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ABBREVIATIONS 

 

AshD – Ashman's D 

BC – breast cancer 

CI – confidence interval 

CM – the center of mass 

d – density 

DIA – digital image analysis 

ER – estrogen receptor 

G – histological grade 

HER2– human epidermal growth factor receptor 2 

HR – hazard ratio 

HRBC – hormone receptor-positive invasive ductal breast carcinoma 

IHC – immunohistochemistry 

IM – invasive margin  

IZ – interface zone 

IZ3/5/7/9 – 3/5/7/9-hexagon wide interface zone 

LR – likelihood ratio 

KMO – the Kaiser-Meyer-Olkin measure 

OS – overall survival 

pN – lymph node metastasis status 

PR – progesterone receptor 

pT – tumor invasion stage 

S – stroma part 

SATB1– special AT-rich sequence-binding protein 1 

T – tumor part 

TE – tumor edge 

TE1/3 – 1/3-hexagon wide interface zone  

TIL – tumor-infiltrating lymphocytes 

TME – tumor microenvironment 

TNM – tumor-node-metastasis staging system 
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 INTRODUCTION 

1.1 Background 

Breast cancer (BC) is one of the most prevalent malignant tumors 

and the most common cause of cancer death among women 1-5. 

According to the International Agency for Research on Cancer 5, 6, in 

2018, there were 2 088 849 newly diagnosed BC cases, and 626 679 

women have died. Despite the advent of new technologies and a 

better understanding of tumorigenesis, immunohistochemistry (IHC) 

for estrogen receptor (ER), progesterone receptor (PR), human 

epidermal growth factor receptor 2 (HER2), and Ki67, and 

morphological features detection such as tumor size (pT), grade, 

lymph nodes involvement (pN), and the histologic type, are current 

clinical practice to predict prognosis and therapy response in BC 

patients 7-9. However, due to BC heterogeneity, prognosis and 

treatment responses differ significantly even in patients with the 

same clinical symptoms and pathological characteristics. Therefore, 

other essential aspects and biomarkers in defining tumors and patient 

prognosis must be considered to improve disease management in BC 

patients. 

Significant progress in cancer biology and translating the 

knowledge into personalized therapies has been made 10. While the 

broad spectrum of the therapies mainly targets cancer cells, their 

clinical utility is hampered by heterogeneity and divergence of 

cancer cell populations in individual tumors 11. Studies 12-16 

highlighted the critical importance of the tumor microenvironment 

(TME) with complex interplay of processes involved in epithelial-

mesenchymal transition of cancer cells, angiogenesis, and metastasis. 

Furthermore, dysregulated immune responses and interactions 

between cells in the TME affect tumor progression and prognosis. 

Therefore, comprehensive analysis of local profiles of cancer cells 

and TME properties may reveal the dynamics of the interactions 

which could be associated with prognostic and predictive data. 
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Essential element of the TME is tumor-infiltrating lymphocytes 

(TIL) which have been associated with a better prognosis in various 

tumors since 19th century 17, 18; however, only recently their clinical 

value has been demonstrated by digital pathology tools 19-21. 

A study 20 of the immune contexture in colorectal cancer with the 

application of digital image analysis (DIA) of IHC slides revealed 

the high prognostic value of CD3+ and CD8+ lymphocyte densities 

in central and peripheral compartments of cancer tissue. The 

discovery was translated into a clinically validated test 

(Immunoscore®), which proved to be an independent prognostic 

marker outperforming the conventional tumor-node-metastasis 

(TNM) staging system in distinct cancer types 19, 22, 23. However, TIL 

assessment is not yet included in BC's clinical practice 24-26. In 2017, 

the International Immuno-Oncology Biomarkers Working Group 

provided recommendations to standardize TIL assessment in various 

solid tumors 25, 26. According to these guidelines, computational 

assessment of TIL should be carried out in hematoxylin and eosin-

stained samples using the semi-quantitative method by determining 

spatial aspects – 1 mm wide invasive margin (IM) – an area that 

separates tumor tissue from the surrounding stroma 25-27. However, 

TME evaluation by these recommendations is not very precise: there 

is no possibility to evaluate the composition of immune cells, while 

the quantitative and spatial assessment of TIL is very subjective and 

highly depends on the expert's judgment and experience. Therefore, 

studies 20, 21, 28-31 suggested using alternative methods like IHC, which 

could determine the phenotype of immune components, evaluate the 

exact position of TIL in the analyzed tissue and estimate local 

interactions of cancer and immune cells in TME. Moreover, double 

IHC can further enhance this method where both type of cell and its 

biological property could be identified 32, 33. However, there are only 

a few studies 28, 34 that assess the spatial aspects of TIL by 

automatically separating tumor tissue regions and determining the 

tumor-stroma interface zone (IZ). Nevertheless, the contradictory 

results 29, 35-40 of the association between TIL and a BC patient's 
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prognosis, especially in the most common subtype of BC – hormone 

receptor-positive invasive ductal breast carcinoma (HRBC) – 

underscore that visual TIL enumeration, as described according to 

the guidelines, lacks precision. In contrast, TIL assessment by IHC 

and DIA methods would allow for an exact quantification of 

parameters such as object counts, surface area, and even features that 

may not be visually discriminated 41-43. Besides, hexagonal tiling and 

spatial statistics methods proposed in previous work 44-46 to assess 

Ki67 heterogeneity could automatically visualize tumor tissue 

components, estimate the spatial distribution of TIL in the TME, and 

link identified key immune response parameters to the patient 

survival data. 

Despite the progress in assessing the immune response, a 

fundamental question remains unanswered: why do the majority of 

tumors not reveal a significant immune response? The success of 

immunotherapies relies on the existing TIL and their density 47. 

However, cancer cells synthesize various proteins, such as 

programmed death-ligand 1 (PD-L1), which in most cases suppresses 

tumor immunogenicity 48-50 and limits the effect of novel immune 

response-modulating therapies 51-55. Therefore, the comprehensive 

analysis of local profiles of cancer cell and microenvironment 

properties, including antigen presentation, angiogenesis, 

proliferation, and other cancer hallmarks, could be translated into the 

dynamics of local interactions of cancer cells and TIL in the TME 

and enable more precise clinical prognostication in the HRBC 

patients. 

1.2 The Aim of the Study 

To explore associations between features of cancer progression 

and immune response in the spatial context of the tumor 

microenvironment. 

 



9 

1.3 The Objectives of the Study 

1. Develop and optimize single and double IHC procedures for 

robust quantification and spatial analysis of biomarker 

expression. 

2. Establish DIA and hexagonal grid subsampling methods to 

detect BC tissue microenvironment components, extract the 

tumor-stroma IZ, and measure the spatial distribution of immune 

cell variance inside and across the IZ. 

3. Optimize indicators of the tumor, its microenvironment, 

immune response, and biomarker intratumour heterogeneity 

features for BC pathobiological and prognostic modeling. 

4. Explore local cancer and microenvironment interaction 

patterns and correlate to pathology, clinical, and disease outcome 

data in a retrospective early-stage HRBC patient cohort. 

1.4 Defended Statements 

1. The developed BC tissue analytics methodology 

automatically extracts tumor-stroma IZ and allows to compute 

CD8+ cell density profiles across the IZ. These immunogradient 

indicators enable strong and independent prognostic stratification 

of patients with early-stage HRBC. 

2. Integrated Ki67, PR, and CD8+SATB1+ IHC DIA data-

based model allows prognostic stratification in the HRBC patient 

cohort, outperforming clinical and pathological parameters. This 

model reveals that Ki67 and PR intertumoral heterogeneity 

indicators are prognostically more informative than their 

expression rates. Also, the intratumoral density of CD8+SATB1+ 

cells indicates their role in the active antitumor immune response. 
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1.5 The Scientific Novelty of the Study and Implementation 

in Clinical Practice 

1. Methodology to extract tumor edge (TE) and tumor-stroma 

IZ. In this work, TE and IZ were automatically determined by 

applying DIA and hexagonal grid subsampling of digitized BC 

tissue microscopy images. Tumor-stroma IZ detection, including 

its spatial ranking from the stroma-to-tumor aspect, enabled 

sampling adjustment of IZ width and quantification of immune 

cell density profiles to assess the TIL gradient towards the tumor 

aspect in early-stage HRBC samples. 

2. Prognostic value of immunogradient indicators. For the first 

time, it was established that not only the density of CD8+ cells in 

the tumor compartment but also the center of mass (CM) for the 

mean of the CD8+ density (reflecting the directional variance of 

immune cells from stroma to tumor aspect of the IZ) are 

independent indicators of better prognosis in HRBC. Moreover, 

the aggregated IZ CD8+ cell response factor, calculated by the 

sum of the CD8+ density and CD8+ gradient factors scores, is an 

independent indicator of better overall survival (OS) and can 

predict the long-term (>5 years) survival of the patients with 

HRBC. 

3. Biological and prognostic value of CD8+SATB1+ cells. By 

applying double IHC for SATB1 and CD8, and DIA, for the first 

time, the prognostic value of the epigenetic regulator protein 

SATB1 expressed in the intratumoral CD8+ cells in HRBC was 

demonstrated. CD8+SATB1+ T cells provided stronger 

prognostic information than CD8+ lymphocytes assessed by 

single IHC; SATB1 expression in CD8+ cells could reflect the 

activated state of immune cells. 

4. Non-linear relationship between the percentage of PR and 

its intertumoral heterogeneity and prognostic value of PR 

entropy. The non-linear relationship between the level of PR 

expression and its Haralick's texture entropy revealed that HRBC 
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patients with a 20–80% expression rate of PR had better OS. 

Additionally, it was determined that Haralick's texture entropy of 

PR is prognostically more informative than the PR expression rate 

(percentage of PR positive cells in BC tissue). 

