order for the resulting 

specimens to be genuinely comparable between different laboratories. The same 

goes for factors concerning whole slide image scanning. By way of harmonizing the 

input material for large neural networks, or through large scale international quality 

control systems, digital pathology might help in standardizing the preanalytical 

phase of histopathology. 
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7 SUMMARY AND CONCLUSIONS 

Digital histopathology presents a new way of carrying out the central task of a 

pathologist in managing cancer patients, namely making the pathological-

anatomical diagnosis of tissue removed through surgery or needle biopsy. Making 

the shift from a light microscope to a computer environment offers many benefits, 

some of which have been examined in this dissertation. 

The aim of this thesis was to develop applications of digital pathology and test 

whether these can improve the histopathological diagnosis of prostate and breast 

cancer. We demonstrated that whole slide images can be used to assess the 

Gleason grade of a prostate biopsy and that the use of an internet based platform 

can be beneficial in assessing interobserver variation and teaching and 

standardizing of Gleason grading. 

Besides Gleason grading, another important aspect of prostate histopathology is 

the interpretation of immunohistochemistry. We created a method of viewing two 

whole slide images simultaneously and synchronously and tested this method in 

visualizing the AMACR-p63 double stain along with normal hematoxylin and eosin 

staining of prostate biopsies. We showed that this technique can be used for 

histopathology education as well as in clinical diagnostics in selected cases. 

A key issue in breast cancer diagnostics is defining the HER2 status of a tumor, 

that is, whether the tumor expresses the molecule and can then be treated with 

anti-HER2 drugs. We studied the use of digital image analysis, using both 

photomicrographs and whole slide images, in aiding the pathologist in their task to 

define the HER2 status of a breast cancer surgical resection specimen. We showed 

that using a free and publicly available image analysis software can help to resolve 

cases otherwise deemed equivocal by manual microscopy. 

The introduction of digital histopathology into routine diagnostic work is 

underway. One technical challenge is managing the large amounts of image data 

generated by whole slide images. When there is a need to store large numbers of 

whole slide images, it is essential to strike a balance between image fidelity and file 

size. To deal with this issue, we studied the optimal imaging resolution of a whole 

slide scanner using a methodology that can be utilized, for instance, in comparing 
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whole slide scanners before acquiring one. Lastly, we introduced a novel way of 

image compression suited for whole slide images in order to reduce the storage 

footprint, and cost, of whole slide images. 

The first two studies in this dissertation represent the very beginnings of whole 

slide imaging in pathology, and the field has advanced since then, perhaps in small 

part due to the findings of these studies. Taken together, the findings in this 

dissertation can hopefully advance the use of digital pathology in cancer diagnostics 

and thereby improve the care of cancer patients. 
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Gleason grading forms the basis of prognostic and therapeutic assessment in prostatic

a despite its subjective nature and substantial interobserver variation. The accuracy of Gleason

can be improved by the use of educational tools such as reference images. However,

nal microscopy images are of limited educational value because it is neither possible to view

le at different magnifications nor to navigate into different areas of the specimen. This

can be overcome by the use of virtual microscopy, which allows viewing entire digitized

pe slides. We created an interactive Web site (http://www.webmicroscope.net/gleason)

a comprehensive set of prostatic needle biopsies as virtual slides, which can be viewed

andard Web browser (Internet Explorer or Netscape). To evaluate the validity of Web-based

icroscopy for Gleason grading, an experienced uropathologist (TK) scored a series of 62

from the original glass slides and 6 weeks later from virtual slides on the Web site using an

desktop computer. The intraobserver agreement was excellent, with identical Gleason scores

48 of the 62 cases (j = 0.73). The 14 remaining scores differed only by 1 point on the Gleason

0). The virtual slides were viewed by 2 other uropathologists (PM and HH), with interobserver

ients ranging from 0.55 to 0.62, which is within the range of previously reported studies using
es. The 3 uropathologists’ Gleason scores were included as reference scores on the Web site,

w serves as a publicly open platform for self-testing and learning of Gleason grading.
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Introduction

The Gleason grading system is the most widely used and

cepted grading system for prostatic adenocarcinoma [1-5].

e Gleason score of a prostate needle biopsy can have

portant clinical implications, in part determining whether

patient is a candidate for radical prostatectomy or other

rapies. To ensure objective therapeutic decisions, Glea-

n grading should be as accurate and uniform as possible.

e Gleason grading system is based on evaluating the

hitectural pattern of the malignant glands observed at a

atively low magnification. The 2 most prevalent patterns

assigned grades from 1 to 5, with 1 being the most

ferentiated and 5 the least differentiated. The sum of the
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ng interface. The small image in the upper
promising new tool for teaching and standardizing

ng in 1974 [1], a number of studies on the

variability of the grading system have been

13]. Most of the studies have included no

sensus training, and these studies uniformly

interobserver variability of Gleason grading

e. Prior use of educational tools such as

es or Web tutorials can clearly improve the

acy and reproducibility [13-16]. However,

reference systems and Web tutorials are

entional microscopy images limited to only

tion level and a preselected specimen area.

nging magnification when using convention-

scopy has been simulated with zoomable

sue microarray spots, but still each sample
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Gle 383
h resolution, which allows the user to view any part of the

ecimen at any magnification. We have recently shown that

using advanced techniques for transferring image data

er the internet, Web-based virtual microscopy is a powerful

tform for developing various educational applications in

topathology [19]. Here we present an interactive virtual

croscopy Web site featuring a comprehensive set of

resentative, digitized, prostatic needle biopsies. A pathol-
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ues are
res with those given by 3 expert uropathologists. To

lidate virtual microscopy in Gleason grading, we studied

concordance of Gleason scores assigned from conven-

nal glass slides to those assigned from virtual slides, as

ll as the concordance of virtual slide Gleason scores

igned by the 3 experienced uropathologists.

Materials and methods

1. Patient material

From the hospital records of the Tampere University

spital, 62 consecutive patients who underwent radical

statectomy preceded by a needle biopsy were identified.

r each patient, a representative, archived, hematoxylin

d eosin–stained glass slide needle biopsy was selected to

digitized.

2. Virtual slide acquisition and image processing

A Zeiss Axioskop2 MOT microscope (Zeiss Gmbh,

ttingen, Germany) was equipped with a 40� NeoFluar

objective and M7rzhauser motorized specimen stage

7rzhauser, Wetzlar, Germany), which holds 8 standard

croscope slides at a time. Images were captured at a

6-lm resolution with a CCD camera (Zeiss Axiocam HR;

sor size 6.8 � 7.6 mm; capture resolution 1300 � 1030

els). The camera was attached to the microscope with a

3� magnifying phototube. Image acquisition was con-

lled by the KS400 software (ver 3.0, Zeiss) running on a

ndard MS Windows workstation. A custom macro

and stag

specimen

sharpene

compress

compress

software

tralia) [19
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able 1 Intraobserver variation of Gleason scores assessed

y an experienced uropathologist using glass slides and Web-

ased virtual microscopy

leason scores

virtual microscopy)
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eighted j = 0.75 (95% CI, 0.63-0.88).
er

ce

t 1

t 3
vement consecutively for 8 slides on the

e. The acquired image files were digitally

stitched into a single montage file, which was

nto a wavelet-type image file (enhanced

avelet [ECW] format) using the ERMapper

h Resource Mapping Pty, West Perth, Aus-

microscopy image server and
tocol

ssed virtual slides were uploaded to our Web

g the Image Web Server software (Earth

pping Pty) [19]. Situated in the National

lth Sciences in Helsinki, the image server is

he Finnish University and Research Network

, providing a high-capacity connection to the

. Although the virtual slides can be viewed

very slow internet connection, we have

ined 1 to 2 Mbit as a sufficient connection

oth Web viewing [19]. A connection speed

an be found on the Web site, accompanied by

featuring measured connection speeds to the

rom around the world. Virtual slides on the

be viewed within a standard Web browser

Explorer current versions of Netscape and

Safari on the Macintosh OS X). A small

g-in for the browser is automatically down-

stalled upon first use. The client computer

are modest (300-MHz standard PC, 1-GHz

d recommended).

ental design and statistics

slides were viewed from the Web site with

ts’ own office computers and screens and

dinary internet connection. For both the
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b7 25 10 1 0.61

(0.43-0.78)7 3 16 1

N7 0 1 5

expressed as weighted j (95% CI).
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raobserver and the interobserver variability assessments,

primary as well as the secondary Gleason grades were

orded and the slides were classified according to the sum

the grades into less than 7, 7, or more than 7. In the

reement analysis, j coefficients were calculated with

3. Resu

3.1. The

A pub

4

ear weights. The j coefficients calculated from the raw

ores, as well as the coefficients calculated from the

tegorized scores, were reported. For self-learning pur-

se, the Web site also contains consensus Gleason grades,

fined as the Gleason grade given by 2 or, when available,

all 3 uropathologists. When all 3 uropathologists gave a

ferent primary or secondary grade (in 3 cases), the

ddle score was taken as consensus.

study (http://w

site serves as

Gleason gradi

view slides fr

smaller set of

meaningful di

assign each bi

scores given

. 2 Screenshot of the summary statistics page of the interactive Web site after a Gle

erobserver variation is tabulated against each of the 3 expert uropathologists (HH, PM

m the experts’ scores.
eractive Web site

eb site was constructed for the purpose of the

H. Helin et al.
ww.webmicroscope.net/gleason). The Web

a platform for self-testing and learning of

ng. The user can choose whether to randomly

om the pool of 62 slides or from a selected

biopsies representing an educationally more

stribution of Gleason grades. The user can

opsy a Gleason score and compare it with the

by expert uropathologists. Grading can be

ason grading session of 30 prostatic biopsies. The

, and TK) and the consensus Gleason score formed
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nducted in an interactive learning mode with instant

dback, or the user can choose to assess his or her

reement with the expert uropathologists after finishing a

ding session. Special functions on the Web site include

option to save a scoring set to later return and score the

e slides again in random order and thus assess one’s

n intraobserver agreement.

