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Nadine S Schaadt · Juan Carlos López Alfonso · Ralf Schönmeyer ·
Anne Grote · Germain Forestier · Cédric Wemmert · Nicole Krönke ·
Mechthild Stoeckelhuber · Hans H Kreipe · Haralambos Hatzikirou ·
Friedrich Feuerhake

Received: date / Accepted: date

included automated regions of interest detection, immune cell recognition, and co-registration of regions of
interest.
Purpose: To improve microscopic evaluation of imResults: In normal lobular epithelium, seven CD8+
mune cells relevant in breast cancer oncoimmunology,
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erage and about 70% of this T-lymphocyte population
from lymphocytic lobulitis by advanced image analywas lined up along the basal cell layer in close proxsis. We consider potential immune cell variations due
imity to the epithelium. The density of CD8+ T-cell
to the menstrual cycle and oral contraceptives in nonwas 1.6 fold higher in the luteal than in the follicular
neoplastic mammary gland tissue.
phase in spontaneous menstrual cycles and 1.4 fold inMethods: Lymphocyte and macrophage distribucreased under influence of oral contraceptives, and not
tions were analyzed in the anatomical context of the
+
resting mammary gland in immunohistochemically stained co-localized with epithelial proliferation. CD4 T-cells
+
were infrequent. Abundant CD163 macrophages were
digital whole slide images obtained from 53 reduction
widely spread, including the interstitial compartment,
mammoplasty specimens. Our image analysis workflow
with minor variation during the menstrual cycle.
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1 Introduction
Lymphocytic lobulitis (LLO) is an inflammatory condition previously observed in normal breast tissue [8],
autoimmune disease [24, 38], nonmalignant mammary
glands from patients with germline BRCA1/2 mutations [19], and as peritumoral phenomenon in breast
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cancer [7, 25, 11]. So far, LLO has mainly been described
by absolute immune cell numbers per lobule of the mammary gland [7, 25, 19, 16, 8]. While the reported descriptions that rely solely on estimated cell counts have captured important features of LLO, there remains some
degree of uncertainty. The anatomical term “lobule”
as a reference area can be readily identified, but size,
shape, and cellular content of cross sections at different levels can be highly variable. Further, individual
observers may consider different structures as “representative lobules”. Moreover, the potential influence of
hormonal fluctuations on immune cell infiltrates has not
yet been considered. Therefore, it cannot be excluded
that current definitions of LLO may miss important aspects of the dynamic temporal or spatial inflammatory
tissue microenvironment (iTME) variability.
Previously, we developed context-related immune
cell evaluation in single microscopic images [22], improved color deconvolution in digital whole slide images (WSIs) [42], and automated detection of lobular
structures adjacent to tumors [15].
In this study, we implemented an advanced digital
image analysis workflow specifically adjusted to iTME
in breast tissue to characterize the range of normal immune presence in the healthy breast tissue and distinguish normal, potentially fluctuating immune surveillance from pathological conditions. We consider LLO
as a use case for comprehensive evaluation of iTME in
an anatomically well-defined context with clinical relevance. This addresses the emerging challenge of comprehensive immune cell evaluation in the era of oncoimmunology and paves the way for computer-aided breast
cancer biopsy analysis. Therefore, we acquired largescale spatial data on immune cells in WSIs by combining novel technologies [3, 36] in a modular approach
in breast tissue of healthy women who underwent reduction mammoplasty and relate the image-based data
with the hormonal status of the patients at time of
surgery.
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from 47 patients. An additional block was used in six
cases, resulting in a total number of 59 evaluated paraffin blocks. An overview of the evaluated tissue area is
provided in Table 2.
Tissue samples were collected during the surgery
and processed immediately after, fixed in 4% phosphatebuffered formaldehyde for 24 hours, embedded in paraffin, and cut into 3 µm thick sections. The histopathological work-up included Haematoxylin-eosin (H&E),
estrogen and progesterone receptors (ER/PR), Cytokeratin 5/14, and Ki-67 immunohistochemical stainings
according to automated standard protocols (Ventana
Benchmark Ultra, Tucson, AZ). Immunohistochemistry
for CD8 (Dako M7103), CD4 (Zytomed Systems 503–
3354), CD163 (medac diagnostika 163M–16), and duplex staining for CD3/CD20 (CD3: abcam ab52959,
CD20: DAKO M0755) was performed using red and
brown chromogenic labeling provided by Ventana.
A single representative block of the series was used
for the 3D-reconstruction and robustness testing that
addressed the variability of lobular structures and the
concordance of immune cell evaluation across multiple sectioning levels (see Section 3.1). For this purpose, the entire block was sectioned into 3 µm thick serial sections. The first 270 levels were stained for H&E
and used for 3D histology reconstruction, and subsequent 100 sections were processed in 10 sets (of 10 sections each) of which the initial 6 consecutive slides were
stained for CD8/p63 (CD8: Dako M7103, p63: medac
diagnostica Z2003L).
Negative controls were treated identically, but omitting the primary antibody or replacing it by nonimmune sera of the same species. WSIs were acquired
by Aperio AT2 scanner (Leica Microsystems, Wetzlar,
Germany) at 40x magnification (resolution 0.253 µm /
pixel).