5. The multidimensional prognostic model based on DIA data. 

For the first time, prognostic modeling, based entirely on the DIA 

of IHC images, was achieved in HRBC patients and reflected 

three biological and prognostically independent features of HRBC 

– PR expression, proliferation rate, and local immune response. 

These three indicators surpassed conventional clinical and 

pathological parameters of BC. 
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 MATERIALS AND METHODS 

2.1 Study Population and Tumor Characteristics  

Surgically excised tumor samples were retrospectively collected 

from 101 patients with an early (stage I and II) HRBC. All patients 

were treated at the National Cancer Institute (Vilnius, Lithuania) and 

were investigated at the National Center of Pathology (Vilnius 

University Hospital Santaros Klinikos, Vilnius, Lithuania) from 2007 

to 2009. The clinicopathological and follow-up characteristics are 

summarized in Table 1. 

The study approval was granted by the Lithuanian Bioethics 

Committee (reference number: 40, 2007-04-26, updated on 2017-09-

12); informed written consent was collected from all patients before 

the study entry. 

 

Table 1. Patient and tumor clinicopathological parameters: 

Patients (percent) 101 (100 %) 

Age, years 

Mean (± standard deviation) 57.75 (±12.68) 

Median 59 

Range 27–87 

Age, n (%) 

<59 years 53 (52.5 %) 

≥59 years 48 (47.5 %) 

Follow up, months 

Median 135 

Range 17–143 

Deceased, n (%) 

After 5 years  8 (7.9 %) 

After 10 years 24 (23.8 %) 

Histological grade (G), n (%) 

G1 23 (22.8 %) 

G2 47 (46.5 %) 

G3 31 (30.7 %) 
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2.2 Tissue preparation, immunohistochemistry, and image 

acquisition  

One formalin-fixed, paraffin-embedded block per patient with the 

maximum content of invasive tumor tissue was selected for IHC. 

Paraffin sections were cut at three μm thickness and mounted on 

positively charged slides (seven sections per case). 

IHC staining was performed by a Roche Ventana BenchMark 

ULTRA automated slide staining system (Ventana Medical Systems, 

Tucson, United States). ER, PR, HER2, Ki67, CD8, and HIF1α were 

detected by single IHC using the ultraView Universal DAB 

Detection kit (Ventana Medical Systems), while for SATB1 and CD8 

detection, double IHC on the single slide was performed; SATB1 

was visualized using the ultraView Universal DAB Detection Kit, 

and for CD8 visualization the ultraView Universal Alkaline 

Phosphatase Red Detection Kit (Ventana Medical Systems) was 

used. Single and double IHC protocols were optimized for DIA by 

Tumor invasion stage (pT), n (%) 

pT1 55 (54.5 %) 

pT2 46 (45.5 %) 

pT3 or pT4 0 

Lymph node metastasis status (pN), n (%) 

pN0 54 (53.5 %) 

pN1 35 (34.7 %) 

pN2 9 (8.9 %) 

pN3 3 (3.0 %) 

Metastasis (M), n (%) 

M0 101 (100 %) 

Treatment, n (%) 

Hormone therapy 88 (87,1 %) 

Chemotherapy 61 (60,4 %) 

Radiotherapy 85 (84,2 %) 

Trastuzumab therapy 7 (6,9 %) 

Continued table. 
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changing antibody dilution and combining antibody detection 

systems. IHC was applied using ready-to-use antibodies for ER, PR, 

HER2 (SP1, 1E2, 4B5, respectively, Ventana (Tucson, United 

States), Ki67 (MIB-1, Dako (Glostrup, Denmark), dilution 1:200), 

HIF1α (EP118, Epitomics (San Mateo, United States), dilution 

1:200), SATB1 (SP287, Abcam (Cambridge, United Kingdom), 

dilution 1:250) and antibodies against CD8 (C8/144B, Dako, dilution 

1:1100). The sections were counterstained with Mayer's 

hematoxylin. 

The IHC slides were digitized with a ScanScope XT Slide 

Scanner (Leica Aperio Technologies, Vista, CA, United States) at 

20× objective magnification. DIA of the whole slide images was 

performed with the HALO (version 3.0311.174; Indica Labs, 

Corrales, United States). The HALO AI tissue classifier module was 

trained to segment tumor tissue, stroma, and background (consisting 

of necrosis, artifacts, and glass). Subsequently, the HALO Multiplex 

IHC algorithm (version 1.2) was used to detect and extract 

coordinates of ER, PR, Ki67, SATB1, CD8, and HIF1α positive 

cells. In contrast, the HALO HER2 algorithm (version 1.1) was used 

for HER2 positive cells. Examples of single and double IHC and 

DIA output images are presented in Figure 1. 
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continued on next page 
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(A, B, C): IHC and corresponding DIA outputs of ER, (D, E, F) of PR, (G, 

H, I) of HER2, (J, K, L) of Ki67, (P, Q, R) of double IHC of CD8 and 

SATB1, and (S, T, U) of HIF1α. Nuclear cell segmentation algorithms mark 

positive (brown) and negative (blue) cells: (B) of ER, (E) of PR, (K) of 

Ki67. Cytoplasmic/nuclear cell segmentation algorithm marks positive 

HIF1α cells (T) (brown) and negative (blue) cells. HER2 cell segmentation 

algorithm marks negative (blue), week positive (yellow), moderate positive 

(orange), intense positive (red) cells of HER2 (H). Multiplex algorithm of 

double CD8 and SATB1 IHC (Q) separates positive CD8 (red), positive 

SATB1 (brown), and negative (blue) cells. (C, F, I, L, O, R, U) illustrate the 

automated BC tissue segmentation into the tumor (red), stroma (green), and 

background (black) parts by the HALO AI tissue classifier. 

Figure 1. Examples of single and double immunohistochemistry and digital 

image analysis output images. 
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2.3 TE and IZ Extraction 

In collaboration with our research team, a new tool was 

developed to automatically extract the tumor-stroma IZ and compute 

novel immunogradient indicators from TIL density profiles across 

the IZ. The method used for TE and IZ detection is explained in 

detail in a separate study56. Briefly, the IHC slides (Figure 2, A) were 

processed by DIA to detect tissue classes for each pixel (Figure 2, B) 

and extract coordinates of CD8+ positive and negative cells (Figure 

2, C). According to the methodology developed by Plancoulaine et 

al. 45, IHC DIA data were then systematically subsampled by a 

randomly positioned hexagonal grid; hexagons with a side length of 

65 µm were used (Figure 2, D). Coordinates of positive and negative 

cells, densities of CD8+ cells, and area fractions of the tumor, 

stroma, and background classes have been identified and calculated 

inside each grid element. The TE, the boundary between tumor and 

stroma components, was computed based on abrupt changes of tissue 

area fractions inside each hexagon (area fractions of the tumor, 

stroma, and background are presented in Figure 2, E; changes of 

tumor area fractions are presented in Figure 2, F and G). In Figure 2, 

H, the extracted TE is visualized in yellow hexagons. Grid elements 

not considered part of the TE were classified as either tumor, stroma, 

or background by the maximum of tissue area fractions. Later, the 

shortest distance to the extracted TE was computed for each grid 

element; the extracted TE hexagons had rank 0, and elements inside 

the tumor were ranked with their positive distance from TE, while 

hexagons in the stroma were assigned with their negative distance 

from the TE. The extracted IZ, consisting of TE with tumor and 

stroma tissue, were defined for different width choices; however, it 

was found that the IZ of width 9 (abbreviated as IZ9, ranks [−4; 4]) 

with TE3 consisting of ranks [−1; 1] (rather than TE1 of rank 0) is 

optimal for HRBC. Figure 2, I shows a 9-hexagon wide IZ; tumor 

aspect of IZ (rank = 2, 3, and 4), stroma aspects of IZ (rank = –4, –3, 
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and –2), and TE (rank = –1, 0, and 1) labeled as red, green and 

yellow, respectively. 

 

 

(A): input of digitized CD8+ IHC whole slide images. (B): pixel-wise 

classification of the BC tissue by DIA. Tumor parts are in red, stroma in 

green, and background in black color. (C): quantitative analysis of CD8 by 

DIA. The nuclear cell segmentation algorithm marks positive (brown) and 

negative (blue) cells of CD8. (D): hexagonal grid segmentation; hexagon 

side length – 65 μm. (E): area fractions of the tumor (red), stroma (green), 

and background (blue). (F): tumor area fraction changes (red). (G): tumor 

area fraction changes divided into tumor-stroma (green) and tumor-

background (blue) changes. (H): detected TE (yellow). (I): IZ of 9-hexagons 

wide (IZ9). IZ's tumor aspect (ranks 2, 3, and 4) presented in red color, and 

IZ's stroma aspect (ranks –4, –3, and –2) is green, TE (ranks –1, 0, and 1) 

is yellow. 

Figure 2. Detection steps of tumor edge and tumor-stroma interface zone in 

breast cancer tissue.  
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2.4 Computation of Immunogradient Indicators  

Quantitative immune response indicators (the mean and standard 

deviation of CD8+ cell density in the TE, tumor, and stroma aspect 

of IZ) were calculated by summarizing the hexagonal CD8+ cell 

density values for each rank into rank quantities. The rank quantities 

formed a collective interface CD8+ cell density profile that reflected 

the distribution of immune cells in HRBC and revealed how CD8+ 

cell densities and their standard deviations varied inside and across 

the analyzed IZ. Examples of CD8+ cell density profiles for three BC 

tissue are shown in Figure 3. 

 

 

Digitized IHC slides of CD8 stained BC tissue are presented on the left. The 

detected TE is in yellow, the stroma is in green, the tumor is in red, and the 

background is in blue (center). On the right, CD8+ density profiles are 
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presented for three different BC tissues. The box-whisker plot illustrates the 

mean, median, and variance of the CD8+ cell density within ranks from −4 

to 4. The ranks are colored according to stroma (green), tumor (red) tissue 

aspects, while TE (rank 0) is presented in yellow. 

