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Abstract: The characteristics of single PR-positive (ER-PR+, sPR+) breast cancer (BC) and its prognosis are not well 
elucidated due to its rarity and conflicting evidence. There is a lack of an accurate and efficient model for predicting 
survival, thereby rendering treatment challenging for clinicians. Whether endocrine therapy should be intensified in 
sPR+ BC patients was another controversial clinical topic. We constructed and cross-validated XGBoost models that 
showed high precision and accuracy in predicting the survival of patients with sPR+ BC cases (1-year: AUC=0.904; 
3-year: AUC=0.847; 5-year: AUC=0.824). The F1 score for the 1-, 3-, and 5-year models were 0.91, 0.88, and 0.85, 
respectively. The models exhibited superior performance in an external, independent dataset (1-year: AUC=0.889; 
3-year: AUC=0.846; 5-year: AUC=0.821). Further, intensified endocrine therapy did not provide a significant overall 
survival benefit compared to initial or no endocrine therapy (P=0.600, HR: 1.46; 95% CI: 0.35-6.17). Propensity-
score matching (PSM)-adjusted data showed that there was no statistically significant difference in the prognosis 
between ER-PR+HER2+ and ER-PR-HER2+ BC. Patients having the ER-PR+HER2- subtype had a slightly worse prog-
nosis than those with the ER-PR-HER2- subtype. In conclusion, XGBoost models can be highly reproducible and 
effective in predicting survival in patients with sPR+ BC. Our findings revealed that patients with sPR-positive BC 
may not benefit from endocrine therapy. Patients with sPR+ BC may benefit from intensive adjuvant chemotherapy 
compared to endocrine therapy.
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Introduction

Breast cancer (BC) is the second most common 
cancer diagnosed in women and is the primary 
reason for cancer-related deaths among fe- 
males [1]. BC is classified into subtypes based 
on different molecular expression biomarkers, 
such as progesterone receptor (PR), estrogen 
receptor (ER), and human epidermal growth 
factor 2 (HER2). The biomarkers are proven to 
be important predictors of prognosis and indi-
cators for the application of targeted and endo-
crine therapies.

PR is an upregulated target gene of the ER  
and its expression is highly dependent on ER 

expression [2]. Therefore, BC with a single PR 
(ER-PR+ or sPR-positive [sPR+]) subtype is rare 
and accounts for about 1.5%-3.4% of all BC 
cases [3-6]. The sPR+ subtype was initially con-
sidered a false-positive result of immunohisto-
chemistry [4, 7]. With increased understanding 
over the years in addition to PAM50 expression 
[8] and ESR1 mRNA level studies [9], sPR+ BC 
was identified as a different subtype. Until re- 
cently, the unique clinicopathological features 
and prognosis of patients with sPR+ BC were 
being studied, which yielded conflicting evi-
dence [6, 10-12]. There is a need for accurate 
and efficient tools to predict the survival in BC 
for aiding clinicians in designing treatment pro-
tocols. Machine learning has recently emerged 
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as a hotspot for developing tools and methods 
to evaluate extensive, high-dimensional, and 
multi-modal biological data generated from 
clinical or preclinical research [13, 14]. It can 
also help create an artificial intelligence (AI) 
prognostic model with high testing accuracy 
[14]. We used six types of machine learning 
algorithms to create prognostic models and 
found that XGBoost was the most accurate. 
Further, considering the significant debate 
around the treatment options for sPR+ BC, we 
assessed the prognostic benefits of surgery, 
chemotherapy, radiotherapy, and neoadjuvant 
therapy in patients with this subtype.

The Surveillance Epidemiology and End Results 
(SEER) database was exploited in this study to 
examine variables affecting the prognosis in 
sPR+ BC. High-precision AI models were devel-
oped to predict the 1, 3, and 5-year survival in 
patients with sPR+ BC. This study highlights the 
use of developing clinical AI models to optimize 

long-term follow-up and enhance insights into 
the treatment options for sPR+ BC.

Materials and methods 

Data source and study design

The workflow of the study design and its analy-
ses are presented in Figure 1. The data of 
females with BC analyzed in this study were 
obtained from the openly accessible SEER 
database (SEER 17 Regs study data, [changes 
2010-2019] version 8.4.0). The key inclusion 
criteria for selecting data were patients with (1) 
only BC; (2) histopathological and morphologi-
cal evidence per the International Classification 
of Cancer Diseases, Edition III (ICD-O-3); and 
(3) a molecular subtype of BC as ER-PR+. The 
key exclusion criteria were patients with (1) two 
or more primary cancers; (2) an unknown HER2 
status; (3) T0 stage; and (4) M1 or unknown M 
stage (for complete eligibility criteria, please 

Figure 1. Flowchart describing the procedure and statistical analysis. SEER: the Surveillance, Epidemiology, and 
End Results; ER+/-: estrogen receptor positive/negative; PR+/-: progesterone receptor positive/negative; HER2+/-: 
human epidermal growth factor receptor 2 positive/negative; PSM: propensity score matching; Cox: concordance 
index; ROC curve: receiver operating characteristic curve; AUC: area under the curve; K-M: Kaplan-Meier; XGBoost: 
extreme gradient boosting.
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see Supplementary Material). The primary out-
comes included overall survival (OS) deter-
mined by all causes of death and breast can-
cer-specific survival (BCSS) determined by de- 
aths attributable to BC. The SEER database 
with cancer registry data and death certificates 
was used to determine the OS and BCCS. 
Follow-up was sustained until patients died, 
were lost to follow-up, or until December 31, 
2019, whichever came first.

