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Background

Positive developments regarding the survival of breast cancer patients have been 
observed in the past decade. These developments are thought to be primarily due 
to the screening for early malignant disease and the effects of adjuvant endocrine-, 
HER2-inhibiting- and cytotoxic therapies [1]. The advantages of these treatment 
modalities have initially been observed in clinical trials and have also translated to 
improved survival for patients treated as part of routine clinical care [2, 3]. Careful 
patient selection is essential for determining which patients are eligible to receive 
additional systemic treatments. Recent guidelines regarding these treatment 
decisions recommend to determine intrinsic breast cancer subtypes based on the 
expression of hormone receptors (HR), human epidermal growth factor receptor 
2 (HER2) and Ki-67 [4] in order to select patients for systemic treatment (table 1). 
Optimal assessment of all these factors in routine testing is essential and must be 
assured as much as possible. 

The first part of this thesis concerns the detection of potential irreproducibility of 
the established parameters (hormone receptors, human epidermal growth factor 
receptor 2, Ki-67 and lymph vascular space invasion) that are assessed during the 
pathological analysis of breast cancer specimens. The current standard of care and 
points of discussion are addressed in this introduction.

Hormone receptors

The presence of estrogen receptor (ER) or progesterone receptors (PR) is reflective 
of a distinct biology compared to HR-negative tumors [5] and is associated with 
beneficial outcome and differential clinical behavior [6]. ER-negative tumors generally 
show early relapse with subsequent plateau, whereas ER-positive tumors follow a 
slower, more constant rate of relapse [7]. ER is currently assessed both because of its 
prognostic power and because it is the greatest determinant of response to estrogen-
modulating therapies [4].

The presence of ER and PR positive cells is currently established via immuno
histochemistry (IHC) [8]. Compared to the previously used ligand-binding assays 
(LBA), IHC assays are less expensive and correlate more strongly to survival in patients 
treated with adjuvant hormonal therapy [9]. IHC also allows for the evaluation of the 
morphology of the ER-positive cells. LBAs are capable of providing continuous levels 
of either ER or PR, whereas IHC is strictly speaking not a quantitative technique. The 
threshold for ER positivity was initially established via LBAs, which has since been 
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correlated to IHC cut-off values [10, 11]. Zhang et al. published the ER test results from 
1700 breast carcinomas and showed that ER-negative tumors (< 1% ER-positive cells) 
occur in about 24% cases and highly positive tumors (> 70% ER-positive cells) in 64% 
percent, with the remaining cases to be in between these extremes [7]. A publication 
by Collins et al. suggested that when using modern-day IHC methods, almost all 
tumors display either predominately positive or negative expression of the estrogen 
receptor [12]. 

Unfortunately, IHC procedures are subject to several variables that can potentially 
endanger testing reliability (table 2). One comparative study of 172 laboratories 
has shown that only 43% of participating laboratories were able to identify ER-low 
expressing tumors [13]. Only 36% of labs that participated in the UK NEQAS-ICC 
assessment in 2001 achieved acceptable assay performance [14]. Retesting of 
HR-tested tumors entered in the Eastern Cooperative Oncology Group (ECOG) study 
E2197 showed a concordance of 90% and 84%, respectively for locally tested and 
centrally tested ER and PR results [15]. Central review of the Adjuvant Lapatinib and/or 
Trastuzumab Treatment Optimization (ALTTO) demonstrated that ER-results could not 
be reproduced for 4.3% of ER-positive cases and for 21.6% of ER-negative cases [16]. A 
Danish study published in 2012 showed that the reproducibility of locally performed 
ER results was in the same range, with positive predictive value and negative 
predictive values of 94% and 75% respectively [17]. All of these studies indicate (i) poor 
reproducibility of ER-negative test results, (ii) average reproducibility of ER testing 
below 95%, (iii) an even lower reproducibility for PR testing. A panel organized by the 
American Society of Clinical Oncology (ASCO) and College of American Pathologists 
(CAP) has addressed the need for improving ER and PR testing and published a set of 
guidelines concerning this matter in 2010 [8]. 