Figure 3. Examples of three CD8+ cell density profiles. 

 

Moreover, to express the directional variance of immunes cells 

from stroma to tumor aspect of the IZ, two indicators – the CM and 

immunodrop (ID) were computed. The CM was calculated using 

formula 1: 

 CM =  
∑ 𝑟𝑖 𝑞(𝑟𝑖)𝑟𝑖

∑ 𝑞(𝑟𝑖)𝑟𝑖

, (1) 

where 𝑟𝑖 represents 9 ranks in the IZ, ri ∈ [−4;4], and 𝑞(𝑟𝑖) indexes the 

rank quantity, e.g., the mean or standard deviation of CD8+ cell density. 

 

The CM defined the coordinate in the horizontal axis of the CD8+ 

cell density profile and allowed to assess the gradient of the CD8+ 

cells towards the tumor; if the CM value was positive, CD8+ cells 

were considered to infiltrate into the tumor core, and if negative, it 

was considered that CD8+ cells were concentrated in the stroma 

aspect of IZ. Meanwhile, the ID indicator represented an abrupt 

change of CD8+ cell density near the TE and was calculated using 

formula 2: 

 

 ID = 
𝑞(𝑟−1)

𝑞(𝑟1)
, (2) 

where 𝑞(𝑟−1/1) indexes the rank quantity in rank –1 or 1. 

 

Accordingly, the immune response against the tumor was 

characterized by the following immunogradient parameters: 

1) quantitative variables: 

Continued figure. 
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a) the mean and standard deviation of CD8+ cell density 

in the stroma aspect of the IZ (hexagons from rank −4 to 

rank –2), 

b) the mean and standard deviation of CD8+ cell density 

in the TE (hexagons from rank −1 to rank 1), 

c) the mean and standard deviation of CD8+ cell density 

in the tumor aspect of the IZ (hexagons from rank 2 to rank 

4), 

2) directional variance variables: 

a) the mean and standard deviation of the CM of CD8+ 

cell densities, 

b) the ID of CD8+ cell density. 

2.5 Computation of IHC and Intratumoral Heterogeneity 

Indicators 

To explore the prognostic value of IHC and intratumoral 

heterogeneity indicators in HRBC, the set of 7 IHC variables were 

calculated and included: 

1) global quantities of conventional BC variables per case: 

a) the percentages of ER, PR, Ki67, and HER2 2+ and 3+ 

positive cells in the tumor compartment, 

2) intratumoral heterogeneity indicators: 

a) the Haralick's texture parameters (entropy, energy, 

homogeneity, contrast, and dissimilarity) and Ashman's 

D (AshD) bimodality indicator of ER, PR, and Ki67, 

3) immune response indicators: 

a) the densities of CD8+ and CD8+SATB1+ positive cells 

in tumor and stroma compartment, 

4) hypoxia-inducible properties variables: 

a) the percentage of HIF1α positive cells in the tumor and 

stroma compartments. 

The methodology of this part is described in detail in a separate 

study 57. Variable sets 1, 3, and 4 were collected from the HALO 
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DIA data for each digitized IHC slide. The intratumoral 

heterogeneity indicators were calculated using the hexagonal tiling 

methodology as described above; DIA data were subsampled with 

257 μm side length hexagons. Positive and negative cells of all 7 

biomarkers were counted based on the DIA's cell coordinates inside 

each hexagon. Grid elements containing fewer than 50 cells were 

regarded as insufficient sampling and were not used for further 

analyses. Heterogeneity indicators for HER2, CD8+, CD8+SATB1+, 

and HIF1α were not calculated since low expression and low 

dynamic range was observed for all these biomarkers. Percentages of 

ER, PR, and Ki67 were computed for each hexagon and 

subsequently ranked linearly into ten intervals (level 1 (0–10%), 

level 2 (>10–20%), etc.) to compute the co-occurrence matrix. 

Heterogeneity parameters were then extracted from the co-

occurrence matrix as Haralick's texture indicators (entropy, energy, 

homogeneity, contrast, and dissimilarity) as described in 58. The 

Ashman's D (AshD) bimodality indicator was calculated for the 

intratumoral distributions of ER, PR, and Ki67 expression based on 

the search of two hidden distributions in the histogram of hexagonal 

grid data using Gaussian mixture models 59 and expectation-

maximum algorithms 60. 
  

2.6 Statistical Methods 

A two-sided Welch's t-test was used for the homogeneity of 

variances comparison. Summary statistics were performed with 

significance tests based on one-way ANOVA with Bonferroni's post 

hoc test for pairwise comparisons. χ2 and Fisher's exact test were 

applied to estimate significant associations for non-parametric 

statistics. Since distributions of IHC biomarkers results revealed left 

asymmetry, logarithm-transformed values were used for parametric 

statistics; however, for readability, the prefix log is not used in the 

text and graphs. After data transformation, the scatter plots of the 

data corresponded to the normal distribution. Moreover, highly 
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correlated (r > 0.9) indicators were eliminated to avoid 

multicollinearity or singularity in multivariate survival analysis. The 

statistical significance was set at p < 0.05. 

Factor analysis on a DIA data set was subsequently performed 

using the factoring method of principal component analysis with 

factors retained based on an eigenvalue >1; orthogonal varimax 

rotation of the initial factors was used 61. Before factor analysis, the 

set of variables was evaluated using the Kaiser-Meyer-Olkin (KMO) 

measure – if the KMO was higher than 0.5, the variable was 

considered adequate, while lower KMO indicated that the variable 

might not be relevant for factor analysis 61-63. 

A cutoff value for all continuous variables was determined by 

web-based Cutoff Finder software (Charité University, Berlin, 

Germany) 64. The Kaplan–Meier was used to summarize OS data, 

and the log-rank test was applied to compare the statistical 

significance of OS distributions. Cox regression analysis was applied 

to test the independent prognostic significance of the IHC indicators 

in the context of clinicopathological variables. The final models' 

predictive value and statistical power were estimated based on the χ2 

and/or likelihood ratio (LR) 65. 

Due to a limited cohort size, data overfitting was minimized by 

leave-one-out cross-validation 66; the most frequent variables were 

further tested in the Cox proportional hazard analysis. 

TE and IZ extraction were performed in C++ (g++ 7.3.8) platform 

using libtiff (version 5.2.4; https://www.libtiff.org) and Boost 

(version 1.67; https://www.boost.org). Statistical analyses were 

completed with SAS (version 9.4; SAS Institute Inc., Cary, USA); 

plots were produced with R (version 3.4.4; R Development Core 

Team). 
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  RESULTS 

3.1  Summary Statistics of CD8+ Cell Density Indicators 

After TE extraction, a detailed analysis of classified hexagons 

was performed to determine the maximum width of tumor-stroma IZ. 

It was found that that the IZ could be extended only by 4 hexagons to 

the tumor side; otherwise, more than 5% of analyzed cases could be 

lost in this HRBC cohort. Consequently, after determining the 

maximum width of the IZ, IZ's widths of 3, 5, 7, and 9 hexagons, 

abbreviated as IZ3, IZ5, IZ7, and IZ9, respectively, were tested with 

TE, which was consisted of hexagons with rank 0 (abbreviated as 

TE1) and TE with ranks from –1 to rank 1 (abbreviated as TE3). In 

this way, 7 different TE and IZ combinations were obtained and 

analyzed in this work. The most significant prognostic stratifications 

in this HRBC cohort were achieved in IZ of width 9 with TE 

consisting of ranks [−1; 1]. The summary statistics of CD8+ cell 

density indicators computed in IZ9 with TE3 are presented in 

Supplementary Table 1. 

The decrease of CD8+ cell density toward the tumor aspect of IZ 

was observed. The distribution analysis of CD8+ cells within the IZ 

showed that the densities were highest and most dispersed in the 

stroma aspect of the IZ, less abundant and dispersed within the TE3, 

and lowest and less dispersed in the tumor aspect of the IZ (p < 

0.001) (Supplementary Table 1). 

3.2  Factor Analysis of CD8+ Cell Density Indicators 

Two orthogonally independent factors of CD8+ cell density 

indicators were extracted (Figure 4). Before this analysis, the data set 

was assessed using the KMO test; the overall sample adequacy 

measure for all variables reached 0.74. Altogether, the two factors 

explained 90.92% of the variance in the data set. Factor 1 was 

described by strong positive loadings of the variables that reflected 
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the level of CD8+ density within all IZ aspects and was therefore 

interpreted as the CD8+ density factor. Meanwhile, factor 2 was 

characterized by strong positive loadings of the directional variance 

indicators – the CM for both mean and standard deviation of the 

CD8+ density and strong negative loading of the ID indicator. This 

factor was interpreted as a CD8+ gradient factor, whereas higher 

factor 2 scores reflected increasing CD8+ density toward the IZ 

tumor aspect. Moreover, the sum of factor 1 and 2 scores was 

computed as aggregated IZ CD8+ cell response factor to test factors 

combined prognostic power. 

 

 

CD8_CM_mean, the center of mass for CD8 density by mean in ranks  

[–4; 4]; CD8_CM_sd, the center of mass for CD8 by variance in ranks 

[–4; 4]; CD8_ID_mean, immunodrop of the mean of CD8+ density; 

CD8_mean and CD8_sd (standard deviation) are summarized in the stroma 

aspect (S), TE, and tumor (T) aspect of IZ, respectively. 