The virtual slides can be viewed within a standard Web

wser (Fig. 1). By clicking on a thumbnail image, the

rresponding virtual slide opens in a separate browser

ndow. The current interface includes mouse and cursor

vigation, stepless zooming with the mouse to any

gnification level, incremented keyboard zooming, and

ed microscope-resembling zoom levels. An area of

erest can be zoomed in by drawing a box with the

use. A small overview window shows the current view

a and allows fast bdraggingQ navigation. The contrast and
ghtness of the virtual slide can be adjusted in the browser.

2. Validation of Web-based virtual microscopy
r Gleason grading

One experienced uropathologist (TK) viewed the 62

psies from the original glass slides with a conventional

ht microscope and 6 weeks later with his ordinary office

mputer, screen, and internet connection from the virtual

des on the Web site in a random order and without

ecimen codes. The intraobserver agreement (glass slides

rsus virtual slides) was excellent (weighted j = 0.73; 95%

nfidence interval [CI], 0.61-0.85) in that 48 (77%) of the

scores were identical and the 14 remaining scores

fered only by 1 point on the Gleason scale from 2 to 10.

hen the data were categorized as in Table 1, weighted

was 0.75 (95% CI, 0.63-0.88). Recorded from the Web

ver log, the average time needed to grade a biopsy from a

tual slide was 3 minutes.

3. Interobserver variability of Gleason grading
th Web-based virtual microscopy

All 62 virtual slides were independently assessed from

Web site by 3 expert uropathologists (HH, PM, and TK)

th their own ordinary office computer, screen, and

ernet connection. No efforts were made to standardize

Gleason scoring for the purpose of this study. The

eason scores of the 3 pathologists were compared

irwise, that is, pathologist 1 (HH) versus pathologist

(PM), pathologist 2 versus pathologist 3 (TK), and

thologist 1 versus pathologist 3 (Table 2). The

rresponding weighted j coefficients were 0.66 (95% CI,

0-0.82), 0.59 (95% CI, 0.42-0.77), and 0.61 (95% CI,

3-0.78), whereas the coefficients calculated from the

categorized data were 0.62 (95% CI, 0.47-0.78), 0.58

% CI, 0.42-0.75), and 0.55 (95% CI, 0.39-0.70),

lecting moderate to substantial interobserver agreement.

screen shot of the summary statistics page after a virtual

croscopy Gleason grading session is shown in Fig. 2.
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ecause of recent advances in slide digitiza-

s and within image viewing and internet data

logy [20,21], Web-based virtual microscopy

as an important new tool, especially in

education [19]. The main advantage of

copy as compared with conventional printed

tomicrographs is the possibility to view the

ns, that is, any part of a whole slide at any

This is particularly important in Gleason

assessing the architectural growth pattern of

glands is decisive for the Gleason grade. The

ed at relatively low magnification, but the

o requires inspection of cellular details at
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tive virtual microscopy Web site presented in

evaluated by 3 experienced uropathologists

TK). With their own ordinary office computer,

nternet connection, all found that the image

wing speed over the internet are sufficient for
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, the slides were digitized with a 40�
objective at a resolution of 0.3 lm/pixel.
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es an effective virtual slide viewing system to
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istopathology: Simultaneous Viewing of
iopsies Stained Sequentially With Hematoxylin and Eosin,
nd �-Methylacyl-Coenzyme A Racemase/p63 Immunohistochemistry
enrik O. Helin, Mikael E. Lundin, Mervi Laakso, Johan Lundin, Heikki J. Helin and
orma Isola*
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epartment of Oncology, University of Helsinki and Division of Pathology (HJH), HUSLAB, Helsinki University Central Hospital,
elsinki and Department of Pathology (ML), Seinäjoki Central Hospital, Seinäjoki, Finland

urpose: Histopathological diagnosis of small focus carcinomas in prostatic needle biopsies is often assisted by IHC. To make
definitive diagnosis the pathologist must compare IHC findings with hematoxylin and eosin stained tissue morphology. We
troduce what is to our knowledge a new application of virtual microscopy, in which hematoxylin and eosin, and IHC stains

one sequentially on the same microscope slide can be simultaneously displayed and compared on a computer screen.
aterials and Methods: A total of 30 hematoxylin and eosin stained prostatic needle biopsies were scanned with a

omputer controlled microscope. The slides were destained and then immunostained with a cocktail of AMACR and p63
ntibodies, which labels the nuclei of nonmalignant basal cells (p63) and the cytoplasm of neoplastic glandular cells
uspicious for malignancy (AMACR). The slides were then scanned again and the pairs of virtual slides were aligned for
ynchronized viewing.
esults: The presented technique was found helpful when suspicious lesions were small and when examining the immu-
oprofile of specimens was warranted, in addition to examining hematoxylin and eosin stained tissue morphology. The
sefulness of our approach based on virtual microscopy can be evaluated on the website http://www.webmicroscope.net/
MACRp63, which also serves as an educational tool for self-learning the correlation between hematoxylin and eosin stained

issue morphology, and AMACR/p63 IHC in prostate biopsies.
onclusions: The technology for simultaneously viewing sequentially hematoxylin and eosin and IHC stained prostate

iopsies can be readily used for educational purposes, as exemplified by our website, and along with the availability of rapid
irtual slide scanners it can also be used for clinical diagnostics.
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istopathological diagnosis of prostatic needle biop-
sies can be difficult due to benign mimics of cancer,
eg post-atrophic hyperplasia, mucinous metaplasia

nd atypical adenomatous hyperplasia, PIN and borderline
hanges, often termed ASAP.1–3 To better discriminate
hese lesions from small focus carcinomas pathologists often
se IHC, in addition to standard hematoxylin and eosin
taining. A central histopathological criterion is basal cells,
hich distinguishes benign prostate glands and PIN from

ancerous glands. Basal cells can be difficult to identify with
standard morphological stain but with IHC using antibod-
s against high molecular weight cytokeratins4-6 and the

ranscription factor p637–10 their presence or absence can be
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usefulness of basal cell IHC as an aid in the
prostate biopsies is well established.4–10

scription factor p63 is a nuclear protein, it
ultaneously with the cytoplasmic marker
504S, Dako Cytomation, Copenhagen, Den-
s recently discovered to be up-regulated in

11 An increasing number of studies have
fulness of AMACR IHC for the differential

ostate carcinoma.12 More recently IHC us-
AMACR and p63 antibodies has pinpointed
the nature of suspicious glands in prostatic
itive cytoplasmic AMACR reactivity occur-
lear p63, ie glands lacking basal cells, gives
hensive immunophenotypic evidence of car-

is characterized by AMACR positivity in
63 positive basal cells.13,14

usefulness of AMACR and basal cell mark-
ly documented, the concordance between

osis based on hematoxylin and eosin stain-
perfect.1,2 Therefore, the histopathological

tate biopsies cannot be based on IHC alone.
eosin staining allows the examination of
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ellular morphology, especially for nucleoli, which are a cen-
ral cellular criterion for carcinoma. Thus, it is well estab-
shed that hematoxylin and eosin, and IHC complement
ach other and must be evaluated in parallel. Unfortunately
uspicious lesions in prostatic needle biopsies are often
mall and not always present on deeper sections cut from the
araffin block for IHC.15 A solution to the problem is to
outinely prepare intervening unstained slides from pros-
ate biopsy blocks. The extra slides are stored and used for
HC should the morphological stain (hematoxylin and eosin)
ot provide a definitive diagnosis.16 Another approach is to
estain a previously stained hematoxylin and eosin slide,
ollowed by IHC.15,17 Due to destaining hematoxylin and
osin morphology is no longer available for comparison with
HC unless a digital imaging system is used.15

We describe an application of virtual microscopy,18–20

hich allows simultaneous on-screen visualization of a he-
atoxylin and eosin and AMACR/p63 double IHC staining

one sequentially on the same slide. The entire biopsies can
e viewed at any magnification in a transparent overlay
ode in a single viewing window or side by side in 2 syn-

hronized viewing windows. This method has several prac-
ical advantages, namely in histopathology education, in
econd opinion and quality control situations, and in clinical
iagnostics when the morphology and immunophenotype of
mall lesions must be compared.

ATERIALS AND METHODS

or the study we selected 23 cases with formalin fixed,
araffin embedded prostatic needle biopsies available in the
rchive at the Pathology Department at Central Hospital
einäjoki, Finland. Specimens were selected that favored
iagnostically challenging diagnoses, such as small focus
arcinoma, PIN, ASAP, proliferative inflammatory atrophy
r suspicion for carcinoma without a more detailed descrip-
ion. All diagnoses were based on the original hematoxylin
nd eosin staining only. Common diagnostic entities were
lso included.