Although determining HR-status has been common practice for quite some time, 
much work remains to be done on improving testing quality. Quality assessment 
studies have been performed by assessing the reproducibility of ER and PR testing. 
Some studies (such as the NordiQC and UK NEQAS) have sent unstained whole 
sections or TMAs including several different tissue cores to assess the efficacy of 
local IHC protocols and observer performance. Although this provides valuable 
information, this does not necessarily reflect the performance of the participating 
laboratory in the everyday practice and as such does not evaluate the consequences 
for the individual patient (i.e. withholding anti-hormonal treatment strategies 
when the patient was in fact eligible for these agents). Another possibility has been 
assessing the reproducibility of local IHC results of patients that were entered into 
clinical trials by performing central retesting. However, not all centers provide ample 
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cases for inclusion in clinical trials to allow for a reliable evaluation of their local IHC 
results and such retesting is not routinely performed. Participation in quality control 
schemes should be considered mandatory for all HR-testing laboratories and novel 
platforms for such assessments should be developed. In the Netherlands, quality 
of HR (and HER2) tests has recently been assessed with a TMA-based method, the 
results of which are described in this thesis.

Human epidermal growth factor receptor 2

The human epidermal growth factor receptor 2 (HER2, Her2/neu, ErbB-2) is a member 
of the family of tyrosine-kinase growth factor receptors [18]. This proto-oncogene can 
undergo gene amplification, leading to overexpression of the receptor at the cellular 
membrane [19]. This in turn can lead to ligand-independent receptor dimerization, 
resulting in activation of proliferative and anti-apoptotic signaling pathways. The 
HER2 gene was originally thought to be amplified in 25-30% of breast tumors. More 
recent patient cohorts have revealed that this percentage is likely around 10% [20], 
which is possibly reflective of increased reliability of HER2 assays. Trastuzumab 
is a humanized monoclonal antibody directed at the extracellular domain of the 
HER2 receptor. Trastuzumab and other HER2-targeting agents such as pertuzumab 
and trastuzumab-emtansine (T-DM1) have been shown to increase survival of 
HER2-positive patients [21-25]. Due to the considerable costs of these drugs and 
the potential toxicity associated with HER2-inhibition, accurate HER2 testing prior 
to drug administration is essential. 

In the early trastuzumab trials, participants were entered upon displaying complete 
membranous staining (irrespective of staining intensity) in at least 10% of tumor cells 
on IHC [24]. Subsequent analyses have shown that patients with strong membranous 
staining (so-called 3+ staining pattern) are most likely to benefit from HER2-
inhibiting therapies and that amplification is found in a high number of these 3+ 
staining tumors [26, 27]. Protein overexpression without HER2 gene amplification has 
been shown to occur in previous publications on this matter [27], but with modern 
IHC procedures, these tumors are thought to be exceedingly rare [20]. In cases of 2+ 
staining (defined as weak membranous staining), HER2 gene amplification is found in 
a far smaller proportion of cases [26, 27]. 

Standard HER2 testing was first recommended by Bast et al. in 2000 [28]. 
Unfortunately, the reproducibility of the locally performed HER2 IHC tests performed 
as part of the NSABP-31 trial was disappointing, as 18% of locally positive tests 
were irreproducible [29]. Similarly, Perez et al. found that reproducibility of HER2 
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tests varied from 75-88.1% [30]. A 2007 publication by an expert panel initiated by 
the ASCO/CAP estimated that 20% of all HER2 testing is unreliable [31]. This panel 
recommended increasing the threshold of HER2 positivity (3+) to 30% of tumors 
displaying strong membranous staining. The equivocal (2+) category was expanded 
to include tumors with complete membranous staining in less than 30% of tumor 
cells. Concerning in situ hybridization assays, HER2 to CEP17 ratios exceeding 2.2 were 
considered to be convincing for HER2 amplification (table 3). All these changes to the 
HER2 scoring algorithm were made to increase the reliability of HER2 testing and 
subsequent studies have shown such a development [32]. 