Figure 4. Rotated factor pattern of immunogradient indicators. 
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3.3  Prognostic Value of the Immunogradient Indicators  

Univariate Kaplan-Meier analyses with a hazard ratio (HR) and 

log-rank test were performed to estimate the TIL density and 

clinicopathological indicators' prognostic potential. The patient OS 

probability stratifications are presented in Figure 5. Higher the CM 

for CD8+ density by mean, the variance of CD8+ cell density in 

stroma aspect, the mean and variance of CD8+ cell densities in TE 

and tumor aspects, CD8+ density factor, CD8+ gradient factor, and 

aggregated IZ CD8+ cell response factor were associated with higher 

OS probabilities. Worse OS was associated with the higher ID of the 

mean of CD8+ density. No significant stratifications were obtained 

for the CM for CD8+ density by variance, the mean of CD8+ cell 

density in stroma aspect of IZ, histological grade (HR = 1.2; 95% 

confidence interval (CI): 0.52–2.81; p = 0.67), pT stage (HR = 0.99; 

95% CI: 0.45–2.22; p = 0.99), and pN status (HR = 2.17; 95% CI: 

0.95–4.97; p = 0.07). Meanwhile, higher patient age was associated 

with worse OS (HR = 2.45; 95% CI: 1.05–5.73; p = 0.039). 

The independent prognostic value of the immunogradient 

indicators was tested by multiple Cox regression analyses along with 

the conventional clinicopathological variables (Table 2). Two 

prognostic models were investigated: model 1 was produced from 

the age group, pathology characteristics (pT, pN, and histological 

grade), and the IZ CD8+ cell density indicators derived from an IZ9 

with TE3, and model 2 was obtained by replacing the 

immunogradient indicators' data set with the aggregated IZ CD8+ 

factor score (Table 2). Model 1 showed the independent prognostic 

value of four indicators: better OS was predicted by the higher the 

CM of the CD8+ mean density and the mean of the CD8+ density in 

the tumor aspect of the IZ; worse OS was predicted by the higher age 

and pN. Model 2 revealed two independent factors – higher 

aggregated IZ CD8+ cell response factor score predicted better OS in 

the context of worse OS predicted by pN status. These two Cox 

regression models were validated using leave-one-out cross-
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validation; the frequency of the model 1 and 2 was 98 and 63 times, 

respectively. The statistical significance of both models, measured by 

LR, was very strong: – 24.63 for model 1 (p < 0.0001) and 14.32 for 

model 2 (p = 0.0008). 

 

Table 2. Statistics of multiple Cox regression analyses for correlation of the 

immunogradient indicators with overall survival: 

Indicator 
Hazard 

ratio 

95% confidence 

interval 
p-value 

Model 1, LR: 24.63, p < 0.0001 

Age group (≤59 vs. >59) 2.54 1.06–6.13 0.0374 

pN group (pN0 vs. pN1–3) 3.60 1.42–9.12 0.007 

CD8_CM_mean 0.39 0.16–0.94 0.0367 

CD8_mean_T 0.20 0.07–0.53 0.0014 

Model 2, LR: 14.32, p = 0.0008 

pN group (pN0 vs. pN1–3) 2.53 1.08–5.93 0.0319 

Aggregated IZ CD8+ cell response 

factor 
0.28 0.12–0.62 0.0019 

CD8_CM_mean, the center of mass for CD8 density by mean in ranks 

 [–4; 4]; CD8_mean has summarized in tumor (T) aspect of IZ; LR, 

likelihood ratio. 
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(A): the center of mass for CD8 density by mean (CD8_CM_mean) in ranks 

[–4; 4]; (B): the center of mass for CD8 by variance (CD8_CM_sd) in 

ranks [–4; 4]; (C): immunodrop of the mean of CD8+ density 

(CD8_ID_mean); (D): the mean of CD8+ density in the stroma aspect of IZ 

(S); (E): the variance of CD8+ density in the stroma aspect of IZ (S); (F): 

the mean of CD8+ density in the tumor edge (TE); (G): the variance of 

CD8+ density in the tumor edge (TE); (H): the mean of CD8+ density in 

the tumor aspect (T); (I): the variance of CD8+ density in the tumor aspect 

of IZ; (J): CD8+ density factor (factor 1); (K): CD8+ gradient factor 

(factor 2); (L): aggregated IZ CD8+ cell response factor (aggregated 

factor). 

Figure 5. Kaplan-Meier survival curves with a hazard ratio (HR) and log-

rank test for correlation of the immunogradient indicators with overall 

survival. 

3.4  Summary Statistics and Prognostic Value of the IHC 

and Intratumoral Heterogeneity Indicators  

The summary statistics of quantitative IHC biomarkers and their 

intratumoral heterogeneity indicators are presented in Supplementary 

Table 2. 

Univariate Kaplan-Meier analyses with an HR and log-rank test 

were performed to estimate the conventional BC IHC, immune 

response, hypoxia-inducible, and intratumoral heterogeneity 

indicators' prognostic value. The patient OS probability 

stratifications are presented in Figure 6. The higher expression rate 

of PR and HER2 in the tumor tissue, immune cells densities of CD8+ 

and CD8+SATB1+ in the stroma and tumor parts, ER and PR 

entropy, and PR AshD bimodality were associated with higher OS 

probabilities. Worse OS was associated with a higher ER expression 
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and Ki67 AshD bimodality indicator. No significant stratifications 

were obtained for the percentage of Ki67 and HIF1α, ER AshD 

bimodality indicator, and Haralick's texture entropy of Ki67. 

 

 
continued on next page 
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AshD, Ashman's D; d, density; S, stroma; T, tumor. 

Figure 6. Kaplan-Meier survival curves with a hazard ratio (HR) and log-

rank test for correlation of the immunogradient indicators with overall 

survival. 

 

The independent prognostic value of the IHC biomarker 

expression rates, immune response, and intratumoral heterogeneity 

indicators was tested by multiple Cox regression analysis along with 

the conventional clinicopathological variables (Table 3). Two 

prognostic models were investigated: model 1 was produced from 

the age group, pathology characteristics (pT, pN, and grade), and the 

conventional BC IHC DIA indicators (percentage of ER, PR, HER2, 

and Ki67 in the tumor part); while model 2 was obtained by adding 

the intratumoral heterogeneity and immune response indicators to the 

data set (Table 3). Model 1 showed the independent prognostic value 

of two indicators: the higher PR expression predicted a better OS 

while worse OS was predicted by lymph node involvement. 
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Meanwhile, model 2 revealed three novel IHC indicators: better OS 

was predicted by higher CD8+SATB1+ immune cell density in the 

tumor tissue and higher Haralick's texture entropy of PR; in contrast, 

worse OS was predicted by the Ki67 AshD bimodality indicator in 

the tumor tissue. Cox regression models were validated using leave-

one-out cross-validation; the frequency of the model 1 and 2 was 58 

and 61 times, respectively. Moreover, model 2 showed a remarkable 

increase in the LR's statistical significance (12.23 compared to 27.67 

of model 2). 

 

Table 3. Statistics of multiple Cox regression analyses for correlation of the 

immunohistochemistry and intratumoral heterogeneity indicators with 

overall survival: 

Indicator 
Hazard 

ratio 

95% confidence 

interval 
p-value 

Model 1, LR: 12.23, p = 0.0022 

pN group (pN0 vs. pN1–3) 2.30 1.01–5.28 0.0485 

PR% 0.29 0.13–0.66 0.0028 

Model 2, LR: 27.67, p < 0.0001 

CD8_SATB1_d_T 0.30 0,13–0.67 0.0035 

PR_entropy 0.22 0.08–0.56 0.0015 

Ki67_AshD 3.26 1.40–7.61 0.0062 

AshD, Ashman's D; d, density; T, tumor part; pN, lymph node metastasis 

status; LR, likelihood ratio. 

3.5  Non-linear Relationship Between the Percentage of PR 

and its Intratumoral Heterogeneity  

A non-linear association between the percentage of PR and its 

intratumoral heterogeneity was noticed: high Haralick's texture 

entropy of PR was detected within the range from 20 to 80% of PR 

(Figure 7). Neither of these two indicators was associated with other 

clinicopathological characteristics. 
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Figure 7. Non-linear association between the percentage of progesterone 

receptor (PR) and its intratumoral heterogeneity (Haralick's texture 

entropy). 

 

3.6  Non-linear Relationship Between the Percentage of PR 

and its Intratumoral Heterogeneity  

To explore the prognostic impact of the non-linear relationship 

between the percentage of PR and its intratumoral heterogeneity, the 

patients were stratified into three groups: 

1) low PR expression rate (<20%) with low Haralick's texture 

entropy of PR,  

2) moderate PR expression rate (20–80%) with high Haralick's 

texture entropy of PR, 

3) high PR expression rate (higher than 80%) with low Haralick's 

texture entropy of PR. 

Patients with a 20–80% expression rate of PR were associated 

with the best OS (91% OS probability after 143 months), followed 

by >80% (71% OS) and <20% expression rate of PR (63% OS) 

(Figure 8). 
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(A) Kaplan-Meier survival curves analyzing low (<20%), moderate (20–

80%), and high (>80%) expression rate of PR. (B) Kaplan-Meier survival 

curves analyzing low and high (<20% and >80%) and moderate (20–80%) 

expression rate of PR. 

Figure 8. Kaplan-Meier survival curves with a hazard ratio (HR) and log-

rank test for correlation of the percentage of progesterone receptor with 

overall survival.  
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  DISCUSSION 

4.1 Extraction of TE and IZ  

After applying automated extraction of the tumor-stroma IZ, 

density profiles of TIL and novel immunogradient indicators to 

describe an antitumor immune response were calculated. Although in 

this work the IZ was defined similarly to the concept of IM used in 

pathology and other DIA studies 22, 25, 26, 67-69, the tumor-stoma IZ was 

determined in a completely automated way, based only on DIA data 

without any visual assessment. Moreover, the IZ was determined by 

intervals that enabled the calculation of immune cell density 

indicators across the IZ to reflect the immune cells' gradient from 

stroma to tumor side and also provided a possibility to adjust TE and 

IZ's width and spatial positioning of the stroma, TE, and tumor 

aspects within the IZ. 

