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General introduction

1
GENERAL INTRODUCTION

This thesis aims to explore new applications and assessment techniques for the 
biomarkers HER2 and Ki67. This general introduction will summarize background 
literature, discuss current applications of these biomarkers and assessment techniques 
to determine the biomarker status, discuss recent developments, and will outline the 
aims of this thesis.

Biomarkers
‘Biomarker’ is short for ‘biological marker’. Biomarkers are measurable biological 
parameters which indicate physiological biological processes or pathogenic processes.1,2 
These parameters are used in clinical practice as tools to identify disease, assess the severity 
of diseases, determine disease-specific characteristics and evaluate pharmacological 
responses. There are four types of biomarkers: a diagnostic biomarker is used to detect 
disease and classify the extent of disease, a prognostic biomarker is used as an indicator 
of disease prognosis and patient outcome, a predictive biomarker is used to predict 
clinical response to a therapeutic intervention, and a therapeutic biomarker identifies a 
direct target for targeted therapy.3 Biomarkers can embody various indicators; examples 
include vital parameters, blood biomarkers, tissue biomarkers, imaging biomarkers and 
molecular biomarkers. In clinical pathology, tissue biomarker status is determined on 
tissue in cytological samples, biopsies or surgical specimens. 

This thesis will focus on HER2 and Ki67, tissue biomarkers which can be diagnostic, 
prognostic, predictive and therapeutic. New developments on applications and 
evaluation of HER2 and Ki67 status are ongoing. This thesis will explore possibilities 
for new applications of these biomarkers and will explore current and new assessment 
techniques to determine the status of these biomarkers. A major new technique is digital 
image analysis, which is an important aspect of the digitization in modern pathology 
practice.

HER2 as a biomarker
The human epidermal growth factor receptor 2 (HER2) is a tyrosine kinase receptor 
present on chromosome 17, also known as HER2/neu or ErbB2. It is part of the epidermal 
growth factor receptor family (gene symbol ErbB) of tyrosine kinase receptors with key 
regulatory functions in fundamental cellular biochemical processes responsible for cell 
proliferation, survival and differentiation.4 These receptors are cell surface receptors which 
are normally expressed on healthy cells. They are activated by ligand binding with growth 
factors, resulting in homo- or heterodimer formation and tyrosine kinase activation. 
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This activates multiple downstream intracellular pathways such as PI3K-AKT-mTOR and 
RAS-RAF-MEK-ERK. No specific ligand has been recognized for HER2, and it is activated 
through dimerization with other members of the ErbB family, most notably HER3. Over 
the past decades, it has become evident that the growth factor receptor family members 
can have prominent roles in carcinogenesis and tumor cell survival.5 Upregulation of their 
activity can be the result of somatic gene mutations or of gene amplification.6 Somatic 
mutations in the kinase domain of EGFR (HER1) are associated with various tumors and 
are well known for their role in lung cancer.7 In contrast, HER2-related tumorigenesis is 
usually due to HER2 gene amplification which leads to overexpression of HER2 on tumor 
cells.6 Somatic HER2 mutations are rare and have been described in the kinase domain 
and in the extracellular domain of the receptor; only the latter is associated with HER2 
overexpression.8,9

HER2 in breast cancer
HER2 overexpression/amplification is best known from its clinical significance in breast 
cancer, where HER2-positivity occurs in 15-20% of primary adenocarcinomas.10-12 HER2 
is a prognostic biomarker in patients with lymph node metastases. In these patients, 
HER2-positivity is associated with worse prognosis, while its prognostic value in patients 
without lymph node metastases is controversial.13 More importantly, HER2 is a predictive 
and therapeutic biomarker because HER2-positive tumors can be treated with targeted 
anti-HER2-therapy using drugs such as trastuzumab, pertuzumab, lapatinib and antibody-
drug conjugates containing trastuzumab.14-17

HER2 in gastroesophageal adenocarcinoma
In addition to breast cancer, HER2-positivity has been demonstrated in 15-30% of gastric 
adenocarcinomas.18 In 2010, the ToGA trial showed that anti-HER2-therapy improved 
survival in patients with HER2-positive advanced gastric adenocarcinoma, and as such 
proved that HER2 is a predictive and therapeutic biomarker in these tumors.19 In the 
same year, the tumor-node-metastasis (TNM) staging system was revised to the 7th 
edition,20 introducing changes which largely still hold in the current 8th edition.21 With 
these changes, tumors previously classified as gastric are instead classified as esophageal. 
Reported HER2-positivity rates in esophageal cancer (according to the 6th TNM edition)22 
are similar to gastric cancer.23,24 As such, HER2 could be a predictive and therapeutic 
biomarker in patients with HER2-positive esophageal cancer, since the benefit of anti-
HER2-therapy proven in gastric cancer could apply to these tumors as well. However, 
studies on HER2 before 2015 included either gastric or esophageal cancer, and not both. 
Moreover, a shift between these two locations has occurred in the 7th and subsequent 
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8th TNM classification. Therefore, the study in Chapter 2 aimed to directly compare HER2 
overexpression in gastric and esophageal adenocarcinoma, and investigate the shift in 
tumor location due to the change in TNM classification. 

Histopathological assessment of HER2
HER2 status is determined using immunohistochemistry (IHC) and in situ hybridization 
(ISH). With IHC, primary antibodies are directed to the HER2 receptor protein, and 
secondary antibodies are added to target these primary antibodies. These secondary 
antibodies are labelled with enzymes like horseradish peroxidase, and enzymatic 
conversion of the subsequently added 3,3'-Diaminobenzidine (DAB) generates a brown 
color which visualizes HER2 expression on the cell membrane.25 With ISH, colored probes 
directed to the specific DNA sequences of HER2 and chromosome 17 centromere are used 
to visualize gene expression, in order to assess gene amplification.

In daily practice, HER2 testing of breast cancer incorporates a two-tiered method.12 First, 
IHC is performed and is semi-quantitatively scored by a clinical pathologist. Score 0: no 
staining or faint/barely perceptible incomplete membrane staining in ≤10% of tumor 
cells; score 1+: faint/barely perceptible incomplete membrane staining in >10%; score 
2+: weak/moderate complete membrane staining in >10%; score 3+: circumferential 
complete intense membrane staining in >10%. An IHC score of 0 or 1+ is considered 
HER2-negative; score 2+ is equivocal and score 3+ is HER2-positive. Only in 2+ cases, 
IHC is followed by ISH. ISH is classified negative, equivocal or positive based on the HER2 
gene copy number and the HER2 to chromosome 17 ratio.

Assessment of HER2 in gastroesophageal adenocarcinoma
HER2 status in gastroesophageal cancer is determined using a similar two-tiered 
method.18 There is higher tumor heterogeneity and more irregular membrane staining 
in gastroesophageal cancer than in breast cancer.26 Therefore, a modified HER2 IHC 
scoring system is applied which has two major differences with the breast cancer 
scoring system.26,27 Firstly, the IHC score in gastroesophageal biopsies can be given on a 
cluster of >5 stained tumor cells instead of requiring 10% positive tumor cells. Secondly, 
complete or circumferential membrane staining is not required in gastroesophageal 
cancer: basolateral or lateral staining is sufficient.

Due to the visual semi-quantitative assessment, IHC scoring is subjective and inter-
observer variability occurs, as shown in breast cancer28,29 as well as in gastroesophageal 
cancer.26,30,31 Due to heterogeneous and irregular HER2 staining, this might especially 
be the case for gastroesophageal cancer. For Chapter 3, clinical pathologists previously 
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unfamiliar with the gastroesophageal HER2 IHC scoring system were trained to use this 
scoring system. A large cohort of gastric and esophageal adenocarcinomas was scored 
by these pathologists, and inter-observer variability was analyzed.

HER2 in other tumors
While HER2 is implemented in the clinical workup of breast and gastroesophageal cancer, 
HER2-positivity occurs in tumors of many other organs as well.32 Anti-HER2-therapy 
could be a therapeutic option for some of these other tumor types, including colorectal 
carcinoma, urothelial cell carcinoma, pulmonary adenocarcinoma and gynecological 
tumors.33-36 However, HER2 testing in other tumors than breast and gastroesophageal 
cancer is experimental and not standardized. The value of HER2 as a prognostic and 
predictive biomarker in these other tumors is unclear.

HER2 in gynecological adenocarcinoma
In recent years, HER2 has been studied in endometrial and ovarian cancer. HER2-
positivity varied considerably among studies: 17-80% in endometrial carcinoma and 
8-66% in ovarian carcinoma.36-38 Results on anti-HER2-therapy in these tumors to date are 
inconsistent. However, the definition of HER2-positivity between studies varies widely. 
While IHC and ISH have been validated and implemented in HER2 testing in breast and 
gastroesophageal cancer, HER2 testing is not standardized in endometrial and ovarian 
carcinoma. This accounts especially for clear cell carcinoma, the third most common 
subtype of endometrial and ovarian carcinoma (following endometrioid and serous 
carcinoma).39,40 Data on HER2-positivity in this subtype is especially scarce, and studies 
up to date usually included only small numbers (n<10) of these tumors. Additionally, 
HER2 overexpression when tested by different IHC antibodies can vary.41-43 No studies up 
to this date have studied HER2 in clear cell carcinoma as a large separate cohort, and no 
studies have compared the behavior of IHC antibodies in this group of tumors. Therefore, 
in Chapter 4, the aim was to compare HER2 overexpression using three different IHC 
antibodies with HER2 amplification by ISH in a large cohort of endometrial and ovarian 
clear cell carcinomas.

Digital image analysis of HER2
HER2 is traditionally scored by microscopic evaluation of physical slides by individual 
pathologists, which can be subjective and can suffer from inter- and intra-observer 
variability.28,29 Digitization is an important aspect of modern pathology practice. In 
recent years, digital image analysis (DIA) has emerged as an objective and reproducible 
alternative to manual scoring.44-48 DIA has the potential to reduce IHC 2+ (equivocal) 
cases, which could decrease the number of cases in which subsequent ISH is required, 
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reducing turnaround time and diagnostic costs in daily practice.47-49 The international 
breast cancer HER2 guideline by the American Society of Clinical Oncology / College 
of American Pathologists (ASCO/CAP) has recognized DIA as a diagnostic modality 
which can be implemented in clinical practice for HER2 testing in breast cancer.12 In 
contrast, the international gastroesophageal HER2 guideline states that to date, data is 
too ‘limited’ to make a specific recommendation.18 Indeed, studies on DIA of HER2 IHC in 
gastroesophageal cancer are scarce, and results are contradictory.50-54 These studies were 
performed mainly on surgical specimens, while HER2 status in gastroesophageal cancer 
is often determined on biopsies instead as patients often present with advanced stage 
disease.19 Therefore, the aim of the study in Chapter 5 was to validate DIA of HER2 IHC in a 
large cohort of gastroesophageal adenocarcinomas, including a large number of biopsies. 

In breast cancer, DIA of HER2 IHC is more extensively studied and validated.44-49 However, 
studies up to this date which compared manual scoring with DIA used different platforms, 
but each study used only one platform.44-56 However, inter-platform variability may 
be expected because each platform implements a different algorithm with a unique 
approach to classify tissue and cells.57,58 To the best of our knowledge, no studies to 
date have addressed inter-platform agreement in DIA of HER2 IHC. Therefore, Chapter 6 
contains a study to establish inter-platform agreement of DIA of HER2 IHC in breast cancer 
by two independent DIA platforms. Additionally, this study aimed to validate DIA and to 
evaluate the added value of DIA in clinical practice. 

Ki67 as a biomarker
Ki67 (also known as Ki-67, KI-67 or MKI67) is a nuclear antigen which is encoded by the 
MKI67 gene and expressed in the S, G1, G2 and M phase of the cell cycle; it is only absent 
in the G0 phase.59 As such, Ki67 is present in proliferating cells and is a biomarker for 
cell proliferation. Many pathologists use Ki67 in various tissues, both tumor and non-
tumor, to evaluate proliferative activity. In clinical pathology practice, Ki67 in tumors 
is used to calculate the ‘Ki67 proliferation index’ which is defined as the percentage of 
proliferating (Ki67-positive) tumor cells among all tumor cells. The Ki67 proliferation 
index is generally higher in malignancies than in benign tissue, and is often higher in 
more aggressive tumor types. As such, Ki67 can be used as a diagnostic biomarker in 
histopathology. In clinical practice, Ki67 is used as a prognostic biomarker, usually with 
higher proliferation indexes associated with worse prognosis. This prognostic value of 
Ki67 has been shown in various cancers, among which tumors of the prostate, soft tissue 
and brain.60-63 In neuro-endocrine tumors, Ki67 functions as a prognostic biomarker used 
to determine tumor grade based on specific cut-offs by which a higher Ki67 proliferation 
index corresponds to a higher tumor grade with worse prognosis.64 Additionally, Ki67 
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is a predictive biomarker in high-grade gastro-intestinal neuro-endocrine tumors, in 
which a higher Ki67 proliferation index (>55%) is associated with better chemotherapy 
response rates.65

Ki67 in breast cancer
In breast cancer, Ki67 proliferation index is a prognostic and predictive biomarker.66,67 
Studies on Ki67 as a prognostic biomarker have the tendency to associate higher 
proliferation indexes with worse prognosis.68 However, increased Ki67 is also linked 
to increased response to neoadjuvant chemotherapy, associated with improved 
prognosis. As such, as a predictive biomarker (with prognostic interplay), there seem 
to be three categories of tumors based on Ki67 proliferation index.66 The first category 
are tumors with a low Ki67; these tumors are chemotherapy-resistant but patients have 
a good prognosis regardless. The second category is tumors with a high Ki67 that are 
chemotherapy-sensitive; these tumors have a greater chance of complete remission 
and patients consequently have improved survival rates. The third category is tumors 
with a high Ki67 that are chemotherapy-resistant; these patients have reduced survival 
rates. Interestingly, the second category (high Ki67 chemotherapy-sensitive tumors with 
good prognosis) often seems to occur in hormone receptor negative tumors. Because 
of this, hormone receptor negative tumors with high Ki67 often have better prognosis 
than those with low Ki67.69 

In clinical practice, Ki67 is applied in the distinction of intrinsic tumor subtypes based 
on the immunohistochemical ‘IHC4’-expression (ER, PR, HER2 and Ki67).70 There are four 
intrinsic subtypes with differences in prognosis and chemotherapy response: luminal A, 
luminal B, HER2-overexpressed and basal-like. Among these, Ki67 distinguishes luminal 
A (Ki67 <20%) from luminal B (Ki67 >20%) in ER/PR-positive-HER2-negative tumors.

Histopathological assessment of Ki67 and digital image analysis
As with HER2, Ki67 is determined using immunohistochemistry. Antibodies directed to 
the Ki67 protein are labelled with DAB brown to visualize Ki67 expression in the nuclei 
of cells. In contrast to HER2, scoring of Ki67 is not semi-quantitative; any intensity of 
staining is considered positive.67 However, inter- and intra-observer variability of Ki67 
scoring is high, firstly due to intratumoral heterogeneity and secondly due to inaccurate 
and inconsistent scoring methods.71-73 Many pathologists use the ‘eyeballing’ method to 
score Ki67, which is basically a rapid visual guess of the percentage of Ki67-positive cells. 
Standardized Ki67 scoring protocols are in development, which can improve inter- and 
intra-observer agreement.74 However, the method recommended by the International 
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Ki67 in Breast Cancer Working Group is labor-intensive and time-consuming, as it 
involves manually counting at least 500-1000 cells in order to correct for intratumoral 
heterogeneity and to achieve acceptable error rates.67

As with HER2, DIA has emerged as an objective and reproducible alternative to manual 
scoring. DIA offers a standardized diagnostic solution with a significant time-saving 
potential.75 High concordance between DIA and manual scoring has been shown in 
several studies.76-78 However, these studies have been performed on small tumor areas 
(tissue microarrays or specific regions of interest), while Ki67 in clinical practice is often 
assessed on whole tissue slides, as recommended in the international Ki67 guidelines.67 
Additionally, studies comparing manual scoring with DIA used only one DIA platform 
and different platforms among studies. Due to differences in Ki67 scoring algorithms, 
inter-platform variability can be expected.57,58 To the best of our knowledge, no studies 
to date have addressed inter-platform agreement in DIA of Ki67. We aimed to assess 
inter-platform agreement and to validate DIA of Ki67 IHC in breast cancer on whole tissue 
slides in Chapter 7, by comparing manual Ki67 counting with DIA by two independent 
DIA platforms.
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ABSTRACT

Purpose Primary tumor classification of gastric or esophageal cancer has changed 
significantly with recent alterations of the tumor-node-metastasis (TNM) staging system. 
Considering these alterations, human epidermal growth factor receptor 2 (HER2) positivity 
rates were determined and compared in gastric and esophageal adenocarcinoma. 
Additionally, HER2 positivity in relation to other clinicopathological characteristics was 
evaluated.

Methods A total of 321 patients with histologically confirmed invasive gastric or 
esophageal adenocarcinoma were examined for HER2 by immunohistochemy (IHC) 
and chromogenic in situ hybridization (CISH). IHC 3+ or IHC 2+/CISH positive tumors 
were considered HER2 positive. Clinicopathological characteristics were retrospectively 
retrieved from the patient records.

Results HER2 positivity was found in 50 of 321 patients (15.6%). In univariate and 
multivariate logistic models, HER2 positivity rates were significantly higher in esophageal 
primary tumors (esophageal 25.0% vs. gastric 7.4%) and in intestinal histological tumor 
type (intestinal 22.6% vs. diffuse/mixed 5.7%). No significant differences in HER2 positivity 
were found between males and females, age below and above 65 years, biopsies and 
surgical specimens or advanced and early-stage disease. Using the 7th TNM edition, 
many tumors (30.5% of all included tumors and 64.5% of all esophageal primary tumors) 
previously classified as gastric cancer are now classified as esophageal cancer.

Conclusions HER2 positivity occurs in 15.6% of invasive gastroesophageal 
adenocarcinoma in Western patients, of which the majority is esophageal primary tumors 
and of the intestinal tumor type. With the introduction of the 7th TNM edition, a large 
number of tumors previously classified as gastric are now classified as esophageal tumors 
instead, with relatively high HER2 positivity rates in these esophageal primary tumors.
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INTRODUCTION

Gastric and esophageal cancer accounts for over 1.2 million deaths every year worldwide. 
With 1.5 million new cases, the upper gastrointestinal tract tumors are the second most 
commonly diagnosed type of cancer.1,2 The staging system for gastric and esophageal 
cancer has recently been revised with the introduction of the 7th tumor-node-metastasis 
(TNM) edition of Classification of Malignant Tumours of the Union of International Cancer 
Control-American Joint Committee on Cancer (UICC-AJCC) in 2010. In the 6th TNM 
edition, both gastroesophageal junction (GEJ) and gastric cardia tumors were classified 
and staged as gastric cancer.3 In the 7th TNM edition GEJ tumors are instead classified as 
esophageal tumors, and gastric cardia tumors within 5 cm of the esophagus and reaching 
in the esophagus are classified as GEJ tumors and thus classified as esophageal tumors.4,5 
Studies before the 7th TNM edition on gastric cancer therefore included tumors which 
would now be classified as esophageal cancer instead. 

Survival of gastric and esophageal cancer remains poor. Though survival rates are 
improving slightly, overall 5-year survival is below 20-30%.6-8 Advanced cancer patients 
have a poor prognosis with median survival of months rather than years, even if treated 
with chemotherapy.9-11

New treatment options are emerging including targeted therapies. While trials on 
EGFR (HER1) targeted therapies are inconclusive,12,13 targeted therapy of the human 
epidermal growth factor receptor 2 (HER2/ ErbB2) is associated with significant survival 
improvement. The ToGA study found an improvement of median survival of 11.1 to 
13.8 months in HER2 positive advanced gastric cancer patients treated with additional 
trastuzumab compared with conventional chemotherapy treatment alone.14 As such, 
though reports on impact of HER2 positivity on survival rates in gastroesophageal cancer 
are conflicting,12,15-24 anti-HER2 therapy appears a promising part of cancer treatment.

In gastric cancer, HER2 positivity occurs in 15-30% of adenocarcinomas.15-17,25 Similar HER2 
positivity rates are reported in esophageal adenocarcinoma, though less extensively 
studied.18-20,26-28 

Most studies up to this date on HER2 in gastroesophageal cancer included either gastric 
cancer or esophageal cancer, instead of both primary tumor locations together. Moreover, 
the recent alterations of the TNM classification system have created a shift in primary 
tumor location, as GEJ tumors now classified as esophageal were included in studies on 
gastric cancer before the 7th TNM edition. The aim of this study was to conduct a direct 
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comparison on HER2 overexpression between gastric and esophageal adenocarcinoma 
using the 7th TNM edition and to examine clinicopathological characteristics in relation 
to HER2 positivity.

PATIENTS AND METHODS

Patients
All patients with histologically confirmed gastric or esophageal invasive adenocarcinoma 
from January 2004 to December 2011 in the Deventer Hospital (the Netherlands) 
with available tumor tissue for HER2 testing were included. Clinical and pathological 
characteristics including age, sex, pathological specimen type, tumor stage and primary 
tumor location were collected retrospectively from the patient records. Tumor stage 
and primary tumor location were determined and re-categorized according to the 7th 
TNM edition (Table 1). Advanced disease was defined as metastatic or inoperable locally 
advanced cancer. Patients were added to the database anonymously using unique patient 
numbers (UPN).

Table 1. Definition of primary tumor location

Location Definition

Distal esophagus Located in the distal esophagus without growth into the GEJ

Gastroesophageal junction 1.  Located directly in the GEJ 
2. Located in the distal esophagus with growth into the GEJ
3. Located in the cardia with growth into the esophagus and the 

epicenter of the tumor being within 5 cm of the GEJ

Stomach (cardia) Located in the cardia without growth into the GEJ

Stomach (non-cardia) Located anywhere in the stomach but the cardia

According to TNM 7th edition guidelines. 
GEJ, gastroesophageal junction.

Pathology review
Formalin-fixed paraffin-embedded tumor samples from 321 patients, being biopsies of 
the primary tumor, surgical resection material, or biopsies of metastatic lesions, were 
retrieved. Surgical resection specimens were preferred if available. If primary tumor 
biopsy or resection material was not present, a metastatic lesion biopsy was taken if 
present. Tumor samples were evaluated for HER2 protein expression by a consensus 
immunohistochemistry (IHC) score by three pathologists (MMS, ML and MH), followed 
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by gene amplification using chromogenic in situ hybridization (CISH) if the consensus 
IHC score was 2+, 3+ or if no consensus was reached. Corresponding hematoxylin-
eosin slides were reviewed to assess sample adequacy. IHC 3+ or IHC 2+/CISH-positive 
tumors were considered HER2 positive. In all tumor samples, tumor type according 
to Laurén’s classification29 was established by a consensus between the participating 
pathologists. IHC and CISH tests were performed and evaluated in the Deventer Hospital 
(the Netherlands). IHC and CISH evaluation was performed using a Zeiss Axioskop® 2 Plus 
microscope (MMS and ML) or Zeiss Axioskop® 20 microscope (MH) equipped with 2.5x, 
5x, 10x, 20x, 40x and dry objective lenses (Carl Zeiss Microscopy, LLC).

Immunohistochemistry
IHC staining was performed using the Ventana iViewTM DAB detection kit (Ventana Medical 
Systems, Inc.) and the Ventana PATHWAY® HER2/neu rabbit monoclonal antibody (4B5) 
on a Ventana BenchMark® XT immunostainer (Ventana Medical Systems, Inc.), following 
the manufacturers protocol. Antigen retrieval was achieved using CC1 (Cell Conditioning 
1, pH 9, Ventana Medical Systems, Inc.) during 30 min. IHC staining was scored using the 
scoring system for gastroesophageal tumors established by Hofmann et al. (2008),30 with 
additional guidelines on this scoring system provided by Rüschoff et al. (2010).31,32 A score 
of 0: no reactivity or no membranous reactivity (visible at 40x); 1+, faint or barely visible 
membranous reactivity (visible at 40x); 2+, weak to moderate complete, basolateral or 
lateral membranous reactivity (visible at 10-20x); 3+, strong complete, basolateral or 
lateral membranous reactivity (visible at 2,5-5x). Requirements for IHC positive scoring 
according to this scoring system are sufficient well-preserved tumor tissue, membranous 
staining, and staining of a cluster of >5 tumor cells in biopsies or staining in >10% of 
tumor cells in resection specimens.

In situ hybridization
CISH was carried out using the ZytoDot® SPEC HER2 Probe kit (Zytovision GmbH). Non-
amplified, unaltered gene copy number was defined as one to five signal dots per 
nucleus, showing either diploid (two signal dots) or polysomia (three to five signal dots). 
Amplification was defined as six to 10 signal dots per nucleus or presence of small gene 
copy clusters (low amplification) or more than 10 signal dots per nucleus or presence of 
large gene copy clusters (high amplification), in more than 50% of cancer cells in a tissue 
area selected for enumeration of at least 20 cells. CISH was pronounced HER2 positive 
when either low- or high amplification was present and HER2 negative when the signal 
was diploid or showed polysomia.
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Statistical analysis
Univariate and multivariate relationship between HER2 positivity rate and 
clinicopathological variables was determined using a binary logistic regression model. 
Risk factors included in the model were sex, age below versus above 65 years, advanced 
versus not advanced disease status, the pathological specimen sample used for HER2 
testing (primary tumor versus metastatic lesion and biopsy versus surgical specimen), 
esophageal versus gastric primary tumor location and intestinal versus diffuse or mixed 
histological tumor type. Patients with missing values in one of these variables were 
excluded from multivariate analysis. Comparison of HER2 positivity rates in relation to 
primary tumor location, tumor type and adjacent Barrett’s esophagus was performed 
using the Chi-square test.

Statistical analyses were performed using IBM® SPSS® Statistics for Windows version 
20.0.0. All p values were two-sided, with a value of p < 0.05 being considered clinically 
significant.

RESULTS

Patient characteristics
Of 321 patients tested, 50 patients (15.6%) were HER2 positive. Patient characteristics 
and HER2 positivity are displayed in Table 2. Patients were predominantly male (68.5%) 
and older than 65 years of age (64.5%). Many patients presented with advanced disease 
(52.3%) compared with not advanced disease (40.2%) and unknown disease stage in 
7.5%. The majority of samples were taken from primary tumors (98.8%) as only four 
samples were from metastatic lesions. These primary tumor samples were predominantly 
endoscopic biopsy specimens (71.0%). 

Of 321 patients, 162 (50.5%) had gastric primary tumors and 152 (47.4%) had esophageal 
primary tumor. Primary tumor location could not be determined in seven (2.2%) patients. 
Of esophageal primary tumors, 98 (64.5% of esophageal primary tumors and 30.5% of 
all tumors) were classified as GEJ tumors, including gastric cardia tumors within 5 cm of 
the esophagus and reaching in the esophagus. These tumors would have been classified 
as gastric tumors in the 6th TNM edition, in which the primary tumor location would 
primarily have been gastric instead of esophageal (81.0% vs. 16.8%).

Tumor type according to Laurén’s classification was predominantly intestinal type (59.2%), 
followed by diffuse (26.5%) and mixed type (11.8%). In eight samples (2.5%), tumor type 
was pronounced indeterminate due to undifferentiated tumor. The intestinal tumor type 
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was more common in esophageal primary tumors than in gastric primary tumors, with 
107 out of 148 cases (72.3%) compared with 82 out of 159 cases (51.6%) respectively, a 
strongly significant (p<0.001) difference. The diffuse tumor type was significantly more 
common (p<0.001) in gastric primary tumors than in esophageal primary tumors, with 
58 cases (36.5%) compared with 23 cases (15.5%). The prevalence of the mixed tumor 
type was similar in both primary tumor locations, with 19 cases (11.9%) in gastric tumors 
and 18 cases (12.2%) in esophageal tumors (p=0.954). 

HER2 positivity and clinicopathological characteristics
HER2 positivity was found in 50 of 321 patients (15.6%). HER2 positivity rate was similar 
in males and females (17.8 vs. 10.9%), in age below or above 65 years of age (13.2 vs. 
16.9%) and in advanced or not advanced disease status (17.2 vs. 14.0%). Both univariate 
and multivariate analysis showed no statistical difference in these comparisons. Biopsy 
specimens showed statistically significant higher HER2 positivity rate in comparison 
with surgical specimens in univariate analysis (18.0 vs. 9.0%, p=0.048), but this was not 
significant in multivariate analysis (p=0.912).

By location, 76% (38 samples) of HER2 positive tumors were esophageal primary tumors 
and 24% (12 samples) were gastric primary tumors. As such, HER2 positivity rate was 
25.0% in esophageal primary tumors compared with 7.4% in gastric primary tumors, a 
difference statistically strongly significant in both univariate (p<0.001) and multivariate 
analysis (p=0.001). Of the 50 HER2 positive primary esophageal tumors, 55% (21 samples) 
were classified as GEJ tumors. GEJ tumors were HER2 positive in 21.4% of cases, while 
distal esophageal tumors were HER2 positive in 31.5% of cases. In 25 of 54 primary distal 
esophageal tumors, the primary tumor was located in a Barrett’s esophagus. A total 
of 11 of these 25 tumors (44.0%) showed HER2 positivity. Though statistically strongly 
significant higher than in the total study population (p<0.001), this high HER2 positivity 
rate was not statistically significant higher than in primary esophageal tumors without 
adjacent Barrett’s esophagus, where six out of 29 tumors (20.7%) were HER2 positive 
(p=0.061). 