2.2 Image Analysis

The image analysis concept was focused on two aspects
of immune cell evaluation where computer-assisted approaches provide an added value over visual inspec2.1 Tissue samples
tion: (1) concordance testing of multiple sectioning levBreast tissue was obtained from 53 premenopausal healthy els across a block, and (2) evaluation of automatically
detected ROIs, complementing the established practice
women who underwent reduction mammoplasty and
of manually selecting representative fields for evaluaprovided a detailed reproductive clinical history [12, 13,
tion. This ROI detection approach enables expansion
1]. 20 women were taking oral contraceptives at time
of the evaluated area, standardization of scoring criteof surgery (Table 1). The phase of the menstrual cycle
ria, and streamlining of the analysis process. The first
at the day of the surgical procedure was determined
aspect was addressed by a three-dimensional (3D) hisby documentation of the periods prior and after operatology reconstruction of serial H&E sections, performed
tion (details in Section 1.1.1 of the Online Resource 1).
using the Voloom software (microDimensions, Munich,
One tissue block (one slide per staining) was evaluated
2 Materials and Methods
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Table 1 Composition of the reduction mammoplasty patient cohort and menstrual cycle phases. (*): for 5 patients
in the luteal and 2 patients in the follicular phase of natural cycles (without oral contraceptives), the assignment to a cycle
phase was a “best guess”-approximation due to reportedly irregular menses, (**): parity unknown for 1 patient

Cycle phase

Number of
patients

Age at surgery
Median Range

Oral contraceptive

Percentage
nullipara

luteal

20*
9

29
27

21–53
18–34

no
yes

35%
37.5%**

mid cycle

4
4

28
27

21–45
22–32

no
yes

75%
100%

follicular

9*
7

29
26

26–48
19–29

no
yes

55.6%
85.7%

Table 2 Total size of evaluated lobular area within the breast tissue (in cm2 ) per patient after automated detection
[3] and quality assessment of ROIs. “StdDev” = standard deviation. The last column (“Multiple blocks”) shows the range and
the median (in brackets) for the six patients for which two blocks were considered (see Section 2.1).

Staining

Range

Median

Mean

StdDev

Multiple blocks

Ki-67
CD8
CD4
CD163
CD3/CD20

0.02–2.74
0.06–3.68
0.06–2.16
0.06–2.74
0.06–2.76

0.72
0.78
0.74
0.74
0.78

0.88
0.92
0.86
0.86
0.92

0.70
0.72
0.56
0.62
0.70

0.36–2.74
0.36–1.48
0.38–1.60
0.38–1.72
0.32–2.76

Germany) in one out of the 53 clinically annotated cases
(follicular cycle phase; on oral contraceptives). This was
done in order to analyze how variable size, shape, and
immune cell content of lobular areas considered as “representative lobules” can be across multiple consecutive
sectioning levels.
The second aspect was addressed by an approach
resembling and expanding the established practice of
analyzing single sections: The analysis allowed including all evaluable lobular areas in a WSI, provided that
they can be automatically detected in an individual
stained section applying reproducible and adaptable
criteria (e.g., minimal accepted size). A quality assurance step ensured exclusion of technically insufficient or
tangentially sectioned small parts of lobules. In order
to quantify immune cell numbers in lobular structures,
we developed a modular workflow (see Fig. 1), combining automated regions of interest (ROIs) detection
[3], high-resolution cell detection with a robust analysis
module for nucleus detection (part of the Tissue Phenomics framework, Definiens AG, Munich, Germany)
[5], and subsequent cell classification. For quality control, all automatically detected ROIs were verified by
visual inspection of an expert. All correctly detected
lobular areas (Table 2 of the Online Resource 1) were
used for statistical analysis.