In several recent studies 28, 34, DIA with mathematical modeling 

was also used to automatically determine tumor and stroma regions 

and calculate TME indicators. Harder et al. 28 performed a 

comprehensive analysis of the immune contexture to determine 

disease recurrence by applying tissue phenomics methodology in 90 

patients with prostate cancer. They automatically determined the 

boundary between tumor and stroma based on the tumor's 

morphological features, cytokeratin 18, and p63 IHC data and 

distinguished 112.5 and 225 μm broad TME zones. Subsequently, 

they calculated the density and distance indicators of CD3+, CD8+, 

CD34+, CD68+, and CD163+ cells and determined that a statistically 

significant prognosis can be made according to the CD8+ and 

CD34+ ratio within the detected zones. However, the gradient 

properties of immune response were not investigated in this prostate 

cancer cohort. In the meantime, the spatial aspects of CD8+ cells 

infiltration were evaluated by Li et al. 34 in 28 patients with triple-

negative BC. Although these scientists used pan-cytokeratin 

fluorescent staining to delineate the tumor-stroma boundary 
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manually, they used the DIA algorithm to expand it to the 500 μm 

fixed-width IM. Despite this manual step, CD8+ cell pixels and TIL 

mobility were evaluated across the boundary and determined that 

chemokines prevent T lymphocytes from entering the tumor's core. 

In both studies, the tumor-stroma region was determined not 

according to the classic definition of IM but similar to the method 

used in this dissertation. However, according to this work's strategy, 

IZ extraction was less dependent on the type of tumor growth pattern 

and did not require any additional IHC staining. On the other hand, 

IZ was not determined as a fixed-width boundary; it precisely 

reflected three-dimensional interfaces of tumor and stroma elements 

and their spatial aspects in two-dimensional pathology slides. 

Therefore, the applied methodology was less dependent on the 

tumor's specific morphological features, more sensitive and precise 

than other the abovementioned comparable automatic or 

semiautomatic methods to determine IM. 

4.2  Association between Immunogradient Indicators and 

Survival Data 

After automated TE and IZ extraction, the prognostic value of 

quantitative and directional variance variables of CD8+ immune cells 

was explored and enabled independent prognostic stratification of 

HRBC patients (Table 2 and Figure 5). It was determined that 

quantitative CD8+ cell density indicators have prognostic value in 

the early-stage HRBC cohort. For example, the mean of CD8+ cell 

density in the tumor aspect of IZ9 was related to a better prognosis. 

Moreover, in the multiple Cox regression model, it was found that 

the mean of CD8+ cells density within the tumor aspect of IZ9 is a 

strong and independent indicator of the better OS in the context of 

age, pN status, and CM for CD8+ density by mean (Table 2, model 

1). Remarkably, it was found that indicators that reflected the spatial 

distribution of CD8+ cells within the IZ were independent predictors 

of better OS. The CM indicator, which reflected the gradient of 
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CD8+ cells toward the IZ tumor part, was also related to better 

survival in the HRBC patient cohort and was an independent 

indicator in the multiple Cox regression model (Table 2, model 1). 

Respectively, it was detected that the ID indicator, which reflected an 

abrupt decrease of CD8+ cell density in the IZ tumor aspect, is 

associated with a shorter patient survival time. This parameter was 

only one variable from the set of immunogradient indicators that did 

not depend on IZ's width and could be calculated in the narrowest IZ 

(IZ3). This aspect also raised the hypothesis that ID indicator can 

provide additional prognostic value, especially when tumor aspect 

ranking can be limited, for example, in biopsy material or when 

tumor tissue content is low. It was also noticed that spatial 

distribution indicators provide more prognostic information than 

CD8+ cell density indicators (Table 2, model 1 and 2). 

The factor analysis of IZ CD8+ density variables revealed two 

orthogonally independent factors of variation: CD8+ cell density 

level (factor 1) and CD8+ density gradient factor (factor 2), which 

were significantly associated with better OS in univariate analyses 

(Figure 5, J and K). Furthermore, in the multiple Cox regression 

model, it was determined that the aggregated IZ CD8+ factor, 

calculated by the sum of the CD8+ density and CD8+ gradient 

factors scores, was an independent prognostic indicator of a longer 

OS in early-stage HRBC (Table 2, model 2). This result indicated 

that by combining the absolute density and spatial aspects of immune 

cells, the TME might be evaluated more precisely, and the additional 

prognostic value of immune response indicators could be extracted. 

Various studies 70-73 have demonstrated the clinical 

relevance of TIL and detected a positive association with OS in 

ER-negative, HER2-positive, and triple-negative BC; however, 

contradicting results have been reported in ER-positive and 

HER2-negative BC 31, 74. Meantime, a large-scale study 74 that 

included 12 439 BC samples found no association between the 

survival and visually quantified cytotoxic T cells. Nevertheless, 
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in ER-positive BC, Sobral-Leite et al. 31, based on IHC and 

DIA data, detected that CD8+ T cells' density was associated 

with worse prognosis and mutations of the PIK3CA. On the 

other hand, Lee and colleagues 75 indicated that the relevance 

of TIL could have a different prognostic effect on different BC 

subtypes; however, their results were not statistically 

significant. Despite that, in this thesis, based on IHC and DIA, 

the prognostic value of immunogradient indicators were 

retrieved. Remarkably, a time-dependent effect was determined 

by analyzing the relationship between aggregated IZ CD8+ 

factor and survival in the early-stage HRDK cohort – more 

than 92% of patients survived 5 years after surgery. In contrast, 

after 5 years, patients' survival probability started to differ 

significantly; after 10 years, the survival probability between 

high and low indicator groups differed by 32% (Figure 5, L). 

This result emphasizes that the antitumor immune response 

might be detected by the methodology described in this thesis 

and that the aggregated IZ CD8+ factor can determine the long-

term prognosis for patients with a relatively well-controlled 

disease. 

4.3 Association between IHC Biomarkers and Survival Data 

Besides, an integrated IHC image-based biomarker data set was 

created to explore the interactions of cancer and immune cells and 

their clinical value in the HRBC microenvironment. The 

multidimensional model achieved from clinicopathological 

parameters, conventional BC biomarkers (ER, PR, HER2, and Ki67), 

immune response, hypoxia-inducible, and intratumoral heterogeneity 

indicators demonstrated that the prognostic modeling is possible in 

HRBC patients based entirely on the DIA results. This model 

reflected three new biological features of HRBC – PR expression, 
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the intensity of proliferation, and immune response (Table 3, model 

2). It is worth to notice that these indicators surpassed standard 

clinical and pathological parameters in the tested dataset. Moreover, 

it was also determined that the intratumoral heterogeneity parameters 

of PR and Ki67 expression provide more prognostic information than 

the quantitative estimates of their expression, while the use of 

Haralick's texture and bimodality indicators to describe the 

intratumoral heterogeneity of biomarkers' expression can 

significantly increase the statistical power of the prognostic model 

(Table 3, model 1 and 2). It was also proved that intratumoral 

heterogeneity of PR and density of CD8+SATB1+ cells in tumor 

compartment are independent indicators of better prognosis in early-

stage HRBC (HR = 0.22, p = 0.0015 and HR = 0.3, p = 0.0035, 

respectively) and provided new data insights into BC's biological 

processes. 

4.3.1 Association between Immune Response indicators 

 and Survival Data 

In the literature 76-80, it has been shown that SATB1 is related to 

the aggressive phenotype and worse patient prognosis; however, this 

protein's clinical and prognostic significance in various malignancies 

remains controversial. In particular, Cai et al. 81 and Han et al. 76 

determined that an excessively high expression of SATB1 is 

associated with the aggressiveness of BC; however, Iorns et al. 82 

have not found an association between higher SATB1 transcript level 

and BC's pathogenesis. In contrast, Selinger et al. 83 determined that 

a decrease of SATB1 is related to a worse prognosis in lung 

squamous cell carcinoma. These discrepancies could have been 

caused by the fact that many studies 76, 82, 84, 85 that include SATB1 in 

the analysis of pathogenesis were carried out in tumor extracts 

without distinguishing different tissue parts. This aspect is essential, 

because gene expression studies 86-88 confirmed that SATB1 

regulates around 300 T cells' genes, while other studies 88, 89 have 
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indicated that mice without SATB1 expression in lymphocytes die, 

on average, after three weeks due to immune system disorders. 

Moreover, in 2017, Stephen et al. 90 have demonstrated in mouse 

models that the decreased expression of SATB1 in T cells leads to a 

40-times increased programmed cell death protein 1 (PD1) synthesis 

that disturbs the immune cells' proliferative capacity and effector 

functions. These results suggest that previous studies 76, 82, 84, 85 that 

analyzed SATB1 at the molecular level without separating the tumor 

and TME cells could be inaccurate. Therefore, in this study, the 

expression of SATB1 was evaluated not only in separate parts of 

tumor tissue but also by examining the origin of cytotoxic T cells. 