Ordinary 3 to 4 �m tissue sections were cut from the
araffin blocks on charged SuperFrost™ Plus slides to avoid
etaching tissue sections from the slides. The slides were
tained routinely with hematoxylin and eosin, and digitized
sing a virtual microscopy slide scanning system, as de-
cribed. After slide scanning the coverslips were removed by
oaking the slides in xylene until the coverslips detached.
he slides were then washed with absolute ethanol, air dried
nd immersed in antigen retrieval buffer, composed of 0.5M
ris and 1 mM ethylenediaminetetraacetic acid, pH 9. Anti-
en retrieval was done in an autoclave at 105C for 5 min-
tes, followed by a 20-minute cooling period. This procedure
lso removes hematoxylin and eosin staining completely.
fter rinsing and endogenous peroxidase quenching primary
ntibody incubation was done using a cocktail of antibodies
o p63 (clone 4A4�Y4A3, Novocastra, Newcastle, United
ingdom), dilution 1:200, and to AMACR (clone P504S),
ilution 1:200, for 30 minutes at room temperature. Anti-
odies were detected using a PowerVision�™ reagent kit
ccording to manufacturer instructions. The slides were im-
ersed for 10 minutes in diaminobenzidine and enhanced
ith 0.5% copper sulfate for 5 minutes. The slides were

ounterstained in hematoxylin, dehydrated in graded eth-
nols, cleared in xylene and coverslipped. The now IHC
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opy. An Axioskop2 MOT microscope (Zeiss
en, Germany) was equipped with a

0� objective (numerical aperture 1.3) and
en stage. A contiguous array of digital im-

e entire biopsy was captured at 0.3 �m per
ith a color sensor camera (capture resolu-

30 pixels in 3 color scanning mode). The
ocess, ie stage movement, autofocus, shad-
nd image capture, was automated using
version 3.0 (Zeiss GmBH). The acquired
digitally sharpened and stitched into a

le, which was compressed into a wavelet-
nhanced compressed wavelet format) using
ware (Earth Resource Mapping Pty, West
). The compressed virtual slides were up-
server running Image Web Server software
Mapping Pty, West Perth, Australia). The
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xactly aligned for synchronized viewing by keeping the
ematoxylin and eosin virtual slide as a reference and ad-
sting the position of the corresponding IHC virtual slide
ttp://www.webmicroscope.net/AMACRp63/methods).
Virtual slides on the website can be viewed in a standard
eb browser (Microsoft® Internet Explorer or Mozilla®
irefox™) on any Windows® platform. A small (600 kb)
lug-in for the browser is automatically downloaded and
stalled at the first viewing session. Client computer re-

uirements are modest, that is a 1 GHz standard personal
omputer is recommended.

ESULTS

outinely hematoxylin and eosin stained slides were first
igitized using an established virtual microscopy scanning
echnique. The coverslips were removed and immunohisto-
hemical staining for AMACR and p63 was performed using

standard protocol. The antigen retrieval procedure re-
oved the hematoxylin and eosin staining completely and

he quality of immunostaining on destained slides was sim-
ar to that on ordinary unstained material. Removing the
overslip and performing AMACR/P63 immunostaining re-
uires approximately 3 hours, followed by slide scanning,
hich requires 0.5 to 1 hour.
Figure 1 shows the slide staining and scanning protocol.
total of 30 biopsies from 23 patients were scanned and a

ublicly open website containing the virtual slides was cre-
ted (http://www.webmicroscope.net/AMACRp63). The vir-
ual slides representing pairs of hematoxylin and eosin, and
HC stains can be viewed within a standard web browser
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creen shot.
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Feedback from clinical pathologists who tested the simul-
aneous hematoxylin and eosin, and IHC viewing was exclu-
ively positive. If an analogous comparison is done using
tored intervening unstained sections for IHC,16 the hema-
oxylin and eosin, and IHC slides must be changed back and
orth in the microscope, and relocating the cells or gland of

terest can be difficult and time-consuming. Another ap-
roach is destaining the hematoxylin and eosin stained slide
o be used for IHC.15 This procedure is similar to ours but
ince the hematoxylin and eosin staining is removed, a real-
ime comparison of tissue morphology with IHC is not pos-
ible. A modification of this protocol, termed tissue
rotection immunohistochemistry, was recently intro-
uced.17 In this method all except 1 tissue section on the
lide are covered with a liquid cover glass embedding me-
ium, which protects the sections from destaining. The un-
overed section is immunostained and can be compared with
he adjacent hematoxylin and eosin stained sections on the
ame slide.17 Although the procedure has proved usable, it
as the disadvantage that most immunostaining robots (au-
ostainers) cannot perform IHC on slides covered partially
ith a staining protectant. Furthermore, only adjacent sec-

ions and not exactly the same section on the slide can be
ompared. In our virtual microscopy based system the lab-
ratory protocols need not be altered from those used rou-
inely for IHC of unstained slides and the entire biopsy is
vailable for real-time comparison. Since the alignment of
he hematoxylin and eosin, and IHC staining is done by
djusting the on-screen positioning of the virtual slides, the
resented system for synchronized viewing should be appli-
able to any slide scanner with a compatible output image
ormat. Along with the availability of rapid slide scanners
ematoxylin and eosin stained slides can routinely be
canned within minutes, followed by IHC staining, which
ypically requires 2 to 4 hours, a second virtual slide scan-
ing, requiring minutes, and processing of the virtual slide
air for on-screen viewing on the Internet, requiring 0.5 to 1
our. The pathologist can then view the hematoxylin and
osin, and IHC virtual slide pair on the office computer
creen via the Intranet (a local computer network).

Overall with recent advances in microscope slide scan-
ing techniques and Internet based image transfer technol-
gy virtual microscopy has emerged as an important new
ool, especially for histopathology education and quality con-
rol.18 The main advantage of virtual microscopy compared
o conventional printed or digital photomicrographs is the
ossibility of viewing entire specimens, ie any part of a
hole slide at any magnification. This is particularly impor-

ant for the evaluation of prostatic biopsies, when assessing
he architectural growth pattern of the glands is decisive for
he diagnosis. Slides are first inspected at relatively low
agnification but the diagnosis requires the evaluation of

ellular details at high magnification. We have previously
pplied virtual microscopy to assess observer variation in
leason grading.19 An excellent agreement between Glea-

on grades assessed from conventional glass slides and
rades assessed from virtual slides indicated that virtual
lides of prostatic biopsies can be used without compromis-
g grading accuracy.19 The web based viewing technology

llows the distribution of specimens to an unlimited number
f pathologists for educational and quality control purposes
s well as for a second opinion in problem cases. The appli-
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Abstract Evaluation of human epidermal growth factor recep-
tor 2 (HER2) immunohistochemistry (IHC) is subject to inter-
observer variation and lack of reproducibility. Digital image
analysis (DIA) has been shown to improve the consistency
and accuracy of the evaluation and its use is encouraged in
current testing guidelines. We studied whether digital image
analysis using a free software application (ImmunoMembrane)
can assist in interpreting HER2 IHC in equivocal 2+ cases. We
also compared digital photomicrographs with whole-slide im-
ages (WSI) as material for ImmunoMembrane DIA. We stained
750 surgical resection specimens of invasive breast cancers
immunohistochemically for HER2 and analysed staining with
ImmunoMembrane. The ImmunoMembrane DIA scores were
compared with the originally responsible pathologists’ visual
scores, a researcher’s visual scores and in situ hybridisation
(ISH) results. The originally responsible pathologists reported
9.1 % positive 3+ IHC scores, for the researcher this was 8.4 %
and for ImmunoMembrane 9.5 %. Equivocal 2+ scores were
34 % for the pathologists, 43.7 % for the researcher and 10.1 %
for ImmunoMembrane. Negative 0/1+ scores were 57.6 % for
the pathologists, 46.8 % for the researcher and 80.8 % for
ImmunoMembrane. There were six false positive cases, which
were classified as 3+ by ImmunoMembrane and negative by
ISH. Six cases were false negative defined as 0/1+ by IHC
and positive by ISH. ImmunoMembrane DIA using digital pho-
tomicrographs and WSI showed almost perfect agreement. In

conclusion, digital image analysis by ImmunoMembrane can
help to resolve a majority of equivocal 2+ cases in HER2
IHC, which reduces the need for ISH testing.

Keywords Computer-assisted image analysis . Digital
pathology .Whole-slide imaging . HER2 .

Immunohistochemistry . Breast cancer

Introduction

The human epidermal growth factor receptor 2 (HER2,
ERBB2) oncogene protein is overexpressed in approximately
15 % of primary breast cancers [1–4]. The HER2 status of a
tumour provides both prognostic and predictive information
and is required for patients to qualify for chemotherapy with
anti-HER2 drugs such as trastuzumab, lapatinib and
pertuzumab [5, 6]. HER2 testing is standard of care in the
histopathological diagnosis of breast and gastric cancers and
is done mostly by immunohistochemistry (IHC) and in situ
hybridisation (ISH) [7, 8].

The optimal strategy for HER2 testing has been under de-
bate for over a decade and there is no consensus as to which
testing algorithm is the “gold standard”. ISH (both fluorescent
and bright-field, to detect HER2 gene amplification) is gener-
ally considered accurate and reliable although high reagent
costs and labour-intensiveness limit its use in most laborato-
ries to a secondary test to confirm equivocal immunohisto-
chemistry results [7, 9].