XGBoost model

The XGBoost algorithm modifies the gradient-
boosting approach and uses Newton’s method 
to solve for the extreme values of the loss func-
tion, conducts Taylor expansion of the loss 
function to the second order, and adds a regu-
larization term to the loss function. The gradi-
ent-boosting algorithm loss and the regulariza-
tion term make up the first and second parts of 
the objective function at training time, respec-
tively. In addition, the XGBoost algorithm adopts 
the “feature subsampling” technique, which 
signifies selecting a subset of all features to 
train each tree (similar to a random forest) for 
amplifying the generalizing capability of the 
model, diversifying, and preventing overfitting. 
The XGBoost algorithm operates on the follow-
ing principle: feature vector with the corre-
sponding (output) category yi:

yiˆ=∑k=1Kfk(xi), fk∈F

Feature selection

Characteristics extracted from the SEER data-
base, including the age at diagnosis, HER2 sta-
tus, histological type, race, marital status, gra- 
de, T stage, N stage, median household income, 
surgery, radiotherapy, chemotherapy, and neo-
adjuvant therapy, were integrated into machine 
learning models to estimate 1-, 3-, and 5-year 
OS in patients with the sPR+ subtypes. The 
analyses were conducted before excluding pa- 
tients who survived but lived for less than 1, 3, 
or 5 years of the follow-up cut-off date. A 
response variable was collected for the survival 
data before running the training program, with 
“0” denoting “death” and “1” denoting “surviv-
al”. Patients were randomized in a 7:3 ratio into 
train data and test data. We also compared the 
area under the curve (AUC) value of the artificial 
neural network (ANN), logistic regression (LR), 
random forest (RF), K-Nearest Neighbor (KNN), 
decision tree (ID3), and XGBoost on test data. 
To assess the accuracy and efficiency of our 

model, a confusion matrix, the area under the 
receiver operating characteristic (ROC) curve, 
and ROC analysis were employed. Correctness, 
recall, accuracy, and F1 score are the primary 
assessment parameters in the confusion ma- 
trix. The calculations were as follows: correct-
ness = (TP+TN)/(TP+TN+FN+FP); recall = TP/
(TP+FN); accuracy = TP/(TP+FP); F1 score = 2* 
accuracy* recall/(accuracy + recall). 

TP: true positive; TN: true negative; FP: false 
positive; FN: false negative.

External validation

To further validate the XGBoost prognostic 
model, we collected data from 22 patients 
diagnosed with sPR+ BC between November 
2017 and March 2022 in the Second Affiliated 
Hospital of Xi’an Jiaotong University. The key 
exclusion criteria for patient selection were as 
follows: (1) below 20 years of age; (2) having 
second primary cancer of any type; (3) males; 
and (4) lost to follow-up. The follow-up proceed-
ed until the patient’s death or March 10, 2023, 
whichever came first. The Institutional Review 
Board of the Second Affiliated Hospital of the 
Xi’an Jiaotong University approved the retro-
spective cohort study. Patient informed con-
sent was waived because the data used in this 
study did not have personally identifiable in- 
formation.

Statistical analysis

Cox regression models were used to explore 
the correlation between clinicopathological fea-
tures and survival. To assess the risk of patient 
mortality and identify independent prognostic 
markers, a multifactorial Cox analysis was con-
ducted. Patients included in the analysis were 
categorized based on their response to neoad-
juvant therapy, and the prognostic differences 
were compared. Multiple comparisons were 
corrected using the Benjamini & Hochberg 
method. 

Propensity score matching

To better understand the prognosis in sPR+, 
included patients were categorized into the 
ER-PR+HER2- and ER-PR+HER2+ groups ac- 
cording to the HER2 status, and were match- 
ed to ER-PR-HER2- and ER-PR-HER2+ patients 
on a 1:2 propensity score, respectively. Mat- 
ched variables were statistically significant in 
the univariate Cox. Matched parameters were: 
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Table 1. Baseline characteristics of sPR+ patients included from the SEER database

Characteristic
All Patients HER2+ HER2- P value

N=3467 % N=1050 30.29% N=2417 69.71% (HER2+ vs 
HER2-)

Age at diagnosis <40 390 11.25% 115 10.95% 275 11.38% 0.076
40-49 727 20.97% 212 20.19% 515 21.31%
50-59 926 26.71% 313 29.81% 613 25.36%
60-69 776 22.38% 227 21.62% 549 22.71%
70-79 405 11.68% 123 11.71% 282 11.67%
80+ 243 7.01% 60 5.71% 183 7.57%

Race White 2534 73.09% 751 71.52% 1783 73.77% <0.001
Black 516 14.88% 118 11.24% 398 16.47%
Other 318 9.17% 169 16.10% 212 8.77%
Unknown 36 1.04% 12 1.14% 24 0.99%

Histological type IDC 3038 87.63% 942 89.71% 2096 86.72% 0.016
Non-IDC 429 12.37% 108 10.29% 321 13.28%

Marital Married 1933 55.75% 601 57.24% 1332 55.11% 0.511
Unmarried 1339 38.62% 392 37.33% 947 39.18%
Unknown 195 5.62% 57 5.43% 138 5.71%

T Stage T1 1404 40.50% 402 38.29% 1002 41.46% <0.001
T2 1486 42.86% 422 40.19% 1064 44.02%
T3 278 8.02% 108 10.29% 170 7.03%
T4 183 5.28% 68 6.48% 115 4.76%
Tx 116 3.35% 50 4.76% 66 2.73%

N Stage N0 2204 63.57% 573 54.57% 1631 67.48% <0.001
N1 943 27.20% 359 34.19% 584 24.16%
N2 156 4.50% 57 5.43% 99 4.10%
N3 121 3.49% 45 4.29% 76 3.14%
Nx 43 1.24% 16 1.52% 27 1.12%

Grade I 77 2.22% 12 1.14% 65 2.69% <0.001
II 639 18.43% 252 24.00% 387 16.01%
III/IV 2583 74.50% 716 68.19% 1867 77.24%
Unknown 168 4.85% 70 6.67% 98 4.05%

Median household  
income (inflation ajusted)

<50,000 $ 513 14.80% 164 15.62% 349 14.44% 0.161
50,000-59,999 $ 569 16.41% 171 16.29% 398 16.47%
60,000-69,999 $ 1152 33.23% 322 30.67% 830 34.34%
70,000 $+ 1233 35.56% 393 37.43% 840 34.75%

Surgery No 255 7.36% 94 8.95% 161 6.66% 0.048
Yes 3193 92.10% 949 90.38% 2244 92.84%
Unknown 19 0.55% 7 0.67% 12 0.50%

Radiotherapy No/unknown 1711 49.35% 561 53.43% 1150 47.58% 0.002
Yes 1756 50.65% 489 46.57% 1267 52.42%

Chemotherapy No/unknown 916 26.42% 225 21.43% 691 28.59% <0.001
Yes 2551 73.58% 825 78.57% 1726 71.41%

Neoadjuvant therapy Not given 2059 59.39% 544 51.81% 1515 62.68% <0.001
Yes 731 21.08% 278 26.48% 453 18.74%
Unknown 677 19.53% 228 21.71% 449 18.58%

