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Abstract

Background: Use of immunohistochemistry-based surrogates of molecular breast cancer subtypes is common in research
and clinical practice, but information on their comparative validity and prognostic capacity is scarce. Methods: Data from 2
PAM50-subtyped Swedish breast cancer cohorts were used: Stockholm tamoxifen trial–3 with 561 patients diagnosed 1976-
1990 and Clinseq with 237 patients diagnosed 2005-2012. We evaluated 3 surrogate classifications; the
immunohistochemistry-3 surrogate classifier based on estrogen receptor, progesterone receptor, and HER2 and the St. Gallen
and Prolif surrogate classifiers also including Ki-67. Accuracy, kappa, sensitivity, and specificity were computed as compared
with PAM50. Alluvial diagrams of misclassification patterns were plotted. Distant recurrence-free survival was assessed using
Kaplan-Meier plots, and tamoxifen treatment benefit for luminal subtypes was modeled using flexible parametric survival
models. Results: The concordance with PAM50 ranged from poor to moderate (kappa ¼ 0.36-0.57, accuracy ¼ 0.54-0.75), with
best performance for the Prolif surrogate classification in both cohorts. Good concordance was only achieved when luminal
subgroups were collapsed (kappa ¼ 0.71-0.69, accuracy ¼ 0.90-0.91). The St. Gallen surrogate classification misclassified
luminal A into luminal B; the reverse pattern was seen with the others. In distant recurrence-free survival, surrogates were
more similar to each other than PAM50. The difference in tamoxifen treatment benefit between luminal A and B for PAM50
was not replicated with any surrogate classifier. Conclusions: All surrogate classifiers had limited ability to distinguish
between PAM50 luminal A and B, but patterns of misclassifications differed. PAM50 subtyping appeared to yield larger
separation of survival between luminal subtypes than any of the surrogate classifications.

Since their discovery in 2000 (1,2), gene expression–based mo-
lecular subtypes of breast cancer have been independently con-
firmed (3-5) and widely accepted (6-8). To facilitate clinical
implementation, gene expression assays mimicking the original
subtyping algorithm have been developed, with perhaps the
most well-known and well-spread being the PAM50 assay (9).
Despite this, the availability of large datasets with gene expres-
sion–based subtyping appears limited because most epidemio-
logical studies rely on immunohistochemistry (IHC) surrogate
subtypes for studying the intrinsic subtypes (10-18). A 3-marker
panel of estrogen receptor (ER), progesterone receptor (PR), and
HER2 staining has been frequently used (10,11,15); other surro-
gates used include the proliferation marker Ki-67 (12-14,16),
and/or basal-like markers cytokeratin 5 and 6 (17,18).

Although multiple surrogate classifiers exist, validation
studies are scarce even on a single-surrogate basis (19,20). A
limitation in choosing surrogate based on said studies (19-21) is
that they were evaluated using different metrics and popula-
tions, when comparisons of surrogates are ideally performed
using within-study comparisons (22). It was only this year
within-study comparison of surrogates became available (23).
The authors studied luminal tumors, observed low concor-
dance, and requested more knowledge on prognostic implica-
tions (23). It is important to continue evaluating concordance
considering all molecular subtypes, further assess how misclas-
sification patterns may vary between surrogate classifiers, and
to what extent any differences are robust to variability in stain-
ing protocols, given the known issues of reproducibility in
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staining of Ki-67. With the aim to characterize their respective
strengths and weaknesses, we examined the concordance of 3
distinct IHC surrogates with PAM50 subtypes to quantify how
well these surrogates mimic PAM50. We performed our analysis
in 2 datasets representing 2 common scenarios in epidemiologi-
cal research: one where information is based on centralized
staining of IHC markers and one with IHC information collected
from original pathology records. We also evaluated whether the
luminal A and B subtypes, as defined by the surrogates, mir-
rored PAM50 luminal subtypes in tamoxifen treatment response
and distant recurrence-free survival during 15 years of
follow-up.

Methods

Study Samples

For this study, tumor material from the Stockholm tamoxifen
trial (STO-3) and the Clinseq study was used. Ethical approval
was granted for each study, and all participants provided in-
formed consent for participation.