Regardless, in 2013 a revised guideline was published by the ASCO/CAP panel with 
additional changes to this testing algorithm [33]. The threshold for HER2-positivity 
was brought back down to 10% from the 30% invasive tumor cells with strong 
membranous staining and changes were made to the definitions of the 0 and 
1+ categories (table 3). For the everyday practice, this means that the number of 
equivocal and the so-called “double-equivocal” test results will increase [34]. What 
effect these changes will have on tumors that were considered 2+ and 3+ according 
to the 2007 guidelines and HER2 testing quality in general is unknown, but is believed 
to be modest. 

Lymph vascular space invasion

Although many breast cancer patients present with hematogenous dissemination of 
tumor cells at some point during the course of their disease, the most common initial 
metastatic event is thought to be entry into regional peritumoral lymph vessels [35]. 
Studies have almost invariably found a correlation between this initial metastatic 
event (locoregional lymph vascular space invasion, LVSI) and clinical outcome. These 
studies have either used H&E-stained slides to identify LVSI [36-42] or employed IHC 
staining to highlight the lymphatic endothelium, thereby hypothetically improving 
the detection of lymphatic spaces and tumor emboli [43-46] (table 4).

When using H&E stains for LVSI scoring, clear definitions should be applied to the 
scoring process in order to minimalize interobserver irreproducibility. Retraction 
artefacts can give a false impression of LVSI and thereby hinder the reliable 
identification of these lesions. An identical shape between the tumor embolus and 
that of the suspected lymph vessel or obvious retraction artefacts in its immediate 
surroundings should raise suspicion of a retraction artefact. The presence of a clear 
endothelial lining has been named as one of the prerequisites for scoring a suspected 
lesion as LVSI [37, 47]. The presence of a nearby blood vessel or nervous tissue has 
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also been considered as confirmation of lymphatic vessels [37, 47, 48]. Lastly, multiple 
areas can be considered for scoring LVSI, i.e. the intratumoral and peritumoral space 
and this should be sharply defined [48]. None of these criteria have found consistent 
application in subsequent literature on the subject. 

The downside of using IHC for lymph vessel detection is the specificity of the staining 
pattern of these markers. Although D2-40 is considered a marker for the endothelium 
lining the lymphatic vessels [49], myoepithelial cells in terminal ductolobular units 
also show D2-40-positivity [50]. On top of that, myoepithelial cells surrounding cases 
of ductal carcinoma in situ can also be D2-40-positive, albeit with a weaker staining 
intensity. As these lesions can look very similar to LVSI in cases of retraction artefacts, 
additional staining in the form of p63 is required in order to resolve whether the 
D2-40-positive cells are in fact the lymphatic endothelial cells or myoepithelial cells 
[51]. 

The 2005 St. Gallen guidelines stated that the presence of peritumoral vascular 
invasion is reason to classify patients as intermediate risk as opposed to low risk 
[52] based on three studies [53-55]. Colleoni et al. investigated the extent of vascular 
invasion observed using H&E-stained breast carcinoma slides [56]. Multivariate 
analyses revealed that only tumors with extensive vascular invasion were associated 
with significantly decreased disease free- and overall survival compared to tumors 
without vascular invasion [56]. The subsequently published 2007 St. Gallen guidelines 
rephrased their previous statement of ‘peritumoral vascular invasion’ with ‘extensive 
peritumoral vascular invasion’ based on this study [57]. A 2011 study published by 
Mohammed et al. employed D2-40, CD31 and CD34 IHC stains in order to assess the 
presence of vascular invasion in a series of 1005 lymph node negative breast [43]. This 
study found no statistical differences regarding the extent of LVSI [43]. In 2013, the St. 
Gallen panel concluded that LVSI is not an indication for adjuvant chemotherapy [4], 
while other guidelines have continued to endorse the role of vascular invasion in 
clinical decision making [58].