SEER: the Surveillance, Epidemiology, and End Results; sPR+: single progesterone receptor-positive.

method = “nearest”, distance = “logit”, replace 
= FALSE, caliper = 0.01. Kaplan-Meier (K-M) 
survival analysis was performed on the pro- 
pensity score matching (PSM)-adjusted popula-

tion. The R programming language was utilized 
(version 4.0.2) for calculations. Statistical sig-
nificance was defined as a bilateral tail value of 
less than 0.05.
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Table 2. Univariate and multivariate Cox analysis of characteristics extracted from the SEER database
Univariate Cox analysis Multivariate Cox analysis

OS BCSS OS BCSS
HR 95% CI P value HR 95% CI P value HR 95% CI P value HR 95% CI P value

Age at diagnosis

    <40 Reference Reference Reference Reference

    40-49 0.809 0.581-1.127 0.210 0.792 0.557-1.126 0.194 0.969 0.675-1.391 0.865 0.911 0.622-1.336 0.633

    50-59 0.912 0.666-1.249 0.567 0.901 0.646-1.258 0.540 1.069 0.757-1.509 0.707 1.080 0.751-1.553 0.677

    60-69 0.994 0.721-1.370 0.970 0.795 0.558-1.131 0.202 1.114 0.777-1.596 0.558 0.925 0.623-1.372 0.698

    70-79 1.842 1.327-2.556 *** 1.333 0.921-1.930 0.128 2.082 1.431-3.027 *** 1.620 1.063-2.469 *

    80+ 4.945 3.611-6.774 *** 2.380 1.624-3.486 *** 3.693 2.498-5.461 *** 2.123 1.320-3.413 ***

HER2

    Negative Reference Reference Reference Reference

    Positive 0.695 0.578-0.836 *** 0.609 0.486-0.763 *** 0.594 0.479-0.736 *** 0.474 0.364-0.617 ***

Race

    White Reference Reference Reference Reference

    Black 1.039 0.836-1.292 0.729 0.981 0.755-1.274 0.884 1.081 0.844-1.383 0.539 0.951 0.703-1.288 0.746

    Other 0.601 0.441-0.819 ** 0.641 0.451-0.912 * 0.563 0.391-0.811 ** 0.622 0.412-0.941 *

Histological type

    IDC Reference Reference Reference Reference

    Non-IDC 1.269 1.019-1.581 * 1.185 0.909-1.545 0.209 0.992 0.766-1.285 0.952 1.015 0.746-1.383 0.923

Marital status

    Married Reference Reference Reference Reference

    Unmarried 1.642 1.394-1.935 *** 1.348 1.113-1.634 ** 1.069 0.886-1.291 0.487 1.006 0.805-1.257 0.960

T Stage

    T1 Reference Reference Reference Reference

    T2 1.749 1.435-2.133 *** 2.164 1.684-2.780 *** 1.643 1.310-2.060 *** 1.751 1.324-2.315 ***

    T3 2.891 2.189-3.819 *** 4.202 3.040-5.808 *** 2.860 2.047-3.996 *** 3.193 2.178-4.681 ***

    T4 6.357 4.910-8.230 *** 9.424 6.964-12.754 *** 4.740 3.380-6.645 *** 5.189 3.512-7.666 ***

N Stage

    N0 Reference Reference Reference Reference

    N1 1.688 1.405-2.027 *** 2.275 1.828-2.831 *** 1.562 1.259-1.938 *** 1.883 1.459-2.430 ***

    N2 2.728 2.025-3.676 *** 3.895 2.787-5.444 *** 2.464 1.743-3.484 *** 3.040 2.067-4.470 ***

    N3 5.483 4.170-7.210 *** 8.692 6.469-11.680 *** 4.239 3.059-5.875 *** 5.739 4.020-8.193 ***

Grade

    I Reference Reference Reference Reference

    II 3.634 1.152-11.460 * 6.095 0.844-44.030 0.073 2.193 0.688-6.990 0.184 3.565 0.489-26.007 0.210

    III/IV 4.274 1.373-13.300 * 9.676 1.359-68.880 * 2.665 0.846-8.401 0.094 5.023 0.698-36.154 0.109
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Median household income (inflation ajusted)

    <50,000 $ Reference Reference Reference Reference

    50,000-59,999 $ 0.880 0.677-1.144 0.339 0.829 0.609-1.130 0.236 0.890 0.665-1.191 0.433 0.775 0.547-1.097 0.150

    60,000-69,999 $ 0.759 0.604-0.954 * 0.758 0.581-0.989 * 0.738 0.570-0.955 * 0.711 0.526-0.963 *

    70,000 $+ 0.667 0.529-0.842 *** 0.635 0.483-0.834 ** 0.784 0.603-1.1020 0.069 0.761 0.559-1.034 0.081

Surgery

    No Reference Reference Reference Reference

    Yes 0.243 0.198-0.298 *** 0.240 0.189-0.305 *** 0.557 0.419-0.740 *** 0.576 0.412-0.805 **

Radiotherapy

    None/unknown Reference Reference Reference Reference

    Yes 0.542 0.461-0.639 *** 0.682 0.565-0.823 *** 0.705 0.580-0.856 *** 0.821 0.655-1.030 0.089

Chemotherapy

    No Reference Reference Reference Reference

    Yes 0.464 0.396-0.545 *** 0.735 0.601-0.899 ** 0.546 0.433-0.689 *** 0.635 0.478-0.844 **

Neoadjuvant therapy

    No Reference Reference Reference Reference

    Yes 0.953 0.764-1.189 0.668 1.261 0.987-1.612 0.064 / / / / / /
SEER: the Surveillance, Epidemiology, and End Results. *P<0.05, **P<0.01, ***P<0.001.
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Figure 2. K-M survival analysis in sPR+ patients (stratified by response to 
neoadjuvant therapy). A. OS of sPR+ patients; B. BCSS of sPR+ patients. 
CR: complete response; PR: partial response; CR/PR: complete and/or par-
tial response to neoadjuvant therapy; NR: no response; sPR: single proges-
terone receptor; OS: overall survival; BCSS: breast cancer-specific survival; 
K-M: Kaplan-Meier.