Double IHC for SATB1 and CD8 proteins was applied to 

evaluate the changes of expression of SATB1 in tumor and immune 

cells. DIA results on whole slide images demonstrated that a higher 

expression of SATB1 is prognostically essential and confirmed a 

previous study's 91 findings based on TMA in the same patient 

cohort. However, by exploring the CD8 expression in one slide with 

SATB1, it was proved that the prognostic value of this protein is 

related to the density of CD8+SATB1+ cells in the tumor 

compartment (Table 3, model 2). On the other hand, the CD8+ 

density in the tumor part was also related to a better prognosis (HR = 

0.23, p = 0.00047); however, in the multiple Cox regression model, it 

was outperformed by the tumoral CD8+SATB1+ density (HR = 0.3, 

p = 0.0035). According to these results, it was determined that 

CD8+SATB1+ T cells provide more prognostic information than the 

assessment of CD8+ lymphocytes and supported the hypothesis that 

SATB1 in CD8+ T cells reflects the feature of activated cytotoxic 

immune cells and may serve as a potential immune response 

biomarker in malignancies. 
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4.3.2 Association between Conventional BC Biomarkers 

 and Survival Data 

IHC assessment of ER and PR expression has been already used 

for a few decades to determine BC patient's prognosis and response 

to hormone therapy 92. In clinical practice, IHC results are evaluated 

using qualitative status and subsequently assigned to negative, 

weakly positive, or positive tumors; however, studies 92-95 have 

proved that quantitative assessment of ER and PR expression could 

provide additional prognostic value. For example, Barllet et al. 93 

determined that an ER and PR IHC quantitative assessment allows 

predicting the risk of early disease reoccurrence for patients 

diagnosed with moderate hormone receptor expression compared to 

the high expression group (>80–85% of ER and >75% of PR) and 

demonstrated that patients with a high rate of ER might get 

additional benefit from exemestane 93. After applying DIA and a 

quantitative assessment of ER and PR in this work, it was also found 

that a higher than 74% expression of ER was associated with a worse 

prognosis, while a higher than 3% expression of PR predicted better 

OS. Moreover, the multiple Cox regression model composed of 

clinicopathological features and conventional BC biomarkers 

allowed to determine the independent prognostic value of PR 

expression (HR = 0.29, p = 0.0028) in the context of lymph node 

involvement (Table 3, model 1). Similar results were provided by 

Purdie et al. 96 in the study of 1 283 patients with early-stage BC. 

They found that PR's higher expression is an independent indicator 

of better prognosis in the context of pT and pN status, grade, and 

expression of ER. Despite that, a recent meta-analysis 92 of 19 

studies, which consisted of 30 754 BC samples, demonstrated that 

there is no clear evidence that the quantitative assessment of ER 

and/or PR could provide prognostic or predictive data. However, 

they proposed in pathology reports no longer provide hormone 

receptor expression's qualitative status to prevent oncologists 

unconsciously making different treatment decisions 92. In addition to 
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that, in 2020, the American Society of Clinical Oncology and the 

College of American Pathologists recommended cases with low 

expression of ER (1–10%) report with the additional comment that 

the biological aspect of this type of tumors is more similar to        

ER-negative cases and that hormone therapy might not add any 

benefit 9. However, these guidelines did not provide a strategy for 

ensuring accurate and reproducible results for IHC assessment. 

4.3.3 Association between Intratumoral Heterogeneity 

 and Survival Data 

Based on the hexagonal grid tiling methodology developed 

previously for the Ki67 heterogeneity assessment 44-46, ER, PR, and 

Ki67 Haralick's texture and AshD bimodality indicators were 

calculated in this work. An analysis of PR heterogeneity revealed a 

non-linear relationship between the intensity of PR expression rate 

and PR Haralick's texture entropy in the tumor tissue (Figure 7). This 

finding was also reported previously for Ki67 and was explained by 

the extracted features' nature – lower heterogeneity is found in 

samples with a low or high expression rate 44. However, in the 

multiple Cox regression model, it was found that the PR entropy is 

an independent indicator of better OS, which outperformed a 

quantitative assessment of PR expression rate (Table 3, model 2). 

This result highlighted the importance of the detected association and 

was confirmed by dividing patients into three groups according to 

intensity of expression rate: worse OS prognosis was detected for 

patients who were assigned to low (<20%) and high (>80%) 

expression rate of PR compared to patients with moderate expression 

of PR (>20% but <80%) (p = 0,0035) (Figure 8, B). The biological 

meaning of this non-linear relationship between PR expression and 

its entropy should be analyzed more thoroughly; however, it 

confirms the notion that “intratumor heterogeneity is universal, 

although perhaps non-linear prognostic biomarker” 97. This result 

may also explain why the previous efforts to quantify hormone 
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receptors to determine prognostic and/or predictive value were 

controversial 92-96. 

The independent prognostic value of Ki67 intratumoral 

heterogeneity, measured by the AshD indicator, was also determined 

in this work (Table 3, model 2). In the multiple Cox regression 

model, the Ki67 bimodality indicator outperformed the Ki67 

expression rate per se and was related to a worse prognosis. This 

result was achieved on a different patient cohort, in different 

laboratory stained IHC slides and applying different DIA (different 

tissue classifier) and parameters of hexagonal tiling methodology 

(different side length of hexagons); however, it replicated the 

previous study's finding 44 and confirmed the prognostic value of 

Ki67 AshD in BC samples. Additionally, the Ki67 bimodality 

indicator's independent prognostic value was confirmed in the 

context of PR heterogeneity and immune response included in this 

work with early-stage HRBC. 

In conclusion, this thesis demonstrates the potential of the fully 

automated and data-driven methodology to extract tumor-stroma IZ 

and prognostic value of novel immune response indicators. The 

immunogradient parameters allowed dichotomizing patients into 

worse and better prognosis groups and revealed prominent OS 

probability divergence 5 years after the surgery. On the other hand, 

an integrated digital IHC prognostic model determined three 

independent biological features of early-stage HRBC – PR 

expression, tumor proliferation, and immune response, which 

outperformed BC's clinical and pathological features. It was also 

proved that PR and Ki67 heterogeneity indicators provided more 

prognostic information than its expression rate – high intratumoral 

heterogeneity for PR and low for Ki67 were determined as 

independent indicators of longer OS for patients with HRBC. This 

work also demonstrated that the prognostic effect of SATB1 is 

related to the intratumoral density of CD8+SATB1+ cells, which 

could be used as a specific biomarker of antitumor immunity. 
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CONCLUSIONS 

1. IHC procedures were developed and optimized to fit DIA needs 

for multiparametric and spatial analysis of ER, PR, HER2, 

Ki67, CD8, and HIF1α expression. 

2. The DIA and hexagonal grid subsampling-based IZ detection 

method automatically extracts the tumor-stroma IZ. It measures 

the CD8+ density profiles based on immunogradient indicators 

to assess antitumor immune response across the IZ. 

3. The aggregated IZ CD8+ cell response factor is an independent 

indicator of the better OS, which determines the long-term (>5 

years) prognosis for patients with HRBC (87% and 55% 

survival probability after 10 years for high and low indicator 

groups, respectively). 

4. The multidimensional digital IHC prognostic model determined 

three independent biological features of early-stage HRBC – 

immune response, heterogeneity of PR expression, and tumor 

proliferation heterogeneity. This model allows a reliable and 

independent assessment of prognosis in HRBC patients and 

outperforms conventional BC IHC and clinicopathological 

features. 

5. Intratumoral CD8+SATB1+ cell density (>2 cells/mm2) is an 

independent predictor of improved OS in the HRBC cohort and 

could potentially serve as a specific biomarker of antitumor 

immunity. 
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SUMMARY IN LITHUANIAN 

 

Įvadas 

Navikų biologijos tyrimų pažanga ne tik leido suprasti naviko 

karcinogenezės ir vystymosi procesus, bet ir suteikė pagrindą 

personalizuotoms terapijoms, kurių didžioji dalis yra nukreiptos prieš 

naviko ląsteles10. Vis dėlto šių terapijų klinikinį naudingumą riboja 

didelis naviko ląstelių populiacijų heterogeniškumas ir netolydus 

pasiskirstymas individualiame navike11. Pastarųjų metų tyrimai12–16 

atskleidė, kad naviko mikroaplinka yra kur kas svarbesnė, negu buvo 

manyta iki šiol, – ji dalyvauja ląstelių epiteliniame ir 

mezenchiminiame virsme, skatina angiogenezę, naviko ląstelių 

išplitimą, imuninę infiltraciją, o išreguliuotas imuninis atsakas ir 

ląstelių tarpusavio sąveikos skatina naviko progresiją ir terapijos 

atsparumą, taip veikdamos naviko gydymą ir prognozę. Taigi, galima 

teigti, kad naviko mikroaplinka yra kritinė naviko ląstelių 

„partnerė“98, ir kelti hipotezę, kad išsami naviko ląstelių ir 

mikroaplinkos profilių analizė naviko erdviniame kontekste gali 

atskleisti tarp naviko ir imuninės sistemos komponentų vykstančių 

sąveikų dinamiką bei suteikti ne tik prognozinę, bet ir predikcinę 

vertę. Vienas iš svarbiausių naviko mikroaplinkos elementų – naviką 

infiltruojantys limfocitai (NIL). Apie šių limfocitų įtaką pacientų 

prognozei žinoma jau nuo XIX a.17, 18, tačiau tik neseniai atlikti 

išsamūs tyrimai, įrodantys NIL klinikinę reikšmę19–21. 

Storosios žarnos navikų imunohistocheminiai (IHC) ir 

skaitmeninės vaizdo analizės (SVA) imuninių ląstelių tyrimai20 leido 

nustatyti, kad NIL sudėtis, ypač CD8+ ir CD3+ T ląstelės, tankis ir jų 

pasiskirstymas naviko audinyje (centre arba periferijoje), turi didelę 

prognozinę vertę. Nepaisant to, tiriant krūties vėžį (KV), NIL 

įvertinimas iki šiol nėra įdiegtas į kasdienę klinikinę praktiką24–26, 

nors Tarptautinė imunoonkologinių biožymenų darbo grupė NIL 

įvertinimo rekomendacijas pateikė dar 2017 m.25, 26. Remiantis 

šiomis gairėmis, NIL tyrimas turėtų būti atliekamas hematoksilinu ir 
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eozinu dažytuose mėginiuose pusiau kiekybiniu būdu, nustatant 

erdvinius aspektus – 1 mm pločio invazijos kraštą (IK), kuris skiria 

navikinį audinį nuo aplinkinio stromos komponento25–27. 

Rekomendacijomis siekta suvienodinti NIL tyrimus įvairiuose 

navikuose, tačiau, analizuojant naviko mikroaplinką pagal šias 

gaires, nėra galimybės įvertinti imuninių ląstelių sudėtį, kiekybinis ir 

erdvinis įvertinimas yra subjektyvus ir labai priklauso nuo vertintojo 

patirties. Dėl minėtų priežasčių, atliekant tyrimus20, 21, 28–31, pasiūlyta 

taikyti IHC metodą, kuris leidžia ne tik nustatyti imuninio 

komponento fenotipą, bet ir apibūdinti naviką dvimatėje erdvėje. 