(1.18)
(1.10)
(1.08)
(0.92)
(0.86)

Detected cells were grouped into immune cells, positively stained with respective lineage markers, and negatively stained cells. The latter were further distinguished
into epithelial cells and other (e.g., stromal) elements
based on morphological features. The approach for Ki67 staining was adjusted considering that this marker is
not cell lineage-specific. Based on published evidence of
relevant distances for cytotoxic effector functions and
chemokine mediated cell-cell communication [20], we
classified each stained immune cell into one of three
categories as “in contact with an epithelial cell” (no distance to the closest epithelial cell), “short distance to
an epithelial cell” (distance to the closest epithelial cell
less than two average cell diameters enabling communication via chemokines), and “in lobular stroma” (within
lobular area but chemokine gradient sensing could not
be possible [27, 28]).
To investigate co-localization between different immunohistochemical markers, we applied existing co-registration
methods [43, 4, 37, 36] to allow quantitative evaluation
of corresponding regions. To enable full individual analysis of every separate slide, ROIs were individually identified [3] and corresponding areas for joint analysis were
defined as overlapping regions (Fig. 1 of the Online
Resource 1). This approach addressed a challenge frequently faced in object-based biomarker analyses with
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Whole slide images

Nuclei detection by Definiens [17]

Manual annotations

Segmented cells
Manual quality control

Texture-based classification [12]

Regions ofi nterest
Combination

Epithelial compartment

Different cell types
Statistical analysis

Fig. 1 Flow chart of image analysis process: A texture and machine learning based region classification detects the region
of interests [3] and a Definiens software module was used to segment the nuclei [5]. Based on color information and spatial
distances, the nuclei in regions of interest were classified into different cell types

multiple immunohistochemical staining methods, where
the sectioning levels show corresponding tissue regions
but may not exactly match in subsequent sections.

2.3 Statistical considerations
Due to the strongly varying size of automatically detected lobular areas, immune cell counts as well as the
amount of Ki-67+ cells were normalized by the number of epithelial cells. Comparisons between subgroups
were performed using a nonparametric test (Wilcoxon–
Mann–Whitney) with accepted significance level α of
0.001. A detailed description of the statistical analysis and the definition of the menstrual cycle phases is
provided in the Online Resource 1.

3 Results
3.1 Robustness of immune cell evaluation across
multiple sectioning levels
The 3D histology reconstruction of breast glandular tissue (Fig. 2 a) confirmed that lobular structures can

vary considerably across different sectioning levels. This
supported the notion that a quantitatively defined reference unit complementing the descriptive term “lobule” is useful and that specifying objective criteria of
epithelial areas for quantification increases robustness.
Automatically detected lobular areas including about
200–300 epithelial cells were most consistent with the
lower range of “lobule” cross-sections selected for analysis by pathologists (Fig. 2 b–e). Therefore, we set our
threshold for minimal size of tangentially sectioned lobular structures to 250 epithelial cells, thereby defining
ROIs considered for large-scale automated image analysis.
In addition, the immune-epithelial cell ratio (IC/EC)
greatly improved robustness of the analysis compared
to only immune cell counts per lobule. Serial sections
of duplex staining quantifying the basal epithelial cells
(p63) in combination with CD8 (Fig. 2 f) showed that
corresponding ROIs in consecutive sections greatly vary
in their epithelial cell content (Fig. 3, left y-axis, series
of strongly dotted diamonds). In contrast, their normalized immune cell density (CD8/p63) remained relatively constant, independently of lobular size, shape,
and epithelial cell content (Fig. 3, left y-axis, series

Immune cell patterns in normal mammary gland
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Fig. 2 Systematic evaluation of morphological variation across multiple sectioning levels. A 3D histology reconstruction of
mammary gland tissue in multiple consecutive sections confirmed lobular areas strongly varying in shape and size across
consecutive slides. a: 3D-view of the whole tissue block depicting the complexity of the glandular structure. b–e: Different
levels showing how a “lobular area” develops from a single lobule (a) to an epithelial area composed of two lobules (b and
c, white arrows indicate the second lobule), up to an area including a tangential section of a third lobule (asterisk), together
composing a lobular ROI (oval blue outline). f : Consecutive 3 µm thick immunohistochemistry slides, shown a CD8 (brown)
and p63 (red) duplex stain with hematoxilin counterstain. Note the considerable variation in shape and size of the lobular
components, including a shrinkage artifact in the third image (arrow)

of faintly dotted points). Taken together, these results
showed that robustness of iTME evaluation can be improved by careful definition of evaluable ROIs and appropriate normalization of immune cell counts. Given
that immune cell scoring requires consideration of variation between sectioning levels even in an anatomically
well-defined healthy glandular structure, we anticipate
that the iTME evaluation in much more heterogeneous
and poorly differentiated tumor samples will hugely
benefit from our image analysis workflow.