HER2 immunohistochemistry is straightforward and can
be performed in all modern diagnostic pathology laboratories.
Several reagent kits, such as HercepTest™ (Dako, Denmark),
PATHWAY™ (Ventana Medical Systems) and Oracle™
(Leica Biosystems) approved for clinical use by the U.S. Food
and Drug Administration (FDA), have been analytically
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validated and can be used in existing automated immunostain-
ing devices. However, evaluation of the HER2-stained slides
is subject to substantial interobserver variation and lack of
reproducibility [7]. In order to improve the accuracy of
HER2 testing, the American Society of Clinical Oncology
and the College of American Pathologists published [7] and
subsequently updated [10] guideline recommendations for de-
termining HER2 status of breast cancer (ASCO/CAP guide-
lines). According to current recommendations, equivocal re-
sults by IHC (staining of 2+ in the four-tier scale of 0 to 3+)
require additional confirmation by a validated assay for HER2
gene amplification [10].

Some studies report false scores in up to 14 % of cases [11,
12]. When viewing hundreds of slides (e.g. for a scientific
study), most pathologists find it relatively easy to maintain a
reproducible visual scale for their 0/1+, 2+ and 3+ scores,
whereas in a diagnostic pathology setting, many general pa-
thologists review only a small number of breast cancer cases
per week. A pathologist might not see a true 2+ case in weeks
to months, making it difficult to score borderline cases repro-
ducibly. While an incorrect HER2 score must be avoided,
most pathologists stay on the safe side, give a 2+ score and
submit the case for ISH testing. This reduces the cost- and
time-effectiveness of the two-step testing algorithm and some
authors argue for using FISH rather than IHC as the primary
assay for HER2 testing [13].

Digital image analysis (DIA) has been shown to improve the
consistency and accuracy of HER2 evaluation by IHC [14, 15]
and its use is encouraged in the ASCO/CAP guidelines for
cases with 1–2+ IHC staining [10]. We have previously intro-
duced the ImmunoMembrane software for digital image anal-
ysis of HER2 IHC using photomicrographs [16].
ImmunoMembrane (http://jvsmicroscope.uta.fi/software) is
both a free web application and an open-source plug-in for
the public domain image analysis tool ImageJ [17]. Further-
more, ImmunoMembrane has been introduced recently in a
web-based whole-slide image viewing system (JVSwebserver,
Jilab Inc., Tampere, Finland) which allows its use directly on
whole-slide images (WSI). ImmunoMembrane analyses the
completeness and intensity of the cell membrane staining reac-
tion, based on the IHC interpretation criteria of the ASCO/CAP
guidelines [7, 10]. This approach of analysing the anatomical
localisation of the staining reaction rather than just the immu-
noreaction intensity has been shown to correlate well with gene
amplification in HER2 diagnostics [18]. Similar image analysis
applications of HER2 have been described by both academic
research groups [15, 19–22] and commercial vendors
(reviewed elsewhere [23, 24]).

We conducted the current study to test whether
ImmunoMembrane can assist in interpreting the HER2 status
of cases visually classified as equivocal (2+) by IHC. We also
investigated the agreement between digital photomicrographs
and WSI as material for ImmunoMembrane DIA.

Materials and methods

A database search was conducted at the Department of Pathol-
ogy, Helsinki University Central Hospital, Finland, in order to
identify invasive breast cancer cases tested for HER2 from the
period of 1 January 2010 to 1 July 2011, resulting in 1249
cases. The slides for the corresponding surgical resection
specimens were retrieved from the archives, and starting from
the earliest case, 750 consecutive cases (one slide per case)
were included in the study. The 750 cases represented the
period of 1 January 2010 through 23 May 2011, in which
period 1186 breast cancer cases were histologically diag-
nosed. The missing 436 cases were not found in the archives
at the time of retrieval and were distributed along the whole
period of time taken for the study. The largest number of
consecutive cases missing was 28, representing a period of
14 days. The specimens had been routinely fixed for a period
of 24–48 h in neutral formalin and embedded in paraffin.

Immunohistochemistry had been performed according to
the manufacturer’s instructions using the BenchMark XT au-
tomated staining system (Ventana Medical Systems, Tucson,
AZ) with PATHWAY anti-HER2/neu (4B5) rabbit monoclo-
nal antibody at a dilution of 6 μg/ml and Ventana ultraView
Universal DAB Detection Kit (both Ventana Medical Sys-
tems). The slides were counterstained using Ventana Hema-
toxylin II (Ventana Medical Systems) as part of the automated
staining procedure.

The HER2 status of the specimens was established by im-
munohistochemical staining, and positive (3+) and equivocal
(2+) cases were further subjected to in situ hybridization to
classify them into positive and negative with regard to HER2
gene amplification. A total of 30 pathologists including resi-
dents and specialists scored the cases. Six of the specialists
were experienced breast pathologists and the residents rou-
tinely consulted senior pathologists before giving their scores.

In situ hybridization had been carried out in the Bench-
Mark XT automated staining system using the INFORM
HER2 DNA and the INFORM Chromosome 17 probes and
the ultraVIEW SISH Detection Kit (all Ventana Medical Sys-
tems) according to the manufacturer’s instructions. Consecu-
tive sections of the specimens were hybridised with the probes
for HER2 and chromosome 17, respectively, and the speci-
mens’ HER2 gene status was classified as amplified if the
ratio of HER2 to chromosome 17 was over 2.2. Both the
ISH and IHC assays have been subjected to external quality
assessment by the Nordic Immunohistochemical Quality Con-
trol [25].

For this study, the immunohistochemically stained slides
were digitally photomicrographed for image analysis and vi-
sually scored as positive (3+), equivocal (2+) or negative
(0/1+) by the researcher (HOH) without knowledge of the
original pathologist’s score. Before the photomicrography
and visual scoring, the researcher received training in HER2
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IHC evaluation from an experienced breast pathologist with
whom he also underwent interobserver testing on 35 consec-
utive cases from the study material. The cases were scored
visually as positive (3+), equivocal (2+) or negative (0/1+),
without knowledge of the original scores. This yielded a sub-
stantial interobserver agreement with a weighted kappa value
of 0.71 (95 % confidence interval 0.49–0.94) calculated using
linear weighting.

Digital photography was carried out with a standard Olym-
pus microscope equipped with an Mshot MC-30 3.3-mega-
pixel CCD microscope camera (Micro-shot Technology,
Guangzhou, China) using a 1X phototube. Aminimum of four
non-overlapping jpg images with a resolution of 2048 × 1536
pixels was captured per slide using a ×10 objective lens. The
photographed areas were chosen to represent the different
HER2 staining patterns of the cancer. In cases where the can-
cer was small and four non-overlapping images could not be
captured, the maximum number of non-overlapping images
was captured instead. In cases with a large cancer and a wide
range of staining patterns, more than four images were cap-
tured. A blank field image and an image of the on-slide pos-
itive control tissue (3+) were captured for each photography
session.

The images were analysed with the ImmunoMembrane
software (http://jvsmicroscope.uta.fi/immunomembrane/)
using the advanced mode. This permits the user to define
custom cutoff values for the IM score (0–20 points: 0–10
points for membrane completeness and 0–10 points for
membrane intensity) the software produces and uses to
classify staining into 0/1+, 2+ and 3+. We chose cutoff
values of 4 and 10 points (i.e. 0–3 points being classified as
0/1+, 4–9 points as 2+ and 10–20 points as 3+) based on our
previous experience and empirical testing. The blank field
image was used to correct for the microscope illumination
and colour balance whereas the positive control image was
used for reference contrast and intensity. A stage micrometre
was used to calculate the image scale in pixels per micrometre.

The statistical analyses were performed using MedCalc for
Windows, version 15.6.1 (MedCalc Software, Ostend,
Belgium).

Comparison of photomicrographs and WSI as material
for digital image analysis

The records of a HER2 diagnostics reference laboratory (Jilab
Inc., Tampere, Finland) were searched retrospectively from
May 2015 so as to identify invasive breast cancer cases
immunohistochemically stained for HER2. Ten consecutive
cases each of IHC staining patterns, 0/1+, 2+ and 3+ accord-
ing to the original pathologist’s report, were identified. The 30
cases, one glass slide per case, were scanned as whole-slide
images using the Objective Imaging Surveyor with Turboscan
(Objective Imaging Ltd., Cambridge, UK), using a ×20 Plan

Apo microscope objective (scanning resolution 0.23 μm per
pixel). Whole-slide images were stored as JPEG 2000 images.

The researcher analysed the virtual slides using
ImmunoMembrane directly in the whole-slide viewing inter-
face. This was done by defining a polygonal region of interest
(ROI) which was analysed by ImmunoMembrane included in
the WSI viewer software. A minimum of four areas were
analysed per WSI. The ImmunoMembrane DIA results were
compared to the original pathologists’ results which had been
obtained with the help of ImmunoMembrane using digital
photomicrographs. In all cases, the HER2 IHC score in the
original pathology report matched the ImmunoMembrane
score obtained using photomicrographs.