Taip gaunama daugiau informacijos apie biologines sąveikas naviko 

mikroaplinkos kontekste. Dviguba IHC šį metodą gali sustiprinti, nes 

suteikiama galimybė nustatyti ląstelės tipą ir jos biologines 

savybes32, 33. Vis dėlto tyrimai28, 34, leidžiantys įvertinti erdvinius 

aspektus – atskirti navikinio audinio regionus ir automatizuotu būdu 

nustatyti naviko ir stromos sąveikos zoną (SZ), iki šiol yra pavieniai. 

Gauti prieštaringi rezultatai, vertinant NIL ir KV sergančių pacientų 

prognozę29, 35–40, ypač plačiausioje KV grupėje – hormonų receptorių 

teigiamose duktalinėse karcinomose (HRDK), rodo, kad NIL tyrimas 

pagal vizualaus įvertinimo mikroskopuojant rekomendacijas nėra 

pakankamai tikslus. Priešingai, NIL įvertinimas, taikant IHC ir SVA 

metodus, leistų gauti tikslius kiekybinius parametrus, tokius kaip 

konkrečių imuninių ląstelių skaičius, paviršiaus plotas ar kiti 

rodikliai. Be to, taikant šešiakampių gardelių analitiką ir erdvinės 

statistikos metodus, kai kurių tyrėjų darbuose44–46 rekomenduotus 

Ki67 heterogeniškumui įvertinti, būtų galima automatiškai 

vizualizuoti navikinio audinio komponentus, įvertinti žymenų erdvinį 

pasiskirstymą, o nustatytus esminius imuninį atsaką apibūdinančius 

rodiklius susieti su pacientų išgyvenamumo duomenimis. 

Nepaisant pažangos matuojant imuninį atsaką, fundamentalus 

klausimas, kodėl dauguma navikų neturi žymaus imuninio atsako, 

lieka neatsakytas. Terapijos, paremtos imuninio atsako aktyvinimu, 

priklauso nuo NIL, tačiau dėl naviko ląstelių sintetinamų įvairių 

baltymų (pavyzdžiui, 1-ojo užprogramuoto ląstelių mirties baltymo 
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ligando) naviko imunogeniškumas, nepaisant didelio NIL tankio, gali 

būti slopinamas48–50, o kuriamos imunoterapijos mažai efektyvios51–

55. Dėl šios priežasties išsamūs naviko ląstelių, įskaitant antigenų 

pateikimo, angiogenezės, proliferacijos bei kitų navikų patogenezės 

progresijos (naviko dydžio, išplitimo į limfmazgius ir kt.) požymių, 

imuninio atsako ir naviko erdvinės tekstūros, tyrimai ne tik geriau 

atskleistų naviko ir mikroaplinkos ląstelių sąveikas, bet ir leistų gauti 

tikslesnę informaciją apie HRDK pacientų prognozę. 

 

Tyrimo tikslas 

Įvertinti krūties vėžio progresijos požymių ir imuninio atsako 

sąsajas naviko mikroaplinkos erdviniame kontekste. 

 

Darbo uždaviniai 

Tikslui įgyvendinti iškelti šie tyrimo uždaviniai: 

1. Sukurti viengubos ir dvigubos imunohistochemijos tyrimo 

metodikas naviko ir jo mikroaplinkos žymenų raiškai įvertinti 

ir jas pritaikyti kiekybinei bei erdvinei skaitmeninei vaizdo 

analizei. 

2. Sukurti skaitmeninės vaizdo analizės ir šešiakampių gardelių 

principais paremtą metodologiją krūties vėžio mikroaplinkos 

komponentams nustatyti, išskirti naviko ir stromos sąveikos 

zoną ir joje atlikti ląstelių erdvinio pasiskirstymo matavimus. 

3. Optimizuoti naviko, jo mikroaplinkos, imuninio atsako ir 

biožymenų heterogeniškumo rodiklių rinkinius krūties vėžio 

patobiologiniams ir prognoziniams modeliams kurti. 

4. Įvertinti sukurtų rodiklių rinkinių sąsajas su patologijos ir 

klinikos duomenimis bei prognozine verte pacienčių, 

sergančių ankstyvosios stadijos hormonų receptorių teigiama 

duktaline karcinoma, imtyje. 
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Ginamieji disertacijos teiginiai 

1. Sukurta krūties vėžio audinio tyrimo metodologija leidžia 

automatiškai nustatyti naviko ir stromos sąveikos zoną bei 

apskaičiuoti antinavikinį imuninį atsaką apibūdinančius 

imunogradiento rodiklius, kurie leidžia prognozuoti pacienčių, 

sergančių ankstyvosios stadijos hormonų receptorių teigiama 

duktaline karcinoma, bendrąjį išgyvenamumą. 

2.  Skaitmenine vaizdo analize pagrįstas integruotas Ki67, 

progesterono receptorių (PgR) ir CD8+SATB1+ 

imunohistochemijos modelis, nepriklausomai nuo klinikos ir 

patologijos parametrų, leidžia įvertinti pacienčių, sergančių 

hormonų receptorių teigiama duktaline karcinoma, prognozę. 

Šis modelis atskleidžia, kad Ki67 ir PgR raiškos vidunavikinio 

heterogeniškumo rodikliai suteikia daugiau prognozinės 

informacijos negu šių biožymenų kiekybiniai įverčiai, o 

CD8+SATB1+ ląstelių tankis navike gali būti taikomas kaip 

aktyvaus imuninio atsako prieš naviką rodiklis. 

 

Darbo naujumas ir reikšmė 

1. Naviko ir stromos sąveikos krašto (SK) ir SZ nustatymo 

metodologija. Pritaikius SVA ir skaitmenizuoto KV audinio 

padalijimo į šešiakampius gardelių elementus metodus, šiame 

darbe automatiškai nustatytas naviko ir stromos SK bei SZ. SZ 

nustatymas intervalais (rangais) leido optimizuoti SZ plotį ir 

apskaičiuoti kiekybinius ir erdvinius imuninį atsaką 

apibūdinančius imunogradiento rodiklius ankstyvosios stadijos 

HRDK mėginiuose. 

2. Imunogradiento rodiklių prognozinė vertė. Šiame darbe 

pirmą kartą nustatyta, kad ne tik CD8+ ląstelių tankis naviko 

dalyje, bet ir šių ląstelių gradientą į naviką apibūdinantis 

parametras – CD8+ ląstelių tankio masės centras – yra 

nepriklausomi geros prognozės rodikliai HRDK imtyje. Be to, 

nustatyta, kad agreguotas SZ CD8+ ląstelių imuninio atsako 
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faktorius, kuris sujungia kiekybinio ir erdvinio imuninio atsako 

įvertinimo aspektus, yra nepriklausomas HRDK sergančių 

pacienčių bendrojo išgyvenamumo rodiklis, ypač vertinant 

ilgalaikę (>5 m.) prognozę. 

3. CD8+SATB1+ ląstelių biologinė ir prognozinė vertė. 

Pritaikius SATB1 ir CD8 dvigubos IHC SVA, pirmą kartą 

nustatyta, kad plataus masto epigenetinio reguliatoriaus SATB1 

prognozinis poveikis HRDK yra susijęs su vidunavikiniu 

CD8+SATB1+ ląstelių tankiu. Taip pat nustatyta, kad 

CD8+SATB1+ T ląstelės suteikia daugiau prognozinės 

informacijos negu kiekybinis CD8+ limfocitų įvertinimas. 

Tikėtina, kad SATB1 raiška CD8+ ląstelėse atspindi aktyvuotą 

imuninių ląstelių būklę. 

4. Netiesinis ryšys tarp PgR raiškos intensyvumo ir 

vidunavikinio heterogeniškumo bei PgR entropijos prognozinė 

vertė. Empiriškai įrodyta netiesinė priklausomybė tarp PgR 

raiškos lygmens ir jo vidunavikinio heterogeniškumo (Haralicko 

entropijos) pirmą kartą atskleidžia, kad vidutinė (20–80 %) PgR 

raiška yra susijusi su geresne HRDK prognoze. Be to, PgR 

heterogeniškumo rodiklio prognozinė vertė yra didesnė negu šio 

biožymens raiškos kiekybinis įvertis (PgR-teigiamų KV ląstelių 

dalis). 

5. SVA duomenimis pagrįstas integruotas prognozinis modelis. 

Pirmą kartą, remiantis vien tik IHC SVA duomenimis, gautas 

integruotas prognozinis modelis, kuris pranoko standartinius KV 

klinikos ir patologijos parametrus bei atspindėjo tris biologiškai 

svarbius ir savarankiškus HRDK naviko požymius – PgR raiškos, 

KV proliferacijos intensyvumo ir naviko mikroaplinkos imuninio 

atsako. 