By tumor type, HER2 positive tumors were predominantly of the intestinal type (86%), 
instead of diffuse (6%) or mixed type (8%). The intestinal tumor type showed a statistically 
strongly significant higher rate of HER2 positivity than diffuse or mixed type in univariate 
(p<0.001) and multivariate (p=0.004) analysis, with HER2 positivity among 22.6% of all 
intestinal type tumors compared with 3.5% in diffuse type tumors and 10.5% in mixed 
type tumors.
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HER2 positivity in immunohistochemistry and in situ hybridization 
testing
Immunohistochemistry and in situ hybridization results are displayed in Figure 1. Of 
321 samples evaluated for IHC, 182 samples were scored HER2 negative (IHC 0 or IHC 
1+) and 42 samples were scored HER2 positive (IHC 3+). CISH was HER2 positive in 39 of 
the 42 IHC 3+ samples (92.9%) and HER2 negative in two samples (4.8%). One sample 
could not be assessed due to loss of tumor tissue after IHC testing. Of the 39 CISH HER2 
positive samples, 36 samples showed high amplification and three samples showed low 
amplification.

Figure 1. IHC and CISH results.

HER2, human epidermal growth factor 2; IHC, immunohistochemistry; CISH, chromogenic in situ hybridization.

In a total of 97 samples, a neither IHC-negative nor IHC-positive (IHC 2+ or no consensus) 
score was followed by CISH. CISH was HER2 positive in eight samples (8.2%), of which 
two samples showed high amplification and six samples showed low amplification. CISH 
was HER2 negative in 89 samples (91.8%), of which 63 samples showed diploidy and 26 
samples showed polysomia. Distribution of gene copy count in these CISH samples is 
displayed in Figure 2.
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Figure 2. Distribution of gene copy count of CISH samples in IHC 2+ or IHC inconclusive cases (n 
= 97). A CISH positive result (amplification) is defined as 6 or more signal dots or the presence of 
gene copy clusters.

*Gene copy count of more than 10, or presence of large gene copy clusters. 
CISH, chromogenic in situ hybridization; IHC, immunohistochemistry.

DISCUSSION

Overexpression of the HER2 oncogene, well known from its therapeutic impact in breast 
cancer, is described in 15-30% of gastric and esophageal adenocarcinoma.15-20,25-28 In our 
cohort of 321 patients, HER2 overexpression rate was 15.6% with 50 patients showing 
HER2 positivity. However, with a similar number of gastric and esophageal primary 
tumors, HER2 positivity rates were significantly higher in esophageal primary tumors 
compared with gastric tumors (25.0 vs. 7.4%). It should be noted that there is high 
concordance in HER2 positivity between biopsies and surgical specimens, as our study 
included both.17

The introduction of the 7th UICC-AJCC TNM edition in 2010 brought significant changes 
in the classification of esophageal and gastric cancer, as GEJ tumors and gastric cardia 
tumors within 5 cm of the esophagus and reaching in the esophagus are no longer 
classified as gastric cancer, but instead as esophageal cancer.3,4 Classifying GEJ and 
gastric cardia tumors as esophageal cancer would seem a logical alteration, as these 
adenocarcinomas share similar etiological, epidemiological and pathomorphological 
patterns, in contrast to non-cardia gastric tumors.3-7,33
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Using the 7th TNM edition, we found a similar distribution of gastric primary tumors and 
esophageal tumors in our study cohort. Of the esophageal tumors, 98 tumors (30.5%) 
were classified as GEJ tumors, but would have been classified as gastric tumors in the 6th 
TNM edition. Would the 6th TNM edition have been used, primary tumor location would 
primarily have been gastric instead of esophageal. This illustrates that studies on gastric 
cancer before the 7th TNM edition will have included a marked number of tumors that 
would be staged nowadays as esophageal tumors. Moreover, lymph node classification 
has undergone major changes in esophageal tumor staging. Studies using the 7th TNM 
edition can therefore not be readily compared with studies using the 6th TNM edition.

However, differences in clinical outcome between the use of 6th versus 7th TNM editions 
are mostly found in early stage, resectable tumors.34,35 In advanced disease, response rate 
to chemotherapy, progression free survival during chemotherapy and survival patterns 
of esophageal and GEJ cancer are similar to that of advanced gastric cancer, regardless 
which version of the TNM classification is used to establish cancer stage.9

In contrast to our study, many other studies on gastroesophageal cancer included either 
only gastric cancer (with GEJ cancer, using the 6th TNM classification) or esophageal 
cancer, instead of both tumor locations together. In studies including gastric and GEJ 
tumors, a higher HER2 positivity rate was found in GEJ tumor location than in gastric 
tumor location, with differences of 24-33% versus 16-21% respectively.15,16,25 Additionally, 
higher HER2 positivity rates were found in proximal gastric cancer (including the GEJ) than 
in distal gastric cancer.36,37 As GEJ tumors would now be often classified as esophageal 
tumors, studies on gastric cancer including GEJ tumors before the use of the 7th TNM 
edition would most likely show lower HER2 positivity rates if these GEJ tumors were not 
included. In hindsight, a tendency toward higher HER2 positivity rate in proximal gastric 
tumors which are now classified as esophageal tumors is thus apparent in these studies. 
On the other hand, distal esophageal primary tumors (without growth in the GEJ) in our 
study showed 31.5% HER2 positivity, which is higher than the 15-29% HER2 positivity rate 
found in studies on distal esophageal adenocarcinoma alone.18-20,26-28 This could be related 
to underlying Barrett’s esophagus in the primary distal esophageal tumors included in 
our study, which was frequently reported (25 of 54 distal esophageal tumors). Indeed, 
other studies have found HER2 overexpression to be associated with tumor progression 
from Barrett’s esophagus and with adenocarcinomas in Barrett’s esophagus.19,38,39 In our 
total study population, a statistically significant higher HER2 positivity rate was found in 
Barrett’s esophagus related tumors (44.0%), though this was not significantly more than 
in esophageal tumors without adjacent Barrett’s esophagus. 
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Histologically, HER2 overexpression is more common in Laurén’s intestinal type of 
adenocarcinoma than in diffuse tumor type (15-35 vs. <10%).14-17,29,30 Our study results 
were similar, with HER2 positivity in 22.6% of all intestinal type tumors, 3.5% of all diffuse 
type tumors and 10.5% of all mixed type tumors. As such, the vast majority of HER2 
positive tumors in our study were of the intestinal type with 43 of all 50 (86%) HER2 
positive samples. 

It is known that esophageal adenocarcinomas predominantly show histological intestinal 
tumor type characteristics. This is thought to be related to the intestinal metaplasia 
caused by esophageal reflux.40 As adenocarcinoma of the GEJ is associated with the same 
etiological pattern, the intestinal tumor type would be expected to be the predominant 
tumor type in this group as well. Indeed, we found that the intestinal tumor type was 
significantly more common in esophageal primary tumors (including GEJ tumors) and 
that conversely the diffuse tumor type was significantly more common in gastric primary 
tumors. Therefore, the higher HER2 positivity rates in esophageal adenocarcinoma in 
comparison with gastric adenocarcinoma could be related to the higher prevalence of 
intestinal tumor type. This would however not provide a full explanation, as our study 
showed that both primary esophageal tumor location and intestinal tumor type are 
independently associated with positive HER2 status in a multivariate analysis model 
including both factors. The reason for the selective overexpression of HER2 in intestinal 
type adenocarcinoma is thought to be complex, and no definitive explanation has been 
found yet.17,41 One explanation may be the differences in E-cadherin mutations in diffuse 
versus intestinal type of gastric cancer. The same pattern is observed in breast cancer, 
showing a higher HER2 positivity rate in ductal versus lobular type breast cancer.17

In conclusion, the statistically strongly significant higher HER2 positivity rate in 
esophageal primary tumors (25.0%) than in gastric primary tumors (7.4%) found in our 
study could be related to a combination of firstly the shift of primary tumor location 
classification with the use of the 7th TNM edition, secondly to underlying Barrett’s 
esophagus in esophageal tumors and thirdly to the higher prevalence of intestinal tumor 
type in esophageal tumors.

In our study, we applied the modified scoring system on HER2 in gastroesophageal 
tumors according to Hofmann et al., with additional CISH testing in IHC 3+ cases. As such, 
CISH was not applied in cases with a HER2 negative score in IHC. Concordance between 
IHC and ISH results in gastroesophageal cancer is much lower than in breast cancer, where 
IHC 0 or IHC 1+ samples are usually ISH negative. This notion was evident in the ToGA 
trial, where 22.4% of included patients were FISH positive while IHC score was 0 or 1+. A 
recent study on resected early stage gastric and GEJ tumors also confirmed this finding.36 
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The ToGA trial found that adding trastuzumab to chemotherapy in HER2 positive patients 
(defined as either IHC 3+, FISH positive, or both) results in significantly improved median 
survival of 13.8 versus 11.1 months. However, patients with a negative IHC score (IHC 0 
or IHC 1+) and a positive FISH did not show statistically significant difference in survival, 
with a median survival seemingly impaired: 8.7 versus 10.0 months.14 This suggests a 
high level of non-responders among IHC negative/FISH positive patients, which means 
HER2 overexpression suggested by only a positive FISH test but with negative IHC result 
would have limited clinical value. 

The in situ hybridization method applied in this study was single color CISH instead of a 
dual color ISH method applied in many other studies on HER2 in gastroesophageal cancer, 
including the ToGA study. One could argue that samples showing low level amplification 
might have been scored negative in our single color CISH but positive in dual color ISH. 
However, a high concordance between dual color FISH and single color CISH has been 
reported in previous studies on breast cancer and gastric cancer.42-44 Additionally, our 
study showed that the majority of the IHC 2+ samples with a CISH negative score were 
diploid (64.9%) while only 18 samples (18.6%) had a gene copy count of four or five, 
close to the cutoff point to low amplification of six or more signal dots. IHC positive 
samples generally showed high amplification in CISH, with 36 of 42 IHC 3+ samples 
(85.7%) showing more than 10 signal dots or large gene copy clusters. 

Targeting the receptors of the epidermal growth factor family is an important aspect of 
modern cancer treatment. EGFR (HER1) targeted therapy is included in standard first-line 
chemotherapy regimens of advanced colorectal cancer, non-small-cell lung cancer and 
squamous-cell carcinoma of the head and neck.45-49 Anti-HER2 therapy with trastuzumab 
in breast cancer is associated with improved prognosis in all stages and is standard 
of care.50-53 EGFR and HER2 are overexpressed in a subset of gastric and esophageal 
cancer, though trials on EGFR targeted therapeutics (cetuximab and panitumimab) 
are inconclusive.12,13 However, targeted anti-HER2 therapy with trastuzumab added to 
conventional chemotherapy was recently validated as a new treatment modality in 
advanced gastric and GEJ adenocarcinoma in the ToGA study.14 Our findings suggest 
possibilities of anti-HER2 therapy in esophageal adenocarcinoma, as our study 
demonstrates that proximal gastroesophageal tumors show higher HER2 overexpression 
rate and since adenocarcinomas of the distal esophagus, GEJ and proximal stomach 
show similar etiological and pathomorphological characteristics.3-7,33 Moreover, in light 
of the recent UICC-AJCC TNM classification system alterations, the survival benefit of 
trastuzumab for gastric cancer observed in the ToGA study could partly be explained 
by the inclusion of GEJ tumors, which are now classified as esophageal cancer. Anti-
HER2 therapy could therefore benefit a considerable HER2 positive subgroup of patients 
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with esophageal adenocarcinoma. Using the new 7th TNM edition, in light of our study 
findings, patients with esophageal primary tumors have a high chance of having a HER2 
positive tumor and be eligible for anti-HER2 therapy. Additionally, new insights are 
emerging in the prognostic role of HER2 status by predicting chemotherapy response 
in gastric cancer, which could account for esophageal cancer as well.54,55 Data on HER2 
overexpression in esophageal cancer is scarce and further research is indicated, including 
clinical trials on anti-HER2 therapy.
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ABSTRACT

Objectives: The human epidermal growth factor receptor 2 (HER2) oncogene shows 
overexpression in 15% to 30% of gastroesophageal adenocarcinoma. Targeted anti-
HER2 therapy with trastuzumab has been recently validated in advanced gastric and 
gastroesophageal junction cancer treatment. A standardized modified scoring system was 
recently introduced for gastroesophageal HER2 scoring. We aimed to validate this scoring 
system, including an analysis of inter-observer variability of immunohistochemistry (IHC) 
scoring.

Methods: In total, 323 patients with histologically confirmed invasive gastric or 
esophageal adenocarcinoma were examined for HER2 by IHC and chromogenic in situ 
hybridization (CISH). IHC 3+ or IHC 2+/CISH positive tumors were considered HER2 
positive. Inter-observer variability on IHC scoring using the currently standard modified 
HER2 scoring system was determined among three clinical pathologists. Clinicopathologic 
characteristics were retrospectively retrieved from the patient records. 

Results: HER2 positivity was found in 50 (15.5%) of 323 patients. Inter-observer 
agreement on IHC scoring was high (κ = 0.78). Most disagreement was found in diffuse 
or mixed tumor types and in weak to moderate stained samples (IHC 2+). The HER2 IHC 
scoring system is sensitive in differentiating HER2 status before ISH.

Conclusions: The currently used standardized HER2 scoring system is an excellent, 
clinically applicable method to establish HER2 status in appropriately educated and 
trained pathologists.
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INTRODUCTION

Gastroesophageal cancer is the second most commonly diagnosed type of cancer and 
is responsible for more than 1.2 million deaths every year worldwide.1,2 Adenocarcinoma 
is the predominant type of gastroesophageal cancer, comprising 60% to 95% of all 
malignant tumors.3,4,5 

With 5-year survival rates under 30%, the prognosis of gastroesophageal cancer remains 
poor.4-9 New treatment options are emerging including targeted therapies, the most 
promising being the human epidermal growth factor receptor 2 (HER2/ ErbB2).10-12 HER2 
positivity occurs in 15% to 30% of gastroesophageal adenocarcinomas.13-18

HER2 status in gastroesophageal adenocarcinoma is determined using a recently 
introduced modified scoring system, using immunohistochemistry (IHC) and in situ 
hybridization (ISH).19,20 IHC scoring is performed by an individual pathologist and is 
prone to inter-observer differences, as has been shown in breast cancer21,22 and gastric 
cancer.20,23,24 Because of the higher level of tumor heterogeneity and irregular membrane 
staining in gastroesophageal tumors, IHC scoring is more difficult than in breast cancer, 
potentially giving rise to higher discordance between observers compared with breast 
cancer.20 Studies about inter-observer variability in HER2 testing in gastroesophageal 
cancer are scarce.20,23,24

Our study provides new data on inter-observer variability in IHC scoring on HER2 in 
gastroesophageal adenocarcinoma among newly trained pathologists in a single 
laboratory. In addition, we analyzed inter-observer variability in IHC scoring on HER2 
among different primary tumor locations and histologic tumor types. The aim was to 
demonstrate that appropriate education and training of pathologists on the modified 
HER2 scoring system currently used in gastroesophageal cancer when identifying 
HER2 status, is feasible and will result in similar inter-observer variability to the other 
studies conducted. Furthermore, we investigated the validity of the HER2 scoring system 
currently used in gastroesophageal cancer for identifying HER2 status.

MATERIAL AND METHODS

Patients
All patients with histologically confirmed gastric or esophageal invasive adenocarcinoma 
from January 2004 to December 2011 in the Deventer Hospital (the Netherlands) 
with available tumor tissue for HER2 testing were included. Clinical and pathologic 
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characteristics including age, sex, pathologic specimen type, tumor stage and primary 
tumor location were collected retrospectively from the patient records. Tumor stage and 
primary tumor location were determined and recategorized according to the seventh 
edition of the Union of International Cancer Control-American Joint Committee on Cancer 
TNM staging system. Advanced disease was defined as metastatic or inoperable locally 
advanced cancer. Patients were added to the database anonymously using unique patient 
numbers.

Pathology review
Formalin-fixed paraffin-embedded tumor samples from 323 patients, being biopsy 
specimens of the primary tumor, surgical resection material, or biopsy specimens of 
metastatic lesions, were retrieved. Surgical resection specimens were preferred if 
available. If primary tumor biopsy or resection material was not present, a metastatic 
lesion biopsy specimen was taken if present. Tumor samples were evaluated for HER2 
protein expression by a consensus IHC score by three pathologists (MMS, ML and MH), 
followed by gene amplification using chromogenic in situ hybridization (CISH) if the 
consensus IHC score was not unanimously HER2 negative. In all tumor samples, tumor 
type according to Laurén’s classification25 was established by a consensus between the 
participating pathologists. IHC and CISH tests were performed and evaluated in the 
Deventer Hospital, using a Zeiss Axioskop® 2 Plus microscope (MMS and ML) or Zeiss 
Axioskop® 20 microscope (MH) equipped with 2.5x, 5x, 10x, 20x, 40x and dry objective 
lenses (Carl Zeiss Microscopy, Jena, Germany). Corresponding H&E slides were reviewed 
to assess sample adequacy.

Immunohistochemistry
IHC staining was performed using the Ventana iView DAB detection kit (Ventana Medical 
Systems, Tucson, AZ) and the Ventana PATHWAY® HER2/neu rabbit monoclonal antibody 
(4B5) on a Ventana BenchMark XT immunostainer (Ventana Medical Systems), following 
the manufacturer’s protocol. Antigen retrieval was achieved using CC1 (Cell Conditioning 
1, pH 9: Ventana Medical Systems) during 30 minutes. IHC staining was scored using the 
scoring system for gastroesophageal tumors established by Hofmann et al.19 in 2008, 
with additional guidelines on this scoring system provided by Rüschoff et al.20,26 in 2010 
(Table 1). 

Three clinical pathologists in the Deventer Hospital (MMS, ML and MH), previously 
unfamiliar with HER2 scoring in gastroesophageal adenocarcinoma, were educated on 
the modified scoring system using the HER2 testing Internet site by F. Hoffmann-La 
Roche (Basel, Switzerland).27 The website offers guides and lectures on HER2 testing, 
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with an interactive training module. This training consists of nine courses on IHC and ISH 
in biopsy and resection specimens, providing 56 tumor samples including examples of 
borderline cases, heterogeneity and common artifacts. The pathologists were provided 
the additional guidelines established by Rüschoff et al.20,26 to complement during training. 
After all pathologists attended the guides and training courses, a random sample of 10 
IHC HER2 stained slides containing different HER2 amplification levels was taken from 
the total batch of 323 stained samples, and was evaluated by the three pathologists 
simultaneously. Doubtful cases were then reassessed by a pathologist specialized in 
HER2 scoring in gastroesophageal tumors who contributed to the HER2 training website, 
working at the Academic Medical Centre in Amsterdam, to clarify to the pathologists at 
the Deventer Hospital how to score these cases.

IHC samples were scored by the three pathologists independently to establish inter-
observer agreement. Samples were pronounced HER2 positive by IHC consensus score 
if a unanimous 3+ score was given or if two pathologists scored 3+ and one 2+. Samples 
were pronounced HER2 negative by IHC consensus score if all pathologists scored the 
sample 0 or 1+. CISH was performed on all samples except those pronounced HER2 
negative by IHC consensus.

Table 1. IHC scoring for HER2 status in gastroesophageal adenocarcinoma

Score Reactivitya HER2 status

0 No reactivity or no membranous reactivity 
(visible at 40x)

Negative

1+ Faint or barely visible membranous reactivity 
(visible at 40x)

Negative

2+ Weak to moderate complete, basolateral or lateral membranous reactivity 
(visible at 10-20x)

Equivocal, should 
be followed by ISH

3+ Strong complete, basolateral or lateral membranous reactivity 
(visible at 2.5-5x)

Positive

aThere must be sufficient well-preserved tumor tissue, staining must be membranous, 
and there must be a cluster of >5 stained tumor cells in biopsies or staining in >10% of tumor cells in resection specimens.
HER2, human epidermal growth factor 2; IHC, immunohistochemistry; ISH, in situ hybridization.

In situ hybridization
CISH was carried out using the ZytoDot® SPEC HER2 Probe kit (Zytovision GmbH, 
Bremerhaven, Germany). Nonamplified, unaltered gene copy number was defined as one 
to five signal dots per nucleus. Amplification was defined as more than five signal dots 
per nucleus or the presence of small or large gene copy clusters in more than 50% of the 
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tumor cells in a tissue area selected for enumeration of at least 20 cells. Samples showing 
amplification were pronounced HER2 positive by CISH. If no staining was present, CISH 
was repeated on the sample to rule out staining process errors. If the repeated test 
showed no staining, the sample was classified as “no signal” and not assessable. 

Statistical analysis
We used ĸ statistics for analysis of inter-observer variability, and the ĸ value was 
interpreted using categorization as suggested by Landis and Koch28: <0.2, slight; 0.21 
to 0.40, fair; 0.41 to 0.60, moderate; 0.61 to 0.80, substantial; and 0.81 to 1.00, almost 
perfect agreement. 

Quadratic weighted ĸ statistics were conducted between pairs of two of three observers. 
The ĸ value of inter-observer variability between all three pathologists was determined 
by using the simple mean weigthed ĸ value averaged over pairs of raters as shown by 
Sawa and Morikawa.29

Inter-observer variability was statistically analyzed using the R statistical program for 
Windows version 2.15.2, and ĸ statistics were calculated using package ‘irr’ of the R 
program for Windows (The R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Clinicopathologic characteristics of all 323 evaluated patients are displayed in Table 2. 
According to Laurén’s classification, tumor type was predominantly intestinal (58.8%), 
followed by diffuse (26.9%) and mixed (11.8%). In eight (2.5%) samples, tumor type was 
pronounced indeterminate due to undifferentiated tumor.

HER2 positivity
Fifty (15.5%) of 323 patients tested HER2 positive. HER2 positivity occurred in 22.6% of 
intestinal type, 3.5% of diffuse type and 10.5% of mixed type tumors.

Study population HER2 diagnostics and results are summarized in Figure 1. In the 323 
samples evaluated for IHC, 182 samples received a unanimous HER2 negative score. A 
total of 42 samples received a HER2 positive consensus IHC score. Of these 42 samples, 34 
received a unanimous 3+ score, while eight were scored 3+ by two pathologists and 2+ by 
one pathologist. CISH showed amplification in 39 (92.9%) of the 42 HER2 positive samples 
and no amplification in two (4.8%) samples. One sample could not be assessed due to 
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insufficient tumor tissue (lost after IHC testing). The two samples with nonamplified CISH 
were among the eight samples that were scored 3+ by two pathologists and 2+ by one 
pathologist.

Table 2. HER2 positivity by subgroup (n = 323)

Characteristics No. (%)

Sex
Male
Female

221
102

(68.4)
(31.6)

Age at diagnosis, y
<65
≥65

114
209

(35.3)
(64.7)

Disease status
Advanceda

Not advanced
Status unknown

169
130

24

(52.3)
(40.3)
(7.4)

Specimen used for HER2 tests
Primary tumor
Metastatic lesion 
Biopsy
Surgical specimen

319 
4

233
90 

(98.8)
(1.2)
(72.1)
(27.9)

Tumor typeb

Intestinal 
Diffuse 
Mixed
Indeterminate

190
87
38

8

(58.8)
(26.9)
(11.8)
(2.5)

Primary tumor locationc

Esophagus
Distal esophagus
Gastroesophageal junction

Stomach
Cardia
Non-cardia

Unknown

153
55
98

163
28

135
7

(47.4)

(50.5)

(2.1)
aMetastatic or inoperable locally advanced cancer. 
bTumor type according to Laurén’s classification. 
cPrimary tumor location according to TNM7 guidelines.
 HER2, human epidermal growth factor 2.

In a total of 99 samples, CISH followed after lack of consensus regarding an IHC negative 
or IHC positive score. Of these, eight (8.1%) samples showed HER2 amplification and 
were classified as HER2 positive, while 89 (89.9%) samples showed no amplification and 
were classified as HER2 negative. Two samples showed “no signal” in repeated CISH tests. 
Of the 99 samples, 95 were scored 2+ by at least one of the pathologists without the 
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other two pathologists scoring the sample 3+. CISH showed amplification in seven of 
these samples. The other four samples on which CISH was performed had received an 
inconclusive IHC score by the three pathologists as one or two gave the sample a HER2 
negative score (0 or 1+) while the other one or two scored the sample HER2 positive (3+). 
One of these four inconclusive samples showed amplification in CISH and the other three 
showed no amplification.

Figure 1. HER2 diagnostics in this study.

HER2, human epidermal growth factor 2; IHC, immunohistochemistry; CISH, chromogenic in situ hybridization.

Inter-observer variability in IHC scoring
In three (1%) of all 323 IHC scored samples, one of the three pathologists did not give 
an IHC score because of lacking tumor tissue amount or quality in the sample. These 
values were excluded for statistical inter-observer agreement analysis among all three 
pathologists.

A HER2 deviation score of 1 or less was found in 89.4% of IHC samples scored by all three 
pathologists (286 of 320 samples). Perfect agreement among all three pathologists was 
found in 52.2% of these samples. Score deviation between two observers is displayed 
in Table 3. Calculation of quadratic weighted ĸ values showed a substantial level of 
agreement between observer 1 vs observer 2 (κ = 0.757) and observer 2 vs observer 3 
(κ = 0.744). Observer 1 and observer 3 reached an almost perfect agreement (κ = 0.839). 
The mean weighted ĸ value averaged between all three pathologists was κ = 0.780, a 
substantial level of inter-observer agreement.
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Table 3. Inter-observer agreement in IHC scoring on HER2 by pairs

Pair of raters κ valuea

Score deviation  

0 1 2 3 total

1 vs. 2 0.757 209 90 18 3 320

1 vs. 3 0.839 229 82 9 0 320

2 vs. 3 0.744 202 99 20 2 323
aCalculated using squared weighed kappa statistics.
IHC, immunohistochemistry; HER2, human epidermal growth factor 2.

When both IHC 0 and IHC 1+ were classified as negative, IHC 2+ as equivocal and IHC 
3+ as positive, perfect agreement among all three pathologists rose to 76.3% of cases, 
while ĸ value remained stable at κ = 0.787. Inter-observer agreement on IHC 3+ scoring 
was almost perfect (κ = 0.854, 95.0% perfect agreement among all three pathologists).

By tumor type, inter-observer agreement in IHC scoring on HER2 was higher in the 
intestinal tumor type than in the diffuse or mixed tumor type. Agreement among the 
intestinal tumor type showed almost perfect agreement with a mean quadratic weighted 
ĸ value of 0.815 among all three pathologists (52.9% perfect agreement among all three 
pathologists), while agreement among diffuse or mixed tumor types was moderate with 
a mean quadratic weighted ĸ value of only 0.566 among all three pathologists (40.9% 
perfect agreement among all three pathologists).

By tumor location, inter-observer agreement in IHC scoring on HER2 was similar in 
esophageal primary tumor location and gastric primary tumor location, with mean 
quadratic weighted ĸ values of respectively 0.792 (51.0% perfect agreement among all 
three pathologists) and 0.719 (45.4% perfect agreement among all three pathologists), 
respectively. IHC images of cases with a unanimous HER2 score and cases without inter-
observer agreement are shown in Figure 2.
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Figure 2. IHC images of HER2 in gastro-esophageal adenocarcinoma (magnification at 400x). 
A-D, samples with a unanimous IHC score of 0 (A), score 1+ (B), score 2+ (C) and score 3+ (D), with 
amplification in subsequent CISH in D only. E, F, samples without inter-observer agreement. E, IHC 
staining of HER2 in a diffuse type sample is more difficult to score, because clusters of stained tumor 
cells are harder to identify due to poor differentiation. F, difficult visual differentiation between 
cytoplasmic and membranous staining in signet ring cells. CISH showed no amplification in both 
cases.

HER2, human epidermal growth factor 2; IHC, immunohistochemistry; CISH, chromogenic in situ hybridization.
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DISCUSSION

Overexpression of the HER2 oncogene, well known from its therapeutic impact in breast 
cancer, is described in 15% to 30% of gastroesophageal adenocarcinoma.13-18 In our cohort 
of 323 patients, the HER2 overexpression rate was 15.5%. 

Recently, targeted anti-HER2 therapy with trastuzumab in addition to conventional 
chemotherapy was found to offer a new treatment modality in advanced gastric and 
gastroesophageal junction cancer11 As adenocarcinomas of the distal esophagus show 
similar etiologic and pathomorphologic characteristics, these tumors too are believed 
to benefit from anti-HER2 therapy.4,5,30 In addition, new insights are emerging about 
the prognostic role of HER2 status by predicting chemotherapy response in gastric 
cancer, which could account for esophageal cancer as well.10,12 The need is therefore 
increasing for appropriate gastroesophageal HER2 diagnostic protocols, performed by 
trained pathologists. Since recently, HER2 status in gastroesophageal adenocarcinoma 
is determined using a modified scoring system defined by Hofmann et al. in 2008.19 In 
2010, Rüschoff et al. established additional guidelines to enhance the scoring system.20 
The scoring system differs from the scoring system on HER2 in breast cancer, because 
of a high level of tumor heterogeneity and because of irregular membrane staining in 
gastroesophageal tissue caused by the secretory nature of the epithelium. 

Inter-observer variability 
Immunohistochemistry on HER2 was scored by three pathologists who, although familiar 
with HER2 scoring in breast cancer, were unfamiliar with HER2 scoring in gastroesophageal 
adenocarcinoma. Presently, data available on inter-observer variability in IHC scoring on 
HER2 in gastroesophageal adenocarcinoma is provided in only two studies.20,23 Another 
study compared HER2 positivity end results after ISH instead of IHC scoring alone and 
can therefore not be compared with our study results.24 In contrast to our study, these 
studies provide data on gastric and GEJ cancer alone, not including esophageal cancer.