Results

In the original database search result of 1249 cases, 157 cases
(12.6 %) were positive by ISH and of the 750 case subset in our
current study 74 (9.9 %). In situ hybridisation had been per-
formed in 314 (41.9 %) cases (originally 2+ and 3+ by IHC).
The frequencies for a positive (3+) IHC staining for the original
pathologist, the researcher and ImmunoMembrane were 8.4 %
(63 cases), 9.5 % (71 cases) and 9.1 % (68 cases), respectively.
Equivocal (2+) staining was reported by the pathologist, re-
searcher and ImmunoMembrane in 34 % (255 cases), 43.7 %
(328 cases) and 10.1 % (76 cases), respectively. Negative stain-
ing (0/1+) showed, for the pathologist, researcher and
ImmunoMembrane, frequencies of 57.6 % (432 cases),
46.8 % (351 cases) and 80.8 % (606 cases), respectively. These
data are summarised in Table 1.

Of the 750 cases, 6 (0.8 %) were false positives in
ImmunoMembrane DIA, defined as cases 3+ positive by
IHC but negative by ISH. The corresponding number of false
positives was for the researcher 8 (1.1 %) and for the pathol-
ogist zero. Similarly, there were six (0.8 %) false negative
cases by ImmunoMembrane DIA (0/1+ negative by IHC
while positive by ISH). The number of false negatives was
zero for the researcher whereas it could not be defined for the
pathologist because the laboratory performed ISH only on
cases originally scored as 2+ or 3+ by IHC. A cross tabulation
comparing the IHC scores of the pathologist, researcher and
ImmunoMembrane DIAwith in situ hybridisation is presented
in Table 2. Examples of images from the ImmunoMembrane
analyses are shown in Fig. 1.

Analysis of outliers

We categorised the six false positive and six false nega-
tive cases (each representing 0.8 % of the total 750
cases) in ImmunoMembrane DIA into four categories:
truly discrepant IHC and ISH, borderline IM-score, het-
erogenous staining, and low-contrast staining. Of the six
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false positive cases, only two exhibited true discrepancy
between IHC and ISH after review by an experienced
breast pathologist, who scored the cases as 3+ positive
in line with ImmunoMembrane while ISH was negative.
In both cases, the original pathologist had scored the
cases 2+ and the researcher 3+.

Two false positive cases showed a borderline IM score of
10 (in the scale of 0–20) which according to our cutoff value
qualifies them as positive, although they were negative by
ISH. In both cases, both the original pathologist and the re-
searcher had scored the cases 2+.

Two false positive cases were found to exhibit heter-
ogenous staining when reviewed by an experienced
breast pathologist. In these cases, some of the photomi-
crographs were classified by ImmunoMembrane in
agreement with ISH whereas a greater number of im-
ages showed a negative score, which rendered the over-
all score in disagreement with ISH. One of the cases
was scored 2+ by the original pathologist and 3+ by
the researcher whereas the other case was scored 2+
by both.

Of the six false negative cases, one was found to be dis-
crepant between IHC and ISH after review by an experienced
breast pathologist (0/1+ IHC-negative in both the pathologist
and ImmunoMembrane DIA but positive by ISH). The case
was scored 2+ by both the original pathologist and the re-
searcher. Heterogenous staining was observed in three false
negative cases. All three cases were scored 2+ by both the
original pathologist and the researcher. Two false negative
cases exhibited low-contrast staining when reviewed by an
experienced breast pathologist. Both cases were scored 2+
by the original pathologist and the researcher.

ImmunoMembrane analysis using digital
photomicrographs and whole-slide images

Table 3 presents a cross tabulation of HER2 IHC scores ren-
dered by a pathologist with the help of ImmunoMembrane using
digital photomicrographs and by the researcher using
ImmunoMembrane directly on scanned whole-slide images.
Of the total 30 cases, two were discordant, the first having been
scored 2+ using ImmunoMembranewith photomicrographs and
3+ using WSI and the second vice versa (3+ using WSI and 2+
using photomicrographs). Interobserver variability, calculated
using linearly weighted kappa statistic, was almost perfect at
0.92 (95 % confidence interval 0.82–1.0). Figure 2 shows
ImmunoMembrane being used directly in a WSI viewer.

Discussion

In this study we, show that ImmunoMembrane [16], a free and
publicly available cross-platform compatible ImageJ plug-in
and web application for digital image analysis of HER2 IHC
(http://jvsmicroscope.uta.fi/immunomembrane/), can assist in
interpreting the status of cases visually classified as equivocal
(2+). In our material of 750 surgical resection specimens, the
proportion of immunohistochemical cases classified as
equivocal by the original pathologist was 34 % (255 cases),
which is on the upper end of the range reported in the
literature. In a systematic review from 2007, the mean
frequency of an equivocal IHC score in 17 studies was 23.3 %
(with a range of 2 to 87.5 %) [26]. In another systematic review
from 2009, the mean frequency of an equivocal IHC score in 10
studies was 18.9 % with a range of 7.9 to 53.2 % [27].

Table 1 Frequencies of the
HER2 IHC scores in percent,
number of cases in parentheses;
total number of cases 750

Pathologist visual score Researcher visual score ImmunoMembrane DIA score

Negative (0/1+) 57.6 (432) 46.8 (351) 80.8 (606)

Equivocal (2+) 34 (255) 43.7 (328) 10.1 (76)

Positive (3+) 8.4 (63) 9.5 (71) 9.1 (68)

Total 100 (750) 100 (750) 100 (750)

DIA digital image analysis

Table 2 Cross tabulation
comparing HER2 ISH (presence/
absence of amplification) with the
IHC score given by the
pathologist, researcher and
ImmunoMembrane digital image
analysis (DIA)

Pathologist visual IHC Researcher visual IHC ImmunoMembrane DIA IHC Total

0/1+ 2+ 3+ 0/1+ 2+ 3+ 0/1+ 2+ 3+

No ISH 427 5 4 322 110 4 424 7 5 436

ISH− 5 235 0 29 203 8 176 58 6 240

ISH+ 0 15 59 0 15 59 6 11 57 74

Total 432 255 63 351 328 71 606 76 68 750
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The proportion of equivocal results of 34 % (255) by the
original pathologist was reduced to 10.1 % (76 cases) by
ImmunoMembrane DIA. Of the 255 cases originally classified
as equivocal, ImmunoMembrane was able to resolve 190
(74.5 %), 10 of which emerged as positive (3+) and 180 as
negative (0/1+). In the ImmunoMembrane analysis, 65 cases
remained equivocal, while ImmunoMembrane scored five and
six cases as equivocal, originally scored as 3+ and 0/1+, respec-
tively. These data are in line with previous findings of image
analysis reducing the proportion of equivocal scores in HER2
immunohistochemistry [15, 20, 28, 29] although there have
been opposite findings also, with image analysis increasing the

proportion of equivocal results [30, 31]. Images of the result of
ImmunoMembrane DIA, demonstrating its discriminative pow-
er in cases originally classified as equivocal, are presented in
Fig. 1.

In the two-step testing algorithm proposed in theASCO/CAP
guidelines, in which an equivocal result by IHC requires addi-
tional confirmation by a validated assay for HER2 gene ampli-
fication, a reduction of the proportion of equivocal cases both
increases the information value of IHC and improves the cost-
and time-effectiveness of the testing.

Because of the substantial clinical, economic and safety im-
plications of anti-HER2 therapy, assessment of the HER2 status
of a tumour must be accurate and reproducible [6, 7]. In our
study, we used ISH as the referencemethod and defined six false
positive (3+ IHC-positive and ISH-negative) and six false neg-
ative cases (0/1+ IHC-negative and ISH-positive) in the
ImmunoMembrane analysis. ISH data was available for
41.9 % of the cases (314/750) because of the laboratory practice
of subjecting only immunohistochemically equivocal (2+) and
positive (3+) cases for ISH. The frequency of both false positive
and false negative cases was thus 1.9% (6/314) of the cases with
ISH data.

After carrying out the present study the laboratory reflex
tested for a period of time (8 months, 1 October 2014 through
31 May 2015) all IHC cases (including IHC 0/1+) by ISH (P.

Fig. 1 a–c Three result images from ImmunoMembrane digital image
analysis using photomicrographs. All three cases were originally scored
as equivocal (2+) by a pathologist. The first image (a) receives an IM
score of 2 points and is thus classified as negative (0/1+), the second

image (b) 8 points (classified as equivocal, 2+) and the third image (c)
16 points (classified as positive, 3+). The first two cases were classified
visually as 2+ by the researcher and the last one 3+. The first two cases are
negative by ISH and the last one positive

Table 3 Cross tabulation comparing ImmunoMembrane digital image
analysis (DIA) used with photomicrographs and with whole-slide images

ImmunoMembrane DIA
with photomicrographs

ImmunoMembrane DIAwith whole-slide
images

0/1+ 2+ 3+ Total

0/1+ 10 0 0 10

2+ 0 9 1 10

3+ 0 1 9 10

Total 10 10 10 30
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Heikkilä, personal communication, 11 September 2015). In
this set of 750 cases, 400 (53.3 %) were scored IHC 0/1+.
Only two cases were found positive by ISH. Such a low false
negative rate suggests that the proportion of false negatives in
our study would not have been substantially affected if the
ISH testing had included also the IHC-negative 0/1+ cases.
We analysed one of the two false negative cases by
ImmunoMembrane DIA and the result was 0/1+, in concor-
dance with the original pathologist score.