 

Rezultatų aptarimas 

Skaitmenizuotuose mikroskopiniuose patologijos vaizduose, 

pritaikius automatizuotą naviko ir stromos komponentų atskyrimo 
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įrankį SK nustatyti ir SZ išskirti, apskaičiuoti imuninių ląstelių 

tankio profiliai bei nauji kiekybiniai ir erdviniai antinavikinį imuninį 

atsaką apibūdinantys rodikliai, kurie buvo susieti su pacienčių 

išgyvenamumo duomenimis. Taikant pasirinktą tyrimo metodą, SZ 

apibrėžta panašiai kaip ir kituose tyrimuose22, 25, 26, 67-69, tačiau ji buvo 

nustatyta visiškai automatizuotai, remiantis tik SVA duomenimis. Be 

to pagal šio darbo tyrimo strategiją, SZ nustatymas buvo mažiau 

priklausomas nuo naviko augimo pobūdžio, tikslumo atpažįstant ir 

segmentuojant atskiras naviko ląsteles ir nereikalavo papildomų IHC 

dažymų naviko audinio komponentams atskirti. Antra vertus, SZ 

nebuvo nustatyta kaip fiksuoto pločio riba, o tiksliai atspindėjo 

trimates naviko ir stromos elementų sąsajas ir jų erdvinius aspektus 

dvimačiame patologijos vaizde.Taip pat taikant šį tyrimo metodą, SZ 

buvo nustatyta intervalais, todėl imuninio atsako rodikliai 

apskaičiuoti taip, kad atspindėtų imuninio infiltrato gradientą nuo 

stromos į naviką arba kad atspindėtų rodiklių dispersiją konkrečioje 

SZ dalyje. Nustatytas erdvinis (CD8+ tankio poslinkis į naviko šerdį) 

ir kiekybinis (absoliutus CD8+ tankis navike) imunogradiento 

parametrai vertintini kaip nepriklausomi ankstyvosios stadijos 

HRDK sergančių pacienčių bendrojo išgyvenamumo rodikliai. 

Sukurtas HRDK mikroaplinkos ir erdvinio konteksto požymių 

modelis, kurį sudarė klinikiniai, patologiniai, standartinių KV 

biožymenų (ER, PgR, HER2 ir Ki67), imuninį atsaką ir hipoksijos 

savybes apibūdinantys rodikliai, buvo susietas su HRDK pacientų 

išgyvenamumo parametrais. Šis prognozinis modelis ne tik patvirtino 

disertacijos pirmos dalies rezultatus, kad HRDK naviko 

mikroaplinka yra biologiškai ir prognoziškai svarbus elementas, bet 

ir leido nustatyti, jog integruotas prognozinis modelis gali būti gautas 

remiantis vien tik IHC mėginių SVA duomenimis ir atspindėti tris 

biologinius HRDK požymius: PgR raiškos, proliferacijos 

intensyvumo ir naviko mikroaplinkos imuninio atsako. Reikia 

pastebėti, kad šie rodikliai pranoko KV standartinius klinikinius ir 

patologinius parametrus. Be to, nustatyta, kad vidunavikiniai PgR ir 

Ki67 raiškos heterogeniškumo rodikliai suteikia papildomos 
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prognozinės vertės, palyginti su šių biožymenų kiekybiniais 

įverčiais, o pasitelkus Haralicko tekstūros ir bimodališkumo rodiklius 

vidunavikiniam biožymenų raiškos nevienalytiškumui apibūdinti, 

galima žymiai padidinti prognozinio modelio statistinį 

reikšmingumą. Disertacijoje taip pat įrodyta, kad vidunavikinis PgR 

heterogeniškumas ir CD8+SATB1+ ląstelių tankis navike yra 

ankstyvosios stadijos HRDK nepriklausomi geros prognozės 

rodikliai, kurie atkleidžia naujų įžvalgų apie KV biologiją ir 

heterogeniškumą. 

 

Išvados 

1. Sukurtos SVA reikalavimus atitinkančios standartizuotos ER, 

PgR, HER2, Ki67, CD8 ir HIF1α IHC procedūros. 

2. SVA rezultatų šešiakampių gardelių analitika pagrįstas KV 

audinio mikroaplinkos tyrimo metodas leidžia automatizuotai 

nustatyti naviko ir stromos SZ ir joje apskaičiuoti CD8+ 

imuninių ląstelių tankio profilius ir antinavikinį imuninį atsaką 

apibūdinančius imunogradiento rodiklius. 

3. Ankstyvosios stadijos HRDK sergančių pacienčių imtyje 

nustatyta agreguoto SZ CD8+ imunogradiento faktoriaus 

nepriklausoma teigiama prognozinė vertė. Šis rodiklis leidžia 

patikimai prognozuoti atokius (po 5 metų) pacienčių 

išgyvenamumo duomenis (atitinkamai 87 % ir 55 % 

išgyvenamumo tikimybės po 10 metų). 

4. Sukurtas integruotas IHC biožymenų raiškos vidunavikinio 

heterogeniškumo ir antinavikinio imuninio atsako modelis, 

pagrįstas trimis IHC biožymenimis, apibūdinančiais HRDK 

biologinius požymius: imuninio atsako, PgR raiškos 

heterogeniškumo ir naviko proliferacijos heterogeniškumo. Šis 

modelis leidžia patikimai ir nepriklausomai nuo klinikinių ir 

patologijos parametrų įvertinti HRDK bendrojo 

išgyvenamumo prognozę. Reikšmingų sąsajų su patologijos, 

klinikos duomenimis nenustatyta. 
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5. CD8+SATB1+ ląstelių tankis navike (>2 ląstelės/mm2) yra 

nepriklausomas geros HRDK prognozės rodiklis, kuris gali 

būti vertinamas kaip aktyvaus imuninio atsako prieš naviką 

požymis.  
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SUPPLEMENTARY MATERIAL 

 

Supplementary Table 1. Summary statistics of CD8+ cell density 

indicators: 

CD8+ cell density 

indicator, cell/mm2 
Mean 

Standard 

deviation 
Minimum  Maximum  Median 

CD8_CM_mean -1.06 0.79 -2.54 1.26 -1.17 

CD8_CM_sd -1.17 0.54 -2.28 0.17 -1.25 

CD8_ID_mean 4.57 5.35 0.39 42.22 3.27 

CD8_mean_S 210.44 198.46 8.16 1243.14 155.25 

CD8_sd_S 368.52 233.33 42.26 1237.32 317.36 

CD8_mean_TE 148.81 164.94 4.65 1135.39 110.01 

CD8_sd_TE 259.68 158.85 28.40 846.14 213.80 

CD8_mean_T 71.41 84.97 0.52 451.36 39.85 

CD8_sd_T 116.85 87.96 7.23 509.79 96.92 

CD8_CM_mean, the center of mass for CD8 density by mean in ranks [-4; 

4]; CD8_CM_sd, the center of mass for CD8 by variance in ranks [-4; 4]; 

CD8_ID_mean, immunodrop of the mean of CD8+ density; CD8_mean and 

CD8_sd (standard deviation) are summarized in the stroma (S), TE, and 

tumor (T) aspect of IZ, respectively. 
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Supplementary Table 2. Summary statistics of immunohistochemistry and 

intratumoral heterogeneity indicators: 

Indicator Mean 
Standard 

deviation 
Minimum Maximum Median 

Conventional breast cancer indicators 

ER% 68.85 25.93 0.03 98.82 78.68 

PR% 38.50 34.11 0.03 96.28 31.87 

HER2% 10.53 22.20 0.002 90.62 0.64 

Ki67% 7.21 6.46 0.39 40.53 5.36 

Intratumoral heterogeneity indicators 

ER_energy 0.24 0.28 0.02 1.00 0.14 

ER_homogeneity 0.71 0.13 0.46 1.00 0.69 

ER_entropy 3.48 1.53 0 6.00 3.67 

ER_contrast 1.95 1.21 0 5.18 1.90 

ER_dissimilarity 0.77 0.38 0 1.61 0.76 

ER_AshD 3.36 9.24 0.82 93.12 1.86 

PR_energy 0.42 0.40 0.02 1.00 0.15 

PR_homogeneity 0.76 0.18 0.42 1.00 0.72 

PR_entropy 2.93 2.14 0 6.02 3.63 

PR_contrast 1.76 1.69 0 7.25 1.68 

PR_dissimilarity 0.65 0.53 0 1.87 0.78 

PR_AshD 2.30 2.03 0.15 14.41 1.86 

Ki67_energy 0.66 0.31 0.05 1.00 0.72 

Ki67_homogeneity 0.91 0.10 0.58 1.00 0.94 

Ki67_entropy 1.13 1.10 0 4.80 0.87 

Ki67_contrast 0.24 0.36 0 2.29 0.13 

Ki67_dissimilarity 0.19 0.21 0 1.01 0.12 

Ki67_AshD 2.08 1.30 0 7.05 1.71 

Immune response indicators 

CD8_d_S 209.25 199.07 8.16 1243.14 152.95 

CD8_d_T 70.72 85.03 0.52 451.36 37.39 

CD8_SATB1_d_S 54.11 78.70 0.56 541.47 28.41 

CD8_SATB1_d_T 14.99 25.87 0 160.82 5.47 

Hypoxia-inducible indicators 

HIF1α%_S 0.46 0.65 0.04 4.29 0.28 

HIF1α%_T 0.16 0.37 0.01 3.16 0.06 

AshD, Ashman's D; d, density; S, stroma part; T, tumor part. 
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Supplementary Table 3. Results of leave-one-out cross-validation 

analyzing different sets of Haralick's texture indicators of estrogen receptor 

(ER), progesterone receptor (PR), and Ki67 together with clinical and 

pathological, conventional breast cancer immunohistochemistry biomarkers, 

immune response, hypoxia-inducible indicators: 

Haralick's 

texture 

indicator 

Selected variables in 

Cox regression 

model 

Frequency of 

the Cox 

regression 

model repeats 

χ2 of Cox 

regression 

model  

p-value 

Energy 

CD8_d_T 

55 8.03 0.0016 
HIF1α%_S 

Ki67_AshD 

PR_energy 

Homogeneity 

pN group (pN0 and 

pN1-3) 

56 8.12 0.0002 CD8_d_S 

Ki67_AshD 

PR_homogeneity 

Entropy 

CD8_SATB1_d_T 

61 10.03 0.0015 Ki67_AshD 

PR_entropy 

Contrast 

CD8_SATB1_d_T 

51 9.74 0.0019 Ki67_AshD 

PR_contrast 

Dissimilarity 

CD8_d_T 

53 5.72 0.017 
HIF1α_S 

Ki67_dissimilarity 

PR_dissimilarity 

AshD, Ashman's D; d, density; S, stroma part; T, tumor part; pN, lymph 

node metastasis status. 
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