The STO-3 trial was originally carried out to evaluate the sur-
vival benefit of tamoxifen treatment and enrolled lymph-node
negative, postmenopausal patients with tumors no more than
30 mm diagnosed in Stockholm during the period 1976-1990
(24). Briefly, participants were randomized to either 2 years of
adjuvant tamoxifen or no adjuvant treatment. In 2014,
formalin-fixed paraffin-embedded tumor blocks were sectioned
for all tumors with enough material available for analysis
(n¼ 727) and stained for ER, PR, HER2, and Ki-67 at University of
California Davis Medical Center (Supplementary Methods, avail-
able online). Of the 727 tumors, 652 passed the RNA quality
checks. PAM50 subtypes were assigned using microarray gene
expression data and the PAM50 classifier (Supplementary
Methods, available online). For the present study, normal-like
tumors and tumors missing ER, PR, HER2, and/or Ki-67 data
were excluded, resulting in a final number of 561 analysis
samples.

The Clinseq study was designed to evaluate the clinical use
of sequencing in breast cancer and consisted of 307 sequenced
breast cancer cases from the Libro-1 (25) and KARMA study
(26,27) diagnosed in Stockholm, Sweden, between 2001 and
2012. For this study, only the tumors diagnosed in 2005 and on-
ward were included to ensure Ki-67 availability (n¼ 258).
Molecular subtyping was performed in 2013 using RNA-
sequencing data, assigning PAM50 subtypes using a nearest
shrunken centroid classifier based on the PAM50 gene set (28)
(Supplementary Methods, available online). ER, PR, HER2, and
Ki-67 were collected in 2015 from pathology reports of the initial
surgery. Complete information on all markers was obtained for

92% of the cases, resulting in a final 237 samples. Scoring of IHC
markers for STO-3 and Clinseq is described in the
Supplementary Methods (available online).

Briefly, cutoff for ER- and PR-positive tumors was 10%. HER2
status had been determined differently in the 2 original studies.
In the STO-3 cohort, HER2 was positive if IHC staining was 3þ;
0-2þ was coded as negative. In Clinseq, HER2 status followed
Swedish pathology guidelines at the time, using fluorescence in
situ hybridization (FISH) to assign status of 2þ tumors. Ki-67
was counted using whole slide in STO-3, whereas hotspot
counting was used clinically during the Clinseq period.

Surrogate Classifications

We evaluated 3 surrogate classifiers, denoted hereafter as IHC3,
St. Gallen, and Prolif. The surrogates are described in Table 1. In
brief, IHC3 refers to a surrogate subtyping based on ER, PR, and
HER2 staining alone, not uncommon in the literature
(10,11,15,18). The St. Gallen 2013 surrogate subtypes (addition-
ally including Ki-67) were originally created to identify ER-
positive, HER2-negative tumors that may benefit from chemo-
therapy (12). In 2015, we developed the Prolif surrogate (29) with
the aim to identify a simplistic IHC surrogate classifier that
would still capture the signature among genes differentially
expressed between luminal types A and B (1,2,4). For St. Gallen
and Prolif, 3 Ki-67 cutoffs were investigated: 14%, 20%, and a
“free” cutoff tailored to each dataset (as described in the
Supplementary Methods, available online). The cutoff at 14%
was recommended for optimal classification of luminal B (12),
and the others were recommended by the St. Gallen 2013 con-
sensus statement (7). The “free” Ki-67 cutoff for the Prolif surro-
gate was 20% in STO-3 and 40% in Clinseq, whereas the “free”
cutoff for the St. Gallen surrogate was 45% and 40%, respectively
(Supplementary Methods, available online).

Statistical Analysis

Accuracy and Cohen unweighted kappa with 95% confidence
intervals (CIs) were calculated for assessment of overall concor-
dance with PAM50 subtypes. Accuracy is a measure of percent-
age agreement, whereas kappa estimates the excess in
agreement taking into account the possibility of the agreement
occurring by chance. Sensitivity and specificity were calculated
separately by subtype. To visually compare the patterns of
reclassification of samples going from PAM50 to each surrogate,
alluvial flow diagrams were plotted. The calculations were re-
peated as a 3-class problem, after collapsing luminal subtypes.

