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SUPPLEMENTARY METHODS 

The Stockholm Tamoxifen (STO-3) trial  

From the original randomized trial cohort, 808 patients had formalin-fixed paraffin-

embedded (FFPE) tissue blocks of primary breast cancer tumor available for 

molecular analyses, and of these, 81 patients were excluded because there was 

insufficient invasive tumor present for analysis, Supplementary Figure 1.  

 

ER, PR, HER2, and Ki-67  

Immunohistochemistry (IHC) was done for ER, progesterone receptor [PR], human 

epidermal growth factor receptor 2 [HER2], and Ki-67 using DAKO Link48 

Autostainer. The antibodies used were: ER (SP1; Spring Bioscience M301), PR (PgR 

636; DAKO IR068), HER2 (HercepTest; DAKO SK001), and Ki67 (MIB-1; DAKO 

M7240), with EnVision+ detection, following standard recommended procedures and 

with per-run positive controls assessed by quantitative image analysis to ensure 

consistent run-to-run staining intensity. 

Prior to scoring, the pathologists were trained to recognize the boundary 

thresholds for staining intensity (0 versus +1; +1 versus +2; +2 versus +3) using a 

validated training set built as a computer based training and testing tool (1). The 

inter-rater reliability between the ATHENA pathologists that scored the slides in our 

study was assessed in a separate publication (Kappa value 0.8 for ER) (1). We 

computed the total percentage of cells stained positive for ER (at intensity levels +1, 

+2 and +3) and the ER H-score defined as the sum of the percent of ER-positive 

tumor cells at each intensity level multiplied by an ordinal value corresponding to the 

intensity level (0=none, 1=weak, 2=moderate, and 3=strong) (2, 3). 

 

Intra-tumor heterogeneity of ER 

For each patient, the intra-tumor heterogeneity of ER was calculated using Rao’s 

quadratic entropy (QE, continuous score) (4, 5). Rao’s quadratic entropy uses the 
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Simpson index (6) together with a distance matrix as weights to better quantify intra-

tumor heterogeneity, which in our study is the staining intensity of ER within the 

tumor (see Equation 1A and 1B). The multiplied proportions as denoted “pi*pj” in 

Equation 1A are defined by the proportion of tumor cells positively stained for ER at 

intensity “i“ (0+, 1+, 2+, or 3+) multiplied by the proportion of tumor cells at intensity 

“j” (0+, 1+, 2+, or 3+). Furthermore, the distance matrix (dij) defines the weight for the 

difference in intensity “i” and “j” according to Equation 1B. For each tumor, the 

proportion of tumor cells positively stained for ER at each intensity are multiplied in 

pairs together with the weight from the distance matrix in Equation 1B according to 

Equation 1A. Noteworthy is that products from pairs with equal intensity, i.e. i=j, are 

by definition set to 0 due to a weight of 0. For instance, since the product when i=0+ 

and j=0+ is set to 0, the first product from Equation 1A would give us the proportion 

of tumor cells at intensity 1+ and at intensity 0+ multiplied together, then multiplied by 

the weight according to the distance matrix for i=1+ and j=0+, which is ‘1’. The 

weighted product estimates for each intensity i,j pairs were then summarized to 

obtain the QE continuous score for each patient. 

Equation 1A 
 

 
 
 
 

Equation 1B 
 

Four representative patient tumors according to low/ high intra-tumor heterogeneity 

of ER (predefined cut-off at the 2nd tertile (67%) for high intra-tumor heterogeneity) 

and ER H-score, respectively, are shown in Supplementary Figure 2. The images 

are captured at the same magnification. 