Although studies on the prognostic significance of LVSI have been published since 
the 1980’s, major questions remain regarding the implementation of this parameter. 
Firstly, the contrasting results of the studies performed by Mohammed et al. and 
Colleoni et al. leave the matter of (semi-)quantitative LVSI scoring undecided. 
Secondly, the question still remains on how this parameter should be implemented 
in clinical decision making. The crucial question in this regard is, does the presence of 
LVSI justify “upgrading” a patient that is otherwise low risk to intermediate- or high 
risk? Eljertsen et al. found no significant survival difference between LVSI-positive 
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and LVSI-negative tumors within the low risk group, nor was survival of otherwise 
low-risk, LVSI-positive tumors comparable to high risk tumors [38]. This data indicates 
that there is no benefit for assessing LVSI for low-risk tumors. Unfortunately, no 
quantification was performed as part of this latter study. Thirdly, these studies have 
not addressed the interobserver discordance for LVSI assessments. To our knowledge, 
only two studies have assessed the interobserver variation of LVSI scoring in breast 
cancer and both showed significant discordance between observers [59, 60]. 

In order to resolve the place of LVSI in the clinical decision making process, all 
these issues should be addressed in further studies. Considering the demonstrated 
prognostic power of this parameter in multiple studies, it would be regrettable if it 
would be excluded from the decision making process especially considering the fact 
that no costs are required for determining this parameter. 

Ki-67 

Ki-67 is a nuclear antigen that is expressed in all phases of cell division [61]. Two 
meta-analyses have investigated the prognostic influence of Ki-67, including studies 
that used multiple different antibodies and scoring cut-offs. Regardless, both meta-
analyses found increased hazard for disease relapse and death for tumors with a 
high Ki-67 labelling index [62, 63]. Ki-67 has also been described as part of an IHC 
panel to classify ER-positive breast tumors into either luminal A or luminal B subtypes 
[64]. The predictive value of Ki-67 for long-term survival after short-term endocrine 
therapy has also led to a renewed interest for this parameter as a marker for benefit 
from endocrine therapies [65]. 

Cut-off values for Ki-67 positivity employed in the literature vary from 0% to 34% 
and multiple different values in between [62, 63]. The cut-off for intrinsic subtype 
determination has been validated with a clear objective (identifying luminal B 
tumors), but does not necessarily translate to an optimal cut-off point for prognostic 
and/or predictive studies. To complicate matters, considerable staining heterogeneity 
may exist in the form of so-called ‘hot spots’. The International Ki-67 in Breast Cancer 
working group could not provide an evidence- based cut-off, stating that: “Currently, 
in the absence of harmonized methodology, the International Ki67 in Breast Cancer 
Working Group was unable, therefore, to come to consensus regarding the ideal cut 
point(s) that might be used in clinical practice” [66]. The St. Gallen guidelines have 
recommended the use of Ki-67 staining with a cut-off at 20% Ki-67-positive cells to 
identify ER-positive tumors that might benefit from additional cytotoxic therapies 
[67].
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Two studies that investigated the reproducibility of Ki-67 IHC assays found good 
intraobserver and intralaboratory concordance but relatively high interlaboratory 
variability [68, 69]. Varga et al. examined the intra- and interobserver variability 
of Ki-67 IHC scoring in grade 2 breast tumors and found significant interobserver 
discordance [70]. Remarkably, even thorough counting of cells as opposed to 
‘eyeballing’ did not improve this concordance. The selection of the area used for 
scoring was also not the main determinant of variation, considering the fact that 
scoring pre-determined fields did not improve interobserver agreement. Gudlaugsson 
et al. compared multiple for methods for the assessment of Ki-67-positive nuclei 
and found that digital analysis provides the most reliable Ki-67 assessment [71]. The 
feasibility of such automated analyses by a central laboratory has been demonstrated 
in the GeparTrio trial [72]. 