Receiver operating characteristics (ROC) plots were con-
structed to assess the balance between sensitivity and specific-
ity for luminal A vs B comparisons. For this purpose, data were

Table 1. Definitions of the IHC surrogate classifiers used

Surrogate Luminal A–like Luminal B–like HER2 enriched Basal-like Unclassifiable

IHC3 ERþ/PRþ/HER2- ERþ/PRþ/HER2þ ER-/PR-/HER2þ ER-/PR-/HER2- None
St. Gallen ERþ/PR� 20a/HER2-/Ki-67lowb ERþ/PR-/HER2- or ERþ/HER2þ

or ERþ/HER2-/Ki-67highb

ER-/PR-/HER2þ ER-/PR-/HER2- ER-/PRþ

Prolif ERþ/Ki-67lowc ERþ/Ki-67highc ER-/PR-/HER2þ ER-/PR-/HER2- ER-/PRþ

aThe cutoff for PR in Clinseq was kept at 10%, because too few cases with continuous PR staining were available. ER ¼ estrogen receptor; IHC ¼ immunohistochemistry;

PR ¼ progesterone receptor.
bThe cutoff for KI67 high/low for St. Gallen14 was 14%, and for St. Gallen 20 20%. In the St. Gallenfree, the cutoff was 45% in the STO-3 and 40% in Clinseq.
cThe cutoff for KI67 high/low for the Prolif14 was 14% and for Prolif 20 20%. In the Prolif free, the cutoff was 20% in the STO-3 and 40% in Clinseq.
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restricted to luminal subtypes as defined by PAM50, and sensi-
tivity and specificity were calculated as a 2-class problem.

Survival Analysis

Distant recurrence-free survival was assessed in the STO-3 co-
hort. Individuals were followed until the date of distant recur-
rence in the quality register, date of death, emigration from
Sweden, or end of follow-up at 15 years after diagnosis, which-
ever came first. Follow-up was achieved by linkages to the
Swedish Cause of Death Register (30), Total Population Register
(31) and the nationwide breast cancer quality register (32) using
the Swedish unique personal identity number (33).

Five- and 10-year survival proportions with 95% confidence
interval were calculated for each subtype. To visually assess dif-
ferences between surrogate classifiers and PAM50 in survival
over time, Kaplan-Meier curves of distant recurrence-free sur-
vival for ER-positive luminal tumors were plotted for luminal A
and B for each surrogate and overlaid on top of the equivalent
curves obtained using PAM50.

To compare treatment response prediction of tamoxifen using
surrogate classifiers and PAM50, hazard ratios (HRs) of distant re-
currence were estimated at 5 and 10 years after diagnosis. In this
analysis, data was restricted to ER-positive luminal samples. The
hazards of the event were modeled using flexible parametric sur-
vival models (34), allowing for time-varying effects. Two degrees
of freedom were chosen for the cubic spline function of the base-
line hazard, after assessing model fit by Akaike information crite-
rion when modeling PAM50 subtypes. Two covariates were
allowed to vary with time: treatment effect of tamoxifen and the
effect of subtype, using 1 degree of freedom for each. Underlying
time scale was time since diagnosis, adjusted for age and calendar
effects.

All statistical analyses were performed in R v3.2.2 and v3.5.2 (35).
R package caret (36) was used to define the surrogates and model
Ki-67 cutoffs, and the pROC package (37) was used to derive ROC
plots. Alluvial diagrams were plotted using the alluvial package (38).
The rstpm2 (39) and survival (40) packages were used to model sur-
vival. The survminer package (41) was used to draw survival plots.

Results

Distributions of Immunohistochemistry Markers by
PAM50 Subtypes

The proportions of tumor characteristics and subtypes were
similar across cohorts, except for a higher frequency of low-
grade, luminal A tumors in STO-3, which only contained node-
negative samples (Table 2). The degree of overlap in the distri-
butions of Ki-67, PR, and ER between luminal subtypes, and the
overlap in Ki-67 between luminal B and HER2-enriched, was
substantial in both cohorts (Supplementary Figure 1, available
online). Relative to STO-3, the distributions of Ki-67 were shifted
to the right in Clinseq and showed better separation between
subtypes (Supplementary Figure 1, C and G, available online).