Results

Clinical characteristics of sPR+ patients

Data from 3,467 eligible women with sPR+ BC 
were retrieved (2010 to 2019). The clinicopath-
ological characteristics are shown in Table 1 
and summarized below. The age of disease 
onset was between 40 and 69 years; 390 
(11.25%) patients were younger than 40 years 
and 243 (7.01%) were older than 80 years. The 
proportion of white patients was 73.09% and 
55.75% were married. Invasive ductal carcino-
ma (IDC) was the predominant histopathologi-
cal type (87.63%). The number of cases with 
staging T1, T2, T3, and T4 were 40.50%, 
42.86%, 8.02%, and 5.28% respectively. A 
majority of patients did not have regional lym- 
ph node metastases, with 63.57% in N0 stage. 

Patients with grade III or IV 
tumor were up to 74.50%, 
while only 2.22% of patients 
were grade I; 35.56% of pa- 
tients had an annual house-
hold income of USD 70,000 
and above. Further, 92.10% of 
patients underwent surgery, 
73.58% received chemothera-
py, 50.65% received radiother-
apy, and 21.08% received ne- 
oadjuvant therapy; 1050 pati- 
ents were HER2- (30.29%) and 
2417 patients were HER2+ 
(69.71%). Compared to HER2-, 
patients with HER2+ included 
a higher proportion of other 
races, IDC and married sta- 
tus, and more advanced T and 
N stages. A higher number of 
patients with HER2+ received 
chemotherapy and neoadju-
vant therapy and fewer pa- 
tients received radiotherapy.

Univariable and multivariable 
Cox regression analysis

We performed univariable Cox 
regression analysis to identify 
variables that significantly in- 
fluenced OS and BCSS in pa- 
tients, including age at diag- 
nosis, histological type, HER2 
status, marital status, race, 
histological type, T and N st- 
age, grade, median household 

income (inflation-adjusted), surgery, radiothera-
py, and chemotherapy. Interestingly, Cox re- 
gression analysis showed that neoadjuvant  
therapy did not benefit patients with sPR+ 
(Table 2). Thus, we further stratified patients by 
their response to neoadjuvant therapy for prog-
nostic comparisons. The results showed that 
OS and BCSS were significantly better in only 
those patients who had a complete response 
(CR) to neoadjuvant therapy compared to those 
who did not receive neoadjuvant therapy or did 
not have a CR (Figure 2A, 2B). 

We then performed multivariable Cox regres-
sion analysis to eliminate confounding factors 
and uncover the independent factors that influ-
ence OS and BCSS (Table 2). It showed that 
worse OS and BCSS were closely related to age 
>70 years, HER2-, and advanced T and N stage. 
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Table 3. Baseline characteristics between ER-PR+HER2+ and ER-PR-HER2+ subtypes before and after PSM

Characteristics
Unmatched Cohort 1:2 propensity score matched (PSM) Cohort

ER-PR+HER2+ ER-PR-HER2+ Unadjusted ER-PR+HER2+ ER-PR-HER2+ PSM-adjusted
N=1050 % N=15728 % P value N=1045 % N=2082 % P value

Age at diagnosis  0.287 0.646
    <40 115 10.95% 1415 9.00% 112 10.72% 191 9.17%
    40-49 212 20.19% 3051 19.40% 212 20.29% 433 20.80%
    50-59 313 29.81% 4915 31.25% 311 29.76% 666 31.99%
    60-69 227 21.62% 3648 23.19% 227 21.72% 446 21.42%
    70-79 123 11.71% 1811 11.51% 123 11.77% 237 11.38%
    80+ 60 5.71% 888 5.65% 60 5.74% 109 5.24%
Race 0.989 0.661
    White 751 71.52% 11203 71.23% 748 71.58% 1516 72.81%
    Black 118 11.24% 1819 11.57% 117 11.20% 243 11.67%
    Other 169 16.10% 2520 16.02% 168 16.08% 303 14.55%
    Unknown 12 1.14% 186 1.18% 12 1.15% 20 0.96%
Histological type 0.786 0.092
    IDC 945 90.00% 14159 90.02% 940 89.95% 1912 91.83%
    Non-IDC 108 10.29% 1569 9.98% 105 10.05% 170 8.17%
Marital 0.943 0.828
    Married 601 57.24% 8944 56.87% 599 57.32% 1201 57.68%
    Unmarried 392 37.33% 5950 37.83% 390 37.32% 780 37.46%
    Unknown 57 5.43% 834 5.30% 56 5.36% 101 4.85%
T stage 0.009 
    T1 402 38.29% 6769 43.04% 402 38.47% 815 39.15% 0.893 
    T2 422 40.19% 5843 37.15% 422 40.38% 843 40.49%
    T3 108 10.29% 1527 9.71% 107 10.24% 216 10.37%
    T4 68 6.48% 1057 6.72% 67 6.41% 130 6.24%
    Tx 50 4.76% 532 3.38% 47 4.50% 78 3.75%
N stage 0.096 0.094
    N0 573 54.57% 9042 57.49% 570 54.55% 1186 56.96%
    N1 359 34.19% 4780 30.39% 357 34.16% 687 33.00%
    N2 57 5.43% 952 6.05% 57 5.45% 123 5.91%
    N3 45 4.29% 757 4.81% 45 4.31% 72 3.46%
    Nx 16 1.52% 197 1.25% 16 1.53% 14 0.67%
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Grade 0.631 0.250 
    Well 12 1.14% 226 1.44% 11 1.05% 20 0.96%
    Moderately 252 24.00% 3554 22.60% 249 23.83% 444 21.33%
    Poorly 716 68.19% 10841 68.93% 715 68.42% 1497 71.90%
    Unknown 70 6.67% 1107 7.04% 70 6.70% 121 5.81%
median household income (inflation adjusted) <0.001 0.696 
    <50,000 $ 164 15.62% 1580 10.05% 159 15.22% 311 14.94%
    50,000-59,999 $ 171 16.29% 2424 15.41% 171 16.36% 346 16.62%
    60,000-69,999 $ 322 30.67% 5443 34.61% 322 30.81% 680 32.66%
    70,000 $+ 393 37.43% 6281 39.94% 393 37.61% 745 35.78%
Radiotherapy 0.877 0.626 
    No/unknown 561 53.43% 8450 53.73% 560 53.59% 1095 52.59%
    Yes 489 46.57% 7278 46.27% 485 46.41% 987 47.41%
Chemotherapy 0.525 0.081
    No/unknown 225 21.43% 3511 22.32% 225 21.53% 392 18.83%
    Yes 825 78.57% 12217 77.68% 820 78.47% 1690 81.17%
Surgery 0.106 0.119 
    No 94 8.95% 1247 7.93% 94 9.00% 154 7.40%
    Yes 949 90.38% 14428 91.73% 944 90.33% 1921 92.27%
    Unknown 7 0.67% 53 0.34% 7 0.67% 7 0.34%
ER+/-: estrogen receptor positive/negative; PR+/-: progesterone receptor positive/negative; HER2+/-: human epidermal growth factor receptor 2 positive/negative; PSM: propensity 
score matching.
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Table 4. Baseline characteristics between ER-PR+HER2- and ER-PR-HER2- patients before and after PSM