The first study was conducted by Rüschoff et al.20, in which the additional scoring system 
guidelines were determined. Inter-observer variability was determined in IHC scoring 
of HER2 in gastric adenocarcinoma among six pathologists. As this study provided 
and used the additional guidelines on the modified scoring system, the same scoring 
system was used as in our study. In contrast to our pathologists, the six study pathologists 
were thoroughly familiar with the scoring system and reached consensus on pitfalls in 
the scoring system. HER2 deviation score between pathologists was 1 or less in 95.6% 
of 547 scored samples. This was 89.4% of 323 samples in our study. Among the three 
pathologists in our study, an inter-observer agreement ĸ value of 0.78 was found using 
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the mean quadratic weighted ĸ value between pairs of pathologists. Rüschoff et al.20 
found a ĸ value of 0.61, being moderate agreement among the six pathologists. However, 
the ĸ statistic used was the unweighted ĸ for multiple raters according to Conger.31 This 
method does not take into account the nature of the ordinal scale of the IHC scores on 
HER2. If Conger’s ĸ had been used instead, ĸ value of our study would have been 0.504, 
which would also be classified as moderate agreement.28 

In the Gastric HER2 Testing Study (GaTHER) on inter-laboratory agreement among 
nine laboratories, scoring was performed by pathologists affiliated with the individual 
laboratories, and thus inter-observer variability influenced the outcome.23 This study 
reported the relative inexperience of participating pathologists with the HER2 scoring 
system in IHC on gastroesophageal tumors, as was the case in our study. GaTHER used 
the scoring system by Hofmann et al. both with and without the additional guidelines 
by Rüschoff et al.20,26 To analyze inter-laboratory agreement, Fox et al. used unweighted 
ĸ statistics instead of weighted statistics and found a mean unweighted ĸ value of 0.46 
on IHC scoring. If these statistics were applied in our study, the mean unweighted ĸ of 
0.505 would show a similar inter-observer agreement. 

These findings suggest that inter-observer agreement among newly, properly trained 
pathologists is similar to agreement among pathologists experienced and well-trained 
in IHC scoring of HER2 in gastroesophageal adenocarcinoma. 

In conclusion, pathologists previously unfamiliar with the modified IHC scoring system 
on HER2 in gastroesophageal adenocarcinoma can become properly competent with 
this scoring system by receiving appropriate training along with familiarization with the 
additional guidelines by Rüschoff et al.20,26

Inter-observer variability: primary tumor location and histologic tumor 
type
To our knowledge, our study is the first in which inter-observer variability on IHC scoring 
of HER2 in gastroesophageal adenocarcinoma was studied in relation to tumor location 
and tumor type. Similar inter-observer agreement rates were found in primary esophageal 
and gastric tumor samples, but agreement among tumor types varied greatly. IHC scoring 
on HER2 in the intestinal tumor type gave rise to an almost perfect agreement (κ = 0.815), 
while agreement in scoring diffuse and mixed types gave rise to a moderate agreement 
(κ = 0.566). This shows that inter-observer agreement is markedly higher when scoring 
the intestinal type tumor on HER2 in comparison to diffuse or mixed type tumors. This 
could be explained by the nature of the diffuse type carcinoma, which is usually less well 
differentiated than the intestinal type.32,33 Because of the poor differentiated growth of 



57

HER2 diagnostics in gastroesophageal adenocarcinoma

3

diffuse type carcinoma, cell-cell contact is more difficult to observe than in the better 
differentiated and thus histologically more ordered intestinal type carcinoma. Since 
this cell-cell contact in membranous HER2 staining is mandatory in a minimum of five 
clustered stained tumor cells in IHC scoring, these stained clusters are harder to identify 
and thus more difficult to score (Figure 2E). Moreover, the diffuse type carcinoma can 
be of the signet ring cell type. These signet rings have a center cytoplasmic vacuole, 
pushing the cytoplasm more toward the membranes of the cell. As such, cytoplasm and 
membranes are close together in signet ring cells, complicating visual differentiation 
between cytoplasmic staining (no HER2 overexpression) and membranous staining 
(possible HER2 overexpression) in IHC scoring (Figure 2F).24

HER2 diagnostics: scoring system validation
Some people argue that ISH should be the standard objectivation method of HER2 status 
of gastroesophageal cancer. In comparison to IHC testing, ISH testing is less prone to 
loss of antigenic immunoreactivity during the fixation procedure leading to loss of 
sensitivity.34 In addition, IHC gives 10% false results in comparison to fluorescence ISH in 
breast cancer, and IHC scoring is prone to inter-observer variability.20-24 There are however 
multiple reasons to use IHC instead of ISH. Concordance between IHC and ISH results 
in gastroesophageal cancer is much lower than in breast cancer, where IHC 0 or IHC 1+ 
samples are usually ISH negative.11,24 In clinical practice, determining HER2 status using 
ISH only in gastroesophageal adenocarcinoma would not be advisable, since anti-HER2 
therapy in HER2 IHC negative/ISH positive patients is not associated with improved 
survival rates such as found in HER2 IHC-positive/ISH-positive patients. 11 Moreover, ISH 
testing is a more costly method compared with IHC.

In our study, most of the samples classified HER2 positive in IHC testing showed 
amplification in complementary CISH testing (39 [95.1%] of 41 assessable samples), 
showing only two (4.9%) cases of discordance as IHC positive/CISH negative patients. The 
role of anti-HER2 therapy in these IHC positive/ISH negative patients is undetermined.11 

Forty-two of 50 HER2 positive samples had been identified as HER2 positive in IHC 
testing. Eight of these samples did not receive a unanimous IHC 3+ score but since 
CISH would have followed in case of a 2+ score, HER2 positive status would have been 
determined regardless. Inter-observer agreement rose when IHC status (negative, 
positive or equivocal) was compared with the IHC score (0-3+), with an almost perfect 
agreement on IHC 3+ scores. In addition, perfect agreement on the 2+ score existed in 
only 16 (16.8%) of 95 cases scored 2+ by at least one pathologist. This suggests that the 
highest level of inter-observer disagreement is among the tumor samples scored 2+ by 
at least one pathologist, as could be expected by the equivocal nature of the 2+ score. 
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However, because the IHC 2+ scored samples are followed by ISH, many of the cases of 
disagreement were clarified by ISH testing. Most of the 95 cases scored 2+ by at least one 
pathologist showed no amplification in CISH testing and thus were pronounced HER2 
negative (88 [92.6%] of 95 cases). The inter-observer disagreement among the 2+ scored 
samples would therefore have little consequence for HER2 status in clinical practice.

In conclusion, IHC testing is an excellent method of establishing positive or negative 
HER2 status in gastroesophageal adenocarcinoma, with high rates of inter-observer 
agreement. Weak to moderate HER2 staining in IHC is associated with lower inter-
observer agreement rates, but often appears HER2 negative in ISH tests. The currently 
used standardized modified scoring system on HER2 scoring, only implementing ISH in 
equivocal IHC HER2 staining, is therefore an excellent clinically applicable protocol to 
establish HER2 status in gastroesophageal adenocarcinoma. With appropriate training 
and education, pathologists can easily familiarize themselves with this scoring system, 
achieving substantial inter-observer agreement rates on IHC scoring.

Acknowledgements
This work was supported by Research Oncology Deventer Hospital and in part by Roche 
Pharma (Woederen, the Netherlands) and Ventana Medical Systems.

We thank prof. dr. M. van de Vijver (MD, PhD, Department of Pathology, Academic 
Medical Centre, Amsterdam, the Netherlands) for his help in the training of our research 
pathologists.

Disclosure
The authors have declared no conflicts of interest.



59

HER2 diagnostics in gastroesophageal adenocarcinoma

3

REFERENCES

1. Garcia M, Jemal A, Ward EM, et al. Global cancer facts and figures 2007. Atlanta, GA: American 
Cancer Society, 2007.

2. American Cancer Society. Global cancer facts and figures 2nd edition. Atlanta, GA: American 
Cancer Society, 2011.

3. Dicken BJ, Bigam DL, Cass C, et al. Gastric adenocarcinoma. Review and considerations for 
future directions. Ann Surg 2005; 241:27-39.

4. Pera M, Manterola C, Vidal O, et al. Epidemiology of esophageal adenocarcinoma. J Surg Oncol 

2005; 92:151-159.
5. Kamangar F, Dores GM, Anderson WF, et al. Patterns of cancer incidence, mortality, and 

prevalence across five continents: defining priorities to reduce cancer disparities in different 
geographic regions of the world. J Clin Oncol 2006; 24:2137-2150.

6. Horner MJ, Ries LAG, Krapcho M, et al. SEER Cancer Statistics Review, 1975-2009. 2012. http://
seer.cancer.gov/csr/1975_2009/ (accessed August, 2013).

7. Chau I, Norman AR, Cunningham D, et al. The impact of primary tumour origins in patients 
with advanced oesophageal, oesophago-gastric junction and gastric adenocarcinoma – 
individual patient data from 1775 patients in four randomised controlled trials. Ann Oncol 
2009; 20:855-891.

8. Chua TC, Merrett ND. Clinicopathological factors associated with HER2-positive gastric cancer 
and its impact on survival outcomes – A systematic review. Int J Cancer 2012; 130:2845-2856.

9. Wagner AD, Grothe W, Haerting J, et al. Chemotherapy in advanced gastric cancer: a systematic 
review and meta-analysis based on aggregate data. J Clin Oncol 2006; 24:2903-2909.

10. Santini D, Vincenzi B, Pantano F, et al. ‘All action no talk’: the role of HER2/neu in adjuvant 
therapy choice for gastric cancer. Ann Oncol 2013; 24:1715-1717.

11. Bang YJ, van Cutsem E, Feyereislova A, et al. Trastuzumab in combination with chemotherapy 
versus chemotherapy alone for treatment of HER2 positive advanced gastric or gastro-
oesophageal junction cancer (ToGA): a phase 3, open-label, randomised controlled trial. 
Lancet 2010; 376:687-697.

12. Gordon MA, Gundacker HM, Benedetti J, et al. Assessment of HER2 gene amplification in 
adenocarcinomas of the stomach or gastroesophageal junction in the INT-0116/SWOG9008 
clinical trial. Ann Oncol 2013; 24:1754-1761.

13. Janjigian YY, Werner D, Pauligk C, et al. Prognosis of metastatic gastric and gastroesophageal 
junction cancer by HER2 status: a European and USA International collaborative analysis. Ann 

Oncol 2012; 23(10):2656-2662.
14. Gravalos C, Jimeno A. HER2 in gastric cancer: a new prognostic factor and a novel therapeutic 

target. Ann Oncol 2008; 19:1523-1529.
15. Yoon HH, Shi Q, Sukov WR, et al. Association of HER2/ErbB2 expression and gene amplification 

with pathological features and prognosis in esophageal adenocarcinomas. Clin Cancer Res 

2012; 18:546-554.



60

Chapter 3

16. Bang Y, H. Chung H, Xu J, et al. Pathological features of advanced gastric cancer (GC): 
relationship to human epidermal growth factor receptor 2 (HER2) positivity in the global 
screening programme of the ToGA trial. J Clin Oncol 2009; 27:15s (suppl; abstr 4556).

17. Reichelt U, Duesedau P, Tsourlakis MC, et al. Frequent homogeneous HER-2 amplification in 
primary and metastastic adenocarcinoma of the esophagus. Mod Pathol 2007; 20:120-129.

18. Hu Y, Bandla S, Godfrey TE, et al. HER2 amplification, overexpression and score criteria in 
esophageal adenocarcinoma. Mod Pathol 2011; 24:899-907.

19. Hofmann M, Stoss O, Shi D, et al. Assessment of a HER2 scoring system for gastric cancer: 
results from a validation study. Histopathology 2008; 52:797–805.

20. Rüschoff J, Dietel M, Baretton G, et al. HER2 diagnostics in gastric cancer - guideline validation 
and development of standardized immunohistochemical testing. Virchows Arch 2010; 457:299-
307.

21. Gancberg D, Jarvinen T, di Leo A, et al. Evaluation of HER-2/NEU protein expression in breast 
cancer by immunohistochemistry: an interlaboratory study assessing the reproducibility of 
HER-2/NEU testing. Breast Cancer Res Treat 2002; 74(2):113-120.

22. Jacobs TW, Gown AM, Yaziji H, et al. Comparison of fluorescence in situ hybridization and 
immunohistochemistry for the evaluation of HER-2/neu in breast cancer. J Clin Oncol 1999; 
17(7):1974-1982.

23. Fox SB, Kumarasinghe MP, Armes JE, et al. Gastric HER2 testing study (GaTHER): an evaluation 
of gastric/gastroesophageal junction cancer testing accuracy in Australia. Am J Surg Pathol 
2012; 36:577-582.

24. Warneke VS, Behrens HM, Böger C, et al. Her2/neu testing in gastric cancer: evaluating the 
risk of sampling errors. Ann Oncol 2013; 24(3):725-733.

25. Laurén P. The two histological main types of gastric carcinoma: diffuse and so-called intestinal-
type carcinoma. An attempt at a histo-clinical classification. Acta Pathol Microbiol Scand 1965; 
64:31-49.

26. Rüschoff J, Hanna W, Bilous M, et al. HER2 testing in gastric cancer: a practical approach. Mod 

Pathol 2012; 25(5):637-650.
27. HER2 testing: gastric cancer. her2testing.org 2013.
28. Landis JR, Koch GG. The measurement of observer agreement for categorical data. Biometrics 

1977; 33:159-174.
29. Sawa J, Morikawa T. Interrater reliability for multiple raters in clinical trials of ordinal scale. 

Drug Information Journal 2007; 41(5):595-605. 
30. Heidl G, Langhans P, Mellin W, et al. Adenocarcinomas of esophagus and cardia in comparison 

with gastric carcinoma. J Cancer Res Clin Oncol 1993; 120:95-99.
31. Conger AJ. Integration and generalization of Kappa for multiple raters. Psychol Bull 1980; 

88:322-328.
32. Adachi Y, Yasuda K, Inomata M, et al. Pathology and prognosis of gastric carcinoma: well versus 

poorly diferentiated type. Cancer 2000; 89(7):1418-1424.



61

HER2 diagnostics in gastroesophageal adenocarcinoma

3

33. Yamashita K, Sakuramoto S, Katada N, et al. Diffuse type advanced gastric cancer showing 
dismal prognosis is characterized by deeper invasion and emerging peritoneal cancer cell: 
the latest comparative study to intestinal advanced gastric cancer. Hepato-gastroenterology 
2009; 56:276-281.

34. Slamon DJ, Godolphin W, Jones LA et al. Studies of the HER-2/neu proto-oncogene in human 
breast and ovarian cancer. Science 1989; 244(4905):707-712.





HER2 immunohistochemistry in 
endometrial and ovarian clear 

cell carcinoma: discordance 
between antibodies and 

with in-situ hybridisation

Published in: 
Histopathology 2018 Nov; 73(5): 852-863 

PMID: 29989198

Koopman T
van der Vegt B

Dijkstra M
Bart J

Duiker E
Wisman GBA

de Bock GH
Hollema H



64

Chapter 4

ABSTRACT

Aims: Treatment with anti-HER2 therapy could be beneficial for patients with HER2-
positive endometrial and ovarian clear cell carcinoma (CCC). We studied HER2 
overexpression by immunohistochemistry (IHC) using three different antibodies, 
including concordance with amplification by in-situ hybridisation (ISH). 

Methods and results: IHC and ISH were performed on tissue microarrays of 101 tumours: 
58 endometrial pure CCC, 19 endometrial mixed carcinomas with a CCC component 
and 24 ovarian pure CCC. IHC was performed using SP3, 4B5 and HercepTest antibodies, 
and was scored by two independent observers. ISH was performed using dual-colour 
silver ISH. Using IHC, agreement was poor between SP3/4B5 (61.4%), poor between SP3/
HercepTest (68.3%) and reasonable between 4B5/HercepTest (75.2%). Inter-observer 
agreement was substantial to almost perfect for all antibodies (SP3: linear weighted 
κ=0.89, 4B5: κ=0.90, HercepTest: κ=0.76). HER2-positivity by ISH was 17.8% (endometrial 
pure CCC: 24.1%, endometrial mixed: 0%, ovarian pure CCC: 16.7%). IHC/ISH concordance 
was poor, with a high false-negative rate of all three IHC antibodies: sensitivity (38.9-
50.0%) and positive predictive value (PPV) (37.5-58.3%) were poor; specificity (81.9-94.0%) 
and negative predictive value (NPV) (87.1-88.3%) were reasonable. When excluding 2+ 
cases, sensitivity declined (26.7-43.8%) but PPV (80.0-87.5%) and specificity (98.6-98.7%) 
improved.

Conclusions: In ovarian and endometrial CCC, there is considerable difference in HER2 
overexpression by different IHC antibodies and marked discordance with ISH. As such, 
no single antibody can be considered conclusive for determining HER2 status in CCC. 
Based on these results the lack of predictive value of different HER2 testing methods, as 
used in other studies, could be explained.
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INTRODUCTION

Endometrial and ovarian cancer are common malignancies in women, responsible for 4% 
(endometrial) and 5% (ovarian) of cancer related female deaths.1 Most endometrial and 
ovarian cancers are epithelial tumours, mainly endometrioid and serous carcinoma.2-4 
The third subtype is clear cell carcinoma (CCC), accounting for up to 2-5% of endometrial 
and 5-25% of ovarian carcinomas.4-8 CCC is a high grade adenocarcinoma, associated with 
aggressive clinical behaviour and poor prognosis.8-10 Additionally, a ‘mixed’ endometrial 
carcinoma subtype exists, containing at least 5% of multiple subtypes.11 In endometrial 
mixed carcinoma with a serous component, tumour behaviour correlates with the highest 
grade (serous) component. A CCC component in mixed carcinoma might therefore be 
clinically relevant, but few data are available on these tumours.11,12 The mixed carcinoma 
category for ovarian carcinoma was abandoned in the most recent World Health 
Organization (WHO) classification (2014).11

Treatment options for endometrial and ovarian CCC are limited. Response to traditional 
treatment with surgery, radiotherapy or chemotherapy is poorer than other high grade 
carcinomas.5-7 Molecular alterations in CCC are being identified, and strategies with 
targeted therapies are still in development.9,13 The current concept of precision cancer 
medicine strives for a patient tailored approach. Therefore, it is crucial to define individual 
tumour characteristics. A possible target for therapy is the human epidermal growth factor 
receptor 2 (HER2/ErbB2), well known from its clinical significance in HER2-positive breast- 
and gastroesophageal cancer.14-22 In endometrial and ovarian cancer, HER2-positivity 
varies considerably: 17-80% in endometrial and 8-66% in ovarian carcinoma.23-25 Specific 
data on CCC are scarce, with 14-67% HER2-positivity reported in small patient cohorts 
(often n<10).25-37 Results of anti-HER2-therapy in endometrial and ovarian carcinoma to 
date are inconsistent.31,36-46 No clinical data of anti-HER2-therapy in CCC are available. 
However, the definition of HER2-positivity between studies varies widely.

HER2 status can be determined by quantifying cell membrane overexpression with 
immunohistochemistry (IHC) or by assessing gene amplification with in-situ hybridisation 
(ISH). ISH is considered the ‘gold standard’ in breast- and gastroesophageal cancer, 
with high predictive value of IHC.22,47 However, HER2 testing is not standardised in 
endometrial and ovarian carcinoma. Additionally, IHC overexpression by different HER2 
antibodies can vary.26,48-50 Although concordance between HER2 antibodies in breast- and 
gastroesophageal cancer is high,22,47,51 this has not been established for endometrial and 
ovarian cancer. Studies on endometrial and ovarian CCC to date have applied different 
criteria, using either IHC or ISH and often not both.25-37 Studies with IHC used various 
HER2 antibodies and none have compared different antibodies. 
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The aim of this study was to compare HER2 overexpression by different IHC antibodies 
and their concordance with HER2 amplification by ISH, in a large cohort of patients with 
endometrial and ovarian CCC.

MATERIALS AND METHODS

Patients
Formalin-fixed paraffin-embedded tumour tissue available for tissue microarray 
(TMA) was obtained from curettages, biopsies or resection specimens of patients with 
endometrial CCC (pure or mixed with a CCC component) treated in the University Medical 
Center Groningen (UMCG, the Netherlands) in 1984-2016 or in the Isala Hospital Zwolle 
(the Netherlands) in 2006-2016, and of patients with ovarian CCC treated in the UMCG 
in 2000-2012. All cases were reviewed by two gynaecopathologists to confirm the 
diagnosis of pure CCC or mixed carcinoma with a CCC component (endometrial cases: 
HH and JB; ovarian cases: HH and ED; only cases with a concordant diagnosis between 
both pathologists were included). This yielded 103 patients: 24 ovarian pure CCC, 60 
endometrial pure CCC and 19 endometrial mixed carcinomas, 18 of which were mixed 
endometrioid/CCC (CCC component: mean 36% ±23,5% standard deviation; range: 
5-80%) and one mixed serous/CCC (CCC component: 20%). All ovarian samples contained 
pure CCC. During the course of the study, two cases were excluded due to unsuccessful 
ISH, resulting in a study population of 101 patients (Figure 1, patient characteristics in 
Table 1). 

Patient material was handled following the ‘Code of conduct for health research’ of 
the Dutch Federation of Biomedical Scientific Societies.52 Data were filed in a separate 
anonymous database. Therefore, no additional permission from our Ethics Committee 
was required. 

TMA construction and HER2 controls
TMAs were constructed using a manual microarrayer (Beecher Instruments, Silver Spring, 
MD, USA); two TMAs with 0.6 mm endometrial tumour cores, one TMA with 1 mm ovarian 
tumour cores. Of every patient, three to six tumour cores were obtained. This included 
three selective cores of both components in mixed carcinomas. Tissues from various 
other organs were included as controls. Standardised HER2 controls were included in 
all IHC and ISH tests (Breast Dynamic Range Analyte Control; HistoCyte Laboratories, 
Newcastle upon Tyne, UK). Uniform staining of these controls was assured on all slides. 
3 μm sections were cut for IHC and ISH.
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Figure 1. Flowchart of the study population formation.

Table 1. Patient characteristics

Total
population 

(n = 101)

Endometrial
pure CCC
(n = 58)

Endometrial mixed
w/CCC component

(n = 19)

Ovarian
pure CCC
(n = 24)

Age at diagnosis (y)
   Mean (± SD)
   Range

66 (± 12)
39 – 92

70 (± 10)
44 – 89

63 (± 16)
39 – 92

59 (± 9)
45 – 83

FIGO stage (n, %)
   I
   II
   III
   IV
   Unknown

44 (44.9%)
10 (10.2%)
36 (36.7%)

8 (8.2%)
3

30 (54.5%)
5 (9.1%)

13 (23.6%)
7 (12.7%)

3

7 (36.8%)
2 (10.5%)
9 (47.4%)
1 (5.3%)

0

7 (29.2%)
3 (12.5%)

14 (58.3%)
0 (0%)

0

CCC, clear cell carcinoma; FIGO, International Federation of Gynaecology and Obstetrics; SD, standard deviation.
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Immunohistochemistry
IHC for 4B5 (PATHWAY anti-HER2/neu (4B5) rabbit monoclonal antibody; Ventana Medical 
Systems, Illkirch, France) and SP3 (rabbit monoclonal antibody; NeoMarkers, Fremont, 
CA, USA) were performed on the Ventana BenchMark Ultra. 4B5 was prediluted, SP3 
diluted 1:40. Antigen retrieval time was 64 min (95°C, cell conditioning 1, pH 9, Ventana); 
incubation time with the primary antibody was 32 min. Visualization was achieved with 
the ultraView diaminobenzidine detection kit (Ventana) including antigen amplification 
(Ventana Amplification Kit). Counterstaining was performed with Mayer’s Hematotoxylin 
(Klinipath, Breda, the Netherlands).

IHC for HercepTest (rabbit polyclonal antibody A0485; Dako, Carpentaria, CA, USA) was 
performed in the Autostainer Link 48 (Dako) using the HercepTest Kit SK001 (Dako). 
This includes antigen retrieval (40 min, 97°C) in PT Link (Dako), incubation with the 
primary antibody (30 min) and incubation with the visualization complex (30 min). 
Counterstaining was performed with Mayer’s Hematotoxylin (SK308, Dako).

All three antibodies are used in daily clinical practice on breast- and gastroesophageal 
cancer, following manufacturer’s protocols with standardised staining kits (as described 
above). SP3 and 4B5 are used in the UMCG; HercepTest is used in the Maasstad Hospital 
(Rotterdam, the Netherlands). All antibodies were validated internally, including 
comparison with ISH results. SP3 and HercepTest have been subjected to external 
proficiency testing with NordiQC in 2017, with ‘good’ and ‘optimal’ results. Additionally, 
adequate antibody performance during the study was ensured on the standardised 
HER2 controls.

In-situ hybridisation 
Dual-colour silver ISH was performed with the INFORM HER2 Dual ISH DNA Probe Cocktail 
(Ventana) on the Ventana BenchMark Ultra. Pretreatment was with cell conditioning 
2 (Ventana; 36 min, 86°C, three cycles) and enzyme digestion with ISH Protease 3 (12 
min), followed by incubation with HER2 (dinitrophenol-labelled) and chromosome 17 
(CEP17, digoxigenin-labelled) probes for 4 min. Probes were denatured (20 min, 80°C) 
and hybridized (6 h, 80°C), followed by appropriate stringency washes (three times, 8 min, 
74°C). The HER2 probe (black dots) was visualised by incubation with anti-dinitrophenol 
antibody (20 min) and horseradish peroxidase-conjugated antibody (32 min) followed 
by silver reactions (8 min). The CEP17 probe (red dots) was visualised by incubation with 
anti-digoxigenin antibody (20 min) and alkaline phosphatase-conjugated antibody (24 
min) followed by Red ISH Naphtol reaction (8 min). Slides were counterstained with 
Ventana Hematotoxylin II and Bluing reagent. Adequate ISH performance was ensured 
on the standardised HER2 controls.



69

HER2 in gynaecological clear cell carcinoma

4

IHC and ISH evaluation
IHC stains of 4B5, SP3 and HercepTest were scored independently by an experienced 
pathologist (BV) and a senior resident (TK). HER2 expression was graded using the 
standard semi-quantitative scale:53 0: no staining or membrane staining in ≤10% of 
tumour cells; 1+: faint/barely perceptible partial membrane staining in >10%; 2+: weak-
to-moderate complete membrane staining in >10%; and 3+: strong complete membrane 
staining in >10%. The highest IHC score by either observer was used as the score for the 
case.

ISH was evaluated according to current breast cancer guidelines,47 by calculating the 
HER2/CEP17 ratio and the average HER2 copy number in 20 tumour cells: negative: 
ratio <2.0, copy number <4.0; positive: ratio ≥2.0 or ratio <2.0, copy number ≥6.0; and 
equivocal: ratio <2.0, copy number ≥4.0/<6.0. In equivocal cases, 20 additional tumour 
cells were counted.

For both IHC and ISH, the highest score in one of the TMA cores was considered 
representative for the case (in accordance with the 10% cut-off). 47

Heterogeneity was defined as either a different ISH result, or IHC score difference of >1 
point with at least one antibody by at least one observer.

p53
Additional p53 IHC was performed on all endometrial carcinomas, using the anti-p53 
monoclonal mouse antibody BP53-11 (Ventana) on the Ventana Benchmark Ultra, 
following the manufacturer’s protocol. p53 staining was differentiated in physiological 
wild-type expression and mutational overexpression. Overexpression was defined as 
diffuse strong staining in tumour cell nuclei.

Statistics
For agreement between observers, linear weighted kappa (κ) statistics were performed 
in R for Windows version 3.3.2 (R Foundation, Vienna, Austria), using the “irr” package. 
κ values were interpreted as <0.2, slight-; 0.21-0.40, fair-; 0.41-0.60, moderate-; 0.61-
0.80, substantial-; and 0.81-1.00, almost perfect agreement.54 For IHC/ISH concordance, 
IHC results were compared to ISH as the ‘gold standard’. Sensitivity, specificity, positive 
predictive value (PPV) and negative predictive value (NPV), including 95% confidence 
intervals, were calculated in two analyses. In the first analysis IHC 2+ cases were considered 
positive, because 2+ is commonly considered positive in literature on HER2 in endometrial 
and ovarian carcinoma. In the second analysis IHC 2+ cases were excluded, as in breast- 



70

Chapter 4

and gastroesophageal cancer 2+ is ‘equivocal’ and not predictive of ISH amplification.22,47 
p53 overexpression rates in HER2-positive and HER2-negative endometrial carcinomas 
were compared using Fisher’s exact test (two-sided, p<0.05 considered significant) in IBM 
SPSS Statistics for Windows version 23.0.0.3 (SPSS, Chicago, IL, USA).

RESULTS

Immunohistochemistry
IHC results for the three different antibodies are displayed in Table 2. Agreement between 
SP3 and 4B5 was 61.4%; between SP3 and HercepTest was 68.3%; and between 4B5 and 
HercepTest was 75.2%. Examples of concordant cases are shown in Figure 2; discordant 
cases in Figure 3. The SP3 antibody showed more staining and resulted in higher scores 
than 4B5 and HercepTest. 4B5 showed more cases without any staining (score 0) than 
SP3 and HercepTest. These discrepancies occurred in both observers, with high inter-
observer agreement: 89.1% (SP3, κ=0.89; ‘almost perfect’), 89.0% (4B5, κ=0.90; ‘almost 
perfect’) and 81.2% (HercepTest, κ=0.76: ‘substantial’) (Supplementary Table 1). The 
discordance between antibodies occurred in both endometrial and ovarian pure CCC, 
with both observers (Supplementary Table 2).