3.2 Variable lymphocyte patterns in different phases
of the menstrual cycle
Immune cell infiltration in the normal breast tissue was
variable and associated with the menstrual cycle. We
observed a heterogeneous occurrence of immune cells
within tissue samples of an individual and between pa-

tients. This was consistent with our previous results
in a subset of the present series, recently described in
[1]. In general, there was a high number of CD8+ Tlymphocytes, about seven per 100 epithelial cells on
average. The overall mean density of CD8+ T-cells was
significantly higher in the luteal than in the follicular
phase of the menstrual cycle with 1.6 fold increase in
patients not taking oral contraceptives (p < 0.001) and
1.4 fold increase (p < 0.001) in patients taking oral contraceptives (Fig. 4). This difference was predominantly
driven by the CD8+ lymphocytes in close contact to
the epithelial layer and less evident in the stromal infiltrates. The presence of potentially cytotoxic CD8+
T-cells in direct contact with morphologically vital epithelial cells suggested an inactive or resting functional
state, consistent with a presumable role in continuous
immunosurveillance. Further, in patients using oral contraceptive, the CD8+ density was 1.1 fold higher re-
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Fig. 3 Robustness of the ratio between CD8+ T-cells and p63+ basal epithelial cells in corresponding lobular areas of different
size and shape in consecutive slides. Shown are three (more in Fig. 2 of the Online Resource 1) independent ROIs (different
colors) in a single block of a patient who underwent reduction mammoplasty. Each dark diamond reflects an absolute p63+
basal epithelial cells count (left y-axis) and each light circle of the same color represents the CD8/p63 ratio (right y-axis) in
the same ROI. Some lobular areas remained relatively constant across multiple sections (second row), whereas others changed
in epithelial cell number (first and third row)

gardless of the cycle phase and 1.2 fold higher in the
follicular phase than in patients not taking oral contraceptives. In contrast, the overall amount of CD4+
T-helper cells was too small in the normal breast tissue
(on average, about one CD4+ T-cells per 100 epithelial cells; see Fig. 3 of the Online Resource 1) to analyze their dependence on the menstrual cycle. CD20+
B-lymphocytes were also present, mostly at low numbers (on average, less than one B-cell per 100 epithelial
cells), with the only exception of two cases where we observed focally higher densities of CD20+ cells in stromal
localization (Fig. 4 of the Online Resource 1).

macrophages was significantly lower in the luteal than
in the follicular phase (Table 1 of the Online Resource 1).
In contrast to CD8+ lymphocytes, macrophages were
not obviously co-localized with the epithelial cells. CD163+
macrophage numbers were 1.1 fold increased in patients
taking oral contraceptive compared to patients not taking oral contraceptive (significant). The spatial distribution of macrophages suggested less contact with individual epithelial cells than in the case of CD8+ Tlymphocytes. This might indicate that CD163+ macrophages
have a role in permanent maintenance of the tissue microenvironment including stromal areas.

3.3 Variation of CD163+ macrophages during the
menstrual cycle

3.4 CD8+ lymphocytes in context of epithelial
proliferation

CD163+ macrophages were present in high numbers,
comparable with the amount of CD8+ T-lymphocytes
(Fig. 5 of the Online Resource 1). The density of CD163+

Given that CD8+ lymphocytes were more frequent in
the menstrual cycle phase for which higher rates of proliferation had been previously described [13, 41, 34], we