Characteristics
Unmatched Cohort 1:2 propensity score matched (PSM) Cohort

ER-PR+HER2- ER-PR-HER2- Unadjusted ER-PR+HER2- ER-PR-HER2- PSM-adjusted
N=2417 % N=38262 % P value N=2416 % N=4826 % P value

Age at diagnosis 0.005 0.951
    <40 275 11.38% 3922 10.25% 275 11.38% 556 11.52%
    40-49 515 21.31% 7345 19.20% 514 21.27% 1017 21.07%
    50-59 613 25.36% 9882 25.83% 613 25.37% 1264 26.19%
    60-69 549 22.71% 8928 23.33% 549 22.72% 1102 22.83%
    70-79 282 11.67% 5324 13.91% 282 11.67% 538 11.15%
    80+ 183 7.57% 2861 7.48% 183 7.57% 349 7.23%
Race 0.157 0.303
    White 1783 73.77% 27569 72.05% 1782 73.76% 3585 74.29%
    Black 398 16.47% 6763 17.68% 398 16.47% 803 16.64%
    Other 212 8.77% 3628 9.48% 212 8.77% 409 8.47%
    Unknown 24 0.99% 302 0.79% 24 0.99% 29 0.60%
Histological type 0.953 0.598
    IDC 2096 86.72% 33205 86.78% 2096 86.75% 4206 87.15%
    Non-IDC 321 13.28% 5057 13.22% 320 13.25% 620 12.85%
Marital 0.123 0.965
    Married 1332 55.11% 20530 53.66% 1331 55.09% 2725 56.46%
    Unmarried 947 39.18% 15744 41.15% 947 39.20% 1866 38.67%
    Unknown 138 5.71% 1988 5.20% 138 5.71% 235 4.87%
T stage 0.090 
    T1 1002 41.46% 15862 41.46% 1002 41.47% 1995 41.34% 0.380 
    T2 1064 44.02% 16397 42.85% 1063 44.00% 2175 45.07%
    T3 170 7.03% 3247 8.49% 170 7.04% 345 7.15%
    T4 115 4.76% 1864 4.87% 115 4.76% 212 4.39%
    Tx 66 2.73% 892 2.33% 66 2.73% 99 2.05%
N stage 0.023 0.758
    N0 1631 67.48% 25118 65.65% 1630 67.47% 3294 68.26%
    N1 584 24.16% 9156 23.93% 584 24.17% 1157 23.97%
    N2 99 4.10% 2049 5.36% 99 4.10% 198 4.10%
    N3 76 3.14% 1487 3.89% 76 3.15% 135 2.80%
    Nx 27 1.12% 452 1.18% 27 1.12% 42 0.87%
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Grade 0.022 0.422 
    Well 65 2.69% 734 1.92% 64 2.65% 100 2.07%
    Moderately 387 16.01% 6273 16.39% 387 16.02% 767 15.89%
    Poorly 1867 77.24% 29425 76.90% 1867 77.28% 3775 78.22%
    Unknown 98 4.05% 1830 4.78% 98 4.06% 184 3.81%
median household income (inflation adjusted) 0.001 0.614 
    <50,000 $ 349 14.44% 4520 11.81% 348 14.40% 659 13.66%
    50,000-59,999 $ 398 16.47% 6443 16.84% 398 16.47% 806 16.70%
    60,000-69,999 $ 830 34.34% 13241 34.61% 830 34.35% 1619 33.55%
    70,000 $+ 840 34.75% 14058 36.74% 840 34.77% 1742 36.10%
Radiotherapy 0.271 0.895 
    No/unknown 1150 47.58% 18655 48.76% 1150 47.60% 2251 46.64%
    Yes 1267 52.42% 19607 51.24% 1266 52.40% 2575 53.36%
Chemotherapy <0.001 0.936
    No/unknown 691 28.59% 9167 23.96% 690 28.56% 1326 27.48%
    Yes 1726 71.41% 29095 76.04% 1726 71.44% 3500 72.52%
Surgery 0.159 0.687 
    No 161 6.66% 2572 6.72% 161 6.66% 301 6.24%
    Yes 2244 92.84% 35583 93.00% 2243 92.84% 4505 93.35%
    Unknown 12 0.50% 107 0.28% 12 0.50% 20 0.41%
ER+/-: estrogen receptor positive/negative; PR+/-: progesterone receptor positive/negative; HER2+/-: human epidermal growth factor receptor 2 positive/negative; PSM: propensity 
score matching.
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Figure 3. PSM-adjusted OS and BCSS of ER-PR+ and ER-PR- patients (stratified by the HER2 status). A. PSM-ad-
justed OS of ER-PR+ and ER-PR- (HER2+); B. PSM-adjusted BCSS of ER-PR+ and ER-PR- (HER2+); C. PSM-adjusted 
OS of ER-PR+ and ER-PR- (HER2-); D. PSM-adjusted BCSS of ER-PR+ and ER-PR- (HER2-). PSM: propensity score 
matching; OS: overall survival; BCSS: breast cancer specific survival; HR: hazard ratio; CI: confidence interval; ER+/-: 
estrogen receptor positive/negative; PR+/-: progesterone receptor positive/negative; HER2+/-: human epidermal 
growth factor receptor 2 positive/negative.

Further, surgery and chemotherapy were able 
to prolong OS and BCSS based on multivariable 
Cox regression analysis. Although radiotherapy 
prolonged OS, it did not improve the BCSS. The 
prognosis was also influenced by a few social 
factors, including race and financial stability. In 
other words, patients with high-income levels 
and other races had a better prognosis.