The false positive cases by ImmunoMembrane DIAwould
not have affected anti-HER2 treatment eligibility of the patients
because all IHC 2–3+ cases were subjected for ISH. The false
negative cases would have made six patients ineligible for anti-
HER2 treatment. The false negative rate of 1.9 % is neverthe-
less lower than the corresponding rate of 6 % reported for an
FDA-approved system [29]. It is also lower than the pooled
false negative rate of 11 % recently reported for visual scoring,
using approved and validated in vitro diagnostic tests in a Nor-
dic IHC quality control programme [32]. However, given the
far-reaching clinical and economic consequences of inaccurate
HER2 testing [32], even low false negative rates should not be
neglected. In the current study, ImmunoMembrane was oper-
ated by a researcher; however, as stated in the ASCO/CAP
guidelines, in clinical practice, a pathologist must confirm the
image analysis result [10].

Discrepancy between IHC analysed by ImmunoMembrane
and ISH can be due to several factors. In addition to inaccuracy
in the ImmunoMembrane analysis, the analysed images might
not be representative of the whole tumour, ISH might not be
100% accurate either, and regarding false negative cases, some
immunohistochemically negative tumours might exhibit HER2
amplification, as is well documented [26, 27, 33]. A borderline
score obtained with ImmunoMembrane DIA should be
interpreted with care by a pathologist. Heterogenous staining
has recently been shown to play a role in discordances between
pathologists in reading of HER2 IHC and can also affect the

result of ImmunoMembrane image analysis [34]. We propose
to analyse a large enough number of image fields to be sure to
representatively cover all staining patterns of the specimen in
cases with heterogenous staining. This approach is in line with
what is recommended in the literature for ISH [35]. Low-
contrast staining which can be due to the tissue section proper-
ties can influence ImmunoMembrane DIA even with on-slide
control tissues.

Our material consisted of a sample of surgical resection
specimens from a large university hospital pathology depart-
ment, reflecting the daily work of diagnostic pathologists. We
analysed whole sections instead of tissue microarrays or core
needle biopsies in order to mimic, as closely as possible, the
daily diagnostic setting. The rate of ISH-positive cases was
somewhat low in our material, which can be explained by sam-
pling error due to cases missing from the archives at the time of
retrieval. The rate of ISH-positive cases in the original database
search is in line with recent findings in the literature [1–4].

As described earlier [16], ImmunoMembrane is a software
application for semi-quantitative classification of HER2 IHC,
designed as a diagnostic aid for the trained pathologist.
ImmunoMembrane does not offer true quantitation of the
IHC stain (or ultimately of the amount of HER2 protein),
which, in the case of diaminobenzidine (DAB)-based detec-
tion systems widely used in HER2 IHC assays, may prove
difficult due to the physical properties of the chromogen [36,
37]. ImmunoMembrane performs object-based image analysis
[38] by separating the objects of interest (segmenting DAB-
stained cell membranes) from the background and analysing
them with regard to completeness and intensity of the staining
reaction. ImmunoMembrane thus mimics the visual interpre-
tation of HER2 IHC as defined in clinical guidelines and was
initially pre-calibrated to match the visual scoring of an expert
pathologist. While the image analysis algorithm itself is auto-
mated, the selection of regions of interest (ROI) has to be done
visually, preferably by a pathologist.

Fig. 2 a–b Two screenshots demonstrating the process of using
ImmunoMembrane digital image analysis directly while viewing a
whole-slide image (a). The region of interest is demarcated with a
polygon drawing tool. After the analysis is complete, a pseudo-coloured

result image is shown on top of the whole-slide image indicating
complete and strong membrane staining in red and incomplete or weak
staining in green (b). The depicted tissue exhibits positive 3+ staining
according to ImmunoMembrane image analysis
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In conclusion, the accuracy of HER2 IHC can be improved
in equivocal cases by the use of digital image analysis carried
out by the ImmunoMembrane software. In our material, al-
most three out of four cases originally classified as equivocal
by a pathologist were further classified into either negative or
positive without loss of accuracy. ImmunoMembrane is easy
to apply in clinical practice by virtue of its usability with
various combinations of imaging equipment (microscope
and camera) and the possibility to use it over the internet
(without software download or installation). The fact that the
source code of the software is open adds to its utility in the
research setting [39, 40].

A new way to integrate ImmunoMembrane into routine
diagnostics comes with the increasing use of whole-slide scan-
ners. When HER2 IHC slides are scanned as whole-slide im-
ages, pathologists need not spend time acquiring photomicro-
graphs from the microscope. Defining analysable regions of
interest in the WSI viewer is fast and yields almost perfect
agreement compared with photomicrographs. This is in line
with the general finding of good to superior agreement be-
tween glass slide and digital slide diagnoses [41] as well as
the specific finding of equivalent results in the interpretation
of HER2 IHC when using glass slides and whole-slide images
[42]. In summary, digital image analysis such as that of HER2
offers a functionality that conventional work with glass slides
does not have. The routine use of digital image analysis on
whole-slide images offers the pathologist an enhanced diag-
nostic tool.
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Technical Note

IntroductIon

Whole-slide images (WSIs), representing entire digitized 
histopathological tissue sections, are very large image 
files, usually over 20 gigabytes (GB) in size without image 
compression.[1] Large-scale use of whole-slide imaging in 
a pathology department generates tens[2,3] or hundreds[4,5] of 
terabytes (1 terabyte = 1000 GB) of image data each year, 
not including storage redundancy or backup, which further 
increase the storage footprint.[6,7] Owing to the high costs 
of storing WSIs,[8] digital archiving in a clinical setting may 
necessitate some form of image lifecycle management, such 
as deleting older WSIs from hard disks, or moving them to 
cheaper storage media, for example, magnetic tape.[2,3,6,9] This, 
in turn, counteracts one of the main advantages of WSIs over 
glass slides, namely, ease of access. To save storage space 
WSIs are compressed, usually irreversibly using so-called 

lossy compression algorithms such as JPEG or its successor 
JPEG 2000.[7,10] Lossy image compression is mathematically 
irreversible, meaning some image information is lost during the 
compression. Lossless image compression, on the other hand, 
is reversible, and no image information is lost in the process.[1] 
The degree of data compression is generally expressed as 
a compression ratio defined as the uncompressed file size 
divided by the compressed file size. Although there is no 
consensus regarding acceptable degrees of image compression 
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for pathology WSIs,[11,12] JPEG is thought to allow 10:1–20:1 
and JPEG 2000 30:1–50:1 data compression without loss 
of diagnostic information.[10] JPEG compression is often 
defined by a nonstandard compression quality level, usually 
expressed as a value between 0 and 100, where the bigger 
the value, the better the resulting image quality is, and the 
less compression is applied. The compression ratio achieved 
with a given compression quality level depends on the image 
content and therefore the compression quality level is not 
directly proportional to compression ratio. Even when using 
image data compression, the costs of storing WSIs remain 
high in pathology laboratories using WSI in routine practice.

The JPEG 2000 image compression method has been designed to 
allow a highly customizable way of compressing image data by 
user-controlled parametrization.[13] The compression parameters 
of the JPEG 2000 algorithm (JP2) have so far not been fully 
optimized for digital pathology.[11] We have previously employed 
a fixed compression ratio to allow fast remote viewing of WSIs 
over the internet using JPIP (JPEG 200 interactive protocol).[13] 
Newer image server software is able to read and decompress 
JPEG 2000 files on the fly and send image tiles to the client 
through hypertext transfer protocol. This allows testing a wider 
set of compression parameters for producing maximal file size 
reduction while avoiding image compression artifacts. The 
present study demonstrates a novel image content sensitive 
strategy for pathology WSI-optimized JPEG 2000 compression, 
designated JP2-WSI. The new compression parametrization is 
compared to commercial WSI formats and the commonly used 
JPEG and constant compression ratio JPEG 2000 in terms of 
file sizes and visual image quality.

Procedure

The concept of  whole sl ide image‑opt imized 
parametrization for JPEG 2000 image compression
The prevailing method of defining JPEG 2000 image 
compression is to choose a fixed compression ratio for the 
scanned microscope slides.[7] However, due to the highly 
variable amount of diagnostically irrelevant background on the 
slides [Figure 1], fixed ratio compression has not turned out to 
produce optimal file size reduction for WSIs. When using fixed 
ratio compression, the more there is tissue in relation to empty 
slide area, the more details must be discarded to achieve the 
desired compression ratio. Thus, a fixed compression ratio will 
result in variable image quality on tissue-containing image areas. 
To avoid too low image quality on any WSIs, we have previously 
defined compression ratios of 25–30:1,[13] and subsequently 35:1, 
as suitable for JPEG 2000 compression of histopathological 
WSIs. When using standard JPEG compression, the image 
quality associated with level 80 compression out of 100 has 
been considered suitable for large-scale applications of WSI in 
pathology.[2,3] Compression quality level is not a concept that is 
defined in the JPEG standard and as such is not unambiguous. In 
our experience, level 80 JPEG compression produces typically 
compression ratios of about 1:20 in pathology WSIs.