HER2 prevalence
HER2-positivity by IHC and ISH is displayed in Table 3. By ISH, HER2-positivity was 17.8% 
in the total study population (n=101); 24.1% in endometrial pure CCC (n=58), 0% in 
endometrial mixed carcinoma with a CCC component (n=19) and 16.7% in ovarian 
pure CCC (n=24). The ISH amplification ratios of HER2-positive cases are shown in 
Supplementary Table 3. All TMA cores of all components of the endometrial mixed 
carcinomas were HER2-negative by ISH and by IHC (0/1+) with all three antibodies. 

IHC/ISH concordance
IHC/ISH concordance is shown in Supplementary Table 4. Sensitivity, specificity, PPV 
and NPV of all IHC antibodies with ISH as a reference are shown in Table 4. Including 2+ 
scores, there was a high false-negative rate of IHC by all three antibodies, resulting in poor 
sensitivity (38.9-50.0%) and PPV (37.5-58.3%) with reasonable specificity (81.9-94.0%) and 
NPV (87.1-88.3%). When excluding 2+ scores, many ISH-negative 2+ cases were excluded 
and consequently, sensitivity declined (26.7-43.8%) but PPV (80.0-87.5%) and specificity 
improved (98.6-98.7%), with identical NPV (87.1-88.3%).
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Table 2. Comparison of IHC scores using different HER2 antibodies

4B5 

0 1 2 3 Total

SP3 0 44 1 1 0 46

1 22 9 0 0 31

2 1 11 4 0 16

3 0 1 2 5 8

Total 67 22 7 5 101

Agreement: 61.4%

HT 

0 1 2 3 Total

SP3 0 40 6 0 0 46

1 12 17 2 0 31

2 1 8 7 0 16

3 0 1 2 5 8

Total 53 32 11 5 101

Agreement: 68.3%

HT 

0 1 2 3 Total

4B5 0 51 15 1 0 67

1 2 15 5 0 22

2 0 2 5 0 7

3 0 0 0 5 5

Total 53 32 11 5 101

Agreement: 75.2%

IHC, immunohistochemistry; HER2, human epidermal growth factor 2; SP3, SP3 antibody; 4B5, 4B5 antibody; HT, HercepTest 
antibody.

Heterogeneity 
Heterogeneity between TMA cores of the same tumour occurred in only nine cases (8.9%), 
either as a different ISH result (n=3) or IHC score difference of >1 point with at least one 
antibody by at least one observer (n=6).
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Figure 2. HER2 IHC with concordant staining between different antibodies: SP3 (left column), 4B5 
(middle column) and HercepTest (right column) with score 0 (A-C), score 1+ (D-F), score 2+ (G-I) 
and score 3+ (J-L). Insets: examples of negative ISH (diploid: inset of C) and positive ISH (amplified: 
inset of L). Images at 200x (IHC) and 400x (ISH) magnification.

HER2, human epidermal growth factor 2; IHC, immunohistochemistry; ISH, in-situ hybridisation.

p53
Results of p53 IHC, performed on all endometrial carcinomas, are displayed in Table 5. 
In endometrial mixed carcinomas, p53 staining was identical in both components of all 
tumours. Interestingly, p53 overexpression was much more frequent in HER2-positive 
endometrial pure CCC than in HER2-negative endometrial pure CCC (11/13=84.6% vs. 
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15/40=37.5%; p=0.002) and HER2-negative endometrial mixed carcinoma (11/13=84.6% 
vs. 3/19=15.8%; p<0.001). There was no significant difference in p53 expression between 
HER2-negative endometrial pure CCC and HER2-negative endometrial mixed carcinoma 
(15/40=37.5% vs. 3/19=15.8%; p=0.132).

Figure 3. Discordant HER2 IHC between different antibodies. Example 1 showed 2+/3+ staining 
with SP3 (A) but was 1+ with both 4B5 (B) and HercepTest (C). Example 2 was completely negative 
(score 0) with SP3 (D) but showed 2+ staining with 4B5 (E) and faint 1+ staining with HercepTest 
(F). ISH was positive in both cases (amplified: insets of C and F). Images at 200x (IHC) and 400x 
(ISH) magnification.

HER2, human epidermal growth factor 2; IHC, immunohistochemistry; ISH, in-situ hybridisation.

Table 3. HER2-positivity by different criteria in the total study population and in subgroups

HER2-positive 
criterion

Total
population 

(n = 101)

Endometrial
pure CCC
(n = 58)

Endometrial mixed with 
a CCC component

(n = 19)

Ovarian
pure CCC
(n = 24)

ISH amplified 18 (17.8%) 14 (24.1%) 0 (0%) 4 (16.7%)

IHC 2+/3+, SP3 24 (23.8%) 21 (36.2%) 0 (0%) 3 (12.5%)

IHC 2+/3+, 4B5 12 (11.9%) 9 (15.5%) 0 (0%) 3 (12.5%)

IHC 2+/3+, HT 16 (15.8%) 13 (22.4%) 0 (0%) 3 (12.5%)

HER2, human epidermal growth factor 2; CCC, clear cell carcinoma; ISH, in-situ hybridisation; IHC, immunohistochemistry; SP3, 
SP3 antibody; 4B5, 4B5 antibody; HT, HercepTest antibody.
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Table 4. Sensitivity, specificity and predictive values (in %) for IHC using different antibodies 
with ISH as a reference

Including cases with IHC 2+ score

Sensitivity 
(95% CI)

Specificity 
(95% CI)

PPV
(95% CI)

NPV
(95% CI)

Total
(n) 

2+
(n, %)

SP3 50.0
(26.8 – 73.2)

81.9
(71.6 – 89.2)

37.5
(19.6 – 59.2)

88.3
(78.5 – 94.2)

101 16 (15.8%)

4B5 38.9
(18.3 – 63.9)

94.0
(85.9 – 97.8)

58.3
(28.6 – 83.5)

87.6
(78.6 – 93.4)

101 7 (6.9%)

HT 38.9
(18.3 – 63.9)

89.2
(79.9 – 94.5)

43.8
(20.8 – 69.4)

87.1
(77.6 – 93.1)

101 11 (10.9%)

Excluding cases with IHC 2+ score

Sensitivity 
(95% CI)

Specificity 
(95% CI)

PPV
(95% CI)

NPV
(95% CI)

Total
(n)

SP3 43.8
(20.8 – 69.4)

98.6
(91.1 – 99.9)

87.5
(46.7 – 99.3)

88.3
(78.5 – 94.2)

85

4B5 26.7
(8.9 – 55.2)

98.7
(92.2 – 99.9)

80.0
(29.9 – 98.9)

87.6
(78.6 – 93.4)

94

HT 26.7
(8.9 – 55.2)

98.7
(91.8 – 99.9)

80.0
(29.9 – 98.9)

87.1
(77.6 – 93.1)

90

IHC, immunohistochemistry; ISH, in-situ hybridisation; CI, confidence inverval; PPV, positive predictive value; NPV, negative 
predictive value; SP3, SP3 antibody; 4B5, 4B5 antibody; HT, HercepTest antibody.

Table 5. p53 overexpression in endometrial carcinoma cases 

Pure CCC,
HER2 positive

Pure CCC,
HER2 negative

Mixed carcinoma,*
HER2 negative

p53 wild-type 2 (15.4%) 25 (62.5%) 16 (84.2%)

p53 overexpressed 11 (84.6%) 15 (37.5%) 3 (15.8%)

Missing 1 4 -

Total 14 44 19

*All endometrial mixed carcinoma cases were HER2 negative. 
CCC, clear cell carcinoma; HER2, human epidermal growth factor 2.

DISCUSSION

Targeted treatment of the HER2 receptor might be beneficial for patients with HER2-
positive CCC. In a large cohort of patients with endometrial or ovarian CCC, we compared 
HER2 overexpression by IHC using different antibodies and established their concordance 
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with ISH amplification. To the best of our knowledge, this is the first study to compare 
different HER2 antibodies in these tumours. We found discordance between three 
antibodies. For all antibodies the predictive value of HER2 amplification by ISH was poor.

Data on HER2-positivity in endometrial and ovarian CCC is scarce. Studies on endometrial 
carcinoma included few CCC (usually n<10), among which HER2-positivity varied between 
16-67% (IHC and ISH).25-30,37 In a larger cohort of 58 endometrial pure CCC cases, we found 
24.1% HER2-positivity by ISH and 15.5-36.2% by IHC (2+/3+), which is in line with these 
studies. Larger studies are available for ovarian CCC, (n=5-92), showing 14-46% HER2-
positivity rates by IHC or ISH.31-36 We found 16.7% HER2-positivity by ISH and 12.5% by IHC 
(2+/3+) in 24 ovarian pure CCC cases, which is lower than or comparable to these studies. 
To the best of our knowledge, no studies exist on HER2-positivity in endometrial mixed 
carcinoma with a CCC component. Interestingly, we found that in this subgroup of our 
study (n=19), all tumours were HER2-negative in all components by both ISH and IHC. 
The carcinogenic pathways leading to pure CCC and mixed carcinoma therefore seem to 
differ, and it seems unlikely that patients with endometrial mixed carcinoma with a CCC 
component will benefit from anti-HER2-therapy.

The difference of HER2-positivity rates reported in the literature could be due to different 
methods and criteria used to establish HER2 status. ISH amplification is considered the 
‘gold standard’ in breast- and gastroesophageal cancer,55-57 with high predictive value of 
IHC overexpression57,58 and high concordance between antibodies.22,47,51 IHC score 0/1+ 
is considered negative; 2+ equivocal (subsequent ISH should follow); and 3+ positive. 
In contrast, HER2 testing is not standardised in endometrial and ovarian carcinoma, 
and concordance between HER2 antibodies has not been established. Most studies 
including endometrial and ovarian CCC applied IHC without ISH, often with 2+/3+ scores 
considered positive, and none have compared IHC antibodies (most use HercepTest). 
Although no data on endometrial CCC are specifically available, IHC/ISH discordance is 
known to occur in endometrial carcinoma in general, with higher overexpression than 
amplification rates.24-26 On ovarian CCC, only one study implemented IHC and ISH on all 
cases, reporting 14% HER2-positivity (six of 50 cases) with perfect IHC/ISH concordance 
(2+/3+ classified positive with HercepTest).34 In our study, IHC/ISH concordance was poor 
in both endometrial and ovarian CCC, even when we excluded IHC 2+ scores (in which 
discordance with ISH can be expected due to the equivocal nature of 2+). Although this 
occurred with all three antibodies, there were also considerable differences between 
these antibodies. Possible explanations for different antibody performances are individual 
antibody sensitivity and specificity, but also technical differences in staining methods 
(such as dilution, epitope retrieval method and incubation times).26,48-50 Additionally, pre-
analytical factors such as tissue size, fixative type, fixation time and temperature during 
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fixation and processing could influence antibody sensitivity.59 We included samples 
from only two laboratories, in which tissue processing has been consistent for years. To 
circumvent technical artefacts, our study included standardised HER2 controls in which 
uniform antibody behaviour was assured. 

The inconsistency of IHC and ISH could also explain the inconsistent results of studies on 
anti-HER2-therapy in endometrial and ovarian carcinoma to date. Anti-HER2-therapy is an 
established part of breast- and gastroesophageal cancer treatment.14-22 Trastuzumab was 
shown to reduce ovarian CCC cell lines in vitro,36 but no clinical data of anti-HER2-therapy 
in endometrial or ovarian CCC are available. In other endometrial carcinoma subtypes, 
clinical activity of trastuzumab has been described in several case reports.38-40 Several 
Phase II studies on endometrial carcinoma37,41 as well as ovarian carcinoma31,42-46 have 
shown poor response to anti-HER2-therapy with trastuzumab, pertuzumab or lapatinib, 
but these studies did not include CCC or did not specify response per subtype. The reason 
for these poor results could be inconsistent HER2 testing among these studies, which 
applied enzyme-linked immunosorbent assay (ELISA)42, reverse transcription-polymerase 
chain reaction (RT-PCR),43 IHC without ISH31,38,39,41,45 or ISH without IHC.40,42 One study did 
not establish HER2 status at all.44 Some studies included HER2-negative patients.41,42,45 The 
only clinical study which included CCCs using both IHC and ISH based HER2-positivity 
on IHC (2+/3+ with HercepTest), while almost half of these patients (15 of 33; 45.5%) 
lacked ISH amplification.37 This study included only three endometrial CCCs and did not 
specify results within this subgroup. Very recently, encouraging results with anti-HER2-
therapy were achieved in a Phase II study on endometrial serous carcinoma, where the 
addition of trastuzumab to standard chemotherapy increased progression-free survival 
in patients with HER2-positive tumours.60 In this study, HER2-positivity was defined as 
an IHC 3+ score, or IHC 2+ with ISH amplification. However, the IHC antibody was not 
specified, while the differences in antibody performance in endometrial CCC, as shown 
in our study, might also be a concern in endometrial serous carcinoma.

In addition to differences in HER2 testing, another mechanism which may explain 
poor response to anti-HER2-therapy is the loss of HER2 expression in metastases. This 
was shown in a recent study on endometrial cancer, which included 790 endometrial 
carcinomas including 30 CCCs.61 

Yet another possible explanation of the variable results of anti-HER2 therapy in 
endometrial and ovarian carcinoma is the mechanism leading to HER2 amplification. 
The amplification ratios of HER2-positive tumours in our study were generally lower than 
in breast cancer (25-29% of cases with HER2/CEP17 ratio >5.0, versus >50% in breast 
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cancer). ISH amplification with relatively low amplification ratios may reflect aneuploidy 
or polysomy in carcinomas with high copy number abnormalities, rather than being the 
driver event with HER2 gene amplification seen in breast- and gastroesophageal cancer. 

We found that p53 overexpression is more common in HER2-positive than in HER2-
negative endometrial carcinomas. p53 mutations are associated with chromosomal 
instability, i.e. aneuploidy or polysomy, and with amplification instability, i.e. gene 
amplification.62 Co-existence of p53 and HER2 overexpression also occurs in breast 
cancer, in which HER2 overexpression is related to gene amplification. 63 In ovarian and 
endometrial carcinoma, p53 overexpression could be related to HER2 overexpression due 
to either aneuploidy or amplification; the underlying mechanism is unknown.

A potential limitation of our study is the use of TMAs, as TMA cores can miss relevant data 
and HER2 staining can be heterogeneous. Heterogeneity between TMA cores occurred 
in only nine (8.9%) of our study cases, but it is unknown whether this represents whole 
sections. However, studies have shown that taking at least three tumour cores, as was 
performed in our study, results in adequate representation of whole section staining 
pattern and as such largely obviates heterogeneity issues.64,65 Moreover, the use of 
TMAs was not a limitation with regard to the comparison of IHC antibodies and IHC/ISH 
comparison, as identical cores were directly compared.

Although ISH is considered the ‘gold standard’ for HER2 status in breast- and 
gastroesophageal cancer, some patients with IHC-positive/ISH-negative tumours can 
benefit from anti-HER2-therapy and some patients with IHC-negative/ISH-positive 
tumours might not respond to anti-HER2-therapy.22,47,55-57 Anti-HER2-therapy has been 
successful in breast cancer patients with polysomy and normal HER2/CEP17 ratios.66 A 
HER2-positive subgroup in patients with endometrial and ovarian CCC could benefit from 
anti-HER2-therapy, but it is unknown whether IHC or ISH would be a better predictor of 
clinical outcome. 

In conclusion, we found considerable differences in HER2 overexpression by different 
IHC antibodies as well as discordance with HER2 amplification by ISH in a large cohort 
of patients with endometrial and ovarian CCC. Therefore, no single IHC antibody can be 
considered to be conclusive when determining HER2 status in these tumours. Based on 
these results the lack of predictive value of different HER2 testing methods, as used in 
other studies, can possibly be explained. As some patients may benefit from anti-HER2-
therapy, future studies should include HER2 testing with different IHC antibodies as well 
as ISH, to evaluate effectively the best predictor of clinical response.
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ABSTRACT

Aims: To test the validity of diagnostics incorporating digital image analysis (DIA) 
for human epidermal growth factor 2 (HER2) immunohistochemistry (IHC) in gastro-
oesophageal adenocarcinomas, as an alternative to current standard diagnostics using 
manual scoring. 

Methods and results:  We included 319 consecutive gastro-oesophageal 
adenocarcinomas (232 biopsies and 87 surgical specimens). DIA was applied to determine 
HER2 IHC classification, using both standard breast cancer (BC) and modified gastro-
oesophageal cancer (GEC) cut-offs. Consensus manual scores were established by four 
independent observers. Chromogenic in situ hybridization (CISH) was performed on all 
2+ cases by manual scoring, DIA or both. HER2 status was considered positive in 3+ and 
CISH positive 2+ cases. Overall agreement between DIA and consensus manual scores 
was 76.5% (weighted κ=0.66, BC cut-offs) and 85.6% (weighted κ=0.80, GEC cut-offs). 
Agreement was similar for biopsies and surgical specimens. All disagreement occurred 
in the manual IHC equivocal cases. DIA resulted in a reduction of 2+ cases: 75.8% with 
BC cut-offs and 46.5% with GEC cut-offs. HER2 status was positive in 48 cases (15%) 
with standard diagnostics and DIA using GEC cut-offs, and 46 cases (14.4%) using BC 
cut-offs (all with CISH in 2+ cases). Considering standard diagnostics as a reference, DIA 
showed 93.8% sensitivity and 99.6% specificity (BC cut-offs) or 97.9% sensitivity and 
99.6% specificity (GEC cut-offs).

Conclusions: DIA is a reliable and feasible alternative to manual HER2 IHC scoring in 
gastro-oesophageal adenocarcinoma, both in biopsies and surgical specimens, leading 
to a reduction of 2+ cases for which subsequent ISH testing is required. 
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INTRODUCTION

Gastro-oesophageal cancers are among the most commonly diagnosed cancers 
worldwide, with 5-year survival rates of 19-32%.1,2 Adenocarcinoma is the most common 
type of both gastric- and distal oesophageal cancer.3-5 Overexpression of human 
epidermal growth factor 2 (HER2) receptor occurs in 15-30% of gastro-oesophageal 
adenocarcinomas.5-9 In this subgroup of patients, targeted anti-HER2 therapy offers an 
additional treatment modality, which was shown to improve survival rates in advanced 
stages.10,11 

HER2 status in gastro-oesophageal cancer is determined using immunohistochemistry 
(IHC) and in situ hybridization (ISH). IHC membrane staining is scored semiquantitatively 
negative (0 or 1+), equivocal (2+) or positive (3+) using a modified version of the breast 
cancer scoring system.12-14 In equivocal cases, additional ISH is performed to determine 
HER2 gene amplification.

Digital image analysis (DIA) has emerged as an alternative method to classify HER2 IHC. In 
breast cancer, a variety of DIA tools in different platforms is able to determine HER2 status 
accurately.15-19 DIA provides an objective and reproducible HER2 classification method 
to support pathologists in daily practice. DIA is recognized in the American Society of 
Clinical Oncology/College of American Pathologists (ASCO/CAP) guidelines for HER2 
in breast cancer as a diagnostic modality.20 Potentially, DIA can reduce IHC equivocal 
(2+) cases, decreasing the number of cases requiring subsequent ISH.18,19,21 DIA could 
offer these same advantages in gastro-oesophageal cancer. However, present data are 
limited, with contradictory results in the literature on this subject to date. Studies have 
focused predominantly on surgical specimens, while in clinical practice HER2 status is 
often determined on biopsies, as anti-HER2 therapy is currently used for unresectable 
(locally advanced or metastasized) carcinomas.10

The aim of this study was to validate DIA of HER2 IHC in a large cohort of biopsies and 
surgical specimens of gastro-oesophageal adenocarcinomas. To this end, DIA results were 
compared to consensus manual IHC scores by four independent observers. Furthermore, 
HER2 status using DIA with ISH on 2+ cases was compared to HER2 status by standard 
diagnostics, consisting of consensus manual scoring with ISH on 2+ cases. 
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MATERIALS AND METHODS

Cases
A total of 321 consecutive gastric- and oesophageal adenocarcinomas diagnosed 
from January 2004 to December 2011 in the Deventer Hospital (the Netherlands) were 
included. Two cases were excluded as ISH failed in repeated tests, resulting in a study 
population of 319 cases (Table 1). All patient material was handled according to the 
‘Code of conduct for health research’ of the Dutch Federation of Biomedical Scientific 
Societies.23 Therefore, no additional permission from our Ethics Committee was needed.

Table 1. Clinicopathological characteristics (n = 319)

n %

Gender
    Male
    Female

218
101

68.3
31.7

Age at diagnosis
    <65
    ≥65

112
207

35.1
64.9

Disease status
    Advanced*
    Not advanced
    Status unknown

165
130
24

51.7
40.8
7.5

Specimens used for HER2 testing
    Biopsy
    Surgical specimens

232
87

72.7
27.3

Tumour type (Laurén35)
    Intestinal 
    Diffuse 
    Mixed
    Indeterminate

188
85
38
8

58.9
26.6
11.9
2.5

Primary tumour location†

    Oesophagus
        Distal oesophagus
        Gastro-oesophageal junction

    Stomach
        Cardia
        Non-cardia

    Unknown

151
54
97

161
28

133
7

47.3
16.9
30.4
50.5
8.8

41.7
2.2

*Metastasized or inoperable locally advanced cancer. 
† Primary tumour location according to TNM7 guidelines.
 HER2, human epidermal growth factor 2.
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Immunohistochemistry and manual scoring
HER2 IHC was performed on whole tissue samples of biopsies or surgical specimens, using 
the PATHWAY HER2/neu 4B5 monoclonal antibody (Ventana Medical Systems, Illkirch, 
France) following the manufacturer’s protocol. HER2 was scored using the modified 
scoring system for gastro-oesophageal adenocarcinoma by Hofmann et al.,12 with 
additional guidelines by Rüschoff et al.13,23 (Table 2). Three clinical pathologists (MMS, 
ML and MH) and one resident (TK) received training on this scoring system, as described 
previously.14 All observers scored all cases independently, on glass slides (MMS, ML and 
MH) or digital images (TK). Manual consensus score was defined as IHC positive for a 3+ 
score by at least two observers (with minimum 2+ by other observers), IHC negative if all 
observers scored 0 or 1+, and IHC equivocal (2+) in all remaining cases. 

Digital image analysis
Digital images were acquired by scanning the glass slides in a NanoZoomer 2.0 HT 
(Hamamatsu Photonics, Hamamatsu City, Shizuoka, Japan) with a 40x magnification 
lens, using a single focus layer without Z-stacking. Tissue detection with focus points 
was applied automatically. Digitized slides were stored on a hard disk and loaded into 
the DIA software module Visiopharm Integrator System (VIS) platform version 6.5.02303 
(Visiopharm, Hørsholm, Denmark). 

The HER2-CONNECT algorithm was used to classify immunohistochemical HER2 staining. 
This algorithm analyses membrane staining in a user-selected region of interest (ROI) 
by calculating a connectivity value based on diaminobenzidine (DAB) staining of linear 
structures corresponding to membrane fragments, as described in detail by Brügmann 
et al.19 This connectivity value can vary continuously from 0 to 1, and is converted to a 
HER2 classification (0, 1+, 2+ or 3+) with specific cut-offs. The standard breast cancer (BC) 
cut-offs,21 as well as modified gastro-oesophageal cancer (GEC) cut-offs are displayed in 
Table 2. These GEC cut-offs were established with 12 randomly selected cases, three for 
each consensus manual score (two biopsies and one surgical specimen).

ROIs with the most pronounced membrane staining containing a minimum of 30 tumour 
cells were selected; maximum size was 0.5 mm2. Multiple ROIs were selected: five to 35 
ROIs in each case depending on tissue size and staining heterogeneity, to ensure that a 
representative sample of HER2 expression was included. In biopsies, ROIs were selected 
in multiple sections on multiple levels. Artefacts and non-tumour tissue staining were 
carefully avoided, if possible.

The algorithm determines connectivity value for each individual ROI. In biopsies, the 
highest connectivity value of a single ROI among all analysed ROIs was interpreted as 
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representative for the case, in accordance with the manual scoring guidelines of requiring 
a single cluster of ≥5 tumour cells.12,23 In surgical specimens, positive staining should 
include ≥10% of all tumour cells, and as such the highest connectivity score given by the 
algorithm was verified visually to be representative of ≥10% of the tumour. 

In situ hybridization
ISH was performed on all samples scored or classified 2+ by manual scoring or DIA. 
Chromogenic in situ hybridization (CISH) was performed using ZytoDot SPEC HER2 Probe 
kit (ZytoVision, Bremerhaven, Germany), following the manufacturer’s protocol. Negative 
CISH was defined as diploidy (two dots per nucleus) or polysomia (three to five dots per 
nucleus). Positive CISH was defined as low amplification (six to 10 dots per nucleus or 
small clusters) or high amplification (>10 dots per nucleus or large clusters), in >50% of 
tumour cells in at least 20 cells.

Comparison of DIA with manual scoring
DIA classification of IHC was compared to consensus manual scores (negative, equivocal 
or positive) in the total study population as well as stratified between biopsies and 
surgical specimens. The clinically relevant outcome is HER2 status after ISH in 2+ cases. 
As such, HER2 status outcome when using DIA with subsequent CISH on 2+ cases was 
compared to HER2 status by standard diagnostics, which consisted of consensus manual 
scoring with subsequent CISH on 2+ cases. HER2 status was considered positive in IHC 
3+ cases or IHC 2+ cases with positive CISH. 

Statistical analysis
To establish agreement between DIA classification and manual consensus scores of HER2 
IHC, linear weighted kappa (κ) statistics were performed in R for Windows version 3.3.2 
(R Foundation for Statistical Computing, Vienna, Austria), using the “irr” package for κ 
statistics. κ values were interpreted as <0.2, slight-; 0.21-0.40, fair-; 0.41-0.60, moderate-; 
0.61-0.80, substantial-; and 0.81-1.00, almost perfect agreement.24

RESULTS

A flowchart of HER2 status as determined by standard diagnostics and DIA is displayed 
in Figure 1. DIA images are shown in Figure 2. Distribution of connectivity values in 1+, 
2+ and 3+ cases is displayed in Figure 3. Standard diagnostics resulted in HER2 positive 
status in 48 of 319 cases (15%). DIA with CISH in 2+ cases resulted in HER2 positive status 
in 46 cases (14.4%) with BC cut-offs and 48 cases (15%) with GEC cut-offs.
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Figure 1. Flowchart of HER2 status as determined by standard diagnostics with consensus manual 
scoring (A) and by digital image analysis classification (B + C), with subsequent CISH on 2+ cases.

HER2, human epidermal growth factor 2; IHC, immunohistochemistry; CISH, chromogenic in situ hybridization; DIA, digital 
image analysis; BC, breast cancer; GEC, gastro-oesophageal cancer.
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Figure 2. Digital image analysis of HER2 immunohistochemistry in gastro-oesophageal 
adenocarcinoma; examples with and without membrane connectivity mark-up. Classification 
of 0 (A,B), 1+ (C,D), 2+ in intestinal tumour type (E,F), 2+ in diffuse tumour type (G,H) and 3+ (I,J). 
Connectivity values were 0 (B), 0.171 (D), 0.256 (F), 0.386 (H) and 0.983 (J). CISH was negative in the 
1+ case and in both 2+ cases, and positive in the 3+ case. Images at 200x magnification.

HER2, human epidermal growth factor 2; CISH, chromogenic in situ hybridization.
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Figure 3. Distribution of HER2 connectivity values in 1+, 2+ and 3+ cases by DIA (n = 133).

HER2, human epidermal growth factor 2; DIA, digital image analysis; BC, breast cancer; GEC, gastro-oesophageal cancer.

DIA classification compared to consensus manual scores
Comparison of consensus manual scores and DIA classification of IHC in the total study 
population and stratified between biopsies and surgical specimens is outlined in Table  3. 
In the total study population, overall agreement was 76.5% (95% confidence interval 
(CI): 71.5-80.8%, 244 of 319 cases) with BC cut-offs and 85.6% (95% CI: 81.3-89.0%, 273 
of 319 cases) with GEC cut-offs. Using BC cut-offs, kappa value was κ = 0.66 (‘substantial’ 
agreement). Using GEC cut-offs, this rose to κ = 0.80 (‘substantial’, nearly ‘almost perfect’ 
agreement). Kappa values were similar in biopsies and surgical specimens. Among 
biopsies, overall agreement was 73.3% (95% CI 67.2-78.6%, 170 of 232 cases) with BC 
cut-offs and 83.6% (95% CI 78.3-87.8%, 194 of 232 cases) with GEC cut-offs. For surgical 
specimens overall agreement was 85.1% (95% CI 76.1-91.1%, 74 of 87 cases) and 90.8% 
(95% CI 82.9-95.3%, 79 of 87 cases) with BC and GEC cut-offs respectively.

In the total study population, all 180 cases with a consensus manual IHC negative 
score were classified as negative by DIA with both cut-offs. Similarly, all 40 cases with a 
consensus manual 3+ score were classified as 3+ by DIA with both cut-offs.



97

HER2 image analysis in gastro-oesophageal cancer

5

Ta
bl

e 
3.

