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A B S T R A C T   

Background: The validity of the PREDICT breast cancer prognostic model is unclear for young patients without 
adjuvant systemic treatment. This study aimed to validate PREDICT and assess its clinical utility in young women 
with node-negative breast cancer who did not receive systemic treatment. 
Methods: We selected all women from the Netherlands Cancer Registry who were diagnosed with node-negative 
breast cancer under age 40 between 1989 and 2000, a period when adjuvant systemic treatment was not 
standard practice for women with node-negative disease. We evaluated the calibration and discrimination of 
PREDICT using the observed/expected (O/E) mortality ratio, and the area under the receiver operating char
acteristic curve (AUC), respectively. Additionally, we compared the potential clinical utility of PREDICT for 
selectively administering chemotherapy to the chemotherapy-to-all strategy using decision curve analysis at 
predefined thresholds. 
Results: A total of 2264 women with a median age at diagnosis of 36 years were included. Of them, 71.2% had 
estrogen receptor (ER)-positive tumors and 44.0% had grade 3 tumors. Median tumor size was 16 mm. PREDICT 
v2.2 underestimated 10-year all-cause mortality by 33% in all women (O/E ratio:1.33, 95%CI:1.22–1.43). Model 
discrimination was moderate overall (AUC10-year:0.65, 95%CI:0.62–0.68), and poor for women with ER-negative 
tumors (AUC10-year:0.56, 95%CI:0.51–0.62). Compared to the chemotherapy-to-all strategy, PREDICT only 
showed a slightly higher net benefit in women with ER-positive tumors, but not in women with ER-negative 
tumors. 
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Conclusions: PREDICT yields unreliable predictions for young women with node-negative breast cancer. Further 
model updates are needed before PREDICT can be routinely used in this patient subset.   

1. Introduction 

The prognosis of young women with early-stage breast cancer in 
Europe has significantly improved since the 1990s, mostly due to 
increased usage of adjuvant systemic treatment [1]. This has sparked 
interest in chemotherapy de-escalation for certain patient groups, for 
example young breast cancer patients. Prognostic models like PREDICT 
[2] and CancerMath [3] can aid in the treatment decision-making pro
cess by predicting both the mortality after surgery and the benefit of 
adjuvant systemic treatment. Oncologists can use these predictions in 
the shared decision-making process to potentially de-escalate chemo
therapy safely. 

PREDICT (www.predict.nhs.uk), one of the most widely used prog
nostic models for breast cancer patients, has undergone several updates 
[2,4–8]. Previous versions of PREDICT have been validated in various 
populations, including in women from Western Europe [9–11], North 
America [5], and Asia [12]. However, studies have shown that PREDICT 
underestimated breast cancer-specific mortality of young women [9,11, 
12]. To address this issue, PREDICT was updated to include age at 
diagnosis (version 2.2, v2.2) [2]. The latest version 2.3 (v2.3, not yet 
available online) also included progesterone receptor (PR) status as an 
additional predictor [8]. 

PREDICT v2.2 and v2.3 underwent extensive external validation, 
with the results summarized in Table 1 [2,13–20]. These studies 
included women of different ages and eras. However, there are concerns 
about the accuracy of PREDICT in predicting mortality after surgery for 
young women, because the majority of young women included in these 
validation studies received systemic therapy. Accurate prediction of 
mortality after surgery is crucial when PREDICT-aided treatment 
decision-making is used. Therefore, this study aimed to assess the pre
dictive performance and clinical utility of PREDICT v2.2 and v2.3 in a 
population-based, systemic treatment-naïve cohort of young women 
with node-negative breast cancer. Our study population was minimized 
with indication bias as all women were diagnosed in an era when 
node-negativity was considered to associate with favorable outcomes. 

2. Materials and methods 

2.1. Study population 

We selected women from the population-based PARADIGM cohort 
for the external validation. Patient selection and data collection of the 
PARADIGM cohort have been reported previously [23]. In brief, all 
women diagnosed under age 40 years with node-negative invasive 
breast cancer, between 1989 and 2000, were selected from the 
Netherlands Cancer Registry. In this period, women with node-negative 
disease were considered low-risk. As a result, they only underwent 
locoregional treatment, and did not receive hormone therapy, trastu
zumab, or chemotherapy. Women with previous malignancies or bilat
eral breast cancer at diagnosis were excluded. For the current study, we 
excluded women diagnosed under age 25 years (Fig. 1), since PREDICT 
cannot provide predictions for them. Vital status was obtained through 
linkage with the municipality population register. Cause of death, 
however, was unknown. In total we included 2264 women, 27 of whom 
were lost to follow-up within 10 years after diagnosis. 