 

Intrinsic subtypes (PAM50) 

Tumors were assigned to one of five molecular subtypes (Luminal A, Luminal B, 

HER2-enriched, Basal-like, Normal-like) using the PAM50 classifier as described in 

Equation)1A:))
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Numerical Indices of Tumor Cell Diversity
Diversity measurement is a well-established field in the eco-
logical sciences, and numerous approaches to quantifying the
variability of species have been utilized in this discipline. Ecol-
ogists will describe diversity in terms of richness and evenness,
and each can be ranked differently depending on the weighting
of these concepts. For example, one area might have only two
species, each covering half the area. The second area might have
six different species, with one dominant species covering 95% of
the area, and the other five each only covering 1%. Defined in
terms of richness, the second area with eight different species
would be considered more diverse. Defined in terms of evenness
of distribution, the first area would be more diverse as it avoids
having one type dominating over all others. Two commonly
used diversity indices are the Shannon index13 and the Simpson
index,14 for measuring plant and animal species diversity. The
Shannon index of diversity is defined as:

Shannon ¼
XN

i¼1

pi"lnpi

where N is the number of biological types and pi the propor-
tional abundance of the ith type. This index, ranging in theory
from 0 to infinity, estimates the average uncertainty in pre-
dicting to which species type a randomly selected subunit of
area belongs. The Simpson index is defined as:

Simpson ¼
XN

i¼1

pi"pi

Producing values from 0 to 1, Simpson’s index defines the
probability that two randomly selected equal-sized subunits
of terrain belong to different species. A recent evaluation of
tumor heterogeneity pioneered the use of both Shannon and
Simpson indices in evaluating 8q24 copy number gain in
both CD24þ and CD44þ cell populations in ductal carci-
noma in situ and invasive regions of tumors.15 Copy numbers
at each of three levels were considered as separate ‘species’
and the indices applied to deliver a measure of heterogeneity
within each sample. Two distinct tumor subtypes of high and
low diversity of 8q24 copy number, as measured by the
Shannon index, and the group with lower diversity contained
fewer samples of HER2þ tumors. There was no difference
between diversity of the luminal A tumors and the normal
cells, although basal-like tumors tended to have higher
diversity scores. In this study, few qualitative differences were
seen between Shannon and Simpson indices, although the
data set were small. The Shannon index tends to blur dis-
tinctions of species richness and evenness, while the Simpson
index can be dominated by the most abundant species in the
population.

The disadvantage of both Shannon and Simpson indices is
that they do not account for taxonomic distance between
species. In the world of clinical anatomic pathology, most
cells are binned and scored as one of three or four classes.
In HER2 scoring methodology, pathologists (or pathologist-
trained computer programs) score cells as populations of
either 0þ , 1þ , 2þ , or 3þ intensity. Consider two regions:
Region A with ten 0þ cells and ten 3þ cells, and region B
with ten 1þ cells and ten 2þ cells. Clearly, Region A has a
higher level of heterogeneity than Region B, but Shannon and
Simpson indices would score these as equal heterogeneity.
To overcome this problem, an ecological diversity approach
known as Rao’s quadratic entropy (QE)16 was used. A dis-
tance matrix is incorporated in the diversity index, where,
for example, a difference between a 0þ and 3þ cell would
be weighted a ‘3’, and a 1þ to 2þ would be weighted a ‘1’.
When all weights are the same, the scoring schemes tend to
be equivalent to those mentioned previously.

The equation is as follows:

QE ¼
XN

i4j¼1

dijpipj !D ¼

3þ 2þ 1þ 0þ
3þ 0 1 2 3
2þ 1 0 1 2
1þ 2 1 0 1
0þ 3 2 1 0

Figure 1 Definitions of cell-level (above) and tumor-level heterogeneity
(below). Slide-level heterogeneity is a sampling substitute for tumor-level
heterogeneity. The below figure also illustrates some contributions of
anatomic heterogeneity, as parts of the lesser stained areas are ductal
carcinoma in situ (DCIS).
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Parker et al (7). Specifically, we used log2-scaled upper quartile normalized 

expression data. We generated a subsample of our cohort balanced for ER status 

comprising all 113 ER-negative patients and a randomly selected 113 ER-positive 

patients to mirror the ER distribution in the PAM50 classifier training set.  We 

computed the median of each gene across this subsample and adjusted the 

expression levels within each sample to this median. Data was mapped by gene 

symbol to the genes within the PAM50 classifier. Genes represented by multiple 

probes were collapsed by averaging, as per recommended for long oligo platforms. 
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SUPPLEMENTARY FIGURES AND TABLES  

 

	
  

	
  
	
  
Supplementary Figure 1. Consort diagram for the Stockholm tamoxifen (STO-3) 

trial.  
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Supplementary Figure 2. Estrogen receptor (ER) immunohistochemistry in four 

representative patients (according to low/ high intra-tumor heterogeneity of ER and 

ER H-score, respectively).  A) Low intra-tumor heterogeneity of ER and high ER H-

score. B) High intra-tumor heterogeneity of ER and high ER H-score. C) Low intra-

tumor heterogeneity of ER and low ER H-score. D) High intra-tumor heterogeneity of 

ER and low ER H-score. Scale bar=100 µm. 
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 A. 