 C
om

pa
ris

on
 o

f H
ER

2 
im

m
un

oh
is

to
ch

em
is

tr
y 

m
an

ua
l s

co
re

s 
an

d 
di

gi
ta

l i
m

ag
e 

an
al

ys
is

 c
la

ss
ifi

ca
tio

n 
in

 t
he

 t
ot

al
 s

tu
dy

 p
op

ul
at

io
n,

 
bi

op
si

es
 a

nd
 s

ur
gi

ca
l s

pe
ci

m
en

s

    

Co
ns

en
su

s 
m

an
ua

l s
co

re

To
ta

l s
tu

dy
 p

op
ul

at
io

n
Bi

op
si

es
Su

rg
ic

al
 s

pe
ci

m
en

s

D
ig

ita
l i

m
ag

e 
an

al
ys

is
0 

/ 1
+

2+
3+

To
ta

l
0 

/ 1
+

2+
3+

To
ta

l
0 

/ 1
+

2+
3+

To
ta

l

BC
 c

ut
-o

ffs
0 

/ 1
+

18
0

71
0

25
1

11
7

59
0

17
6

63
12

0
75

2+
0

24
0

24
0

19
0

19
0

5
0

5

3+
0

4
40

44
0

3
34

37
0

1
6

7

To
ta

l
18

0
99

40
31

9
11

7
81

34
23

2
63

18
6

87

Ka
pp

a*
κ 

= 
0.

66
κ 

= 
0.

65
κ 

= 
0.

69

D
ig

ita
l i

m
ag

e 
an

al
ys

is
0 

/ 1
+

2+
3+

To
ta

l
0 

/ 1
+

2+
3+

To
ta

l
0 

/ 1
+

2+
3+

To
ta

l

G
EC

 c
ut

-o
ffs

0 
/ 1

+
18

0
42

0
22

2
11

7
35

0
15

2
63

7
0

70

2+
0

53
0

53
0

43
0

43
0

10
0

10

3+
0

4
40

44
0

3
34

37
0

1
6

7

To
ta

l
18

0
99

40
31

9
11

7
81

34
23

2
63

18
6

87

Ka
pp

a*
κ 

= 
0.

80
κ 

= 
0.

78
κ 

= 
0.

82

*L
in

ea
r w

ei
gh

te
d 

ka
pp

a 
(κ

) s
co

re
.

H
ER

2,
 h

um
an

 e
pi

de
rm

al
 g

ro
w

th
 fa

ct
or

 2
; B

C,
 b

re
as

t c
an

ce
r; 

G
EC

, g
as

tr
o-

oe
so

ph
ag

ea
l c

an
ce

r.



98

Chapter 5

DIA in manual equivocal cases and concordance with CISH
From the total of 99 cases with a manual equivocal (2+) IHC score, 2+ cases were reduced 
by 46 (46.5%) using DIA with GEC cut-offs. Two cases were discordant with CISH: one 
case was false-positive 3+ (CISH negative) and one case was false-negative 1+ (CISH 
positive). Using BC cut-offs, 2+ cases were reduced by 75 (75.8%), which is 29 more than 
with GEC cut-offs, but at the cost of two additional false-negative cases (both classified 
1+). Compared to manual scoring, there were no additional 2+ cases by DIA.

HER2 status using DIA versus standard diagnostics
Sensitivity, specificity, positive- and negative predictive value of HER2 status by DIA 
compared to standard diagnostics are displayed in Table 4. 

Table 4. HER2 status using DIA compared to standard diagnostics

Digital image analysis
Standard diagnostics 

(consensus manual scoring with ISH in 2+ cases)

BC cut-offs (with ISH in 2+ cases) Negative Positive Total

Negative 270 3 273 NPV: 98.9%

Positive 1 45 46 PPV: 97.8%

Total 271 48 319

spec: 99.6% sens: 93.8%

GEC cut-offs (with ISH in 2+ cases) Negative Positive Total

Negative 270 1 271 NPV: 99.6%

Positive 1 47 48 PPV: 97.9%

Total 271 48 319

spec: 99.6% sens: 97.9%

HER2, human epidermal growth factor 2; ISH, in situ hybridization; BC, breast cancer; GEC, gastro-oesophageal cancer; spec, 
specificity; sens, sensitivity; PPV, positive predictive value; NPV, negative predictive value.

DISCUSSION

We aimed to validate DIA of HER2 IHC in gastro-oesophageal tumours, predominantly 
biopsies. Agreement between DIA classification and manual scores was high and similar 
in surgical specimens and biopsies. DIA led to a reduction of 2+ cases. Additionally, DIA 
(with ISH on 2+ cases) resulted in high sensitivity and specificity to establish HER2 status 
when compared to standard diagnostics (manual scoring with ISH on 2+ cases).
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To the best of our knowledge, six studies implementing DIA of HER2 in gastro-
oesophageal cancer have been published to date,25-30 four studies of which compared 
directly DIA with manual scoring.27-30 Our results were comparable to three studies.27-29 

The first27 and second29 found overall agreement between DIA and manual scores in 92% 
of 103 cases (95% CI 85.4-96.0%) and 97% of 68 cases (95% CI 90.0-99.2%), respectively, 
which is comparable to the 85.6% (95% CI 81.3-89.0%) overall agreement we found (using 
GEC cut-offs). A third study28 on 110 cases reports 76% sensitivity of DIA with BC cut-offs, 
100% with their GEC cut-offs, and 100% specificity with both cut-offs, when compared to 
ISH. We found similar results: 93.8% sensitivity with BC cut-offs, 97.9% with GEC cut-offs 
and specificity 99.6% with both cut-offs, when compared to standard diagnostics. They 
performed ISH on all cases and we performed ISH only when clinically applicable (2+ 
cases). The fourth study by Jeung et al.30 on 116 cases found 100% agreement between 
DIA and manual IHC negative cases (also 100% in our study), 20-50% agreement in 3+ 
cases (100% in our study), and 0% agreement in 2+ cases, the latter being lower than 
but in line with the reduction of 2+ cases in our study. ISH was not performed in their 
study. As addressed by the authors, their algorithm was optimized for breast cancer and 
consequently unable to classify membrane staining adequately in gastro-oesophageal 
cancer. Although the algorithm in the current study was also developed for breast cancer, 
agreement of DIA with manual scores was high nonetheless.

As anti-HER2 therapy is used currently for unresectable gastro-oesophageal cancers, 
in clinical practice HER2 status is often determined on biopsies.10 However, only two 
studies included biopsies besides surgical specimens.29,30 Ormenisan et al.29 found high 
agreement in both biopsies and surgical specimens, but in a substantially smaller cohort 
(68 cases) than our study. Jeung et al.30 found most disagreement among biopsies, while 
in the current study agreement rates in biopsies and surgical specimens were similar. The 
authors attribute this to the fact that in biopsies only a small number of HER2 positive 
cells are required,12,23 which did not reach the threshold for a positive result in their DIA 
algorithm. As we used ROIs centred on positive clusters, this issue did not arise in our 
study. 

In breast cancer, DIA can reduce the amount of IHC equivocal (2+) cases.18,19,21 In gastro-
oesophageal cancer, Nielsen et al.28 report 36.4% reduction of 2+ cases using HercepTest 
and 50% reduction using the 4B5 antibody. In the current study, using 4B5 and applying 
GEC cut-offs, a 46.5% reduction of 2+ cases was achieved, which confirms these results. 
The reduction of 2+ cases decreases the need for subsequent ISH testing, potentially 
lowering diagnostic costs and reducing turnaround time in daily practice.
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Three CISH positive cases were classified false-negatively as 1+ when using BC cut-offs. 
In two of these cases, GEC cut-offs resulted in a 2+ classification which would have 
triggered subsequent CISH. The third case was also a false-negative 1+ with GEC cut-
offs. Upon review, manual scoring was complicated due to aberrant staining in nuclei 
and cytoplasm. Membrane staining was faint and only one observer scored 2+; the other 
three scored negative. Additionally, the tumour was a diffuse type, on which HER2 scoring 
is known to be difficult.5 One CISH negative case was classified false-positively as 3+ due 
to strong aberrant cytoplasmic staining, which could not be avoided when selecting ROIs 
as all tumour tissue expressed aberrant staining. This case was scored manually as 0 by 
three and 3+ by one observer, who also interpreted the aberrant staining as positive 
membrane staining. As such, when using DIA with GEC cut-offs to determine HER2 status 
in our study population, only two of 319 cases (0.6%) were classified discordantly. In 
both cases, manual scoring was troublesome, due partly or entirely to flawed staining. 
Aberrant staining can occur as nuclear or cytoplasmic staining, edge artefacts or 
crushing artefacts.30-32 Cytoplasmic staining with the 4B5 antibody could be related to 
cross-reactivity with HER4.33 Additionally, immunoreactivity can occur in pre-existent 
epithelium and pre-neoplastic tissue (intestinal metaplasia and dysplasia).25 Interestingly, 
this occurred in all our cases if such tissue was present. Figure 4 displays examples of 
aberrant staining and images of the discordant cases. When conducting DIA, artefacts 
and aberrant staining should be avoided carefully.

HER2 membrane staining does not have to be circumferential in gastro-oesophageal 
cancer, as in breast cancer.20 Although the algorithm we used evaluates membrane 
connectivity, both Nielsen et al.28 and our team found that it can be applied successfully 
to gastro-oesophageal cancer specimens. We established GEC cut-offs at connectivity 
values of 0.20 (1+ to 2+) and 0.64 (2+ to 3+), but GEC cut-offs by Nielsen et al. were 
notably lower (0.09 and 0.30). This could be related to ROI size, as they selected entire 
tissue microarray images and HER2 classification is based on the membrane connectivity 
within the complete ROI. We used relatively small ROIs containing the strongest HER2 
expression, as only five clustered positive tumour cells are required.12,23 

The adjusted GEC cut-offs in this study were established on samples processed and 
stained in one laboratory. Further studies should be performed to validate these cut-
offs, including stains from other laboratories and different HER2 antibodies. Although 
appropriate staining and training protocols have led to acceptable inter-observer and 
inter-laboratory concordance, manual scoring remains a subjective method with inter-
observer variability.14,34 DIA could provide an objective and reproducible alternative, 
but no data are available on inter-platform variability between different DIA platforms 
on identical cases.
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In conclusion, our data suggest that DIA is a reliable and feasible alternative to manual 
scoring of HER2 immunohistochemistry in gastro-oesophageal adenocarcinoma, which 
can reduce equivocal cases requiring subsequent ISH testing and can be applied on both 
biopsies and surgical specimens.

Figure 4. Artefacts and staining of non-tumour tissue with HER2 immunohistochemistry. There 
is immunoreactivity with normal gastric epithelium (A), intestinal metaplasia (B) and dysplastic 
epithelium (C). Aberrant staining can occur in edge artefacts (D). The false-positive (E + F) and 
false-negative (G + H) cases of this study illustrate artefactual nuclear and cytoplasmic staining, 
complicating manual and digital evaluation (images with and without membrane connectivity 
mark-up). Connectivity values of the discordant cases were 0.819 (F) and 0.147 (H). Images at 100x 
(A - C) and 200x magnification (D - H).

HER2, human epidermal growth factor 2.
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ABSTRACT

Aims: We aimed to compare digital image analysis (DIA) of HER2 immunohistochemistry 
(IHC) in breast cancer by two platforms; to validate DIA against standard diagnostics; and 
to evaluate the added value of DIA in clinical practice.

Methods and results: HER2 IHC and in-situ hybridisation (ISH) were performed on 152 
consecutive invasive breast carcinomas. IHC scores were determined with DIA using two 
independent platforms. Manual scoring was performed by two independent observers. 
HER2 status was considered positive in 3+ and ISH-positive 2+ cases. HER2 status using 
DIA was compared to HER2 status with standard diagnostics (manual scoring with ISH in 
2+ cases). Inter-platform agreement of IHC scores was ‘moderate’ (linear weighted κ=0.58), 
agreement between manual scoring and platform A was ‘moderate’ (κ=0.60) and between 
manual scoring and platform B ‘almost perfect’ (κ=0.85). Compared to manual scoring, 
DIA resulted in a reduction of 2+ cases from 17.1% to 1.3% with platform A and from 
17.1% to 15.8% with platform B. However, compared to standard diagnostics, there were 
three false-negative cases with DIA using platform A (81.3% sensitivity, 100% specificity, 
100% positive predictive value [PPV], 97.8% negative predictive value [NPV]). Sensitivity, 
specificity, PPV and NPV were 100% with DIA using platform B.

Conclusions: DIA of HER2 IHC is a valid tool in determining HER2 status in breast 
carcinoma. Algorithms in different platforms can behave differently and optimal 
calibration is essential. In clinical practice, DIA offers an objective alternative to manual 
scoring, but a reduction in 2+ cases could result in loss of sensitivity.
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INTRODUCTION

The human epidermal growth factor receptor 2 (HER2/ErbB2) is a prognostic and 
predictive biomarker in breast cancer, and HER2 testing is standard of care.1,2 HER2 is 
overexpressed and/or amplified in 15-20% of breast cancers.1 HER2-positivity is required 
for targeted anti-HER2-therapy with drugs such as trastuzumab, pertuzumab and 
lapatinib.3-6 HER2 status is determined by semi-quantitative assessment of cell membrane 
overexpression with immunohistochemistry (IHC) or by assessing gene amplification with 
in-situ hybridisation (ISH). In daily practice, a two-tiered method is applied: IHC score 0/1+ 
is negative; 2+ equivocal and 3+ positive; ISH follows only in 2+ cases.2

IHC is scored subjectively by individual pathologists and inter-observer variability occurs.7,8 
Recently, digital image analysis (DIA) has emerged as an objective and reproducible 
IHC scoring method.9-13 The ASCO/CAP guideline for HER2 has acknowledged DIA as a 
diagnostic modality.2 DIA could reduce the number of 2+ cases requiring subsequent 
ISH testing, which may increase time- and cost efficiency in clinical practice.12-14 Our 
group previously found that DIA of HER2 IHC can reduce 2+ cases in gastroesophageal 
adenocarcinoma.15 

Studies to date have compared manual scoring with DIA by different platforms, each 
using only one platform.9-17 However, inter-platform variability may be expected because 
these platforms use different algorithms, each with unique approaches to classifying 
tissue and cellular components.18-20 To our knowledge, no study to date has examined 
HER2 DIA inter-platform agreement. 

We conducted a study on DIA of HER2 IHC in breast carcinoma. Firstly, we aimed to 
assess inter-platform agreement by two independent platforms. Secondly, we aimed to 
validate DIA and evaluate the added value of DIA in clinical practice, by comparing DIA 
with manual scoring and by comparing HER2 status outcome using DIA (with ISH on 2+ 
cases) with standard diagnostics (manual scoring with ISH on 2+ cases).

MATERIALS AND METHODS

Cases
Resection specimens of 152 consecutive primary invasive breast carcinomas from the 
University Medical Center Groningen (the Netherlands) treated between August 2015 
and February 2017 were included. IHC and ISH were performed on 3μm sections, cut 
from formalin-fixed paraffin-embedded tumour blocks. Standardised HER2 controls were 
included in all IHC and ISH tests.
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Patient material was handled following the Dutch ‘Code of conduct for medical research’.21 
Therefore, no additional Ethics Committee permission was required. 

Immunohistochemistry
IHC was performed using SP3 (rabbit monoclonal antibody; Thermo Fisher Scientific, 
Fremont, CA, US) on the BenchMark Ultra (Ventana Medical Systems, Illkirch, France), with 
antibody dilution 1:40; antigen retrieval time 64min (95°C, CC1, pH9, Ventana); primary 
antibody incubation time 32min. Visualization was achieved with the ultraView DAB 
detection Kit (Ventana) and antigen amplification was applied (Ventana Amplification Kit). 
Counterstaining was done with Mayer’s Hematotoxylin (Klinipath, Breda, Netherlands).

Manual scoring
HER2 IHC was scored independently by an experienced pathologist (BV) and a senior 
resident (TK) according to current guidelines:2 0 (negative): no staining or faint/barely 
perceptible incomplete membrane staining in ≤10% of tumour cells; 1+ (negative): 
faint/barely perceptible incomplete membrane staining in >10%; 2+ (equivocal): weak/
moderate complete membrane staining in >10%; 3+ (positive): circumferential complete 
intense membrane staining in >10%. Discordant cases were re-evaluated by both 
observers to establish a consensus manual score. This occurred in only 13 of 152 cases 
(8.6%) and discordance was only 1 score point in these cases.

Image acquisition and DIA platforms
Glass slides were scanned in a Philips Ultra Fast Scanner 1.6 (Philips, Eindhoven, The 
Netherlands) with a 40x magnification lens, using single focus layer without Z-stacking. 
Tissue detection with focus points was applied automatically to obtain the optimal image. 
Digitised slides were stored on a centralized server and a direct link was established in 
both DIA platforms. The platforms were Visiopharm Integrator System (VIS) v6.9.0.2779 
(Visiopharm, Hørsholm, Denmark) and HALO v2.0.1061 (Indica Labs, Corrales, NM, US).

Digital image analysis
HER2 IHC was scored with HER2 algorithms in both platforms. 

The HER2-CONNECT algorithm in the VIS platform analyses membrane staining by 
calculating a connectivity value based on DAB staining of linear structures corresponding 
to membrane fragments.13 This connectivity value can vary continuously from 0-1 and 
is converted to a HER2 score with specific cut-offs. Standardized recommended cut-offs 
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were applied: 0: connectivity=0; 1+: 0<connectivity≤0.40; 2+: 0.40<connectivity≤0.64; 
3+: connectivity>0.64. HER2-CONNECT is a CE-IVD-approved and NordiQC-validated 
algorithm, and was not further calibrated for this study. 

The HALO platform algorithm was constructed using the HER2 Module (v1.1), which 
measures membranous staining on a cell-by-cell basis. The algorithm was calibrated 
in close collaboration between the researcher (TK) and the platform vendor, using a 
training set of 20 randomly selected breast carcinomas resected in January-August 
2015, identically handled and stained but not included in the current study. Variables 
including colour classification, cell classification, membrane detection and membrane 
completeness were optimised in the calibration process. Cell-specific HER2 classification 
was based on specific cut-offs in HER2 optical density (OD), calibrated at 0: 0<OD≤0.085; 
1+: 0.085<OD≤0.160; 2+: 0.160<OD≤0.259; 3+: OD>0.259. The HER2 score was based on 
>10% of the highest classification score within all classified cells.

In accordance with both platform vendor’s recommendations, HER2 analysis was 
performed on three annotated areas (1.5 mm2 regions at 100x magnification) 
representative of the whole tumour. The highest HER2 score in at least one area was 
taken as the HER2 score for each case.

In-situ hybridisation
Fluorescence in-situ hybridisation (FISH, n=32, PathVysion HER2 DNA Probe Kit, Abbott 
Molecular, IL, US) and/or bright field dual colour silver in-situ hybridisation (SISH, n=126, 
INFORM HER2 Dual ISH DNA Probe Cocktail, Ventana) assays were performed following 
manufacturer’s recommendations. 

ISH was evaluated according to current guidelines, calculating HER2/CEP17 ratio and 
the average HER2 copy number in 20-40 cells.2 ISH-positive: ratio≥2.0 with HER2≥4.0, or 
ratio<2.0 with HER2≥6.0 by two observers with FISH and SISH. ISH-negative: ratio<2.0 with 
HER2<4.0, ratio≥2.0 with HER2<4.0 by two observers with FISH and SISH, or ratio<2.0 with 
HER2≥4.0/<6.0 by two observers with FISH and SISH (this last category was ‘equivocal’ 
before the recent guideline update).1,2 

Statistics
To establish inter-platform agreement, linear weighted kappa (κ) statistics were performed 
in R for Windows v3.3.2 (R Foundation for Statistical Computing, Vienna, Austria), using the 
“irr”-package for κ statistics. κ was interpreted as <0.2, slight-; 0.21-0.40, fair-; 0.41-0.60, 
moderate-; 0.61-0.80, substantial-; and 0.81-1.00, almost perfect agreement.22 
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To validate DIA and to evaluate the added value of DIA in clinical practice, we calculated 
κ for agreement between DIA and manual scoring, and calculated sensitivity, specificity, 
positive predictive value (PPV) and negative predictive value (NPV) for HER2 status 
outcome using DIA (with ISH on 2+ cases) with standard diagnostics (manual scoring 
with ISH on 2+ cases) as a reference. 

RESULTS

Immunohistochemistry and agreement
IHC with DIA images are shown in Figure 1. By DIA in platform A on all 152 cases, 139 
cases were 0/1+ (91.4%), 2 were 2+ (1.3%), and 11 were 3+ (7.2%). By DIA in platform B, 
114 cases were 0/1+ (75%), 24 were 2+ (15.8%) and 14 were 3+ (9.2%). Inter-platform 
agreement was ‘moderate’ (κ=0.58, 82.2%). By manual scoring, 114 cases were 0/1+ 
(75%), 26 were 2+ (17.1%) and 12 were 3+ (7.9%). As such, DIA in platform A resulted in 
a 15.8% reduction of 2+ cases (26 to 2 cases, 17.1% to 1.3%) compared to manual scoring, 
which was 1.3% with platform B (26 to 24 cases, 17.1% to 15.8%). Table 1 displays cross-
tabulations of HER2 scores. Agreement was ‘moderate’ between manual scoring and 
platform A (κ=0.60, 82.9%), comparable to inter-platform agreement. Agreement was 
‘almost perfect’ between manual scoring and platform B (κ=0.85, 91.1%). 

Concordance with standard diagnostics
HER2-positivity by standard diagnostics was 10.5% (16 of 152 cases), by platform A 
8.6% (13 cases) and by platform B 10.5% (16 cases). IHC/ISH concordance of manual 
scoring and DIA is shown in Table 2. HER2 status outcome using DIA compared to 
standard diagnostics is displayed in Table 3. Specificity, sensitivity, PPV and NPV of 
HER2 status outcome using DIA, with standard diagnostics as a reference, are shown 
in Table 4. Platform B had no false-positive or false-negative cases. In platform A, three 
cases were false-negative, as these cases were HER2-positive with standard diagnostics 
(manual IHC 2+, ISH-positive, in all three cases). These cases would have been missed in 
clinical practice, as the IHC-negative score would not have prompted subsequent ISH. 
Interestingly, ISH was near the cut-offs for amplification. Case 1 showed HER2/CEP17 
ratio 2.2 (just above the 2.0 cut-off), with HER2 copy number 5.5. Case 2 showed ratio 
1.2, but HER2 copy number 6.5 (just above the 6.0 cut-off). Similarly, case 3 showed ratio 
1.8 with HER2 copy number 7.2. In all three cases, FISH and SISH showed identical results. 
With DIA in platform B, case 1 was 3+ and cases 2 and 3 were 2+. Figure 2 displays the 
three false-negative cases.
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Figure 1. Digital image analysis of HER2 immunohistochemistry by two DIA platforms. HER2 score 
1+ (A – C), score 2+ (D – F) and score 3+ (G – I). Images without DIA mark-up (left column), with 
DIA in platform A (middle column) and with DIA in platform B (right column). Images at 200x 
magnification.

HER2, human epidermal growth factor 2; DIA, digital image analysis.

Figure 2. HER2 immunohistochemistry images of the three cases which were false-negative with 
DIA in platform A (connectivity scores: A: 0.38, B: 0.08, C: 0.10). All cases were scored 1+ by platform 
A but showed HER2 amplification with ISH. Manual scores were 2+ in all cases. In platform B, scores 
were 3+ (A) and 2+ (B and C). Images at 200x magnification.

HER2, human epidermal growth factor 2; DIA, digital image analysis; ISH, in-situ hybridisation.
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Table 1. Comparison of HER2 IHC scores by manual scoring and DIA

Manual scoring 

0/1+ 2+ 3+ Total

Platform A 
DIA

0/1+ 114 25 0 139

2+ 0 1 1 2

3+ 0 0 11 11

Total 114 26 12 152

κ = 0.60

Manual scoring 

0/1+ 2+ 3+ Total

Platform B 
DIA

0/1+ 109 5 0 114

2+ 5 19 0 24

3+ 0 2 12 14

Total 114 26 12 152

κ = 0.85

Platform B DIA

0/1+ 2+ 3+ Total

Platform A
DIA

0/1+ 114 24 1 139

2+ 0 0 2 2

3+ 0 0 11 11

Total 114 24 14 152

κ = 0.58

HER2, human epidermal growth factor 2; IHC, immunohistochemistry; DIA, digital image analysis; κ, linear weighted kappa.
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Table 2. IHC/ISH concordance of manual scoring and DIA

ISH

Negative Positive Total

Manual scoring 0/1+ 114 0 114

2+ 22 4 26

3+ 0 12 12

Total 136 16 152

ISH

Negative Positive Total

Platform A 
DIA

0/1+ 136 3 139

2+ 0 2 2

3+ 0 11 11

Total 136 16 152

ISH

Negative Positive Total

Platform B
DIA

0/1+ 114 0 114

2+ 22 2 24

3+ 0 14 14

Total 136 16 152

IHC, immunohistochemistry; ISH, in-situ hybridisation; DIA, digital image analysis.

Table 3. HER2 status using DIA compared to standard diagnostics

Standard diagnostics

Negative Positive Total

Platform A 
DIA

Negative 136 3 139

Positive 0 13 13

Total 136 16 152

Standard diagnostics

Negative Positive Total

Platform B
DIA

Negative 136 0 136

Positive 0 16 16

Total 136 16 152

HER2, human epidermal growth factor 2; IHC, immunohistochemistry; ISH, in-situ hybridisation; DIA, digital image analysis.



116

Chapter 6

Table 4. Sensitivity, specificity and predictive values for HER2 status outcome using DIA (with 
ISH on 2+ cases), compared to standard diagnostics (manual scoring with ISH on 2+ cases) as 
a reference

Sensitivity
(%)

Specificity
(%)

PPV 
(%)

NPV 
(%)

Equivocal
IHC 2+ (%)

Platform A DIA 81.3 100 100 97.8 1.3 (n = 2)

Platform B DIA 100 100 100 100 15.8 (n = 24)

HER2, human epidermal growth factor 2; DIA, digital image analysis; ISH, in-situ hybridisation; PPV, positive predictive value; 
NPV, negative predictive value; IHC, immunohistochemistry.

DISCUSSION

We aimed firstly to compare DIA of HER2 IHC by two platforms and secondly to validate 
DIA and evaluate the added value of DIA in clinical practice. We found moderate inter-
platform agreement. One platform performed comparable to standard diagnostics, with 
100% sensitivity and specificity, high agreement with manual scoring, but without a 
reduction of 2+ cases. The other platform significantly reduced 2+ cases, but at the cost 
of three false-negative cases, with slight sensitivity loss. 

HER2-positive breast cancers are eligible for anti-HER2-therapy and appropriate HER2 
testing is crucial for adequate treatment.2-6 HER2-positivity in our study was 10.5%, 
which is somewhat lower than the 15-20% HER2-positivity rate reported in literature.2 
An explanation for this difference might be that we included surgical resection specimens 
obtained in our academic hospital, in which the patient population may differ from 
general hospitals.

To the best of our knowledge, our study is the first to assess inter-platform agreement 
between HER2 algorithms in different DIA platforms. Inter-platform variability may be 
expected, as each platform has unique algorithms with differences in classifying tissue 
morphology, cellular characteristics and staining patterns.18-20 This could lead to different 
HER2 scores in different platforms. A recent study on another biomarker, Ki67, showed 
high inter-platform agreement (R2=0.97, Spearman’s ρ=0.96, numerical scoring).20 In 
the current study, we found that HER2 algorithms of different DIA platforms behaved 
differently, with only ‘moderate’ inter-platform agreement (82.2%, κ=0.58, ordinal scoring). 
This was comparable to the ‘moderate’ agreement between manual scoring and platform 
A, which could be analogous to the ‘almost perfect’ agreement between manual scoring 
and platform B. 
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The difference between platforms in our study could be related to the calibration process. 
Optimal calibration is essential for any DIA algorithm, as algorithms are influenced by 
colour and texture variations due to differences in materials and staining processes 
among laboratories.23 For platform A, the standardized CE-IVD-approved and NordiQC-
validated HER2-CONNECT algorithm was used without modifications.24 For platform B, the 
algorithm was calibrated intensively, and various variables including cut-off values were 
optimized in close collaboration between the researcher and the platform vendor. This 
could explain the much higher agreement between manual scoring and platform B than 
between manual scoring and platform A. Our results show that an “off the shelf” approved 
and validated product will not necessarily perform as well as the gold standard (manual 
assessment). Algorithms need to be adjusted to a local laboratory’s IHC and background 
staining intensities and digital image quality. In turn, laboratories must produce quality 
IHC slides for DIA to work. To assure this, laboratories must abide by general quality 
assurance rules (e.g. fixation and IHC parameters) and participate in external technical 
quality assurance programmes.

Differences between platforms could also be related to the parameters assessed by an 
algorithm and to the cut-offs on which HER2 classification is based. In our study, one 
platform uses membrane completeness (“connectivity”) based cut-offs, while the other 
uses strength of staining (“optical density”) based cut-offs. However, both parameters 
are incorporated in the underlying HER2 algorithms of both platforms.

Studies to date have shown high agreement between manual scoring and DIA of HER2 
IHC in breast cancer, with 87.5-94.2% agreement rates (weighted κ=0.80-0.92, Cohen’s 
κ=0.74-0.86).10-14,16,17 We found comparable agreement between manual scoring and 
platform B: 91.1% agreement, weighted κ=0.85 (when calculated, Cohen’s κ=0.80). 
Agreement was lower between manual scoring and platform A: 82.9% agreement, 
weighted κ=0.60 (when calculated, Cohen’s κ=0.44). The reason of disagreement was 
the reduction of 2+ cases with platform A.