Immune cell patterns in normal mammary gland
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Fig. 4 Differences between follicular and luteal cycle phase in the number of CD8+ T-cells in contact with epithelial
cells (ICIC), close to epithelial cells (ICC), and in lobular stroma (ICIS) displayed as ratio per epithelial cells (IC/EC) in the
same lobule. Shown are the distribution, mean value, upper and lower quantile, as well as the standard deviation. The figure
compares patients without taking oral contraceptives (top row) and patients taking oral contraceptive (bottom row). Dashed
lines illustrate the average values of total immune cell count (i.e., ICIC + ICC + ICIS) over all ROIs (see Table 2 of the Online
Resource 1) in the follicular (red) and luteal (blue) phases

analyzed whether focal peaks in epithelial cell turnover
were co-localized with higher density of immune cells.
Our results (Fig. 6 of the Online Resource 1) for nuclear Ki-67 staining were in agreement with published
data, showing that proliferation is generally increased
in the luteal phase [31]. Taking into account that this
increase is especially strong in the second part of the
luteal phase [2], we split this phase in two parts for more
precise statistical analysis (see Online Resource 1). Coregistration results between CD8 and Ki-67 stained sections showed that CD8+ lymphocytic infiltrates were
not co-localized with peaks of epithelial proliferation
(correlation coefficient: 0.030). A visual inspection by a
pathologist of several images confirmed the accuracy of
this automated analysis result, as shown in the representative examples of Fig. 5.

Assuming that increased cell turnover is associated
with elevated risk for cell damage or aberrant cell divisions [29, 23], it would be plausible that CD8+ cells
could possibly be required in higher numbers close to
areas of transient proliferative activity, such that a colocalization with areas of increased cell renewal in the
luteal phase [33, 30] could be expected. However, our
results do not support this expectation and may indicate that the majority of CD8+ cells are not actively
involved in processes associated with local or temporal peaks of epithelial cell turnover, consistent with a
resting functional state.
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a (Ki-67)

b (CD8)

c (Ki-67)

d (CD8)

e (Ki-67)

f (CD8)

Fig. 5 a–b: ROI with high Ki-67 (left) and high CD8 (right) level. c–d: ROI with high Ki-67 (left) and low CD8 (right) level.
e–f : ROI with low Ki-67 (left) and high CD8 (right) level

3.5 Spatial distribution of immune cells in normal
breast
A comprehensive repository of the spatial distribution
of immune cells in normal breast tissue, confirmed by
image analysis, could serve as a reference to distinguish
pathological conditions from normal immunosurveillance.
As a major step towards such a reference data base, our
workflow captured spatial aspects such as stromal localization of immune cells and provided the technological
prerequisites to combine measures for lymphocyte subsets such as local CD4/CD8 evaluation in previously
defined ROIs. CD8+ T-cells were surprisingly abundant
in normal breast tissue, predominantly localized in direct contact to epithelial cells (p < 0.001), and appeared

to vary under hormonal influence. Differently from this
distribution pattern, CD4+ T-cells were rare and in diffuse localization, and CD163+ macrophages occurred
abundantly and widely spread. We propose integrating
such quantitative and spatial aspects in future definitions of LLO. As one example for such combined spatial
patterns, the two single lobules that were identified as
“outliers” with high numbers of stromal B-cells were
characterized by relatively low presence of intraepithelial CD3+ T-cells (Fig. 4 of the Online Resource 1).
As another example, we envision that the combination
of focal CD4+ T-cells in predominantly stromal localization, along with CD8+ T-cell clusters in the neighborhood of destroyed or disintegrating lobular epithe-
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lium could be a distinguishing feature. This is based
on the observation that this pattern was rarely present
in the 53 normal breast samples of the current study,
but repeatedly seen in an independent series of archival
prophylactic mastectomy samples [1] in patients with
BRCA1/2 germline mutations (see two representative
examples in Fig. 7 of the Online Resource 1). We propose such combined quantitative and spatial criteria to
refine differences between normal and pathological conditions by large-scale image analysis.