 
 

B. 

 
Supplementary Figure 3. Intra-tumor heterogeneity of ER (QE, continuous score) 

by percentage of ER-positive tumor cells, and the ER H-score. A) Intra-tumor 

heterogeneity of ER by percentage of ER-positive tumor cells. B) Intra-tumor 

heterogeneity of ER by the ER H-score defined as the sum of the percent of ER-

positive tumor cells at each intensity levels multiplied by an ordinal value 

corresponding to the intensity level (0=none, 1=weak, 2=moderate, and 3=strong)   
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Supplementary Table 1. Risk of long-term breast cancer-specific death by intra-tumor 
heterogeneity of the estrogen receptor (ER) in ER-positive breast cancer – All covariate 

effects presented 

 
STO-3 trial 
 
 
Patients included 

 Breast cancer-specific survival* 

 
COVARIATE 

Crude estimates 
adjusted for age and  
period of diagnosis 

Adjusted estimates 
for patient and tumor 

characteristics 

Main Reference HR (95% CI) HR (95% CI) 
     

All  patients Intra-tumor heterogeneity High Intra-tumor heterogeneity Low 1.64 (1.11-2.44)  1.98 (1.31-3.00) § 
 Age at diagnosis 45-54 Age at diagnosis 65-73 1.27 (0.71-2.27) 1.24 (0.67-2.28) § 
 Age at diagnosis 55-64 Age at diagnosis 65-73 0.69 (0.45-1.06) 0.81 (0.52-1.27) § 
 Period at diagnosis 1976-79 Period at diagnosis 1985-90 1.58 (0.91-2.74) 1.48 (0.84-2.61) § 
 Period at diagnosis 1980-84 Period at diagnosis 1985-90 1.49 (0.96-2.30) 1.34 (0.86-2.09) § 
 Tamoxifen untreated arm Tamoxifen treated arm  2.36 (1.54-3.59) § 
 Tumor grade 1 Tumor grade 2  0.67 (0.36-1.26) § 
 Tumor grade 3 Tumor grade 2  1.98 (1.19-3.31) § 
 Tumor size < 20 mm Tumor size ≥ 20 mm  0.48 (0.31-0.76) § 

 ER positive stained cells Continuous covariate  1.00 (0.98-1.02) § 
 ER H-Score Continuous covariate  1.00 (1.00-1.01) § 
 PR status Negative PR status Positive  1.47 (0.96-2.25) § 
 HER2 status Positive HER2 status Negative  1.10 (0.47-2.56) § 
 Ki-67 status Positive Ki-67 status Negative  1.36 (0.84-2.20) § 
     
Tamoxifen treated arm Intra-tumor heterogeneity High Intra-tumor heterogeneity Low 1.94 (0.99-3.80)  2.15 (1.07-4.34) ¶ 
 Age at diagnosis 45-54 Age at diagnosis 65-73 1.97 (0.78-4.99) 2.09 (0.77-5.63) ¶ 
 Age at diagnosis 55-64 Age at diagnosis 65-73  0.71 (0.33-1.51) 0.77 (0.35-1.71) ¶ 
 Period at diagnosis 1976-79 Period at diagnosis 1985-90 2.48 (1.04-5.93) 2.52 (0.99-6.37) ¶ 
 Period at diagnosis 1980-84 Period at diagnosis 1985-90 1.71 (0.78-3.75) 1.32 (0.58-3.00) ¶ 
 Tumor grade 1 Tumor grade 2  0.51 (0.15-1.75) ¶ 
 Tumor grade 3 Tumor grade 2  1.99 (0.81-4.87) ¶ 
 Tumor size < 20 mm Tumor size ≥ 20 mm  0.57 (0.25-1.29) ¶ 
 ER positive stained cells Continuous covariate  1.03 (0.99-1.07) ¶ 
 ER H-Score Continuous covariate  0.99 (0.98-1.01) ¶ 
 PR status Negative PR status Positive  1.55 (0.78-3.09) ¶ 