We defined JP2-WSI compression to match the image quality 
of hematoxylin and eosin stained tissue sections scanned and 
stored with JPEG level 80 compression, followed by maximal 
compression of the empty slide area (the background). For 
assessing the image quality of the tissue, we used peak 
signal-to-noise ratio (PSNR) measurements[14] and visual 
inspection by two senior pathologists (TT and JI). In our 
validation data of seventeen routine histopathological slides, the 
mean PSNR values of JPEG level 80 and JP2-WSI compression 
were 33.4 dB and 35.8 dB (with lossless image used as reference). 
The corresponding mean value for fixed 35:1 ratio JPEG 2000 
was 40.8 dB. In visual inspection by two senior pathologists, there 
was no significant loss of overall image quality associated with 
JP2-WSI compression compared to JPEG level 80 compression.

Aside from the variable compression ratio, the main 
codestream parameters for JP2-WSI were essentially the same 
as we have used before: Eight wavelet decomposition levels, 
no tiling, precinct size 256 × 256, code-block size 64 × 64, 
progression order resolution-position-component-layer, and 
one quality layer.[13]

Comparison of JP2‑WSI to standard JPEG and JPEG 2000 
compression methods
For evaluating JP2-WSI, we digitized a set of seventeen 
histopathological slides selected from a university hospital 
pathology archive. These slides reflect the routine workload 
of a general pathologist. The slides included needle 
biopsies (n = 10) as well as surgical sections (n = 7) and 
were stained with hematoxylin and eosin (n = 15) and 
Giemsa (n = 2). Figure 1 presents an overview of the slide 
set. As an additional test of diagnostically challenging WSI 
image quality, we digitized a gastric biopsy slide to verify the 
image quality of JP2-WSI in visualizing Helicobacter pylori. 
The slides were digitized with whole slide scanners from four 
different vendors, including two-line scanners (Aperio and 
Hamamatsu) and two tile-based scanners (3DHISTECH and 
Jilab). The scanner setups were as follows
1. Aperio ScanScope AT2 (Leica Biosystems, Nussloch, 

Germany) brightfield line scanner, Piranha Color 2k 
PC-30-02K80 camera (Teledyne DALSA, Ontario, 
Canada) with 2048 × 3 pixel resolution, pixel size 
14 × 14 µm, ×20 Olympus Plan-Apo objective lens with a 
numerical aperture (NA) of 0.75, and scanning resolution 
0.5 µm/pixel

2. Hamamatsu NanoZoomer XR (Hamamatsu Photonics, 
Hamamatsu ,  Japan) br ight f ield l ine scanner, 
charge-coupled device (CCD) camera with 4096 × 64 
pixel resolution, pixel size 8 × 8 µm, ×20 Olympus 
Plan-Apo objective lens (NA 0.75) and ×1.75 relay lens, 
scanning resolution 0.46 µm/pixel

3. Pannoramic SCAN (3DHISTECH Ltd, Budapest, 
Hungary) brightfield tile-based scanner, CIS 3CCD 
camera with 2048 × 2048 pixel resolution, pixel size 
5.5 × 5.5 µm, ×20 Carl Zeiss Plan-Apochromat objective 
lens (NA 0.8) and ×1 phototube, scanning resolution 
0.24 µm/pixel
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4. SlideStrider (Jilab Inc, Tampere, Finland) brightfield 
tile-based scanner, Lumenera Lt1265R CCD camera 
(Lumenera Corporation, Ottawa, Ontario, Canada) with 
4240 × 2832 pixel resolution, pixel size 3.1 µm × 3.1 µm, 
×10 (NA 0.4) and ×20 (NA 0.75) Olympus UPLSAPO 
objective lenses, scanning resolution 0.16–0.31 µm/pixel.

The area included in the WSI was the smallest rectangle 
covering all individual tissue fragments on the slide. For the 
SlideStrider scans, the nonscanned empty slide areas required 
to fill in the WSI rectangle were copied automatically from a 
standard empty slide image tile.

All WSIs were scanned as 24-bit RGB color images. WSIs 
from the Aperio, Hamamatsu, and Pannoramic scanners 
were saved without compression and then compressed 
with JP2-WSI. The same scanned WSIs were also saved 
using the manufacturers’ proprietary file formats and 
their default compression schemes. Aperio SVS format 
used JPEG tile compression with compression level set at 
70/100. Both Hamamatsu NDPI format and Pannoramic 
MRXS format employed JPEG tile compression with 
quality level 80/100. The WSIs scanned with SlideStrider 
were first saved losslessly and then converted to either 
fixed 35:1 ratio JPEG 2000 or the developed JP2-WSI 
compression. The compression method of the SlideStrider 
software is based on the Kakadu software development 
kit library implementation of JPEG 2000 (version 7.5, 
Kakadu Software Inc., NewSouth Innovations Pty Limited, 
Sydney, Australia).[15] The four scanners all had different 
sampling resolutions, Aperio 0.5 µm/pixel, Hamamatsu 
0.46 µm/pixel, Pannoramic 0.24 µm/pixel, and SlideStrider 
0.16–0.31 µm/pixel.

results

Table 1 presents the pixel dimensions, the ratios of empty slide 
to tissue area, and the file sizes of the 17 slides digitized with 
the SlideStrider scanner at 0.31 µm/pixel. The uncompressed file 
sizes ranged from 2.6 to 30 GB. Lossless JPEG 2000 compression 
yielded compression ratios ranging from 3:1 to 56:1 and file 
sizes from 341 megabytes (MB) to 5.9 GB. The fixed ratio JPEG 
2000 algorithm compressed all images to the 35:1 extent, except 
for two cases (slides 14 and 16), for which higher compression 
ratios were already achieved with the lossless algorithm. The file 
sizes ranged from 74 MB to 686 MB. The developed JP2-WSI 
compression produced overall compression ratios varying 
from 41:1 to 1487:1, and file sizes of 8 MB to 442 MB. As an 
average, using JP2-WSI, we obtained file sizes that were 33% 
of fixed-ratio lossy compressed JPEG 2000. Of the individual 
scanned histopathology test slides, JP2-WSI reduced file sizes 
most effectively in biopsy slides containing multiple small tissue 
fragments and abundant empty slide area (slides 14, 16, and 17 
in our test set). The ratio of empty slide area to tissue-containing 
slide area showed an approximately linear relationship with the 
overall compression ratio achieved with JP2-WSI [Figure 2].

Figures 3 and 4 allow comparison of the visual image quality 
obtained with JP2-WSI compression compared to JPEG 
quality level 80 compression and fixed 35:1 ratio JPEG 2000 
compression. In Figure 3, visually detectable differences 
can be seen only with zoom levels well over 100%, which 
represent purely digital magnification. The magnified 
screenshots come from WSIs with file sizes of 528 MB and 
21 MB (JPEG 2000 35:1 and JP2-WSI, respectively) and 611 
MB and 18 MB (JPEG 2000 35:1 and JP2-WSI, respectively). 
They were scanned using the SlideStrider whole-slide 

Figure 1: A macroscopic view of the seventeen routine histopathological slides used in the study. The shaded rectangle on slide fourteen demonstrates 
the area that makes up the whole‑slide image containing both tissue and empty slide area
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scanner with x10 objective lens and a charge-coupled device 
camera with 3.1 µm pixel size resulting in 0.31  µm/pixel 
scanning resolution. Figure 4 presents zoomed screenshots of 
Helicobacteria in a gastric biopsy scanned with resolutions 
of 0.31 µm/pixel and 0.16 µm/pixel (Plan-Apo ×10 and ×20 
objective lenses, respectively). At 0.31 µm/pixel, there are 
subtle visible differences in the image quality. JP2-WSI 
eliminates random noise resulting in a smooth or blurry 
image appearance, whereas JPEG produces a grainier or 
noisier image. With the higher optical scanning resolution we 
were unable to detect diagnostic differences in image quality.

Table 2 shows the file sizes resulting from digitizing the set of 
17 slides with 3DHISTECH, Aperio and Hamamatsu scanners. 

Table 1: Comparison of whole‑slide image file sizes produced by three different parametrizations of JPEG 2000

Slide WSI dimensions 
in pixels

Ratio of empty 
slide to tissue area

Uncompressed 
file size (MB)

JP2‑lossless 
file size (MB)

JP2‑35:1 file 
size (MB)

JP2‑WSI file 
size (MB)

1 19,728×71,824 9.0 4251 387 122 13
2 22,544×67,600 10.1 4572 347 131 12
3 25,360×67,600 11.5 5143 387 147 12
4 19,728×80,272 6.7 4751 593 136 17
5 25,360×33,808 3.2 2572 448 74 12
6 64,784×92,944 0.3 18,064 5545 517 442
7 67,600×67,600 1.0 13,709 3431 392 289
8 56,336×63,376 1.0 10,711 2382 306 120
9 19,728×59,152 1.9 3501 634 100 26
10 22,544×80,272 3.0 5429 928 155 38
11 64,784×92,944 1.2 18,064 3512 517 304
12 67,600×118,288 0.6 23,989 5896 686 284
13 67,600×67,600 0.2 13,709 4091 392 248
14 67,600×147,856 49.0 29,985 528 528 21
15 56,336×135,184 32.3 22,847 669 648 25
16 61,968×143,632 49.0 26,702 611 611 18
17 19,728×139,408 24.0 8251 341 236 8
WSI: Whole-slide image, MB: Megabytes, JP2-lossless: Lossless JPEG 2000 compression, JP2-35:1: Fixed 35:1 ratio JPEG 2000 compression, JP2-WSI: 
WSI-Optimized JPEG 2000 compression