4 Discussion
In this study, we described the distribution of immune
cell subpopulations in normal breast tissue with focus
on markers of growing relevance for oncoimmunology
(CD4, CD8, CD163) and integrate their spatial patterns
applying advanced image analysis. The high number
of CD8+ T-lymphocytes and their dependence on the
menstrual cycle and the use of oral contraceptives suggest the permanent presence of a T-cell population related to immunosurveillance under control of hormonal
fluctuations. This can have implications for those diagnostic procedures where the nonmalignant components of the iTME are evaluated, for example in diabetic mastopathy [40], sclerosing lymphocytic lobulitis
associated with autoimmune disease [17], and after prophylactic mastectomy [19].
Using the published quantitative definitions [16] accepting that one lobule is sufficient to diagnose LLO in
an individual patient, more than 70% of patients in our
data set would qualify for LLO. At the level of individual lobules, we estimated that a number of at least 100
CD8+ lymphocytes are contained in 17.3% of all ROIs
that correspond to areas usually described as “representative lobules” with 250–2500 epithelial cells, 50–100
CD8+ lymphocytes are contained in further 27.6%. Assuming that CD8+ lymphocytes are only a subset of all
included lymphocytes, more than a quarter of normal
lobules show LLO based on the definition “100 lymphocytes” [19]. Applying the definition of “more than
50 mononuclear cells per lobule” for moderate and 100
for severe LLO [16] to the CD8 and CD163 population about 81% of the normal lobules would show LLO.
Since CD8+ and CD163+ cells are only a small subset of
mononuclear cells, this is an underestimation. Based on
the definition “at least four lymphocytes between the
adjacent acini” [8], we estimated that about 20% of lobules in reduction mammoplasty samples would qualify
for LLO. It should be questioned whether it is useful to
define a potentially pathological condition like LLO in
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such a high percentage of asymptomatic women without clinical and histopathological abnormalities. Rather
than claiming a generally applicable LLO definition, we
propose to use conventional quantitative assessment to
identify cases requiring further analysis, and to consider phenotypes, relative quantities, and localization
of immune cells in order to contribute to a refinement
of future LLO definitions. These might be different in
various pathological conditions due to the individual
underlying pathogenic mechanisms.
Reduction mammoplasty samples from patients considered healthy by all medical standards at the time of
the surgery are strong evidence, but limitations of the
approach should be mentioned. First, we cannot exclude that single patients may have been affected by
breast cancer during their life after surgery. Second, it
has been discussed that breast tissue from reduction
mammoplasty may not be entirely representative for
the “normal” female population with regard to slightly
increased incidence of nonmalignant, non-proliferative
lesions [9] and the occasional occurrence of premalignant lesions as described in a series from Brazil [32].
However, it can be considered the best type of tissue
available for large-scale analysis, as opposed to needle
biopsy specimens [9] that may miss some of the heterogeneity present in the iTME of breast glands (Fig. 2).
We conclude that our study provides a solid approximation towards defining the range of normal immune cell
presence. This is useful for future comparisons with different pathological conditions such as LLO in the context of genetic predisposition or manifest breast cancer.
In current practice, the evaluation of the inflammatory microenvironment in breast cancer [35, 10] is based
on “Tumor infiltrating lymphocytes” (TILs) within the
tumor mass and does neither consider the hormonal
status of the patients (cycle phase, menopause, medication) nor the adjacent non-neoplastic tissue. Our results indicate that cycle phase and use of oral contraceptive therapy could potentially be relevant for evaluation, particularly in newly diagnosed patients without
previous therapy-related effects. While changes up to
2-fold as observed in healthy patients may be a minor
aspect for evaluation of solid tumor masses, where more
than 60% of the stromal compartment can be TILs [35,
10], the patient history may be much more relevant for
inflammatory changes in adjacent non-neoplastic tissue. For example, experience from colon cancer suggests
that lymphocyte subsets at the invasive edge of tumors
are more relevant for prognosis than the central tumor
mass [14]. In this regard, our approach has the potential
to support improvements of prognostic precision in the
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emerging era of oncoimmunology, for example, to evaluate inflammation close to benign precursor lesions [16,
18,21, 6, 26] or in preexisting glandular tissue adjacent
to cancer areas of small early-stage tumors, where tumor is frequently closely related to non-neoplastic preexisting tissue.

of Pathology, Hannover Medical School, for breast pathology expertise. The authors thank the team of the Immunohistochemistry Laboratory, Institute for Pathology, Hannover
Medical School for technical assistance, and the team of microDimensions, Munich, for help with 3D histology reconstruction.

In summary, this work provides an important proofof-concept that automated recognition of ROIs is possible in breast tissue and that large-scale image analysis of WSIs provides an added value by increasing
reproducibility and observer independence. We anticipate a growing demand for immune cell evaluation
beyond semi-quantitative scoring of TILs, such that
technologies in immunoscoring for effector T-cells [10]
and alternatively activated macrophages [39] will become increasingly important. As a long-term impact,
further development of our approach will pave the way
for broader applications of digital pathology in breast
cancer biomarker evaluation, including automated detection of tumor, stroma, invasive edge, and adjacent
normal tissues as relevant ROIs.
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