Concordance Measurements of Agreement Between
PAM50 and Surrogate

Table 3 shows the accuracy and Cohen unweighted kappa for
overall classification performance for each surrogate. The con-
cordance with PAM50 ranged across surrogates from poor to

moderate (kappa ¼ 0.36-0.57, accuracy ¼ 0.54-0.75) (Table 3).
Consistently, at every cutoff of Ki-67, the Prolif surrogate had
higher kappa and accuracy than the St. Gallen surrogate, and
the IHC3 surrogate had values in line with the St. Gallen. The
best concordance was seen for the Prolif surrogate using the
“free” Ki-67 cutoff, with a kappa value in STO-3 cohort of 0.48
(95% CI ¼ 0.41 to 0.54) and accuracy of 0.71 (95% CI ¼ 0.67 to
0.75). Similar ranking of surrogates by kappa metric was ob-
served in the Clinseq material, but the values for the metric
were higher (Table 3). The impact of choice of Ki-67 cutoff on
kappa and accuracy values was negligible in STO-3 data but did
impact the degree of concordance in Clinseq. Good concordance
was only achieved when luminal subgroups were collapsed
(kappa ¼ 0.71-0.69, accuracy ¼ 0.90-0.91) (Table 3).

Patterns of Misclassification

Inspection of the alluvial diagrams for patterns of misclassifica-
tion showed that all surrogates misclassified approximately
half of HER2 as basal-like and luminal B–like but had little mis-
classification of the basal-like subtype (Figure 1; STO-3;
Supplementary Figure 2, available online; Clinseq). The St.
Gallen surrogate misclassified luminal A tumors as luminal B–
like, and the Prolif surrogate misclassified the luminal B tumors
as luminal A–like. The IHC3 surrogate was, however, the most
extreme in misclassifying luminal B, with 95% and 82% of the
luminal Bs classified as luminal A–like in the respective cohorts
(Supplementary Tables 1 and 2, available online).

The most balance between sensitivity and specificity for dis-
tinguishing between luminal A and B subtypes was seen with
the Prolif surrogate, as judged by ROC plots (Figure 2).
Sensitivity and specificity for all subtypes are shown in
Supplementary Table 3 (available online). The simple 3-class
surrogate of “any luminal” vs “HER2-enriched” vs “basal-like”
showed good precision for identifying a general luminal

Table 2. Patient and tumor characteristics in samples from STO-3
and Clinseq included in the studya

Characteristic STO-3 Clinseq

No. of tumors 561 237
Diagnostic period, y 1976-1990 2005-2012
Age at diagnosis, y

Range 45-73 28-79
Mean (SD) 62.01 (5.43) 58 (11.22)

Tumor size �20 mm, No. (%) 134 (24.2) 153 (64)
ER positive, No. (%) 463 (82.5) 200 (84)
PR positive, No. (%) 326 (58.1) 157 (66)
HER2 positive, No. (%) 44 (7.8) 38 (16)
Ki-67 % staining, mean (SD) 10.75 (13.05) 30.35 (24.88)
Grade, No. (%)

1 97 (17.5) 27 (12)
2 321 (57.9) 113 (48)
3 136 (24.5) 94 (40)

Node-positive status, No. (%) 0 (0) 29 (12)
PAM50 subtype, No. (%)

Luminal A 322 (57) 127 (54)
Luminal B 123 (22) 56 (24)
HER2-like 56 (10) 31 (13)
Basal-like 60 (11) 23 (8)

aER ¼ estrogen receptor; PR ¼ progesterone receptor; STO-3 ¼ Stockholm tamox-

ifen trial.
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subtype, with a sensitivity of 0.98 and specificity of 0.77 in STO-
3 and 0.99 and 0.66 in Clinseq.

Distant Recurrence-Free Survival

Survival proportions for luminal A and B at 5 and 10 years only
differed with PAM50, for all surrogates confidence intervals
overlapped (Table 4).

The 10-year survival proportion in STO-3 appeared higher
for St. Gallen luminal B–like (St. GallenFree ¼ 78.87, 95% CI ¼
73.12 to 85.08) than PAM50 luminal B (68.63, 95% CI ¼ 60.60 to
77.73) (Table 4). For IHC3, the 10-year survival appeared worse
for the luminal A–like than PAM50 luminal A (IHC3 ¼ 84.04, 95%
CI ¼ 80.60 to 87.63; PAM50 ¼ 90.41, 95% CI ¼ 87.15 to 93.80). Both
of these patterns were also observed for the Prolif surrogate, but
survival for luminal B–like was closer to PAM50 luminal B than

Table 3. Accuracy and kappa metrics for each surrogate classifier and dataset

Cohen kappa unweighted (95% CI) Overall accuracy (95% CI)