2.2. Statistical analysis 

2.2.1. Predictors of the PREDICT algorithms and missing data 
The PREDICT model consists of two separate algorithms which use 

different predictors for women with ER-positive and ER-negative tu
mors. The predicted all-cause mortality for women with ER-positive (ER 
expression ≥ 1%) and ER-negative (ER expression < 1%) tumors were 
therefore computed separately. breast cancer detection mode was 
assumed to be ‘clinically detected’ as all included women were diag
nosed outside the age range covered by the Dutch breast cancer 
screening program [24]. Furthermore, the screening program for 
women with a genetic predisposition were not yet implemented before 
2000 [25]. Information on Ki67 status was missing in all women and 
therefore set to ‘unknown’, as was allowed by PREDICT. Complete in
formation on ER status, tumor size and grade is required for PREDICT, 
therefore, multiple imputation by chained equations was performed. 
The imputation procedure is outlined in the Supplementary Methods. 

2.2.2. Predictive performance and clinical utility 
Predictive performance was evaluated by calibration, the agreement 

between observed and predicted mortality, and discrimination, the 
ability to differentiate between women who did or did not die during 
follow-up. Calibration was calculated using the ratio of observed to 
expected all-cause mortality (O/E ratio). A value > 1 indicates that the 
observed mortality is larger than the predicted mortality, implying the 
model underestimates mortality, while a value < 1 suggests that the 
model overestimates mortality. For the calibration plot, we divided 
women into quintiles based on their predicted 10-year all-cause mor
tality. The observed 10-year all-cause mortality, calculated using the 
Kaplan-Meier method, was then plotted against the average predicted 
mortality for each quintile. Discriminative ability was assessed using the 
area under the receiver operating characteristic curve (AUC). In this 
study, we defined a moderate discrimination as an AUC of 0.60 or 
higher. Details on calculating 95% confidence intervals (CI) are given in 
the Supplementary Methods. 

We evaluated the predictive performance of PREDICT v2.2 and v2.3 
in all women, as well as in subgroups based on ER status and immu
nohistochemical breast cancer subtype defined by hormone receptor 
(HR) and human epidermal growth factor receptor two (HER2) status. 
Immunohistochemical breast cancer subtypes include HR-positive/ 
HER2-negative (ER-positive and/or PR-positive and HER2-negative), 
HR-positive/HER2-positive (ER-positive and/or PR-positive and HER2- 
positive), HR-negative/HER2-positive (ER-negative, PR-negative and 
HER2-positive), and triple-negative (ER-negative, PR-negative and 
HER2-negative). We also determined the predictive performance of 
PREDICT in women with triple-negative tumors with and without 
germline BRCA1 or BRCA2 (BRCA1/2) mutations (see Supplementary 
Methods). 

The potential clinical utility of PREDICT v2.2 and v2.3 in aiding 
adjuvant chemotherapy decision-making was calculated using decision 
curve analysis [26]. Clinicians from the TRANSBIG consortium recom
mended the administration of adjuvant chemotherapy for women whose 
absolute 10-year mortality was ≥ 12% for those with ER-positive tu
mors, and ≥ 8% for those with ER-negative tumors [27]. Therefore, this 
study classified women as high-risk if their predicted 10-year all-cause 
mortality was ≥ 12% for those with ER-positive tumors, or ≥ 8% for 
those with ER-negative tumors. All other women were considered 
low-risk. Furthermore, the Dutch guideline recommends adjuvant 
chemotherapy when the treatment could yield an absolute10-year sur
vival benefit of at least 3–5% [28]. This equates to an absolute mortality 
risk ranging from approximately 10–15%, given that adjuvant chemo
therapy can give a relative reduction in the risk of dying from breast 
cancer of around 40–60% [28,29]. Thus, sensitivity analysis was con
ducted using mortality thresholds ranging from 10% to 15%. 
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Table 1 
Summary of the external validation studies on PREDICT v2.2 and v2.3.  