The decades’ worth of data regarding Ki-67 has several serious flaws that hamper the 
implementation of this parameter into routine diagnostics. Due to interlaboratory 
and interobserver variation, prognostic data obtained by one center cannot be 
extrapolated to other testing laboratories. The implementation of stringent IHC 
protocols and automated digital analysis might improve this situation, even though 
the implementation of the latter has not found widespread use in pathology practice 
to this day [71]. 

Conclusion

The assessments of ER, PR, HER2, Ki-67 are currently recommended to aid the 
clinical decision making process regarding neoadjuvant, adjuvant and metastatic 
treatment. The current St. Gallen guidelines emphasize the role of intrinsic subtypes 
for guiding systemic therapy choices [4]. This assessment is almost completely 
reliant on accurate pathological specimen handling and IHC procedures. Stringent 
quality control is emphasized in every guideline, without clarification on how this 
is to be performed. Despite the fact that these markers have been assessed via 
immunohistochemistry for years, the current situation is far from optimal practice. 
Secondly, despite almost decades of research, no consensus has been reached on 
the optimal implementation and determination of these parameters. Research 
efforts should focus on increasing testing reliability and determining which markers 
complement the decision making process for which patients.
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Outline of part I of this thesis

The first part of the thesis discusses the optimization of breast cancer risk 
stratification along established parameters. Although testing hormone receptor (HR) 
and human epidermal growth factor receptor 2 (HER2) status is considered standard-
of-care, no consensus has been reached on the reliability of testing these receptors on 
pre-operative core needle biopsies (CNBs). 

Whether and how CNBs can be used to determine HR and HER2 status was 
investigated in chapter 2. For a series of patients treated in the LUMC, ER and HER2 
testing results from CNBs and resection specimens were compared. These cases 
were combined with published case series. For this study, patients treated with 
neoadjuvant chemotherapy were excluded, as this might have an influence on 
biomarker expression. The extent to which ER, PR or HER conversion occurs following 
neoadjuvant chemotherapy remains unknown. This is investigated as part of a 
systemic review in chapter 3. 

Quality control is essential for determining ER and HER2 testing and should 
be considered mandatory for testing laboratories. A tissue microarray(TMA)-
approach for assessing ER, PR and HER2 testing quality is investigated in chapters 4 
and 5. The results of such a TMA-based method for assessing ER and PR testing 
reproducibility of 9 different Dutch pathology laboratories is described in chapter 4. 
Previously HR-tested breast carcinomas were retested using TMAs to the determine 
reproducibility of local results. Additionally, the consequence of the ER-positivity 
thresholds on testing reproducibility was examined. A similar TMA-approach for 
assessing HER2 testing reproducibility among 6 HER2-testing laboratories was 
examined in chapter 5. The optimal testing methods for such a TMA assessment were 
investigated. HER2 scores on TMA were then compared to original HER2 test results 
and whole slides to assess testing reliability.

Lymph vascular space invasion (LVSI) has been frequently reported to be of prognostic 
importance in node-negative breast cancer. However, if and how this parameter 
should be implemented in clinical decision making is unknown. Whether this 
parameter should be assessed in a quantitative manner for optimal prognostic 
power is also unclear. Both these issues are investigated in chapter 6. Whether a 
quantitative assessment can be reliably determined by different pathologists is 
investigated in chapter 7. In this study, 60 slides were scored by 4 pathologists for 
LVSI foci. Concordance between these observers for individual foci was assessed and 
sensitivity and specificity for quantitative LVSI scoring was determined. 
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In chapter 8, several aspects that hamper the reliability of Ki-67 assays were 
investigated in a cohort of patients tested in the MicroarRAy PrognoSTics in Breast 
CancER (RASTER) study. The potential impact of tumor heterogeneity was investigated 
and related to interobserver variation. Secondly, reproducibility of Ki-67 testing 
among two different pathology laboratories was tested.
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