For each scanner, three different file sizes are shown per slide: 
the raw uncompressed file size, the file size using the scanners 
default compression method, and the file size using JP2-WSI 
compression. The file sizes are not comparable between scanners 
because of different scan area dimensions and different scanning 

0

200

400

600

800

1000

1200

1400

1600

0 10 20 30 40 50 60

JP
2-

W
S

I c
om

pr
es

si
on

 ra
tio

Ratio of empty slide to tissue area

Figure 2: The compression ratio obtained by JP2‑WSI plotted against 
the ratio of empty slide to tissue area in the set of seventeen digitized 
slides. The approximately linear relation signifies JP2‑WSI’s sensitivity 
to image content – the greater the ratio of empty slide to tissue area the 
higher the overall compression ratio that is achieved

Figure 3: Comparison of image quality between JP2‑WSI (a and b), JPEG 
quality level 80 (c and d), and fixed 35:1 ratio JPEG 2000 compression (e 
and f). Digitally magnified screenshots of whole‑slide images 14 (a, c, e) 
and 16 (b, d, f)

dc

b

f

a

e



J Pathol Inform 2018, 1:20 http://www.jpathinformatics.org/content/9/1/20

Journal of Pathology Informatics 5

were smallest and had the highest overall compression ratios in 
every case. All of the compression methods produced the highest 
compression ratios for the biopsy slides 14–17. These slides had 
the highest ratios of empty slide to tissue area [Figure 1]. Table 3 
summarizes the mean file sizes and mean compression ratios of 
the slides digitized with 3DHISTECH, Aperio, and Hamamatsu 
scanners. JP2-WSI compressed file sizes were 15%, 9%, and 
16% of the file sizes produced by 3DHISTECH, Aperio, and 
Hamamatsu default compression methods.

dIscussIon

Due to the costly hard disk storage of modern pathology 
WSIs, it is essential to optimize data compression for 
routine applications of digital pathology. Many commercial 
whole slide scanners still employ JPEG compression in 
their proprietary file formats, probably mainly due to its 
computational simplicity. Its successor, JPEG 2000, offers 
more powerful wavelet-based compression, and its random 

Table 2: File sizes of the slides digitized with different scanner and compression method combinations

Slide WSI file size in GB with compression ratio in parentheses

3DHISTECH Aperio Hamamatsu

Raw Default JP2‑WSI Raw Default JP2‑WSI Raw Default JP2‑WSI
1 16.77 0.27 (63) 0.03 (643) 6.34 0.32 (20) 0.02 (270) 11.89 0.36 (33) 0.03 (446)
2 18.48 0.30 (62) 0.03 (678) 7.10 0.31 (23) 0.02 (333) 13.08 0.39 (34) 0.03 (498)
3 18.58 0.28 (66) 0.03 (709) 9.98 0.44 (23) 0.02 (479) 11.01 0.34 (32) 0.03 (432)
4 21.15 0.37 (57) 0.03 (649) 7.24 0.43 (17) 0.03 (243) 9.87 0.33 (30) 0.03 (301)
5 7.91 0.29 (28) 0.04 (221) 6.62 0.47 (14) 0.03 (205) 4.84 0.23 (21) 0.03 (143)
6 39.63 4.13 (10) 0.60 (66) 36.07 5.35 (7) 0.76 (48) 40.87 4.10 (10) 0.84 (49)
7 33.90 2.56 (13) 0.48 (70) 36.46 3.30 (11) 0.40 (91) 27.35 2.32 (12) 0.44 (62)
8 25.97 1.59 (16) 0.29 (89) 14.80 1.94 (8) 0.27 (55) 20.35 1.53 (13) 0.29 (70)
9 18.48 0.48 (38) 0.07 (271) 7.00 0.48 (15) 0.06 (116) 10.66 0.50 (22) 0.07 (151)
10 16.89 0.57 (29) 0.07 (238) 7.79 0.61 (13) 0.06 (124) 10.70 0.50 (21) 0.07 (151)
11 47.22 2.61 (18) 0.47 (100) 28.07 2.89 (10) 0.40 (70) 37.79 2.57 (15) 0.46 (83)
12 56.35 3.28 (17) 0.50 (112) 40.37 3.73 (11) 0.42 (96) 49.81 2.87 (17) 0.47 (105)
13 34.23 3.06 (11) 0.52 (66) 25.82 3.41 (8) 0.44 (59) 29.37 2.49 (12) 0.47 (62)
14 59.32 0.37 (158) 0.03 (1739) 43.14 1.48 (29) 0.03 (1289) 52.85 1.27 (42) 0.04 (1342)
15 62.33 0.51 (123) 0.04 (1641) 49.37 1.55 (32) 0.04 (1189) 49.68 1.23 (40) 0.05 (1033)
16 63.15 0.50 (127) 0.03 (2250) 37.20 1.56 (24) 0.04 (905) 49.68 1.24 (40) 0.05 (1078)
17 35.64 0.24 (146) 0.02 (2093) 13.22 0.58 (23) 0.02 (671) 16.21 0.41 (39) 0.02 (862)
Raw: Uncompressed WSI, default: The scanners default compression method (see text for details). The file sizes are not comparable between scanners due 
to variable scan area dimensions and scanning resolutions. WSI: Whole-slide image, GB: Gigabytes

Table 3: Mean whole‑slide images file sizes produced by 
different scanner and compression method combinations

Compression 
method

Mean WSI file size (mean compression ratio)

3DHISTECH Aperio Hamamatsu
No compression 33.88 22.15 26.24
Scanner default 
compression

1.26 (27) 1.70 (13) 1.33 (20)

JP2-WSI compression 0.19 (176) 0.18 (122) 0.20 (131)
File sizes differ between scanners due to variable scan area dimensions 
and scanning resolutions. See text for the scanner default compression 
methods. File sizes are in gigabytes. WSI: Whole-slide image

resolutions. The uncompressed file sizes ranged from 4.84 GB 
to 63.15 GB. 3DHISTECH default compression produced 
compression ratios of 10–158 while JP2-WSI compressed 
the same images with ratios of 66–2250. For Aperio, the 
compression ratios were 7–32 for default compression and 
48–1289 for JP2-WSI. Hamamatsu default compression 
produced compression ratios of 10–42 with JP2-WSI producing 
compression ratios of 49–1342. JP2-WSI compression had the 
widest range of overall compression ratios, 66–2250, 48–1289 
and 49–1342 for 3DHISTECH, Aperio, and Hamamatsu 
scanned images, respectively. JP2-WSI compressed images 

Figure 4: Effects of image compression and whole‑slide image scanning 
resolution on detecting Helicobacteria in a gastric biopsy. JP2‑WSI (a and 
c) and JPEG quality level 80 (b and d) compressed images scanned at 
0.31 µm/pixel (a and b) and 0.16 µm/pixel (c and d) sampling resolutions
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data access, among other features, makes it well suited for 
server-based remote WSI viewing.[10,13] An optimal WSI data 
compression method should take into account the type of the 
images to be stored.[16] In the case of pathology slides, this 
means taking advantage of the abundant empty space on the 
slide. With this in mind, we designed our novel WSI-optimized 
JPEG 2000 parametrization, JP2-WSI, which compresses the 
empty slide area very heavily but retains image quality on the 
tissue-containing parts of the image. This not only minimizes 
the effect of empty slide area on WSI file size but also adjusts 
the overall compression ratio to the amount of image detail 
meaning that the image quality rather than overall compression 
ratio is kept constant. A standard practice in histopathology 
is to distribute several serial sections of small biopsies on the 
slide. This leads inevitably to biopsy-WSIs containing larger 
empty slide areas than WSIs of surgical specimens which have 
been scanned with tight margins. JP2-WSI was designed to 
handle both WSI types but was found particularly effective in 
reducing the file size of biopsy-WSIs.

When designing a novel compression method for WSIs, it was 
self-evident that the image quality may not be compromised. 
We designed JP2-WSI to keep the inevitable information 
loss associated with all lossy image compression algorithms 
essentially the same as that obtained with JPEG level 80 
compression, which has been considered a satisfactory image 
quality in histopathological WSIs.[2,3] Using this definition, 
JP2-WSI yielded file sizes that were <20% of those obtained 
by proprietary JPEG 80 compression, and only 33% of 
conventional fixed-ratio JPEG 2000 compression. This permits 
significant cost savings in the routine use of WSI, where tens 
or even hundreds of terabytes of image data are generated 
each year.[2-5]

conclusIon

We developed a novel parametrization of JPEG 2000 image 
compression designed for histopathological WSIs. The main 
advantage of JP2-WSI is its sensitivity to image content. 
Our optimized JP2-WSI conforms to the JPEG 2000 image 
coding standard maintaining its open, nonproprietary nature. 
JPEG2000 encoding is an allowed image compression 
method in the DICOM standard, and it is also allowed for 
the WSI storage class. A commercial picture archiving 
and communications system has recently implemented 
JPEG 2000 encoded WSI storage class in full workflow 
(Neagen, Oulu, Finland). This demonstrates that JPEG 
2000 encoding is applicable also in the DICOM context. 
A large-scale clinical study is underway to confirm the 

diagnostic accuracy of JP2-WSI-compressed WSIs compared 
to conventional glass slides and optical microscopes.
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