Prognostic differences between ER-PR+ and 
ER-PR- patients stratified by the HER2 status 

We compared baseline characteristics between 
patients with ER-PR+HER2+ and ER-PR-HER2+ 
subtypes (Table 3). T stage and median house-
hold income showed differences between the 
two groups. The identified imbalance was cor-
rected using PSM. Similarly, we also compar- 
ed and adjusted differences in characteristics 
between ER-PR+HER2- and ER-PR-HER2- sub-
types (Table 4). PSM-adjusted data showed 

that there was no statistical difference in the 
prognosis between ER-PR+HER2+ and ER-PR-
HER2+ subtypes (OS: P=0.360, hazard ration 
[HR]: 1.10; 95% confidence interval [CI]: 0.90-
1.34; BCSS: P=0.770, HR: 1.04; 95% CI: 0.81-
1.32; Figure 3A, 3B). The findings also demon-
strated that patients with the ER-PR+HER2-  
subtype showed a slightly worse prognosis th- 
an those with the ER-PR-HER2- subtype (OS: 
P=0.024, HR: 1.14; 95% CI: 1.02-1.28; BCSS: 
P=0.033, HR: 1.15; 95% CI: 1.01-1.32; Figure 
3C, 3D). 

Construction and evaluation of predictive 
models for estimating prognosis in patients 
with sPR+

Considering the results, we established an 
XGBoost model to predict the OS of sPR+ 
patients at 1 year, 3 years, and 5 years. We  
randomized patients into train and test data 
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Table 5. Main parameters of the XGBoost model
Parameter Value
gamma 2
min_child_weight 5
scale_pos_weight 0.3
subsample 0.8
max_delta_step 6
alpha 2
max_depth 7
eta 0.2
nround 17

Figure 4. Ideal number of subtrees using 10-fold cross-validation.

groups at a ratio of 7:3. To ensure the stability 
of the model and confirm the key hyperparam-
eters, we used ten-fold cross-validation in the 
training set for iterative testing and tuning. The 
logarithmic loss function was minimized at 17 
subtrees as shown in Figure 4. To achieve opti-
mization, the “nround” parameter was deter-
mined and the model is repetitively validated 
and adjusted for other major hyperparameters 
(Table 5). We adjusted the gamma, min_child_
weight subsample and max_delta_step param-
eters to speed up the convergence of the mo- 
del and prevent over-fitting. The scale_pos_
weight parameter was set to resolve the sam-
ple imbalance. The first subtree of the XGBoost 
model is illustrated in Figure 5 for understand-
ing. For the train and validation sets, we es- 
tablished the predicted ROC curves and com-
puted the corresponding AUCs. Our XGBoost 
model was successful in predicting the survi- 
val of sPR+ patients at 1 year (test set: AUC= 
0.884; train set: AUC=0.904), 3 years (test  

set: AUC=0.847; train set: 
AUC=0.850), and 5 years (test 
set: AUC=0.824; train set: 
AUC=0.828; Figure 6). Com- 
pared to ANN (1-year: AUC= 
0.827; 3-year: AUC=0.795; 
5-year: AUC=0.781) and tradi-
tional machine learning algo-
rithms, LR (1-year: AUC=0.806; 
3-year: AUC=0.794; 5-year: 
AUC=0.784), RF (1-year: AUC= 
0.811; 3-year: AUC=0.755; 5- 
year: AUC=0.764), ID3 (1-ye- 
ar: AUC=0.608; 3-year: AUC= 
0.623; 5-year: AUC=0.668), 
and KNN (1-year: AUC=0.544; 
3-year: AUC=0.600; 5-year: 
AUC=0.595), the XGBoost mo- 

del provided most accurate validations (Table 
6). 

The effectiveness and precision of the XGBoost 
model were assessed using a confusion matrix. 
The 1-year survival model showed a correct-
ness of 0.85, recall of 0.85, accuracy of 0.99, 
and F1 score of 0.91 (Figure 7A); the 3-year 
survival model showed a correctness of 0.82, 
recall of 0.85, accuracy of 0.92, and F1 score  
of 0.88 (Figure 7B). The 5-year survival model 
showed a correctness of 0.79, recall of 0.84, 
accuracy of 0.86, and F1 score of 0.85 (Figure 
7C). Thus, the models were efficient and suc-
cessful in predicting survival.

Additionally, the clinical characteristics in the 
models were ranked based on their prognosis-
affecting ability. Surgery, age, T stage, N stage, 
and radiotherapy were the top five factors 
affecting prognosis. Among them, surgery and 
radiotherapy were factors important for short-
term prognostic models (1-year survival; Figure 
8A), and their ability to predict prognosis de- 
creased as survival duration increased (Figure 
8B). The ability of neoadjuvant therapy to pre-
dict prognosis increased in the long-term model 
(5-year survival; Figure 8C). 

Validation using an external cohort

To further validate our models, we collected 
clinical and prognostic information from 22 
patients with sPR+ BC from our hospital 
(Supplementary Table 1). The results showed 
that our XGBoost models exhibited good ro- 
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Figure 5. First tree of the XGBoost models. A. First tree of the 1-year prognostic model; B. First tree of the 3-year 
prognostic model; C. First tree of the 5-year prognostic model. HER2: human epidermal growth factor receptor 2; 
XGBoost: extreme gradient boosting.

bustness in an external independent data set 
(1-year: AUC=0.889 (Figure 9A); 2-year: AUC= 
0.846 (Figure 9B); 3-year: AUC=0.821 (Figure 
9C)). In addition, we compared the survival ben-
efit of endocrine therapy in patients at our hos-
pital. We found that intense endocrine therapy 
did not provide a significant OS benefit com-
pared to the initial endocrine therapy or no 
endocrine therapy (P=0.600, HR: 1.46; 95% CI: 
0.35-6.17; Figure 10).