Surrogate STO-3 Clinseq STO-3 Clinseq

IHC3 0.41 (0.35 to 0.47) 0.43 (0.34 to 0.52) 0.69 (0.65 to 0.73) 0.68 (0.62 to 0.74)
St. Gallen14 0.38 (0.32 to 0.45) 0.36 (0.27 to 0.44) 0.60 (0.55 to 0.64) 0.54 (0.47 to 0.60)
St. Gallen20 0.40 (0.33 to 0.46) 0.43 (0.34 to 0.51) 0.61 (0.57 to 0.65) 0.61 (0.54 to 0.67)
St. GallenFree 0.39 (0.32 to 0.45) 0.52 (0.43 to 0-61) 0.62 (0.58 to 0.66) 0.69 (0.63 to 0.75)
Prolif14 0.48 (0.41 to 0.54) 0.42 (0.34 to 0.51) 0.70 (0.66 to 0.74) 0.60 (0.53 to 0.66)
Prolif20 0.48 (0.41 to 0.54) 0.49 (0.40 to 0.58) 0.71 (0.67 to 0.75) 0.67 (0.60 to 0.73)
ProlifFree 0.48 (0.41 to 0.54) 0.57 (0.48 to 0.66) 0.71 (0.67 to 0.75) 0.75 (0.69 to 0.80)
3-class simplea: luminal vs HER2 vs basal-like 0.71 (0.65 to 0.78) 0.69 (0.58 to 0.80) 0.91 (0.88 to 0.93) 0.90 (0.85 to 0.93)

a3-class simple: collapsing luminal A and B into 1 class. CI ¼ confidence interval; IHC ¼ immunohistochemistry.
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Table 4. Distant metastasis-free survival proportions with 95% confidence intervals for all subtypes, by surrogate classifier, in STO-3a

Subtyping method and
follow-up time point

Luminal A
Survival proportion

% (95% CI)

Luminal B
Survival proportion

% (95% CI)

HER2
Survival proportion

% (95% CI)

Basal-like
Survival proportion

% (95% CI)

PAM50
5 y 95.8 (93.6 to 98.1) 78.8 (71.8 to 86.6) 80.1 (70.2 to 91.3) 81.2 (71.7 to 91.8)
10 y 90.4 (87.2 to 93.8) 68.6 (60.6 to 77.7) 70.2 (59.0 to 83.6) 73.5 (62.8 to 86.0)

IHC3
5 y 91.4 (88.8 to 94.1) 70.0 (52.5 to 93.3) 86.5 (73.3 to 100.0) 79.9 (71.0 to 89.9)
10 y 84.0 (80.6 to 87.6) 65.0 (47.1 to 89.7) 70.8 (53.5 to 93.8) 76.7 (67.3 to 87.4)

St. Gallen14
5 y 94.1 (91.1 to 97.3) 86.9 (82.7 to 91.4) 86.5 (73.3 to 100.0) 79.9 (71.0 to 89.9)
10 y 88.3 (84.1 to 92.7) 78.7 (73.5 to 84.2) 70.8 (53.5 to 93.8) 76.7 (67.3 to 87.4)

St. Gallen20
5 y 93.4 (90.4 to 96.6) 87.0 (82.5 to 91.7) 86.5 (73.3 to 100.0) 79.9 (71.0 to 89.9)
10 y 88.1 (84.1 to 92.4) 78.0 (72.5 to 83.9) 70.8 (53.5 to 93.8) 76.7 (67.3 to 87.4)

St. Gallenfree
5 y 92.6 (89.5 to 95.8) 87.4 (82.7 to 92.3) 86.5 (73.3 to 100.0) 79.9 (71.0 to 89.9)
10 y 86.5 (82.4 to 90.8) 78.9 (73.1 to 85.1) 70.8 (53.5 to 93.8) 76.7 (67.3 to 87.4)

Prolif14
5 y 92.2 (89.4 to 95.1) 84.6 (78.0 to 91.9) 86.5 (73.3 to 100.0) 79.9 (71.0 to 89.9)
10 y 85.8 (82.2 to 89.6) 75.2 (67.2 to 84.2) 70.8 (53.5 to 93.8) 76.7 (67.3 to 87.4)