Study author External validation cohort Young patients 
proportion and 
treatment 

Assessment of 
clinical utility 

Assessment methods and resultse 

Candido dos Reis 
(2017) [2]a 

BCOS  
• Hospital-based cohort  
• Country: the Netherlands  
• N = 981  
• Year of diagnosis: 1990–2000  
• Follow-up: until 2013  
• Age at diagnosis: < 50 years  
• Systemic therapy usage: 67%b  

• Proportion of 
women < 40 years: 
29%b  

• Systemic therapy 
usage: 59% [11]b 

No  • Calibration for 10-year mortality of PREDICT v2.2  
■ All women: the number of breast cancer-specific 

deaths was overestimated by 7% (p-value = 0.25).  
■ All women: the number of non-breast cancer deaths 

was underestimated by 9% (p-value = 0.66).  
■ All women: the number of all-cause deaths was 

overestimated by 6% (p-value = 0.34).  
• Discrimination for 10-year mortality of PREDICT v2.2  

■ AUC: 0.741 (ER-positive); 0.632 (ER-negative) 
NTBCS  
• Population-based cohort  
• Country: the United Kingdom  
• N = 1944  
• Year of diagnosis: 1989–1998  
• Follow-up: until October 2012  
• Age at diagnosis: 20–79 years  
• Systemic therapy usage: not reported  

• Proportion of 
women < 40 years: 
8%  

• Systemic therapy 
usage: not reported 

No  • Calibration for 10-year mortality of PREDICT v2.2  
■ All women: the number of breast cancer-specific 

deaths was overestimated by 2% (p-value = 0.74).  
■ All women: the number of non-breast cancer deaths 

was underestimated by 19% (p-value = 0.039).  
■ All women: the number of all-cause deaths was 

underestimated by 4% (p-value = 0.36).  
• Discrimination for 10-year mortality of PREDICT v2.2  

■ AUC: 0.790 (ER-positive); 0.680 (ER-negative) 
POSH:   
• Population-based cohort  
• Country: the United Kingdom  
• N = 2609  
• Year of diagnosis: 2000–2008  
• Follow-up: until December 2014  
• Age at diagnosis: ≤ 40 years  

• Proportion of 
women ≤ 40 years: 
100%  

• Systemic therapy 
usage: 98% [13]c 

No  • Calibration for 10-year mortality of PREDICT v2.2  
■ All women: the number of breast cancer-specific 

deaths was overestimated by 9% (p-value = 0.018).  
■ All women: the number of non-breast cancer deaths 

was overestimated by 57% (p-value < 0.001).  
■ All women: the number of all-cause deaths was 

overestimated by 12% (p-value < 0.001).  
• Discrimination for 10-year mortality of PREDICT v2.2  

■ AUC: 0.746 (ER-positive); 0.715 (ER-negative) 
Karapanagiotis 

(2018) [15] 
BCOS, NTBCS and POSH Not applicable Yes Using a risk threshold between 14% and 23%, the net 

benefit of PREDICT v2.2 was superior compared to 
CancerMath. 

van Maaren (2017) 
[14]  

• Population-based cohort  
• Country: the Netherlands  
• N = 8834  
• Year of diagnosis: 2005  
• Follow-up: median follow-up time was 10.4 

years  
• Systemic therapy usage: 38.2%  

• Proportion of 
women < 40 years: 
5.6%  

• Systemic therapy 
usage: 88% [21]d 

No  • Calibration for 10-year all-cause mortality of PREDICT 
v2.2  
■ All women: the number of deaths was overestimated 

by 3.65% (p-value = 0.072).  
■ ER-positive: the number of deaths was overestimated 

by 0.32% (p-value = 0.892).  
■ ER-negative: the number of deaths was 

overestimated by 13.37% (p-value < 0.001).  
■ Women < 40 years: the number of deaths was 

overestimated by 10.52% (p-value = 0.289). 
• Discrimination for 10-year all-cause mortality of PRE

DICT v2.2  
■ AUC: 0.78 (ER-positive); 0.76 (ER-negative) 