Discussion 

Currently, ER, PR, and HER2 biomarkers are 
used in addition to conventional prognostic fac-
tors, to identify suitable treatment and predict 
prognosis in BC [15, 16]. Single PR+ BC is a 

unique and biologically distinct subgroup, and 
its presence was once debatable. The features 
and prognosis of sPR+ BC remain poorly under-
stood due to its rarity and conflicting evidence. 
The management and treatment of sPR+ BC 
thus become challenging. A lack of an accurate 
and effective model for predicting survival fur-
ther adds to the treatment challenges of clini-
cians. To date, our comprehensive study is  
the first to utilize the largest cohort and assess 
the clinical characteristics and prognosis of 
patients with sPR+ BC. We established a robust 
XGBoost (AI prediction) model that showed 
exceptional accuracy and effectiveness in pre-
dicting the survival of patients with sPR+ BC at 
1, 3, and 5 years. The model helped to grade 
the five most important clinical characteristics 
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Table 6. Performance of prognostic models 
built using machine learning algorithms on 
test data (area under the ROC curve)

1-year 
survival

3-year 
survival

5-year 
survival

XGBoost 0.884 0.847 0.824
ANN 0.827 0.795 0.781
LR 0.806 0.794 0.784
RF 0.811 0.755 0.764
ID3 0.608 0.623 0.668
KNN 0.544 0.600 0.595
XGBoost: extreme gradient boosting; ANN: artificial neu-
ral network; LR: logistic regression; RF: random forest; 
ID3: decision tree; KNN: K-Nearest Neighbor.

Figure 6. XGBoost model evaluation. A. ROC curve for the test data (1-year prognostic model); B. ROC curve for the 
train data (1-year prognostic model); C. ROC curve for the test data (3-year prognostic model); D. ROC curve for 
the train data (3-year prognostic model); E. ROC curve for the test data (5-year prognostic model); F. ROC curve for 
the train data (5-year prognostic model). ROC: receiver operating characteristic curve; XGBoost: extreme gradient 
boosting.

affecting prognosis. The effectiveness and pre-
cision of the model were assessed and proved 
using the confusion matrix. These results dem-
onstrated a high and successful utility of the 
models in the clinical space. Improved treat-
ment for BC using precision medicine can be 
achieved through the implementation of ma- 
chine learning for enhancing prognostic abili-
ties in cancer. 

In recent years, neoadjuvant therapy has 
evolved significantly as a standard for treating 
locally advanced resectable or unresectable 
BC [17, 18]. It is more widely applied for the 
treatment of nearly all forms of BC [19]. A 
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Figure 7. Confusion matrix of the predicted 
results of the XGBoost model in test data. 
Confusion matrix in the (A) 1-year prognostic 
model; (B) 3-year prognostic model; (C) 5-year 
prognostic model. XGBoost: extreme gradient 
boosting.

pathologic CR (pCR) seen with neoadjuvant 
treatment during surgery has been shown to 
improve OS [20]. In contrast, patients with a 
non-pCR have a poor prognosis [21]. Due to the 
strong association between pCR and survival, 
the US Food and Drug Administration (FDA) now 
considers a pCR with neoadjuvant therapy as a 
surrogate endpoint in clinical trials for drug 
approval [22]. Single PR+ BC is a distinct sub-
type identified recently, and data on the effica-
cy of neoadjuvant therapy in this type are limit-
ed. Surprisingly, univariate Cox regression an- 
alysis revealed that neoadjuvant therapy did 
not benefit patients with sPR+ BC. Further 
stratified analysis indicated that only patients 
who had a CR to neoadjuvant therapy appeared 
to benefit from it. Clinical trials have demon-
strated a connection between pCR and im- 
proved long-term outcomes [17, 18, 23]. How- 
ever, the results were less reliable due to the 
small sample sizes and uncertainty with sub-

type-specific pCR estimates in individual stud-
ies. The XGBoost model in our study helped 
grade the importance of clinical characteris-
tics. We found that neoadjuvant therapy was 
beneficial to achieve long-term survival.

It is not clear whether the prognosis in sPR+ BC 
was different from that of other subtypes of BC 
[5, 24]. Two studies revealed that the survival of 
the patients with the sPR+ subtype was compa-
rable to those with the ER-PR- subtype [25, 26]. 
In contrast, a study by Ethier et al. revealed that 
the survival in the sPR+ subtype was equivalent 
to that in the ER+/PR+ subtype [27]. Rakha et 
al. reported that no statistically significant dif-
ference in survival was seen between the two 
single positive hormone receptor subtypes and 
between single positive hormone subtypes and 
double negative subtypes [6]. It is noteworthy 
that initially the effect of HER2 on single hor-
mone receptor positive phenotype was ignored 
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Figure 8. Weight of each clinical feature in the XGBoost prognostic model 
(ranked by their importance). Weight of clinical features in (A) 1-year, (B) 
3-year, and (C) 5-year prognostic models. XGBoost: extreme gradient boost-
ing; HER2: human epidermal growth factor receptor 2.

and the comparison was rather crude. Addi- 
tionally, no study compared ER-PR+ and ER-PR- 
subtypes stratified by the HER2 status. In this 
study, PSM was introduced to adjust for dif- 
ferences in clinicopathological characteristics 
between subtypes. The PSM-adjusted data 
showed that there is no statistically significant 
difference in prognosis between the ER-PR+ 
HER2+ and ER-PR-HER2+ subtypes. Patients 
with the ER-PR+HER2- subtype had a slightly 
worse prognosis than those with the ER-PR-
HER2- subtype. A possible explanation is th- 
at compared to ER-PR-HER2-, the attention of 
treatment in patients with ER-PR+HER2- is fo- 

cused on endocrine therapy, 
resulting in inadequate adju-
vant chemotherapy. Therefore, 
the sPR+ subtype may be more 
aggressive compared to the 
other subtypes. The results 
also revealed that HER2 posi-
tivity was more common in 
patients with sPR+ BC, which 
was consistent with results 
from other studies [5, 24]. ER 
and PR markers were proven to 
be strong prognostic indicators 
of responsiveness to endo-
crine treatment in BC [7, 12]. 
HER2-blocking therapies, such 
as trastuzumab and/or per- 
tuzumab, in conjunction with 
chemotherapy [28] and HER2-
targeting therapeutics, such as 
drug-antibody conjugate ado-
trastuzumab emtansine [29], 
are considered the standard 
first-line highly efficacious tre- 
atment for HER2+ BC. No sta-
tistical difference was seen 
between the prognosis of 
ER-PR+HER2+ and ER-PR-HE- 
R2+, suggesting that the endo-
crine therapy will not benefit 
patients with ER-PR+HER2+ 
BC. This is may be because the 
HER2 signaling pathway was 
dominant in HER2+ BC with 
minimal influence of PR mark-
ers. A previous study has 
shown that patients with the 
sPR+ subtype had a poor prog-
nosis with systemic endoc- 
rine treatment compared to 

ER+PR+ and ER+PR- subtypes [12]. A study by 
Davies et al. showed that endocrine therapy 
with tamoxifen for 5 years did not benefit 
patients with sPR+ BC [30]. Our results showed 
that intensified endocrine therapy did not pro-
vide a significant OS benefit compared to the 
initial endocrine therapy. Therefore, de-escala-
tion over intensification is recommended for 
endocrine therapy in patients with sPR+ BC. 
Further prospective studies on the response of 
sPR+ BC to endocrine therapy are warranted.