 Ki-67 status Positive Ki-67 status Negative  0.78 (0.30-2.02) ¶ 
     
Untreated arm Intra-tumor heterogeneity High Intra-tumor heterogeneity Low 1.52 (0.93-2.50)  1.91 (1.12-3.27) ¶ 
 Age at diagnosis 45-54 Age at diagnosis 65-73  0.85 (0.39-1.82) 0.85 (0.38-1.90) ¶ 
 Age at diagnosis 55-64 Age at diagnosis 65-73  0.68 (0.40-1.16) 0.79 (0.45-1.41) ¶ 
 Period at diagnosis 1976-79 Period at diagnosis 1985-90 1.10 (0.53-2.28) 1.07 (0.50-2.27) ¶ 
 Period at diagnosis 1980-84 Period at diagnosis 1985-90 1.31 (0.77-2.23) 1.17 (0.68-2.04) ¶ 
 Tumor grade 1 Tumor grade 2  0.68 (0.32-1.43) ¶ 
 Tumor grade 3 Tumor grade 2  1.96 (1.05-3.64) ¶ 
 Tumor size < 20 mm Tumor size ≥ 20 mm  0.47 (0.26-0.85) ¶ 
 ER positive stained cells Continuous covariate  0.98 (0.96-1.01) ¶ 
 ER H-Score Continuous covariate  1.01 (1.00-1.02) ¶ 
 PR status Negative PR status Positive  1.33 (0.77-2.32) ¶ 
 Ki-67 status Positive Ki-67 status Negative  1.82 (1.02-3.24) ¶ 

     
Luminal A tumor subtype Intra-tumor heterogeneity High Intra-tumor heterogeneity Low 1.83 (0.99-3.39)  2.43 (1.18-4.99) ¶ 
 Age at diagnosis 45-54 Age at diagnosis 65-73 1.18 (0.46-3.04) 1.05 (0.39-2.84) ¶ 
 Age at diagnosis 55-64 Age at diagnosis 65-73 0.65 (0.33-1.28) 0.86 (0.42-1.79) ¶ 
 Period at diagnosis 1976-79 Period at diagnosis 1985-90 1.61 (0.69-3.75) 1.75 (0.71-4.32) ¶ 
 Period at diagnosis 1980-84 Period at diagnosis 1985-90 1.37 (0.68-2.76) 1.09 (0.52-2.30) ¶ 
 Tamoxifen untreated arm Tamoxifen treated arm  2.39 (1.23-4.65) ¶ 
 Tumor grade 1 Tumor grade 2  0.71 (0.30-1.66) ¶ 
 Tumor grade 3 Tumor grade 2  1.34 (0.35-5.16) ¶ 
 Tumor size < 20 mm Tumor size ≥ 20 mm  0.29 (0.14-0.61) ¶ 
 ER positive stained cells Continuous covariate  1.01 (0.98-1.05) ¶ 
 ER H-Score Continuous covariate  1.00 (0.99-1.01) ¶ 
 PR status Negative PR status Positive  1.72 (0.87-3.39) ¶ 

 Ki-67 status Positive Ki-67 status Negative  1.46 (0.53-4.04) ¶ 
     

* 25-year breast cancer-specific survival 
§ Modeled by multivariable proportional hazard (Cox) analyses adjusting for treatment arm, age and calendar period of diagnosis, ER-positive 
stained cells, ER H-Score, progesterone receptor (PR) status, HER2 status, Ki-67 status, tumor grade, tumor size 
¶ Modeled by multivariable proportional hazard (Cox) analyses adjusting for age and calendar period of diagnosis, ER-positive stained cells, ER 
H-Score, progesterone receptor (PR) status, Ki-67 status, tumor grade, tumor size. The Luminal A analysis was additionally adjusted for 
treatment arm 