The reduction of 2+ cases with DIA in platform A resulted in three false-negative cases 
(of 152 cases). Sensitivity was 81.3%, NPV was 97.8%, specificity and PPV were 100%. 
Platform B had 100% sensitivity, specificity, PPV and NPV. Earlier studies also had false-
negative and/or false-positive cases.10,12-14 Helin et al. reported 6 false-negative- and 6 
false-positive cases in 750 cases, Dobson et al. reported 6 false-negative- and no false-
positive cases in 136 cases. Both studies used different platforms than we did, and did not 
report sensitivity and specificity. Holten-Rossing et al. used one of the platforms in our 
study (VIS), and reported a 68% reduction of 2+ cases, with 99.2% specificity and 100% 
sensitivity.14 However, sensitivity and specificity in their study cannot be compared to 
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our study because they were calculated differently: they used ISH as a reference, for IHC 
0/1+ and 3+ only. 2+ cases were excluded because 2+ is ‘equivocal’ and therefore not 
predictive of ISH, which is the downside of using ISH as a reference. Our study’s analysis 
was more clinically oriented, as we included all IHC cases and used standard diagnostics 
as a reference (manual IHC with ISH on 2+ cases). However, with ISH as a reference, results 
would be comparable because ISH was concordant with manual scoring in our study.

In previous studies, we showed the added value of DIA in clinical practice. DIA of Ki67 
IHC in breast carcinoma offers a time-saving and reproducible alternative to manual 
counting.20 Additionally, DIA of HER2 IHC in gastroesophageal adenocarcinomas proved 
to be a reliable alternative to manual scoring, reducing 2+ cases with high sensitivity 
(93.8-97.9%) and specificity (99.6%).15 However, in comparison to breast carcinoma, 
HER2 scoring in gastroesophageal carcinoma is prone to more manual 2+ cases due to 
tumour heterogeneity and a low positivity threshold in biopsies (≥5 tumour cell clusters 
are sufficient). Considering our current findings, the added value of DIA of HER2 IHC in 
breast carcinoma is more questionable. Because pathologists can evaluate HER2 slides 
within seconds, increasing time-efficiency has less potential gain compared to e.g. DIA of 
Ki6720 unless it is applied on large numbers of cases. A reduction of 2+ cases would be of 
higher added value, as this reduces subsequent ISH tests thus increases time- and cost-
efficiency in clinical practice. However, the 2+ case reduction in platform A in our study 
(26 to 2 cases) led to three false-negative cases, which is clinically undesirable because 
these patients would consequently not receive anti-HER2-therapy they are entitled to. 
Therefore, despite high sensitivity and specificity, the clinical application of platform A as 
calibrated in this study is debatable. While there were no false-negative cases in platform 
B, the reduction of 2+ cases was marginal (26 to 24 cases) and therefore of little added 
value in clinical practice. As such, the true benefit of DIA of HER2 in breast cancer is that 
it offers an objective scoring method which is not subject to intra-observer variability, 
as every analysis is based on set algorithmic settings. Therefore, DIA could increase HER2 
scoring reproducibility by aiding pathologists in reducing intra- and inter-observer 
variability. However, the question is whether this benefit would justify purchasing a 
potentially expensive DIA platform. 

In current clinical practice, receptor status determination is more commonly performed 
on biopsies. While our study was performed on resection specimens, we believe that 
the results of this study can be extended to biopsies, because areas for DIA would be 
annotated in a similar fashion in biopsies. Additionally, studies show that concordance 
for HER2 testing is high between biopsies and resection specimens.25
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In conclusion, we have shown that DIA of HER2 IHC in breast carcinoma is a feasible 
alternative to manual scoring and a valid tool to determine HER2 status, with high 
sensitivity and sensitivity when compared to standard diagnostics. However, algorithms 
in different platforms can behave differently and optimal calibration is essential to safely 
introduce this technique in daily practice. One platform performed similar but not better 
than standard diagnostics, while a reduction of 2+ cases by the other platform resulted 
in a slight but clinically undesirable loss of sensitivity. Therefore, while DIA of HER2 
IHC in breast carcinoma offers an objective alternative to manual scoring which could 
potentially increase HER2 scoring reproducibility in clinical practice, its added value in 
reducing 2+ cases is debatable.
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ABSTRACT

Purpose. The Ki67 proliferation index is a prognostic and predictive marker in breast 
cancer. Manual scoring is prone to inter- and intra-observer variability. The aims of this 
study were to clinically validate digital image analysis (DIA) of Ki67 using virtual dual 
staining (VDS) on whole tissue sections and to assess inter-platform agreement between 
two independent DIA platforms. 

Methods. Serial whole tissue sections of 154 consecutive invasive breast carcinomas 
were stained for Ki67 and cytokeratin 8/18 with immunohistochemistry in a clinical 
setting. Ki67 proliferation index was determined using two independent DIA platforms, 
implementing VDS to identify tumor tissue. Manual Ki67 score was determined using a 
standardized manual counting protocol. Inter-observer agreement between manual and 
DIA scores and inter-platform agreement between both DIA platforms were determined 
and calculated using Spearman’s correlation coefficients. Correlations and agreement 
were assessed with scatterplots and Bland-Altman plots.

Results. Spearman’s correlation coefficients were 0.94 (p < 0.001) for inter-observer 
agreement between manual counting and platform A, 0.93 (p < 0.001) between manual 
counting and platform B, and 0.96 (p < 0.001) for inter-platform agreement. Scatterplots 
and Bland-Altman plots revealed no skewness within specific data ranges. In the few 
cases with ≥10% difference between manual counting and DIA, results by both platforms 
were similar.

Conclusions. DIA using VDS is an accurate method to determine the Ki67 proliferation 
index in breast cancer, as an alternative to manual scoring of whole sections in clinical 
practice. Inter-platform agreement between two different DIA platforms was excellent, 
suggesting vendor independent clinical implementability.
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INTRODUCTION

Breast cancer is the most common type of cancer among women worldwide, and one 
of the leading causes of cancer related death.1 A diversity of histological and molecular 
parameters exists to predict prognosis and survival.2 Immunohistochemistry for Ki67 
(MKI67), a nuclear antigen which is present in all but the G0 phase of the cell cycle and 
therefore expressed in proliferating cells, can be used to determine tumor proliferation 
index.3 Ki67 is a prognostic and predictive marker in breast cancer patients used in both 
clinical practice and clinical trials.4,5 However, Ki67 staining is subject to intra-tumoral 
heterogeneity and Ki67 scoring is prone to inter- and intra-observer variability, especially 
with ‘eyeballing’.6-10 Manual counting is time-consuming as at least 500-1000 cells have to 
be counted to achieve acceptable error rates and to correct for heterogeneity.4,5

Recently, digital image analysis (DIA) has emerged as a reproducible and less time-
consuming alternative to manual scoring of Ki67 in breast cancer, which potentially 
offers a standardized diagnostic solution.4,5,11 Several studies report high concordance 
between manual scoring and DIA.12-14 However, these studies focus mainly on small 
tumor areas, either tissue microarrays (TMAs) or specific regions of interest (ROIs) within 
larger sections, which does not take into account intra-tumoral Ki67 heterogeneity. In 
clinical practice, Ki67 scoring is often performed on whole tissue sections, which is also 
promoted by the International Ki67 in Breast Cancer Working Group, who recommends 
‘an approach that assesses the whole section’.5 For DIA on Ki67 stained sections, the 
distinction between tumor and non-tumor tissue is vital to avoid over- or underestimation 
of Ki67 proliferation index due to counting of non-neoplastic cells. However, manual 
tumor outlining in the large tissue areas of whole tumor sections is impractical, and 
tissue classifiers based on morphological characteristics can be relatively inaccurate.15-17 
Physical dual staining offers a possible solution, by identifying tumor with cytokeratin in 
addition to Ki67 on the same section, but DIA on this method is impaired by overlapping 
chromogens and pixel intensities of both stains.18,19 A novel method which circumvents 
this issue is virtual dual staining (VDS), in which serial sections stained with Ki67 and 
cytokeratin are digitally aligned.14,15 

Studies comparing manual scoring and DIA have used different platforms by various 
vendors, which have unique image analysis algorithms to determine Ki67 proliferation 
index.12-17 As these algorithms have different approaches to classify tissue and cellular 
components, inter-platform variability may be expected.15,20 To the best of our knowledge, 
all studies up to this date have implemented only one DIA platform per study and 
therefore have not examined inter-platform agreement. 
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The aims of this study were to validate DIA of Ki67 in breast carcinomas in a clinical setting 
using VDS on whole sections by comparing a manual whole section scoring protocol with 
automated scoring, and to assess inter-platform agreement between two independent 
DIA platforms.

MATERIALS AND METHODS

Resection specimens of 154 consecutive primary invasive breast carcinomas treated in 
the University Medical Center Groningen (the Netherlands) between August 2015 and 
February 2017 were prospectively included. Patient and tumor characteristics are shown 
in Table 1. 

Immunohistochemistry
Three-micrometer serial sections were cut from formalin-fixed paraffin-embedded tumor 
blocks during normal clinical workflow. Adjacent sections were stained for Ki67 (CONFIRM 
anti-Ki-67 (30-9) rabbit monoclonal antibody, Ventana Medical Systems, Illkirch, France) 
and cytokeratin 8/18 (CK8/18 (B22.1 & B23.1) mouse monoclonal antibody, Ventana 
Medical Systems) on a Ventana BenchMark Ultra immunostainer (Ventana Medical 
Systems). Antibodies were pre-diluted by the manufacturer and staining was performed 
following the manufacturer’s protocols. Antigen retrieval times were 36 min for Ki67 
and 64 min for CK8/18 (both using Cell Conditioning 1, pH 9, Ventana Medical Systems). 
Antibody incubation times were 28 min for Ki67 and 32 min for CK8/18. Antibody 
amplification was applied for CK8/18 (not for Ki67), using the Ventana Amplification Kit 
(Ventana Medical Systems).

Image acquisition and DIA platforms
Digital images were acquired by scanning the glass slides in a Philips Ultra Fast Scanner 
1.6 (Philips, Eindhoven, The Netherlands) with a 40x magnification lens, using a 
single focus layer without Z-stacking. Tissue detection with focus points was applied 
automatically to obtain the optimal image. Digitalized slides were stored on a centralized 
image server and a direct link with this server was established in both DIA platforms. 
The DIA platforms were Visiopharm Integrator System (VIS) platform version 6.9.0.2779 
(Visiopharm, Hørsholm, Denmark) and HALO platform version 2.0.1061 (Indica Labs, 
Corrales, New Mexico, United States).
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Table 1. Patient and tumor characteristics

All cases, n (%) DIA casesa, n (%)

Total 154 (100) 117 (100)

Gender
Female
Male

151
3

(98.1)
(1.9)

115
2

(98.3)
(1.7)

Age
<60 y
≥60 y

74
80

Mean:

(48.1)
(51.9)
60.4 y

56
61

Mean: 

(47.9)
(52.1)
60.5 y

Histologic type
Ductal / no special type
Lobular

132
22

(85.7)
(14.3)

101
16

(86.3)
(13.7)

Histologic grade
G1
G2
G3

37
75
42

(24.0)
(48.7)
(27.3)

28
57
32

(23.9)
(48.7)
(27.4)

Tumor diameter (cm)
≤2 cm
>2 cm and ≤5 cm
>5 cm

102
42
10

Mean:

(66.2)
(27.3)
(6.5)
2.1 cm

80
30

7
Mean:

(68.4)
(25.6)
(6.0)
2.0 cm

ER 
Positive
Negative

133
21

(86.4)
(13.6)

100
17

(85.5)
(14.5)

PR 
Positive
Negative

118
36

(76.6)
(23.4)

92
25

(78.6)
(21.4)

HER2 
Positive
Negative
Equivocal

15
137

2

(9.7)
(89.0)
(1.3)

9
106

2

(7.7)
(90.6)
(1.7)

a 37 cases were excluded from further analysis due to misalignment of the virtual dual staining.
DIA, digital image analysis; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor 2.

Manual counting
Manual counting of Ki67 proliferation index was performed by a resident pathologist (TK), 
using a protocol based on the ‘whole section scoring protocol’ by the International Ki67 in 
Breast Carcinoma Working Group, with ROIs to represent the spectrum of staining in the 
whole section.5,8 On the digital image, three 0.500 mm2 ROIs were annotated within areas 
with high, medium and low proliferation, respectively. If only two area types were present, 
two of three ROIs were selected in the area comprising the most common proliferation 
rate. Of the three ROIs, at least one ROI was selected centrally and at least one peripherally 
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(i.e., the invasive edge) in the tumor. One of the ROIs was a hot spot, if present. In each 
ROI, 200 cells were counted in a ‘typewriter’ pattern (i.e., counting in rows within the ROI, 
from top to bottom, to assure a reproducible counting method).7,8 Any definite brown 
nuclear staining was considered positive. Ki67 proliferation index representative of the 
whole tumor section was then calculated by dividing the number of Ki67 positive cells 
by the total number of counted cells (600 cells for each case).

Digital image analysis
A training set of 20 randomly selected breast carcinoma cases obtained between January 
and August 2015, which were identically handled and stained but not included in the 
current study, was used to calibrate tissue classification by CK8/18 in VDS and nuclear 
classification of Ki67 in both DIA platforms. Calibration was done in close collaboration 
with both platform vendors, independently of each other. In both platforms, VDS was 
applied to digitally align corresponding Ki67 and cytokeratin stained sections. During this 
process, the algorithms automatically perform distortion and rotation modifications to 
eliminate small differences due to tissue and section processing. Alignment was verified 
visually for each case, and misaligned cases were excluded from further analysis. The 
algorithms were then set to use the cytokeratin stained area as the tumor classifier on 
the Ki67 stained section. Within the whole tissue section, the complete invasive tumor 
area was annotated. If present, large areas of carcinoma in situ, pre-existent epithelium 
and tissue or staining artifacts were excluded. Ki67 positivity was analyzed with nuclear 
classification algorithms which detect nuclei by morphological form and size and classify 
these as positive or negative based on pixel color and intensity. In both platforms, named 
‘platform A’ and ‘platform B’ henceforth, Ki67 proliferation index was calculated by 
dividing the number of Ki67 positive cells by the total number of positive and negative 
cells within the area classified as tumor by VDS. In cases with a ≥10% Ki67 difference by 
DIA versus manual counting and intra-tumoral Ki67 heterogeneity, additional DIA was 
performed on the manually counted ROIs only, to evaluate representativeness of these 
ROIs for the whole tumor.

Statistical analysis
Spearman’s correlation coefficients were calculated for inter-observer agreement between 
Ki67 proliferation index by manual counting and by one of the two DIA platforms, as well 
as for inter-platform agreement. Scatterplots and Bland-Altman plots were created to 
assess inter-observer and inter-platform correlation and agreement in relation to data 
ranges. Plots were created and statistical analysis was performed using IBM SPSS Statistics 
for Windows version 23.0.0.3 (SPSS, Chicago, Illinois, United States). All testing was two 
sided. Values of p < 0.05 were considered significant.
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RESULTS

Of the 154 cases included, VDS failed in 37 cases (24%) because of alignment issues due 
to relative folding or twisting of tissue, or because sections were not properly cut in serial 
order. VDS alignment was not influenced by CK8/18 staining or tumor size. Of these 37 
cases, 32 were misaligned in both DIA platforms, 3 cases were misaligned in only one 
platform (as the other platform’s algorithm was able to correct the relative twisting) and 
2 cases could not be aligned by one platform as the stains were mirrored. Therefore, 
further analysis was performed on 117 cases.

Correlation of manual counting and DIA
Manual and digital cell count profile and Ki67 proliferation index are displayed in Table 2. 
DIA is illustrated in Figure 1. Ki67 scores were slightly higher by manual counting than by 
DIA; mean 19.5% versus 18.3-18.4% and median 13.5% versus 12.2-12.6%. Scatterplots 
and Bland-Altman plots of manual counting compared to both DIA platforms as well as 
between platforms are displayed in Figure 2. There was no skewness within specific data 
ranges. Correlation for inter-observer agreement between manual counting and DIA 
was high: Spearman’s correlation coefficients were 0.94 (p < 0.001) for manual counting 
compared to platform A and 0.93 (p < 0.001) for manual counting compared to platform 
B. Correlation for inter-platform agreement between platform A and platform B was even 
higher, with a Spearman’s correlation coefficient of 0.96 (p < 0.001).

Table 2. Cell count profile and Ki67 proliferation indexes by manual counting and digital image 
analysis

Cells counted Mean Min Q1 Q2 (median) Q3 Max

Manual 600 600 600 600 600 600

Platform A 189086 3853 53524 131043 281928 715525

Platform B 206154 6010 63632 154386 299081 889638

Ki67, % Mean Min Q1 Q2 (median) Q3 Max

Manual 19.5 0.0 7.8 13.5 26.0 84.0

Platform A 18.4 0.1 7.5 12.2 30.0 86.4

Platform B 18.3 0.1 7.5 12.6 23.1 82.7
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Figure 1. Digital image analysis of Ki67 with virtual dual staining. Corresponding cytokeratin (A) 
and Ki67 (B) stains are virtually aligned and Ki67 nuclear classification is determined among the 
cells in the area classified as tumor, shown in platform A (C and D) and platform B (E and F). Images 
at 200x magnification.



131

Digital image analysis of Ki67

7

Figure 2. Scatterplots with correlation coefficients (left) and Bland-Altman plots of agreement 
(right) between whole tumor Ki67 proliferation index by manual counting vs. platform A (upper 
row), manual counting vs. platform B (middle row) and platform A vs. platform B (lower row).
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Cases with ≥10% Ki67 difference
Ten of all 117 cases (8.5%) showed a difference in Ki67 proliferation index of ≥10% by 
DIA compared to manual counting, as shown in Table 3 and illustrated in Figure 3. 
Only 2 cases had differences of >13%. In 5 of the 10 cases, differences between manual 
counting and DIA were due to intra-tumoral Ki67 heterogeneity. When DIA was done 
on the manually counted ROIs only (instead of the whole tumor), differences were well 
below 10%. In the other 5 cases, the difference was due to tumor morphology or staining 
artifacts. Interestingly, differences between both DIA platforms were <5% in the majority 
of cases (8 out of 10). Only one case had a ≥10% (10.2%) difference between platforms, 
due to hematotoxylin overstaining which led to positive classification of Ki67 negative 
cells in platform A but not in platform B. In another case, artefactual cytoplasmic staining 
was erroneously recognized as positive nuclear staining by platform B but not by platform 
A (6.2% difference). 

Clinical context
The clinically relevant Ki67 cut-off is 20%, as defined by the St. Gallen criteria.21 When 
this cut-off was applied in our study, discordance of tumor subtype classification due 
to Ki67 score by DIA versus manual counting occurred in 4 cases (3.4%) with platform A 
and 2 cases (1.7%) with platform B. Of these cases, one was among the cases with ≥10% 
difference discussed previously. All of the remaining cases were just above or just below 
the 20% cut-off with differences of 3.9% at most, illustrating a small margin of error 
(results by both platforms were similar). The degree of Ki67 differences between different 
counting methods in cases with Ki67 between 15 and 25% (near the 20% cut-off ) is 
displayed in Supplementary Table 1. Clinicopathological characteristics of these cases 
were similar to those of the total study population (Supplementary Table 2).



133

Digital image analysis of Ki67

7

Ta
bl

e 
3.

 C
as

es
 w

ith
 ≥

10
%

 d
iff

er
en

ce
 o

f K
i6

7 
pr

ol
ife

ra
tio

n 
in

de
x 

by
 m

an
ua

l c
ou

nt
in

g 
an

d 
D

IA
 (t

ot
al

 n
 =

 1
17

)

Ca
se

M
an

ua
l 

Ki
67

 %
Pl

at
fo

rm
 A

 K
i6

7 
%

 
(d

iff
er

en
ce

a )
Pl

at
fo

rm
 B

 K
i6

7 
%

 
(d

iff
er

en
ce

a )
In

te
r-

pl
at

fo
rm

 
di

ff
er

en
ce

Re
as

on
 o

f t
he

 d
iff

er
en

ce

RO
I a

na
ly

si
sb , K

i6
7 

%
 (d

iff
er

en
ce

)

Pl
at

fo
rm

 A
Pl

at
fo

rm
 B

1
5.

4
12

.2
 (6

.8
)

18
.4

 (1
3.

0)
6.

2
Cy

to
pl

as
m

ic
 K

i6
7 

st
ai

ni
ng

 a
rt

ifa
ct

s
-

-

2
8.

0
20

.2
 (1

2.
2)

10
.0

 (2
.0

)
10

.2
c

N
uc

le
ar

 h
em

at
ox

yl
in

 o
ve

rs
ta

in
in

g
-

-

3
11

.5
21

.8
 (1

0.
3)

19
.1

 (7
.6

)
2.

7
Ki

67
 h

et
er

og
en

ei
ty

17
.7

 (6
.2

)
15

.5
 (4

.0
)

4
30

.0
18

.9
 (1

1.
1)

17
.0

 (1
3.

0)
1.

9
Ki

67
 h

et
er

og
en

ei
ty

30
.7

 (0
.7

)
31

.1
 (1

.1
)

5
35

.7
25

.9
 (9

.8
)

25
.3

 (1
0.

4)
0.

6
Ki

67
 h

et
er

og
en

ei
ty

29
.9

 (5
.8

)
29

.8
 (5

.9
)

6
40

.0
71

.2
 (3

1.
2)

74
.7

 (3
4.

7)
3.

5
Ce

ll 
cl

us
te

rin
g 

an
d 

nu
cl

ea
r o

ve
rla

p
-

-

7
55

.5
43

.3
 (1

2.
2)

48
.1

 (7
.4

)
4.

8
Ce

ll 
cl

us
te

rin
g 

an
d 

nu
cl

ea
r o

ve
rla

p
-

-

8
58

.9
48

.9
 (1

0.
0)

50
.6

 (8
.3

)
1.

7
Ki

67
 h

et
er

og
en

ei
ty

53
.2

 (5
.7

)
53

.5
 (5

.4
)

9
64

.4
77

.0
 (1

2.
6)

74
.4

 (1
0.

0)
2.

6
Ki

67
 h

et
er

og
en

ei
ty

70
.0

 (5
.6

)
67

.1
 (2

.7
)

10
76

.4
50

.8
 (2

5.
6)

51
.1

 (2
5.

3)
0.

3
Cl

ea
r c

el
l m

or
ph

ol
og

y 
of

 th
e 

tu
m

or
-

-
a D

iff
er

en
ce

 w
ith

 m
an

ua
l K

i6
7 

sc
or

e,
 ≥

10
%

 d
iff

er
en

ce
s 

hi
gh

lig
ht

ed
 in

 b
ol

d.
b D

iff
er

en
ce

 w
ith

 m
an

ua
l K

i6
7 

sc
or

e 
w

he
n 

D
IA

 w
as

 p
er

fo
rm

ed
 o

n 
th

e 
m

an
ua

lly
 c

ou
nt

ed
 R

O
Is

 in
st

ea
d 

of
 o

n 
th

e 
w

ho
le

 tu
m

or
, i

n 
ca

se
s 

w
ith

 K
i6

7 
he

te
ro

ge
ne

ity
.

c O
nl

y 
th

is
 s

in
gl

e 
ca

se
 h

ad
 a

 ≥
10

%
 d

iff
er

en
ce

 b
et

w
ee

n 
pl

at
fo

rm
 A

 a
nd

 p
la

tf
or

m
 B

.
D

IA
, d

ig
ita

l i
m

ag
e 

an
al

ys
is

; R
O

I, 
re

gi
on

 o
f i

nt
er

es
t.



134

Chapter 7

Figure 3. Cases with ≥10% difference in Ki67 proliferation index between digital image analysis 
and manual counting due to tumor morphology or staining artifacts. One case had clear cell 
morphology, causing erroneous tumor classification (A-C). Two cases had nuclear overlap and cell 
clustering (D), causing misclassification of Ki67 both by platform A (E) and platform B (F). In one 
case, artefactual cytoplasmic Ki67 staining (G) was correctly handled by platform A (H) but was 
classified as positive nuclear staining by platform B (I). One case with hematoxylin overstaining 
(J) led to false-positive classification of nuclei by platform A (K) but not by platform B (L). Images 
at 200x magnification.
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DISCUSSION

The aims of this study were to clinically validate DIA of Ki67 using VDS on whole tissue 
breast carcinoma sections, and to assess inter-platform agreement between two 
independent DIA platforms. We found high inter-observer agreement between manual 
counting and DIA, and even higher inter-platform agreement.

Correlations in studies comparing manual scoring with DIA vary between 0.89 and 0.97.12-

14 In the current study, Spearman’s correlation coefficients were 0.94 (p < 0.001) and 0.93 
(p < 0.001) between manual counting versus platform A and platform B respectively, 
which is in line with these studies. Only one study implemented VDS, with an intraclass 
correlation coefficient of 0.97 between manual counting and DIA.14 However, that study 
used TMAs and thereby preselected smaller areas of the whole tumor. In clinical practice 
Ki67 is often scored on whole sections, as is recommended by the International Ki67 
Working Group.5 In our study, a manual counting protocol based on the ‘whole section 
scoring protocol’ by this Working Group was highly concordant with DIA on whole 
sections. As such, we have confirmed that VDS is an accurate method to perform DIA of 
Ki67 on whole sections and can be used in clinical practice.

Of the initial 154 cases included in our study, a large number (37 cases; 24%) was 
excluded due to VDS failure, which occurred in both platforms. For successful VDS 
alignment, the Ki67 and cytokeratin stained sections must be identical and accurate 
serial sectioning is essential. Additionally, folding or twisting of one of the sections can 
cause VDS misalignment. As such, it is crucial that laboratory technicians responsible for 
the preparation of the slides are properly instructed and trained. For this study, laboratory 
technicians did not receive specific instructions on the necessity of careful stretching 
and serial sectioning, which could be the cause of the large number of misaligned cases. 
For clinical implementation of VDS, we therefore recommend specific instruction and 
training courses for laboratory technicians on the effects of inaccurately cut and mounted 
sections.

Inter-platform variability between different DIA platforms may be expected as tissue 
morphology, cellular features and staining patterns are handled differently depending 
on the platform’s algorithm.15,20 In clinical practice, this could lead to inconsistency of Ki67 
scores when different platforms are used to perform DIA. To the best of our knowledge, 
the current study is the first to address inter-platform agreement on one set of tumors. 
Inter-platform agreement was very high, with a Spearman’s correlation coefficient of 0.96. 
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This shows that DIA is reproducible among different platforms, and therefore a clinical 
pathology laboratory is not bound to a specific DIA platform or vendor, as long as the 
algorithm is calibrated and validated in close collaboration with the platform vendor. 

In 5 cases, there was a ≥10% difference in Ki67 proliferation index between DIA and 
manual counting due to tumor morphology or staining artifacts. Results by both 
platforms were similar in these cases, illustrating that both platforms handle troublesome 
cases in a similar way. We recommend that after analysis, a quick visual check of the results 
by a clinical pathologist should always be performed.

Intra-tumoral heterogeneity is a known occurrence in Ki67 stains.4,16,22,23 The manual 
counting protocol used in our study compensated for heterogeneity in most cases, 
yet there were 5 cases with a ≥10% difference due to heterogeneity. In these cases, we 
performed additional DIA on the manually counted ROIs (instead of the whole tumor). 
In that analysis, differences became well below 10%, showing that the manually selected 
ROIs were inadequately representative for the whole tumor in these cases (Table 3). 

In a clinical context, Ki67 can be used in the distinction of intrinsic tumor subtypes (luminal 
A or luminal B). Previously, DIA of the concerning surrogate biomarkers (ER, PR, HER2 and 
Ki67) was shown to be prognostic superior to manual scoring.15 According to the St. 
Gallen criteria, the clinically relevant Ki67 cut-off is 20%.21 When this cut-off was applied 
for Ki67 by DIA versus manual counting in our study, there was discordance of tumor 
subtype classification in only a few cases. Additionally, the difference between counting 
methods (Supplementary Table 1) was <5% in the majority of all DIA cases as well as in 
Ki67 15-25% subgroups (near the 20% cut-off). However, even a small discrepancy can 
make the difference between subtyping in cases near the 20% cut-off. Whether manual 
counting or DIA should be the ‘gold standard’ in these cases is subject to debate; most 
studies have correlated clinical significance with manual counting, but others have shown 
that DIA is prognostically stronger.5,11,15 With regard to the St. Gallen criteria, Ki67 is only 
of importance in tumors which are ER-positive, PR-positive and HER2-negative, especially 
in low-grade tumors of small size.21 However, clinicopathologic characteristics of cases 
near the 20% cut-off were similar to that of our total study population (Supplementary 
Table 2), with possibly a slightly higher ER-positivity and HER2-positivity rates. As such, 
no specific clinicopathological characteristic is predictive of this Ki67 subgroup, though 
the clinical relevance of Ki67 in ER-negative, PR-negative and/or HER2-positive tumors 
could be limited.

Calibration and validation are vital to the success of DIA.9 Calibration can be challenging, 
and it is important to realize that the image analysis algorithms of both platforms used 
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in our study were calibrated on our laboratory stains and scans, in close collaboration 
with the platform vendors. This collaboration is important, as the pathologist has the 
clinical expertise, whereas the platform vendor has the technical expertise. Differences in 
protocols and equipment among laboratories but also within one laboratory necessitate 
proper and continuous calibration and validation, as differences in staining methodology 
and materials can lead to variable texture and color nuances which can influence DIA 
algorithms.14 Further studies could investigate the performance of DIA with regard 
to inter-laboratory variability on identical sets of tumors. Additionally, inter-platform 
agreement between other platforms than the two included in this study should be 
investigated.

A last point of interest is the cost of DIA. Initially, DIA would seem expensive, as it requires 
a scanner for digitalization of the images, DIA software, and a technician to carry out 
the analysis. However, an increasing amount of modern pathology laboratories are 
incorporating digital pathology in their diagnostic workflow.24 In addition to being 
more reproducible, DIA can replace time-consuming manual counting of Ki67, saving 
pathologists time. 