Our study may have some potential limitations 
despite its promising results. First, metastases 
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Figure 9. External validation data of XGBoost models. ROC curve for the (A) 1-year, (B) 3-year, (C) 5-year prognostic 
models. ROC: receiver operating characteristic curve; AUC: area under the curve; XGBoost: extreme gradient boost-
ing.

Figure 10. K-M survival analysis in single PR+ patients (stratified by endo-
crine therapy). K-M: Kaplan-Meier; HR: hazard ratio; CI: confidence interval; 
initial endocrine therapy: 5 years of treatment with tamoxifen or aromatase 
inhibitors; intensified endocrine therapy: 5 years of tamoxifen or aromatase 
inhibitor therapy followed by either its continuation or concomitant ovarian 
function inhibitor therapy.

tend to have an extremely poor prognosis and 
hence sPR+ BC cases with distant metastases 
were excluded to avoid bias in prognostic com-
parisons, thereby limiting the study population 
to some extent. Second, according to the SEER 
database, a CR is defined based on clinical 
findings, i.e., the clearance of known tumors/
lesions from lymph nodes, which somewhat dif-
fers from the pCR defined in some studies. 

Third, the treatment data of 
patients with sPR+ BC, such as 
the type of endocrine therapy, 
were not available in the SEER 
database, thereby further limit-
ing our research. Despite this, 
our article still yields surprising 
results.

Conclusions

We analyzed the clinical char-
acteristics and prognosis of 
patients with sPR+ BC and 
constructed machine-learning 
prognostic models to predict 
survival. These models were 
exceptionally reproducible and 
effective in predicting survival. 
Possible predictive variables 
for sPR+ patients were identi-
fied. Our findings implied that 
endocrine therapy may not  
be beneficial for patients with 
sPR+ BC and that intensive 
adjuvant chemotherapy is rec-
ommended instead.
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Supplement Material

1. Breast cancer patients with estrogen receptor negative, progesterone receptor negative, and human 
epidermal growth factor 2 positive (ER-PR-HER2+) from SEER database.

Inclusion criteria were as follows: 

1) BC was the patients’ one and only cancer that had been identified; 

2) All cancer patients showed histopathological and morphological evidence in accordance with the 
International Classification of Cancer Diseases Edition III (ICD-O-3); 

3) The molecular subtype of breast cancer is ER-PR-HER2+. 

Exclusion criteria were as follows: 

1) Patients suffering from two or more primary cancers (N=5048); 

2) Patients with T0 stage (N=56); 

3) Patients with M1 or unknown M stage (N=1865). 

2. Breast cancer patients with estrogen receptor negative, progesterone receptor negative, and human 
epidermal growth factor 2 negative (ER-PR-HER2-) from SEER database.

Inclusion criteria were as follows: 

1) BC was the patients’ one and only cancer that had been identified; 

2) All cancer patients showed histopathological and morphological evidence in accordance with the 
International Classification of Cancer Diseases Edition III (ICD-O-3); 

3) The molecular subtype of breast cancer is ER-PR-HER2-. 

Exclusion criteria were as follows: 

1) Patients suffering from two or more primary cancers (N=14515); 

2) Patients with T0 stage (N=119); 

3) Patients with M1 or unknown M stage (N=2816).

Follow up is sustained until patients died, loss to follow-up, or December 31, 2019.
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Supplementary Table 1. Baseline characteristics of single PR positive breast cancer patients included from our hospital
Name Marital Median Age Race Grade Hist T N Surgery Radiation Chemotherapy Neoadjuvant HER2 Endocrine therapy survival_month status
Not available Married NA 40- Other II IDC NA NA 1 1 1 0 1 Initial 60 0
Not available Married NA 60-69 Other III IDC T1 N0 1 0 1 0 0 intensify 47 1
Not available Married NA 70-79 Other NA IDC NA N1 1 0 0 1 1 Initial 11 1
Not available Married NA 70-79 Other NA IDC T1 NA 1 1 0 0 0 Not given 37 1
Not available Married NA 40-49 Other NA IDC NA N0 1 0 1 0 0 Initial 13 0
Not available Married NA 60-69 Other NA IDC T1 N1 1 1 1 1 0 intensify 60 0
Not available Married NA 40-49 Other NA No_IDC T3 N0 1 1 1 1 1 Initial 60 0
Not available Married NA 50-59 Other NA IDC T3 N1 1 1 1 1 1 Initial 25 1
Not available Married NA 50-59 Other NA IDC T2 N0 1 0 0 0 1 intensify 9 1
Not available Married NA 70-79 Other NA IDC T2 N2 1 1 1 1 1 Initial 20 0
Not available Married NA 40-49 Other NA IDC NA N0 1 0 1 0 0 Initial 50 0
Not available Married NA 50-59 Other NA IDC T2 N1 1 1 1 1 0 Initial 53 0
Not available Married NA 50-59 Other NA IDC T4 N2 1 1 1 1 1 intensify 22 1
Not available Married NA 50-59 Other NA No_IDC NA N0 1 1 1 0 0 intensify 60 0
Not available Married NA 60-69 Other NA IDC T2 N1 1 1 1 1 0 Initial 60 0
Not available Married NA 60-69 Other NA IDC NA N0 0 0 1 0 0 Initial 6 1
Not available Married NA 60-69 Other NA IDC T1 N2 1 1 1 1 0 Not given 17 0
Not available Married NA 50-59 Other II IDC NA N0 1 0 1 0 0 intensify 60 0
Not available Married NA 40- Other III IDC T2 N1 1 0 0 1 1 Initial 10 1
Not available Unmarried NA 40-49 Other NA IDC T1 N0 1 0 1 0 0 intensify 60 0
Not available Married NA 40-49 Other NA IDC NA NA 1 0 1 0 0 intensify 45 0
Not available Married NA 40-49 Other NA IDC T2 N0 1 1 1 0 0 intensify 38 0