Prolif20/Proliffree
5 y 91.4 (88.6 to 94.3) 85.1 (76.9 to 94.1) 86.5 (73.3 to 100.0) 79.9 (71.0 to 89.9)
10 y 85.3 (81.8 to 89.0) 72.5 (62.4 to 84.2) 70.8 (53.5 to 93.8) 76.7 (67.3 to 87.4)

aCI ¼ confidence interval; IHC ¼ immunohistochemistry; STO-3 ¼ Stockholm tamoxifen trial.
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Figure 3. Kaplan-Meier plots and risk tables of 15-year distant recurrence-free survival for luminal A-like and luminal B-like, defined by each surrogate. Upper panel,

left to right: St. Gallen14, St. Gallen20, St. GallenFree. Lower panel, left to right: Prolif14, Prolif20/ProlifFree, IHC3. Plots are overlaid on top of the survival curves for

PAM50 luminal A (lumA) and luminal B (lumB). IHC ¼ immunohistochemistry.
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those obtained with St. Gallen (Table 4). Survival at 10 years was
close to 0.70 for both surrogate HER2 and PAM50. For basal-like,
10-year survival was very similar using the surrogate definition
(76.71, 95% CI ¼ 67.31 to 87.42) and PAM50 (73.52, 95% CI ¼ 62.83
to 86.03) (Table 4).

Kaplan-Meier curves of distant recurrence-free survival for
ER-positive luminal tumors visually showed that maximum
separation of survival estimates between luminal A and B was
seen with PAM50; the St. Gallen and Prolif surrogates showed
survival curves for luminal A– and B–like that were closer to
each other. IHC3 showed more resemblance to PAM50, but the
very few observations for luminal B hampers interpretation
(Figure 3).

Time-Varying Analysis of Long-Term Tamoxifen
Treatment Benefit

The hazard ratios at 10 years after diagnosis ranged narrowly
from 0.40 to 0.45 across surrogates for tamoxifen-treated vs
untreated luminal A–like and 0.43 to 0.47 for luminal B–like, ex-
cept for IHC3 that had more similar estimates to PAM50
(Figure 4; Supplementary Table 4, available online). However,
the estimates for IHC3 had huge uncertainty. Within surrogate
classifiers, the luminal A and B hazard ratio estimates were

near identical (St. Gallen, IHC3) or identical (Prolif) to each other.
It was only when using PAM50 that there was any discernable
difference between hazard ratio estimates for luminal subtypes,
with a treatment benefit for luminal A 10 years after diagnosis
(10 year HR ¼ 0.53, 95% CI ¼ 0.32 to 0.89) but no indication of
treatment benefit for luminal B (10 year HR ¼ 1.13, 95% CI ¼ 0.37
to 3.43, confidence intervals including 1.00) (Figure 4).

Discussion

In this study, the ability of 3 separate IHC surrogate classifiers
to classify breast cancer cases into molecular subtypes was
assessed in 2 independent datasets: one with centrally stained
IHC and one with IHC performed across several clinical pathol-
ogy labs. We found that irrespective of cohort, all the surrogates
showed poor to moderate agreement with the PAM50 classifier
as judged by overall kappa values, with best performance for
the proliferation-based surrogate. Alluvial diagrams and
sensitivity-specificity measures illustrated that the main limita-
tion of the surrogates was in separating luminal A and B, as well
as luminal B and HER2-enriched, from each other. This comes
as no surprise when one considers the overlap of distributions
of IHC marker staining between these groups. Prolif was the
best performing surrogate in this study, in line with

Distant recurrence−free 10−year survival

PAM50 Luminal A

PAM50 Luminal B

IHC3 Luminal A

IHC3 Luminal B

StGallen14 Luminal A

StGallen14 Luminal B
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StGallenFree Luminal A

StGallenFree Luminal B

Prolif14 Luminal A

Prolif14 Luminal B

Prolif20/Free Luminal A

Prolif20/Free Luminal B

0.15 0.25 0.50 1.0 2.0 4.0
Hazard Ratio treated vs untreated

Figure 4. Forest plot showing hazard ratios (HR) of distant recurrence-free survival estimated at 10 years after diagnosis, comparing tamoxifen-treated to untreated es-

trogen receptor–positive luminal tumors (according to each classifier) in STO-3. Modeled using flexible parametric survival models using 15 years of follow-up. STO-3 ¼
Stockholm tamoxifen trial.
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observations of Lundgren and colleagues (23), who found that a
grade-based surrogate classifier outperformed St. Gallen in a co-
hort of ER-positive and HER2-negative tumors. Interestingly,
both surrogates that showed the best in-study concordance re-
lied either entirely (Prolif) or in part (Grade-based) on measures
of proliferation, and neither relies on PR negative or HER2 status
for distinguishing luminal A from luminal B. Our concordance
metrics cannot be directly compared because Lundgren col-
leagues only studied luminal tumors, but we observed the same
pattern of misclassification of luminal A tumors as luminal B–
like as they did (23).