In conclusion, we have shown that DIA using VDS is an accurate method to determine 
Ki67 proliferation index on whole sections of invasive breast carcinomas. For clinical 
implementation, proper training of laboratory technicians responsible for the section 
preparation is crucial to prevent failure of VDS alignment. DIA of Ki67 offers an objective 
alternative to manual Ki67 counting and has high inter-platform agreement, suggesting 
that it is clinically implementable independent of a specific platform vendor.
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Supplementary Table 1. Degree of Ki67 differences between different counting methods, in 
all DIA cases and in cases with Ki67 between 15-25% (i.e. near the 20% cutoff by the St. Gallen 
criteria21)

All DIA cases
Ki67 15-25%

(manual counting)
Ki67 15-25% 
(platform A)

Ki67 15-25% 
(platform B)

Total 117 24 23 27

Ki67, manual vs. platform A
<5% difference
5-10% difference
>10% difference

95 (81.2%)
14 (12.0%)

8 (6.8%)

23 (95.8%)
1 (4.2%)
0 (0%)

19 (82.6%)
1 (4.3%)

3 (13.0%)

N/A
N/A
N/A

Ki67, manual vs. platform B
<5% difference
5-10% difference
>10% difference

92 (78.6%)
19 (16.2%)

6 (5.1%)

23 (95.8%)
1 (4.2%)
0 (0%)

N/A
N/A
N/A

20 (74.1%)
5 (18.5%)
2 (7.4%)

Ki67, platform A vs. B
<5% difference
5-10% difference
>10% difference

108 (92.3%)
8 (6.8%)
1 (0.9%)

N/A
N/A
N/A

22 (95.7%)
0 (0%)

1 (4.3%)

24 (88.9%)
3 (11.1%)

0 (0%)

DIA, digital image analysis; N/A, not applicable.
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Supplementary Table 2. Clinicopathological characteristics of cases with a Ki67 proliferation 
index between 15-25%, compared to the total study population

All cases
Ki67 15-25%

(manual counting)
Ki67 15-25%
(platform A)

Ki67 15-25%
(platform B)

Total 154 24 23 27

Histologic type
Ductal / NST
Lobular

132 (85.7%)
22 (14.3%)

19 (79.2%)
5 (20.8%)

20 (87.0%)
3 (13.0%)

23 (85.2%)
4 (14.8%)

Histologic grade
Grade 1
Grade 2
Grade 3

37 (24.0%)
75 (48.7%)
42 (27.3%)

4 (16.7%)
15 (62.5%)
5 (20.8%)

3 (13.0%)
12 (52.2%)
8 (34.8%)

5 (18.5%)
14 (51.9%)
8 (29.6%)

Tumor diameter (cm)
≤2 cm
2-5 cm
>5 cm

102 (66.2%)
42 (27.3%)
10 (6.5%)

13 (54.2%)
10 (41.7%)

1 (4.2%)

17 (73.9%)
6 (26.1%)

0 (0%)

17 (63.0%)
10 (37.0%)

0 (0%)

ER
Positive
Negative

133 (86.4%)
21 (13.6%)

24 (100%)
0 (0%)

21 (91.3%)
2 (8.7%)

27 (100%)
0 (0%)

PR
Positive
Negative

118 (76.6%)
36 (23.4%)

21 (87.5%)
3 (12.5%)

19 (82.6%)
4 (17.4%)

23 (85.2%)
4 (14.8%)

HER2
Positive
Negative
Equivocal

15 (9.7%)
137 (89.0%)

2 (1.3%)

5 (20.8%)
19 (79.2%)

0 (0%)

7 (30.4%)
16 (69.6%)

0 (0%)

6 (22.2%)
21 (77.8%)

0 (0%)

DIA, digital image analysis; NST, no special type; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal 
growth factor 2.
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SUMMARY AND GENERAL DISCUSSION

This thesis aims to explore new applications and assessment techniques for the 
biomarkers HER2 and Ki67, including digital image analysis. This chapter summarizes 
the main findings of the studies included in the chapters of this thesis, provides a general 
discussion on these findings in the context of existing literature, presents potential 
implications for clinical practice and discusses future perspectives.

SUMMARY

The biomarker HER2
The human epidermal growth factor receptor 2 (HER2) is a prognostic, predictive and 
therapeutic biomarker in breast cancer.1-5 HER2-positivity occurs in 15-20% of breast 
carcinomas, in which treatment with targeted anti-HER2-therapy is standard of care.6-8 
Similarly, HER2-positivity occurs in 15-30% of gastroesophageal adenocarcinomas.9 Anti-
HER2-therapy improves survival in the setting of advanced gastric cancer, making HER2 a 
predictive and therapeutic biomarker.10 HER2-positivity occurs in tumors of many other 
organs as well, but its value as a prognostic, predictive or therapeutic biomarker in these 
tumors is less clear.11 Therefore, one of the aims of this thesis was to attempt to find new 
applications for HER2 diagnostics by defining HER2-positivity in some of these tumors, 
namely esophageal adenocarcinoma and endometrial/ovarian clear cell carcinoma. 
Secondly, we aimed to investigate HER2 testing assessment techniques to establish 
HER2 status in these carcinomas and in breast and gastroesophageal adenocarcinoma.

Chapter 2 summary: HER2 in esophageal adenocarcinoma
In Chapter 2, we compared HER2 overexpression in gastric and esophageal 
adenocarcinoma, because current recommendations on gastroesophageal 
adenocarcinoma are based on primary gastric tumors, while patients with HER2-positive 
primary esophageal tumors could benefit from anti-HER2-therapy as well.9,10 We showed 
a high rate of HER2-positivity in primary esophageal tumors (25.0%) when compared to 
primary gastric tumors (7.4%).12 Due to a change in the tumor-node-metastasis (TNM) 
staging system, a large number of tumors (30.5% in a total of 321 cases) which were 
classified as gastric cancer in the 6th TNM edition (2002)13 are classified as esophageal 
cancer in the 7th and 8th TNM edition (2010 and 2017).14,15

Based on the findings in Chapter 2, anti-HER2-therapy could be beneficial in HER2-
positive esophageal adenocarcinoma, comparable to gastric adenocarcinoma. 
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Chapter 3 summary: HER2 assessment in gastroesophageal 
adenocarcinoma
In breast cancer, HER2 testing is standardized and HER2 status is determined using a 
two-tiered method with immunohistochemistry (IHC) and in situ hybridization (ISH).7,8 In 
gastroesophageal cancer, a similar two-tiered method is applied, using a modified HER2 
scoring system by Hofmann et al., which differs from the breast cancer HER2 scoring 
system.9,16 Because HER2 staining in gastroesophageal cancer is more heterogeneous and 
has more irregular membrane staining, the modified scoring system requires firstly fewer 
positive tumor cells (in biopsies, a cluster of >5 stained cells is sufficient instead of >10% 
stained tumor cells) and secondly less complete membrane staining (basolateral or lateral 
staining instead of circumferential staining) than the breast cancer scoring system.16,17 In 
Chapter 3, clinical pathologists previously unfamiliar with this gastroesophageal HER2 
scoring system by Hofmann et al. were educated and trained on this scoring system, 
with additional guidelines by Rüschoff et al.17 These pathologists then scored HER2 IHC 
in the large consecutive series of esophageal and gastric adenocarcinomas described in 
Chapter 2. We showed that with appropriate training, the scoring system was sensitive 
in differentiating HER2 status by IHC before ISH, and that inter-observer agreement was 
‘substantial’ between three independent pathologists (quadratic weighted κ=0.78).18 

Based on the findings in Chapter 3, the gastroesophageal HER2 scoring system by 
Hofmann et al. with additional guidelines by Rüschoff et al. is a reproducible and clinically 
applicable method to establish HER2 status in gastric and esophageal adenocarcinoma. 

Chapter 4 summary: HER2 assessment in gynecological clear cell 
carcinoma
In endometrial and ovarian carcinoma, HER2 has received interest in recent years, because 
anti-HER2-therapy could theoretically benefit patients with HER2-positive tumors of 
other organs than breast and gastroesophageal cancer. Reported HER2-positivity varies 
considerably among studies: 17-80% in endometrial carcinoma and 8-66% in ovarian 
carcinoma.19-21 Data on the occurrence of HER2-positivity is especially scarce on clear cell 
carcinoma (CCC), a less common subtype of endometrial- (2-5%) and ovarian carcinoma 
(5-25%).22-26 Although HER2 testing is standardized in breast and gastroesophageal 
cancer,8,9 this is not the case in gynecological tumors, which could explain differences in 
reported HER2-positivity rates. Additionally, HER2 overexpression can vary when assessed 
by different IHC antibodies.27-29 No previous study on HER2 in a large cohort of CCCs 
has been performed, and none have compared IHC antibodies in this tumor subtype. 
In Chapter 4, the standardized HER2 assessment of breast and gastroesophageal 
cancer implementing IHC and ISH was applied on a large cohort of endometrial and 
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ovarian CCCs.30 Three different IHC antibodies were used. Surprisingly and in contrast 
with breast and gastroesophageal cancer, concordance between IHC overexpression 
and ISH amplification was poor (sensitivity 38.9–50.0%). Additionally, there was marked 
discordance between antibodies (61.4%, 68.3% and 75.2% concordance between pairs of 
antibodies), while manual inter-observer agreement was ‘substantial’ to ‘almost perfect’ 
(linear weighted κ=0.89, κ=0.90 and κ=0.76 for individual antibodies).

Summarized, in Chapter 4 we found discordance between IHC antibodies and IHC/ISH 
discordance in HER2 testing on ovarian and endometrial CCC. This could account not 
only for gynecological CCC, but could be a potential pitfall in HER2 assessment of other 
tumor (sub)types as well.

Chapter 5 summary: digital image analysis of HER2 in gastroesophageal 
adenocarcinoma
Digitization is a promising development in modern pathology practice. HER2 IHC is 
traditionally scored microscopically on physical slides by individual pathologists, which 
is subject to inter- and intra-observer variability.31,32 Digital image analysis (DIA) of 
digitized slides has emerged as an objective and reproducible alternative to manual HER2 
scoring.33-40 DIA of HER2 in breast cancer is recognized as a diagnostic modality in the 
international breast cancer HER2 guidelines.8 Data on DIA of HER2 in gastroesophageal 
adenocarcinoma is scarce and results are contradictory.9,41-45 The aim of the study in 
Chapter 5 was to validate DIA of HER2 IHC in gastroesophageal adenocarcinoma.46 
There was ‘substantial’ agreement between DIA classification and manual scores (linear 
weighted κ=0.80), which was similar in surgical specimens and biopsies. This is important 
because HER2 status in gastroesophageal cancer is often determined on biopsies, as 
patients often present with inoperable advanced stage disease.10 Additionally, we found 
that DIA led to a reduction of ‘equivocal’ IHC 2+ cases (46.5% reduction; 99 to 53 cases), 
with high sensitivity (97.9%) and specificity (99.6%) compared to standard diagnostics 
as a reference. 

Based on the findings in Chapter 5, DIA of HER2 IHC in gastroesophageal adenocarcinoma 
is a valid alternative to manual scoring, which could have added value in clinical practice 
by reducing IHC 2+ cases without loss of sensitivity and specificity.

Chapter 6 summary: the added value of DIA of HER2 in breast carcinoma
In Chapter 6, we conducted a study on DIA of HER2 IHC in breast carcinoma. We 
compared HER2 algorithms in two independent DIA platforms, validated DIA, and 
evaluated its added value in clinical practice.47 While DIA of HER2 in breast cancer is more 
extensively studied than in gastroesophageal cancer, inter-platform variability between 
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separate DIA platforms has not been studied to date.33-45 Inter-platform variability can 
be expected because each platform implements a different algorithm with a unique 
approach to classify tissue and cells.48,49 In our study, inter-platform agreement was 
‘moderate’ (linear weighted κ=0.58, 82.2%). Agreement between manual scoring and 
one platform was ‘moderate’ (linear weighted κ=0.60, 82.9%), between manual scoring 
and the other platform was ‘almost perfect’ (linear weighted κ=0.85, 91.1%). DIA using 
the first platform resulted in a significant reduction of 2+ cases (17.1% to 1.3%; 26 to 2 
cases), but there were three false-negative cases, leading to loss of sensitivity (81.3%) 
when compared to standard diagnostics as a reference. DIA using the second platform 
performed similar (but not better than) standard diagnostics, with 100% sensitivity and 
specificity, high agreement with manual scoring, but without a significant reduction of 
2+ cases (17.1% to 15.8%; 26 to 24 cases).

Based on the findings in Chapter 6, DIA of HER2 IHC in breast cancer is a valid alternative 
to manual scoring, but different platforms can behave differently. While DIA offers an 
objective alternative to manual scoring which could increase reproducibility in clinical 
practice, its added value in the reduction of 2+ cases seems limited because of loss of 
sensitivity.

The biomarker Ki67
Ki67 is a marker for cell proliferation.50 In histopathology, Ki67 is used to calculate the 
‘Ki67 proliferation index’ of tissue. It can be used as a diagnostic biomarker, and it is 
a prognostic and predictive biomarker in various tumors.51-56 In breast cancer, Ki67 is 
a prognostic and predictive biomarker.57-60 Tumors with a low Ki67 proliferation index 
have a good prognosis but are chemotherapy-resistant; tumors with a high Ki67 
proliferation index can be chemotherapy-sensitive and associated with good prognosis 
or chemotherapy-resistant and associated with poor prognosis.58 In clinical practice, 
Ki67 distinguishes between the luminal A and luminal B subtypes in the intrinsic tumor 
subtype classification based on the immunohistochemical ‘IHC4’-expression (ER, PR, HER2 
and Ki67), with a most widely applied cut-off of Ki67 20%.61

Chapter 7 summary: digital image analysis of Ki67 in breast carcinoma
Ki67 is determined using IHC, but scoring of Ki67 is not semi-quantitative as with 
HER2; any intensity of nuclear staining is considered positive.59 However, due to tumor 
heterogeneity and inconsistent scoring methods, inter- and intra-observer variability 
of Ki67 scoring is high.62-64 Standardized Ki67 scoring protocols are in development, but 
the method recommended by the International Ki67 in Breast Cancer Working Group is 
labor-intensive and time-consuming.59,65 At least 500-1000 cells have to be counted, in 
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order to achieve acceptable error rates and correct for intratumoral heterogeneity. DIA 
of Ki67 offers an objective and reproducible alternative to manual counting, with time-
saving potential.66 In Chapter 7, we aimed to validate DIA of Ki67 IHC in breast carcinomas 
on whole tissue slides with two independent platforms.67 We found high concordance 
between manual counting and DIA (Spearman’s ρ=0.93 for one platform and ρ=0.94 for 
the other platform), and high inter-platform agreement (Spearman’s ρ=0.96). However, 
there was a 24% pre-analytical failing rate due to suboptimal cutting and mounting of the 
IHC sections. This emphasized the need of proper instructions and training of laboratory 
technicians on the preparation of the slides.

Based on the findings in Chapter 7, DIA of Ki67 is an accurate and potentially time-saving 
alternative to manual counting. We showed high inter-platform agreement, suggesting 
this technique can be used independently of a specific platform vendor. However, optimal 
algorithm calibration and instruction of laboratory technicians is crucial. 

GENERAL DISCUSSION PART 1 - HER2: IMPLICATIONS FOR 
CLINICAL PRACTICE AND FUTURE PERSPECTIVES

In this thesis we investigated new applications for HER2 testing and explored HER2 status 
assessment techniques. The findings in this thesis are relevant for clinical practice, with 
regard to the application of HER2 testing in different tumor types and with regard to 
HER2 status assessment methods and techniques.

Current clinical practice
In daily clinical practice, routine HER2 testing is incorporated in the diagnostics of breast 
and gastroesophageal cancer. HER2 testing in breast cancer has been standard of care 
for over a decade; anti-HER2-therapy with trastuzumab was FDA-approved in 1998. The 
first HER2 testing guideline in breast cancer was published in 2007 and has been updated 
multiple times.7,8,68 HER2 testing in gastroesophageal cancer was FDA-approved in 2010 
and standardized more recently; the HER2 testing guideline was published in 2017.9 

New applications for HER2: esophageal adenocarcinoma
The benefits of anti-HER2-therapy in gastric cancer were proven in the ToGA trial in 2010, 
a large clinical study (n=594) which demonstrated an improvement of median overall 
survival (11.1 to 13.8 months) in HER2-positive advanced gastric cancer patients treated 
with additional trastuzumab compared to conventional chemotherapy treatment alone.10 
In Chapter 2 of this thesis, we show that that HER2-positivity in primary esophageal 
adenocarcinoma is common and that there is significant overlap between esophageal 
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and gastric tumors.12 Due to a change in the TNM staging system, many tumors previously 
classified as gastric cancer are now classified as esophageal cancer instead. The ToGA 
trial used the 6th TNM edition and included gastric and gastro-esophageal junction 
adenocarcinomas, without primary esophageal tumors. Based on the conclusions of 
Chapter 2, the survival benefit of anti-HER2-therapy shown in the ToGA trial may partly 
be due to the inclusion of gastro-esophageal junction tumors, which would now be 
classified as esophageal tumors. Additionally, the survival benefit shown in the ToGA 
trial might apply to primary distal esophageal tumors as well, since etiology and 
pathomorphological characteristics are similar.13-15,69,70 

Summarized, based on the findings in Chapter 2, the benefits of anti-HER2-therapy in 
esophageal adenocarcinoma might be comparable to gastric adenocarcinoma, because 
of the similarity between these tumors and because the most important trial showing 
survival benefit of anti-HER2-therapy in HER2-positive gastric cancer included many 
tumors which are currently classified as esophageal cancer. Therefore, HER2 testing 
should be incorporated in the diagnostics of esophageal tumors. This has already been 
implemented in the gastroesophageal HER2 testing guideline, which recommends 
HER2 testing on both gastric and esophageal adenocarcinoma. This guideline was 
published in 2017;9 Chapter 2 was published in 2015.12 Anti-HER2-therapy in esophageal 
adenocarcinoma is currently being investigated in a phase I/II trial.71 Future studies on 
HER2 in gastroesophageal cancer should include details on primary esophageal- versus 
primary gastric tumor location, and more clinical trials on anti-HER2-therapy in primary 
esophageal cancer are indicated.

HER2 assessment: manual HER2 scoring in gastroesophageal 
adenocarcinoma
In both breast and gastroesophageal cancer, HER2 testing follows a two-tiered method 
incorporating IHC and ISH. The IHC scoring system for gastroesophageal cancer differs 
from the breast cancer scoring system, and is known as the modified HER2 scoring 
system by Hofmann et al.16 In Chapter 3 we tested this scoring system, with additional 
guidelines by Rüschoff et al.17,18 We showed that with proper training of pathologists, 
this scoring system is reproducible and clinically applicable in establishing HER2 status 
by IHC before ISH. We found high inter-observer agreement, comparable to agreement 
rates of experienced observers reported in literature.17,72 Additionally, agreement rates 
were similar for tumors with a primary esophageal and a primary gastric tumor location. 
The highest level of inter-observer disagreement occurred on IHC 2+, which could be 
expected due to the equivocal nature of this score. Most of these 2+ cases were negative 
by ISH, and as such the inter-observer disagreement would have little consequence for 
HER2 status in clinical practice. 
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ISH should not be the primary assessment method of HER2 status in gastroesophageal 
cancer, because anti-HER2-therapy in IHC-negative/ISH-positive patients is not associated 
with improved survival.9,10 Additionally, IHC 3+ cases benefit more from anti-HER2-
therapy than IHC 2+/ISH-positive cases.9 As such, IHC is more important than ISH when 
determining HER2 status in gastroesophageal cancer.

We believe that the scoring system by Hofmann et al. with the additional guidelines by 
Rüschoff et al. should be used in HER2 diagnostics of gastroesophageal adenocarcinoma 
in clinical practice. Proper training on this scoring system should be implemented in the 
education of pathologists, and pathologists should be aware of the differences between 
the scoring systems of breast and gastroesophageal cancer.

HER2 assessment: other tumor types
In other tumor types than breast and gastroesophageal cancer, HER2 testing is 
experimental, not standardized, and not incorporated in standard clinical care. In Chapter 
4, we explored HER2 testing in endometrial and ovarian CCC.30 Surprisingly, we found IHC/
ISH discordance and discordance between IHC antibodies. This is different from breast 
and gastroesophageal cancer, where IHC/ISH concordance is high and IHC antibodies are 
generally concordant.8,9,27 The discordance between assessment techniques could mean 
that no single technique can be considered conclusive when determining HER2 status 
in other tumors than breast and gastroesophageal cancer. 

Because differences in IHC antibody behavior and IHC/ISH discordance could be potential 
pitfalls of HER2 testing, the findings of Chapter 4 are of vital importance for future studies 
on HER2, for the standardization of HER2 testing and for the creation of HER2 testing 
guidelines on other organs than breast and gastroesophageal cancer. Future studies on 
HER2 in other organs should include HER2 testing by both IHC and ISH, including different 
IHC antibodies, to be able to correlate clinical response to a specific testing method.

New applications for HER2: other tumor types
In recent years, anti-HER2-therapy is being proposed for other tumor types than breast 
and gastroesophageal cancer. In small cohorts of HER2-positive colorectal cancer, 
response to anti-HER2-therapy is reported when using a combination therapy of anti-
HER2 drugs.73 Results of anti-HER2-therapy in HER2 positive urothelial cell carcinoma and 
gynecological tumors are ambiguous.30,74 HER2 overexpression and/or amplification is 
reported in a variety of other tumors, including pulmonary adenocarcinoma, prostate 
carcinoma and biliary tract cancers.11,75,76
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In Chapter 4, we found 17.8% HER2-positivity by ISH and 11.9-23.8% HER2-positivity 
by IHC in endometrial and ovarian CCC.30 Data on anti-HER2 therapy in these tumors is 
scarce and results on endometrial and ovarian carcinoma in general are poor, but a very 
recent phase II study on endometrial serous carcinoma showed encouraging results with 
anti-HER2-therapy, as addition of trastuzumab to standard chemotherapy increased 
progression-free survival in patients with HER2-positive tumors.77 In this study, HER2-
positivity was defined as IHC 3+, or IHC 2+ with ISH amplification. However, the IHC 
antibody was not specified, while the differences in antibody performance in endometrial 
CCC, as shown in Chapter 4, might be a concern in endometrial serous carcinoma as well. 

The discordance between assessment methods could explain the ambiguous results of 
other studies on anti-HER2-therapy in other tumors, which often use different testing 
methods, varying from ELISA, RT-PCR, IHC without ISH and ISH without IHC to no HER2 
testing at all.78-88 

Possible explanations for discordance in HER2 assessment techniques
The HER2 IHC/ISH discordance found in Chapter 4 is an unexpected finding, because 
HER2-related tumorigenesis is usually due to HER2 gene amplification leading to 
overexpression of HER2 on tumor cells.89 This is certainly the case in breast and 
gastroesophageal cancer, where IHC/ISH concordance is high as a result of this 
mechanism.8,9,27 The IHC/ISH discordance we found in endometrial and ovarian CCC would 
suggest that the underlying pathogenetic mechanism could be different in at least a 
subset of these tumors. We believe there are three important possible explanations for 
discordance between HER2 overexpression and HER2 amplification. The first explanation 
could be polyploidy or polysomy, resulting in an elevated number of chromosome 17 
(CEP17) and therefore elevated HER2 gene copy number. Polysomy is a known cause 
of HER2 overexpression in the absence of HER2 amplification in breast cancer.90 In the 
cohort of endometrial CCC described in Chapter 4, we found that p53 mutations were 
more common in HER2-positive tumors, which might also be related to polyploidy- and 
polysomy-related tumorigenesis. The second possible explanation is structural alterations 
of the HER2 receptor, most notably p95-HER2.20 p95-HER2 is a truncated variant of the 
HER2 receptor that may lead to HER2 overexpression in the absence of HER2 amplification. 
p95-HER2 expression is observed in up to 30% of HER2-positive breast cancers.91 In 
comparison with breast cancer, p95-HER2 levels in endometrial tumors are significantly 
higher, which could partly explain the IHC/ISH discordance found in endometrial and 
ovarian CCC in Chapter 4.92 The third explanation could be somatic HER2 mutations, but 
these are rare and occur in 1-2% of breast cancers.93 Somatic HER2 mutations can result in 
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overexpression without amplification, but only when the mutation is in the extracellular 
domain of the receptor; most somatic HER2 mutations are in the kinase domain, which 
is associated with absence of both overexpression and amplification.93,94

The mechanism of HER2-positivity has consequences for anti-HER2-therapy. In breast 
and gastroesophageal cancer, HER2 amplification is thought to be a driver mechanism 
in tumorigenesis, on which anti-HER2-therapy directed to the overexpressed HER2 
receptor has a suppressing effect. The most widely used treatment is trastuzumab, which 
binds to the extracellular domain of the HER2 receptor. Other well-known anti-HER2 
drugs are pertuzumab, which also targets the extracellular HER2 domain, and lapatinib, 
which targets the intracellular domain. Because HER2 overexpression by IHC measures 
the extracellular domain, overexpression would be expected to be the best predictor 
of trastuzumab response. In cases with polyploidy or polysomy, overexpression and 
amplification may be related to high gene copy numbers without the driver mechanism 
of HER2 gene amplification, which possibly leads to resistance to anti-HER2-therapy. 
However, successful anti-HER2-therapy has been described in breast cancer cases 
with polysomy related HER2 overexpression without amplification.90 Structural HER2 
receptor alterations can also lead to resistance to anti-HER2-therapy; p95-HER2 lacks 
the trastuzumab binding site and is a common cause of trastuzumab resistance.91 In 
cases with somatic mutations, anti-HER2-therapy directed to the intracellular domain 
of the receptor might be more successful. However, a recent study on HER2-mutated 
adenocarcinoma of the lung showed response to treatment with ado-trastuzumab 
emtansine, an antibody-drug conjugate in which trastuzumab binds to the extracellular 
HER2 domain to specifically deliver the cytotoxic agent emtansine inside tumor cells.95 
In this study, HER2 IHC ranged from 0 to 2+ and did not predict response, and HER2 
amplification was observed in only 2 of 18 patients.

GENERAL DISCUSSION PART 2 - DIGITAL IMAGE ANALYSIS: 
IMPLICATIONS FOR CLINICAL PRACTICE AND FUTURE 
PERSPECTIVES

A new assessment technique: digital image analysis
In modern pathology practice, digitization is implemented in an increasing number of 
laboratories. Some laboratories have even switched to a completely digital workflow. 
Because of the digitization, computational pathology is on the rise. DIA algorithms can 
analyze cytological, histopathological and immunohistochemical slides. This can aid 
pathologists in various ways, for instance by detecting tumor foci in lymph nodes and 
in prostate biopsies, or with scoring of immunohistochemical stains such as HER2 and 
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Ki67 as described in this thesis. In recent years, a large number of digital image analysis 
applications have been released in multiple platforms by various vendors. Some DIA 
vendors are developing ‘deep learning’ or ‘machine learning’ algorithms, using neural 
networks which enable the algorithm to improve with increasing case exposure. However, 
most current algorithms use a set reference, including the DIA algorithms on HER2 and 
Ki67 used in this thesis.

The added value of DIA of Ki67 in breast carcinoma
Manual scoring of Ki67 is tedious and time-consuming, because at least 500-1000 
cells have to be counted in order to achieve acceptable error rates and to correct for 
intratumoral heterogeneity.59,65 In Chapter 7, we aimed to validate DIA of Ki67 IHC in 
breast carcinomas.67 We found high concordance between manual counting and DIA, 
which is in line with several other studies on Ki67 in breast cancer.96-98 Our study was 
performed on whole tissue slides instead of on small tumor areas, which is more in 
accordance with the international Ki67 guidelines which recommend scoring on whole 
tissue slides.59 Secondly, no studies to date have investigated inter-platform variability 
of DIA platforms to establish Ki67 proliferation index. Inter-platform variability can 
be expected because different algorithms have different approaches to texture and 
color variations induced by differences in tissue processing and different staining 
protocols among laboratories.48,49,98 We found high inter-platform agreement between 
two independent DIA platforms, suggesting DIA of Ki67 is clinically implementable 
independent of a specific platform vendor. 

Based on the findings in Chapter 7, DIA of Ki67 is an accurate and potentially time-
saving alternative to manual counting, which can be used independently of a specific 
platform vendor. We believe that DIA of Ki67 should be used in clinical practice, not 
only because of its time-saving potential, but also because of its objectivity and 
reproducibility in determining the Ki67 proliferation-index. Moreover, we think that DIA 
could be considered a requirement for the standardization of Ki67 diagnostics in order to 
successfully incorporate Ki67 as a biomarker in clinical practice, because manual counting 
continues to suffer from inter-observer and inter-laboratory variability despite continuous 
efforts of standardization.65 

The added value of DIA of HER2 in breast and gastroesophageal 
carcinoma
HER2 IHC is more easily scored than Ki67, because in contrast to the time-consuming 
counting of individual cells for Ki67, a HER2 IHC slide can be assessed by a pathologist 
within seconds. Because of this, the time-saving benefit DIA offers does not apply to 
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HER2. However, DIA of HER2 can decrease the number of IHC 2+ cases, which decreases 
the need for subsequent ISH testing and consequently can improve time- and cost-
efficiency in routine clinical practice.36-38 In Chapter 5, we showed this added value of 
DIA of HER2 IHC in gastroesophageal adenocarcinoma: there was a reduction of IHC 2+ 
cases with high sensitivity (97.9%) and specificity (99.6%) when compared to standard 
diagnostics (with manual scoring) as a reference.46 We conducted a similar study in 
Chapter 6 in breast cancer, in which we compared two DIA platforms.47 One platform 
resulted in a significant reduction of 2+ cases, but there were three false-negative cases. 
This is clinically undesirable since these patients would not be selected for anti-HER2-
therapy. As such, despite a relatively high sensitivity (81.3%), clinical application of the 
algorithm in this platform is debatable. The other platform performed similar (but not 
better than) standard diagnostics, but without a significant reduction of 2+ cases. The 
results of DIA of HER2 in breast carcinoma differ from gastroesophageal carcinoma, since 
a significant reduction of 2+ cases in gastroesophageal carcinoma shown in Chapter 5 
was associated with much higher sensitivity. This could be related to the differences in 
HER2 scoring between breast and gastroesophageal carcinoma, as the latter is prone to 
a higher number of manual IHC 2+ cases due to higher tumor heterogeneity and due to 
a low threshold of positivity in biopsies (a cluster of ≥5 tumor cells is sufficient). 