We could conclude that IHC surrogates and PAM50 subtyp-
ing were different when considering crude survival proportions
for all 4 subtypes, and no surrogate had as clear a separation of
survival between the luminal groups as the PAM50. The mis-
classification patterns observed in the alluvial diagrams were
mirrored in the Kaplan-Meier plots and survival proportions.
The low specificity for luminal B (specifically mixed up with
misclassified luminal A tumors) in St. Gallen translated into a
better survival for St. Gallen luminal B–like than PAM50 luminal
B. For IHC3, the very low numbers of luminal B–like tumors
make any conclusions difficult to draw, but the luminal A–like
group for IHC3 had worse survival than PAM50 luminal A, own-
ing to the severe misclassification of luminal B into this group.
These patterns were also true for the Prolif surrogate, albeit to a
lesser extent. It should be stressed that, at present, it is not clear
if IHC subtypes or PAM50 subtypes provide the most accurate
prognostic information.

The time-varying patterns of tamoxifen-treatment benefit
differs between luminal A and B tumors (42). We therefore in-
vestigated whether this was captured using any of the IHC sur-
rogates, but the answer appeared to be no. There was hardly
any difference in hazard ratios within surrogates between the
effect for luminal A and B–like tumors. In addition, the hazard
ratios of tamoxifen treatment benefit were very similar across
all surrogates.

The St. Gallen surrogate was designed to identify ER-positive
patients who may benefit from chemotherapy (7,13). We did not
have the data to investigate chemotherapy response; however,
the misclassification patterns might suggest how the surrogate
classifiers could differ in this aspect. Assuming that mainly lu-
minal B benefits from chemotherapy, undertreatment would be
minimized (at the cost of potential overtreatment) using the St.
Gallen surrogate, because the sensitivity for luminal B was high-
est with St. Gallen. Using the IHC3 surrogate could instead lead
to undertreatment, because it misclassified almost all luminal B
tumors as luminal A–like.

For observational studies where the goal is to be able to sep-
arate between the luminal subtypes, the optimal choice of sur-
rogate may vary with the study objective. However, in studies
that need not distinguish between luminal A and B, a 3-class
surrogate of luminal (ER-positive) vs HER2 and basal-like sub-
types should be recommended as the first choice.

We performed an independent assessment of 3 IHC surro-
gate classifiers in the same datasets, including one with
markers stained in one study site with high standardization,
considered optimal for assessments of validity and concordance
(22). The high coverage of the Swedish registers enabled virtu-
ally complete follow-up for our survival analysis. The survival
estimates are from a historic cohort and do not reflect current
treatment options (such as anti-HER2 therapies) and clinical
management.

Our analysis is based on the Swedish cutoff for ER positivity
at 10%. Because tumors with ER 1%-9% are similar to ER-

negative tumors (43,44), concordance may be lower in settings
where cutoff for ER is at 1%. However, the fraction of borderline
ER-positive tumors is probably too low to influence concordance
greatly.

The 2 data sources had distinct strengths and limitations. In
STO-3, IHC was centrally assessed, whereas Clinseq had
markers retrospectively collected from different clinics. In STO-
3, we used the original 20% cutoff for PR for St. Gallen, whereas
Clinseq was limited to binary information based on a 10% cutoff
clinically implemented at the time. In STO-3, PAM50 subtypes
were assigned according to the original algorithm, whereas
Clinseq had PAM50 subtypes assigned using a novel RNAseq-
based approach. In STO-3, the number of HER2-positive tumors
was slightly underestimated as all 2þ tumors were deemed neg-
ative in absence of FISH, whereas in Clinseq, 2þ tumors were
assigned HER2-status on the basis of FISH.

We were able to show robustness of our findings because
the same conclusions were reached in both cohorts, irrespective
of the many differences between cohorts. It will be of interest to
replicate our findings in other settings.

In conclusion, no surrogate achieved better than moderate
overall agreement with the PAM50 subtypes. Their main limita-
tions laid in differentiating luminal A and B from each other
and distinguishing HER2 from luminal B. These limitations
were also mirrored in the prognosis assessment and treatment
response prediction.
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