Because the reduction in 2+ cases in Chapter 6 led to sensitivity loss, the added value 
of DIA of HER2 IHC in breast carcinoma in terms of 2+ case reduction is questionable. 
However, DIA does offer an objective alternative to manual scoring, because a set 
algorithm is unsusceptible to intra-observer variability. As such, DIA could improve 
HER2 scoring reproducibility by potentially reducing intra- and inter-observer variability 
between manual observers and laboratories. The question is whether this benefit is 
enough to justify the purchase of a potentially expensive DIA platform. Laboratory-
specific trials are indicated to assess the possible added value per individual laboratory. 

The importance of pre-analytical process for DIA
Calibration and validation of DIA algorithms and training of laboratory technicians are 
important aspects of implementing DIA in clinical practice. In Chapter 6, we showed that 
different platforms can behave differently. The different results of DIA of HER2 IHC in the 
two platforms described in Chapter 6 could be related to calibration. In the first platform, 
the settings in a standard CE-IVD-approved and NordiQC-validated algorithm were not 
modified. For the second platform, various parameters were extensively calibrated, 
which could explain the high agreement of manual scores with DIA by this platform. The 
reference data which is used for calibration is also of importance: both platforms were 
calibrated with manual scoring as a reference, but results might have been different if 
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the algorithms were calibrated on ISH results instead. The findings of Chapter 6 illustrate 
the influence of calibration on DIA platform performance and emphasize the importance 
of an optimal calibration process. 

The algorithms of Ki67 in both platforms of Chapter 7 were optimally calibrated in close 
collaboration with the platform vendors, leading to high inter-platform agreement. 
Another important finding of this study was a relatively high DIA failure rate (24% of 
154 cases) due to suboptimal cutting and mounting of the IHC sections by laboratory 
technicians. This emphasized that in addition to optimal calibration and validation of 
the DIA algorithm, proper instructions and training of laboratory technicians on the 
preparation of the slides are crucial. 

In conclusion, for DIA to be successful in clinical practice, thorough laboratory-specific 
calibration and validation should be performed, and laboratory technicians should 
receive proper instructions and training on the pre-analytic handling of the glass slides 
before digitization. A standardized ‘best practice’ approach could be instigated in order 
to accomplish this in the Pathology community. 

Digital pathology: future perspectives
In the future, the role of digital pathology in clinical practice will undoubtedly increase. 
New DIA algorithms to aid pathologists will be developed and some algorithms, especially 
those incorporating deep learning, can even out-perform pathologists on routine tasks 
such as tumor detection in lymph nodes or Ki67 IHC counting. DIA algorithms might 
replace the pathologist’s objective evaluation in these routine tasks, but algorithms 
are unable to correlate histopathological findings to real life patients in their clinical 
context. Additionally, machines do not possess the human factor often involved in clinical 
decision-making. As such, the work of a pathologist will shift to a more interpretative 
function of supportive techniques, not only of DIA but also of molecular techniques and 
so on. This will allow for the most well-advised and patient-tailored approach.

GENERAL DISCUSSION PART 3 - METHODOLOGICAL REFLECTION

Cases
The methodological approach of the cases in the studies described in this thesis 
was comparable. We have analyzed large consecutive patient cohorts enrolled with 
clear in- and exclusion criteria leading to a well-defined series of gastroesophageal 
adenocarcinoma (Chapters 2, 3 and 5, n = 321, n = 323 and n = 319), endometrial and 
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ovarian CCC (Chapter 4, n = 101) and breast adenocarcinoma (Chapters 6 and 7, n = 
152 and n = 154). We believe these patient series are representative for clinical patient 
populations, and that the findings in our studies are therefore relevant for clinical practice. 

In 2005, guidelines for the reporting of tumor marker studies were developed, called 
‘REMARK’ (REporting recommendations for tumor MARker prognostic studies).99 Although 
the studies in this thesis have not directly investigated prognostic correlations of the 
examined biomarkers, the studies have conformed to these guidelines where applicable 
(in the Materials and Methods sections of the studies): we reported patient selection 
and patient characteristics including the flow of patients through the study, specimen 
characteristics, assay methods (IHC and ISH), details on manual scoring and on DIA 
methodology including calibration, and statistical methods.

IHC and ISH assays
All IHC and ISH assays have been specified in our studies, and detailed protocols were 
provided. For all IHC (HER2 and Ki67) and all ISH (HER2) tests, we have used standardized 
assessment methods in automated staining platforms, All assays are internally validated 
and routinely used in clinical practice in the laboratories where they were performed. As 
such, the method of staining of the tumor sets of the studies in this thesis was uniform 
within each study and representative of clinical application. Additionally, we have 
incorporated HER2-specific control tissue in all HER2 tests, to assure the success of each 
HER2 testing method. 

Manual HER2 scoring by multiple observers
For HER2, we have implemented manual scoring by independent observers; 3 or 
4 observers in gastroesophageal adenocarcinoma (Chapters 2, 3 and 5), 2 sets of 2 
observers in endometrial and ovarian CCC (Chapter 4), and 2 observers in breast 
carcinoma (Chapter 6). By using consensus scores between observers, we reduced 
the potential influence of inter-observer variability between individual pathologists 
(Chapters 2, 4, 5 and 6). Additionally, we found high inter-observer agreement for HER2 
scoring in gastroesophageal, endometrial and ovarian carcinoma (Chapters 3 and 4), 
indicating that HER2 scoring reproducibility can be achieved with well-defined scoring 
systems.

Kappa statistics
Inter-observer agreement between observers, either between manual observers or 
between manual scoring and DIA, were calculated using kappa statistics in Chapters 3, 4, 
5 and 6. Different kappa statistics can be applied depending on the number of observers 
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and the nature of the scale of the data: unweighted kappa for nominal data (Cohen’s 
kappa for two observers or Conger’s kappa for more observers) and weighted kappa 
for ordinal data (linear weighted or quadratic/squared weighted).100-102 The knowledge 
of kappa statistics seems to be lacking in literature, as other studies on inter-observer 
variability with HER2 scoring usually apply unweighted kappa statistics.17,72 In our studies 
on HER2, we used weighted kappa statistics, because the HER2 scoring scale is ordinal 
(0, 1+, 2+ and 3+). 

Inter-platform agreement in DIA
While inter-observer variability of HER2 scoring and Ki67 scoring between manual 
observers is extensively studied, studies on DIA before this thesis only included one 
algorithm in one platform. To the best of our knowledge, the studies in Chapter 6 and 
Chapter 7 are the first to compare multiple DIA platforms. We have used one tumor set for 
both platforms in each study, stained and handled in one laboratory. Identical slides and 
identical images were used in the analysis by both platforms. Digitally annotated areas for 
analysis were the same in the analysis of both platforms. As such, we have made a one-
on-one comparison of the same image data in both platforms, so that the only reason of 
difference between platforms could be due to differences in the analyzing algorithms. 

CONCLUSIONS

The findings in this thesis are relevant for clinical practice, regarding the application of 
HER2 testing in different tumor types and regarding assessment of HER2 status. HER2 
might be a possible target for anti-HER2-therapy in other tumors than breast and gastric 
carcinoma. Patients with esophageal adenocarcinomas might benefit from anti-HER2-
therapy, similar to gastric cancer. The manual HER2 scoring system for gastroesophageal 
adenocarcinoma is reproducible and should be used in clinical practice. However, in 
HER2 status assessment of other tumors than breast and gastroesophageal tumors, 
IHC antibody discordance and IHC/ISH discordance could be a potential pitfall. In 
clinical practice, DIA might be of added value in evaluating HER2 IHC by offering an 
objective alternative to manual scoring and by reducing equivocal 2+ cases, although 
the latter seems to account for gastroesophageal adenocarcinoma but not for breast 
carcinoma. DIA of Ki67 has added value as an objective and time-saving alternative to 
manual scoring, with high inter-platform agreement. However, for successful clinical 
implementation of DIA, algorithm calibration, validation and training of pathologists 
and laboratory technicians are crucial.
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SAMENVATTING

Het doel van dit proefschrift was om onderzoek te doen naar nieuwe toepassingen van 
en beoordelingstechnieken voor de biomarkers HER2 en Ki67. Dit hoofdstuk betreft de 
Nederlandse samenvatting en bevat de meest relevante achtergrondinformatie en de 
belangrijkste resultaten van de studies in dit proefschrift.

Biomarkers
Een ‘biomarker’ (dit woord is een samenstelling van ‘biologische marker’) is een meetbare 
biologische parameter die een fysiologisch (normaal) of pathogeen (ziekteverwekkend) 
proces weerspiegelt. Er zijn vier typen biomarkers: een diagnostische biomarker 
wordt gebruikt om een ziekte op te sporen en de ernst van een ziekte te meten, een 
prognostische biomarker is een maat voor de prognose van een ziekte, een predictieve 
biomarker weerspiegelt de te verwachten klinische respons op therapie, en een 
therapeutische biomarker is een potentieel doelwit voor gerichte therapie. Voorbeelden 
van in de geneeskunde gebruikte biomarkers zijn: vitale parameters (zoals hartslag en 
bloeddruk), bloedwaardes (zoals lever- en nierfunctietesten) en moleculaire biomarkers 
(zoals tumor specifieke mutaties). In de klinische pathologie worden biomarkers bepaald 
op cytologische preparaten (cellen), biopten (weefsel) of resectiepreparaten (weefsel). 
Dit proefschrift gaat over de biomarkers HER2 en Ki67.

De biomarker HER2
De ‘Human Epidermal growth factor Receptor 2’ (HER2) is een tyrosine-kinase receptor 
waarvan het gen op chromosoom 17 ligt en is onderdeel van de HER/ErbB receptor 
familie. Deze receptoren bevinden zich op de membraan van gezonde cellen en zijn 
betrokken bij proliferatie (toename van het aantal cellen), differentiatie (ontwikkeling 
van cellen tot functionele cellen die nodig zijn op een specifieke plaats in het lichaam) en 
overleving van cellen. Zij kunnen echter ook een prominente rol hebben bij het ontstaan 
en de groei van kanker. Deze receptoren kunnen toegenomen activiteit tonen als gevolg 
van somatische mutaties (niet-aangeboren verworven mutaties) of door genamplificatie 
(meerdere kopieën van een gen). Bij ontregeling van HER2 is er meestal sprake van 
amplificatie van het HER2 gen, met als gevolg overexpressie (toename) van de HER2 
receptor op de celmembraan van tumorcellen.

HER2 is een prognostische, predictieve en therapeutische biomarker in borstkanker en 
een predictieve en therapeutische biomarker in maagkanker. HER2-positieve tumoren 
kunnen met gerichte anti-HER2-therapie worden behandeld. HER2-positiviteit treedt op 
in 15-20% van de borsttumoren en in 15-30% van de gastro-oesofageale tumoren. HER2-



172

Chapter 9

positiviteit in tumoren van andere organen komt ook voor, maar de waarde van HER2 als 
diagnostische, prognostische, predictieve of therapeutische biomarker in deze tumoren 
is onduidelijk. Een van de doelen van dit proefschrift was om het vóórkomen van HER2 bij 
enkele van deze tumoren te onderzoeken, namelijk adenocarcinomen (tumoren uitgaand 
van klierbuisepitheel) van de slokdarm, het endometrium (baarmoederslijmvlies) en 
de ovaria (eierstokken). Daarnaast werden nieuwe beoordelingstechnieken voor het 
bepalen van HER2 onderzocht in zowel deze tumoren als in adenocarcinomen van de 
borst en maag.

Hoofdstuk 2: HER2 in adenocarcinomen van de slokdarm
De huidige richtlijnen voor HER2 gerelateerde therapie bij gastro-oesofageale 
adenocarcinomen zijn gebaseerd op onderzoeksresultaten bij patiënten met primair 
maagcarcinoom, terwijl HER2-positieve slokdarmcarcinomen potentieel ook zouden 
kunnen reageren op anti-HER2 therapie. In hoofdstuk 2 werd daarom de overexpressie 
van HER2 bij adenocarcinomen van de maag vergeleken met die van de slokdarm. Er 
bleek een relatief hoge mate van HER2-positiviteit te zijn bij primaire slokdarmtumoren 
(25%) in vergelijking met primaire maagtumoren (7,4%). Bovendien zagen we dat 
een groot deel van de tumoren die tot 2010 als maagtumor werden geclassificeerd, 
nu als slokdarmtumor zouden worden geclassificeerd (in deze studie 30,5% van 321 
tumoren), vanwege een verandering in het ‘tumor-node-metastasis’ (TNM) systeem voor 
tumorstagering. 

De bevindingen van hoofdstuk 2 suggereren dat anti-HER2-therapie ook in HER2-
positieve adenocarcinomen van de slokdarm van toegevoegde waarde zou kunnen 
zijn, analoog aan adenocarcinomen van de maag.

Hoofdstuk 3: beoordeling van HER2 in gastro-oesofageale 
adenocarcinomen
Voor borstkanker is het bepalen van de HER2 status gestandaardiseerd en wordt 
er gebruik gemaakt van een tweetraps methode van immuunhistochemie (IHC) en 
indien geïndiceerd in situ hybridisatie (ISH). In gastro-oesofageale tumoren wordt een 
vergelijkbare tweetraps methode gebruikt, met een aangepast HER2 scoresysteem 
gepubliceerd door Hofmann et al. dat enigszins verschilt van de scoringsmethode 
bij borstkanker. Dit komt doordat HER2 expressie bij gastro-oesofageale tumoren 
heterogener is en meer onregelmatige aankleuring van celmembranen toont vergeleken 
met borstkanker. In dit aangepaste scoresysteem zijn daarom ten eerste minder 
tumorcellen nodig voor een positieve score (in biopten zijn clusters van >5 kleurende 
tumorcellen al voldoende, in plaats van >10% kleurende tumorcellen bij borstkanker). 
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Ten tweede is geen complete circumferentiële (celomvattende) membraankleuring 
vereist. In hoofdstuk 3 kregen drie klinisch pathologen, die het HER2 scoresysteem voor 
gastro-oesofageale tumoren van Hofmann et al. niet kenden, instructie met training over 
dit scoresysteem gecombineerd met aanvullende richtlijnen door Rüschoff et al. Deze 
pathologen scoorden vervolgens de HER2 IHC in het cohort maag- en slokdarmtumoren 
uit hoofdstuk 2. Uit de studie bleek dat getrainde pathologen met dit scoresysteem in 
staat waren om HER2 status op IHC met hoge inter-observer concordantie te bepalen; de 
inter-observer overeenkomst tussen de drie pathologen was ‘substantieel’ (kwadratisch 
gewogen κ=0.78). 

Op basis van de bevindingen in hoofdstuk 3 kunnen we concluderen dat het gastro-
oesofageale HER2 scoresysteem door Hofmann et al. met aanvullende richtlijnen door 
Rüschoff et al. een reproduceerbare en klinisch toepasbare methode is om HER2 status 
in adenocarcinomen van de maag en slokdarm te bepalen.

Hoofdstuk 4: beoordeling van HER2 in gynaecologische clear cell 
carcinomen
Anti-HER2-therapie zou theoretisch van toegevoegde waarde kunnen zijn voor patiënten 
met HER2-positieve tumoren in andere organen dan borst, maag of slokdarm. Om die 
reden werd in de afgelopen jaren in de literatuur aandacht besteed aan de expressie 
van HER2 in tumoren van het endometrium (baarmoederslijmvlies) en de ovaria 
(eierstokken). Er zijn grote verschillen in de gerapporteerde percentages HER2-positiviteit 
bij deze tumoren: 17-80% in endometriumcarcinoom en 8-66% in ovariumcarcinoom. 
Er is met name weinig data over HER2-positiviteit in clear cell carcinomen (CCC), een 
minder vaak voorkomend en klinisch agressief type carcinoom van het endometrium 
(2-5%) en de ovaria (5-25%). Deze tumoren hebben histologisch vaak een heldercellige 
morfologie (vandaar de naam ‘clear cell carcinoom’). In tegenstelling tot borsttumoren 
en gastro-oesofageale tumoren is de diagnostiek van HER2 niet gestandaardiseerd bij 
gynaecologische tumoren. Dit zou het grote verschil in gerapporteerde percentages 
HER2-positiviteit kunnen verklaren. Daarnaast zou de mate van HER2 overexpressie 
kunnen variëren wanneer dit getest wordt met verschillende IHC antilichamen. Er 
zijn geen eerdere studies gedaan naar HER2 in een groot cohort CCC en er zijn geen 
studies die verschillende IHC antilichamen in dit tumortype hebben vergeleken. In 
hoofdstuk 4 werd daarom het gestandaardiseerde HER2 scoresysteem met IHC en 
ISH voor borst- en maagtumoren toegepast op een groot cohort van endometriaal 
en ovarieel CCC. Drie verschillende antilichamen werden hierbij gebruikt. Tot onze 
verrassing en in tegenstelling tot wat bekend is bij borst- en maagtumoren, vonden we 
dat de concordantie tussen IHC overexpressie en ISH amplificatie slecht was (38.9–50.0% 
sensitiviteit). Bovendien was er opmerkelijke discordantie tussen antilichamen (61,4%, 
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68,3% en 75,2% concordantie tussen gepaarde antilichamen), terwijl de inter-observer 
concordantie ‘substantieel’ tot ‘bijna perfect’ was (lineair gewogen κ=0.89, κ=0.90 en 
κ=0.76 voor individuele antilichamen).

Samengevat bleek uit de studie in hoofdstuk 4 dat in endometriaal en ovarieel CCC 
sprake is van discordantie tussen IHC antilichamen en dat er discordantie is tussen IHC 
en ISH. Dit zou niet alleen kunnen gelden voor gynaecologisch CCC, maar zou ook een 
potentieel probleem kunnen zijn bij de beoordeling van HER2 status in andere tumor(sub)
types. 

Hoofdstuk 5: digitale beeldanalyse van HER2 in gastro-oesofageale 
adenocarcinomen
Digitalisering van histologische beelden is een belangrijke ontwikkeling in de moderne 
pathologie. Het scoren van HER2 IHC gebeurt normaal gesproken door een individuele 
patholoog op fysieke coupes onder een microscoop. Dit is echter onderhevig aan inter- 
en intra-observer variabiliteit. Digitale beeldanalyse (digital image analysis, DIA) van 
gedigitaliseerde coupes is in opkomst als een objectief en reproduceerbaar alternatief 
voor het handmatig scoren van HER2. DIA wordt in de internationale richtlijnen voor 
HER2 in borstkanker erkend als diagnostische methode. Er is weinig data over DIA 
van HER2 in gastro-oesofageale adenocarcinomen en de studies tot op heden tonen 
geen eenduidig resultaat: sommige studies tonen hoge concordantie met handmatig 
scoren, maar andere studies juist niet. Het doel van de studie in hoofdstuk 5 was 
daarom om DIA van HER2 IHC in gastro-oesofageale adenocarcinomen te valideren. Er 
was een ‘substantiële’ overeenkomst tussen DIA en handmatig scoren (lineair gewogen 
κ=0.80), zowel in resectiepreparaten als in biopten. Dit is belangrijk omdat HER2 status 
in gastro-oesofageale tumoren vaak wordt bepaald op biopten, omdat patiënten zich 
vaak presenteren in inoperabele late ziektestadia waarbij geen resectie volgt. Daarnaast 
toonden we aan dat DIA leidt tot een daling van het aantal ‘equivocal’ (dubbelzinnige) 
IHC 2+ casussen (46,5% daling; 99 naar 53), met hoge sensitiviteit (97,9%) en specificiteit 
(99,6%) in vergelijking met standaard diagnostiek (IHC met ISH op 2+ casussen) als 
referentie.

Uit de bevindingen van hoofdstuk 5 blijkt dat DIA van HER2 IHC in gastro-oesofageale 
adenocarcinomen een valide of zelfs beter alternatief is voor handmatig scoren. In de 
klinische praktijk zou dit als voordeel kunnen hebben dat het aantal IHC 2+ casussen 
daalt, zonder verlies van sensitiviteit en specificiteit voor de beslissing om patiënten al 
dan niet te behandelen met anti-HER2 therapie.
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Hoofdstuk 6: de toegevoegde waarde van DIA van HER2 in borstkanker
De studie in hoofdstuk 6 gaat over DIA van HER2 IHC in adenocarcinomen van de 
borst. Er werden HER2 algoritmes in twee onafhankelijke DIA platformen vergeleken, 
waarbij DIA werd gevalideerd en waarbij de toegevoegde waarde van DIA van HER2 in 
de klinische praktijk werd geëvalueerd. Hoewel DIA van HER2 in borstkanker uitgebreider 
is onderzocht dan in gastro-oesofageale tumoren, is inter-platform variabiliteit tussen 
verschillende DIA platformen nooit onderzocht. Variatie tussen individuele DIA 
platformen valt te verwachten, omdat ieder platform andere algoritmes gebruikt die 
verschillende methodes hebben om weefsel en cellen te identificeren en classificeren. 
In onze studie was de inter-platform overeenkomst ‘matig’ (lineair gewogen κ=0.58, 
82,2%). De overeenkomst tussen handmatig scoren en DIA door het eerste platform 
was ‘matig’ (lineair gewogen κ=0.60, 82,9%) en tussen handmatig scoren en het tweede 
platform ‘bijna perfect’ (lineair gewogen κ=0.85, 91,1%). DIA in het eerste platform 
leidde tot een grote daling in 2+ casussen (92,3% daling; 26 naar 2), maar er waren drie 
vals-negatieve casussen, waardoor de sensitiviteit daalde (81,3%) in vergelijking met 
standaard diagnostiek. DIA in het tweede platform leidde tot een vergelijkbaar resultaat 
met standaard diagnostiek, met 100% sensitiviteit en specificiteit, hoge concordantie met 
handmatig scoren, maar zonder grote daling in 2+ casussen (7,7% daling; 26 naar 24).

In hoofdstuk 6 tonen we aan dat DIA van HER2 IHC in borstkanker een valide alternatief 
is voor handmatig scoren, maar dat het gebruik van verschillende platformen tot 
verschillende uitkomsten kan leiden. DIA is daarmee een objectief alternatief voor 
handmatig scoren wat de reproduceerbaarheid van HER2 scoren in de klinische praktijk 
ten goede zal komen. De toegevoegde waarde met betrekking tot het beperken van 2+ 
casussen lijkt echter beperkt, omdat dit leidt tot sensitiviteitsverlies met als gevolg dat 
patiënten ten onrechte anti-HER2-therapie wordt onthouden. 

De biomarker Ki67 
Ki67 is een nucleair antigeen (een eiwit in de celkern) dat wordt gecodeerd door het 
MKI67 gen. Ki67 komt tot expressie in de S, G1, G2 en M fase van de celcyclus en is 
alleen afwezig in de rustfase G0. Hiermee is het percentage Ki67 positieve cellen een 
marker voor de proliferatie van cellen. In de klinische pathologie wordt Ki67 gebruikt om 
de ‘Ki67 proliferatie-index’ te berekenen. Deze kan als diagnostische, prognostische en 
predictieve biomarker worden gebruikt in diverse tumortypes. De Ki67 proliferatie-index 
is bijvoorbeeld vaak hoger in maligne dan in benige weefsel en is vaak relatief hoger in 
agressievere tumoren. In de klinische praktijk is Ki67 als biomarker van prognostische 
waarde doordat een hogere proliferatie-index meestal is geassocieerd met een slechtere 
prognose.
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Ki67 in borstkanker
In borstkanker is Ki67 een prognostische en predictieve biomarker. Tumoren met 
een lage Ki67 proliferatie-index hebben een goede prognose maar zijn resistent voor 
chemotherapie. Tumoren met een hoge Ki67 proliferatie-index zijn gevoelig voor 
chemotherapie en geassocieerd met een goede prognose, of zijn juist resistent voor 
chemotherapie en daarbij geassocieerd met een slechte prognose. In de klinische praktijk 
wordt Ki67 in borstkanker gebruikt om onderscheid te maken tussen de luminal A en 
luminal B subtypes in de intrinsieke tumortype classificatie die gebaseerd is op de 
immuunhistochemische ‘IHC4’-expressie (ER, PR, HER2 en Ki67). De meest toegepaste 
afkapwaarde in deze classificatie is een Ki67 proliferatie index van 20%.

Hoofdstuk 7: digitale beeldanalyse van Ki67 in borstkanker
Ki67 eiwit wordt immuunhistochemisch aangetoond , maar het scoren van Ki67 is 
kwantitatief en niet semi-kwantitatief zoals bij HER2; bij de interpretatie van de Ki67 IHC 
wordt elke mate van kernkleuring als positief geteld. Als gevolg van tumorheterogeniteit 
en door inconsistentie in de methode van scoren (bijvoorbeeld systematisch tellen of 
percentages schatten, ook wel ‘eyeballing’ genoemd) is er echter een hoge inter- en 
intra-observer variatie bij het scoren van Ki67. Gestandaardiseerde protocollen voor het 
bepalen van de Ki67 proliferatie index zijn in ontwikkeling, maar de methode die door 
de ‘International Ki67 in Breast Cancer Working Group’ wordt aanbevolen is bijzonder 
arbeidsintensief en daardoor tijdrovend. Er moeten namelijk minstens 500-1.000 
tumorcellen worden geteld om acceptabele foutmarges te bereiken en om te corrigeren 
voor intra-tumorale heterogeniteit. DIA van Ki67 biedt een objectief en reproduceerbaar 
alternatief voor handmatig scoren, wat potentieel veel tijd bespaart. In hoofdstuk 
7 was het doel om DIA van Ki67 IHC te valideren in volledige tumordoorsnedes van 
carcinomen van de borst, in twee onafhankelijke DIA platformen, door dit te vergelijken 
met handmatig scoren. We toonden hoge concordantie aan tussen handmatig scoren en 
DIA (Spearman’s ρ=0.93 voor het ene platform en ρ=0.94 voor het andere platform), met 
hoge inter-platform concordantie (Spearman’s ρ=0.96). Er was echter een pre-analytische 
uitval van 24% van de casussen, doordat de coupes suboptimaal waren gesneden en/of 
verkeerd op het glaasje waren gepositioneerd. Hiermee lieten we het belang zien van 
duidelijke instructies en training van analisten met betrekking tot het maken van deze 
coupes.

Samengevat suggereren de resultaten van hoofdstuk 7 dat DIA van Ki67 een accuraat 
en potentieel tijdbesparend alternatief is voor handmatig scoren. Er was een hoge 
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inter-platform concordantie, wat suggereert dat deze techniek onafhankelijk van een 
specifieke leverancier gebruikt kan worden. Optimale kalibratie van de algoritmes en 
goede instructie van analisten is echter cruciaal.

CONCLUSIES

De bevindingen in dit proefschrift zijn relevant voor de klinische praktijk, met 
betrekking tot HER2 bepaling in verschillende tumortypes en met betrekking tot 
beoordelingsmethoden van HER2. HER2 is een potentieel doelwit voor gerichte therapie, 
ook bij andere tumortypes dan borst- en maagtumoren. Ook bij slokdarmtumoren 
zou HER2 expressie altijd moeten worden getest, zoals nu al het geval is bij borst- 
en maagtumoren. Het in de literatuur beschreven HER2 immuunhistochemie 
scoringssysteem voor gastro-oesofageale tumoren is reproduceerbaar, mits pathologen 
hiervoor goede instructie met training krijgen. Voor het bepalen van HER2 in andere 
tumoren dan borsttumoren en gastro-oesofageale tumoren is discordantie tussen 
IHC antilichamen en discordantie tussen IHC en ISH een potentieel probleem. De 
techniek voor het bepalen van HER2 status zoals gebruikt bij borst- en maagtumoren 
kan daarom niet zonder meer worden toegepast bij andere tumortypes. In de klinische 
praktijk kan digitale beeldanalyse van toegevoegde waarde zijn bij het bepalen van 
HER2 IHC. Digitale beeldanalyse is een objectief alternatief voor handmatig scoren en 
kan leiden tot verbeterde reproduceerbaarheid van HER2 scores. Ook kan het leiden 
tot een daling van het aantal IHC 2+ casussen, maar hiervan lijkt met name sprake te 
zijn in gastro-oesofageale adenocarcinomen en minder in carcinomen van de borst. 
Digitale beeldanalyse van Ki67 heeft toegevoegde klinische waarde als objectief en 
tijdbesparend alternatief voor handmatig tellen, met hoge inter-platform concordantie. 
Optimale kalibratie, validatie en training van pathologen en analisten is echter absoluut 
noodzakelijk om digitale beeldanalyse betrouwbaar in de klinische praktijk te kunnen 
toepassen.
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Mijn opleider, dr. den Dunnen, beste Wilfred, mijn dank aan jou en Harry als opleiders is 
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Mama, jouw liefde en zorg hebben mij gevormd tot hoe ik ben. Bedankt dat je altijd voor 
me klaar hebt gestaan.

Lineke, als geen ander weet jij hoe je met inzet en een goede mind-set voor elkaar kunt 
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