Gray (2018) 22  • Population-based cohort  
• Country: the United Kingdom  
• N = 45,789  
• Year of diagnosis: 2001–2015  
• Follow-up: until February 2017  
• Age at diagnosis: all age groups  
• Systemic therapy: 89% of the women were 

treated  

• Proportion of 
women < 49 years: 
18.8%  

• Systemic therapy 
usage: not reported 

No  • Calibration for 10-year all-cause mortality of PREDICT 
v2.2  
■ All women: the number of deaths was 

underestimated by 1.96% (p-value = 0.151).  
■ ER-positive: the number of deaths was 

underestimated by 4.29% (p-value = 0.005).  
■ ER-negative: the number of deaths was 

overestimated by 5.62% (p-value = 0.053).  
■ Women < 35 years: the number of deaths was 

overestimated by 11.77% (p-value = 0.368).  
■ Women aged 35–49 years: the number of deaths was 

overestimated by 14.44% (p-value < 0.001). 
• Discrimination for 10-year all-cause mortality of PRE

DICT v2.2  
■ AUC: 0.767 (ER-positive); 0.761 (ER-negative) 

Aguirre (2019)  
[17]  

• Population-based cohort  
• Country: Spain  
• N = 535  
• Year of diagnosis: 2000–2008  
• Follow-up: until December 2013  
• Age at diagnosis: median was 59 years 

(ranged between 50 and 71 years)  
• Systemic therapy usage: 96%  

• Proportion of 
women < 40 years: 
0% 

No  • Calibration for 5-year all-cause mortality of PREDICT 
v2.2  
■ ER-positive: the observed mortality was 

underestimated by 21.21% (p-value = 0.425).  
■ ER-negative: the observed mortality was 

overestimated by 31.93% (p-value = 0.180).  

• Discrimination for 5-year all-cause mortality of PRE
DICT v2.2  
■ C-index: 0.768 (ER-positive); 0.697 (ER-negative) 

Zaguirre (2020)  
[18]  

• Hospital-based cohort  
• Country: Japan  
• N = 636  
• Year of diagnosis: 2001–2013  

• Proportion of 
women < 40 years: 
5.7% 

No  • Calibration for 10-year all-cause mortality of PREDICT 
v2.2  
■ All women: the mortality was overestimated by 

17.14% (p-value = 0.106). 

(continued on next page) 
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Table 1 (continued ) 

Study author External validation cohort Young patients 
proportion and 
treatment 

Assessment of 
clinical utility 

Assessment methods and resultse  

• Follow-up: until October 2019  
• Age at diagnosis: median was 57 years  
• Systemic therapy usage: 89.3%  

• Systemic therapy 
usage: not reported  

■ ER-positive: the mortality was overestimated by 
18.75% (p-value = 0.150).  

■ ER-negative: the mortality was overestimated by 
19.58% (p-value = 0.270).  

■ Women < 40 years: the mortality was 
underestimated by 13.33% (p-value = 0.845). 

• Discrimination for 10-year all-cause mortality of PRE
DICT v2.2: AUC = 0.707 

Grootes (2022) [8]  • Population-based cohort  
• Country: New Zealand  
• N = 11,365  
• Year of diagnosis: 2000–2014  
• Follow-up: until December 2014  
• Mean age at diagnosis: 57.1 years  
• Chemotherapy usage: 35%  
• Hormone therapy usage: 62%  

• Proportion of 
women < 40 years: 
not reported 

Yes  • Calibration for 15-year breast cancer-specific mortality 
of PREDICT v2.2 and v2.3  
■ All women: the number of deaths was overestimated 

by 17.62% (p-value < 0.001; v2.2) and 18.33% (p- 
value <0.001; v2.3).  

■ ER-positive: the number of deaths was overestimated 
by 11.18% (p-value = 0.005; v2.2) and 12.04% (p- 
value = 0.003; v2.3).  

■ ER-negative: the number of deaths was 
overestimated by 25.05% (p-value < 0.001; v2.2) 
and 25.76% (p-value < 0.001; v2.3).  

• Discrimination for up to 15-year breast cancer-specific 
mortality of PREDICT v2.2 and v2.3  
■ v2.2 C-index: 0.898 (ER-positive); 0.807 (ER- 

negative)  
■ v2.3 C-index: 0.902 (ER-positive); 0.809 (ER- 

negative)  
• Clinical utility when using PREDICT v2.2 and PREDICT 

v2.3  
■ 2.4% women changed from a lower risk category to a 

higher risk category when using PREDICT v2.3. 
Agostinetto (2022) 

[19]  
• Data from the clinical trial ALTTO  
• Country: 44 countries across the world  
• N = 2794  
• Year of diagnosis: 2007–2011  
• Median follow-up: 6 years  
• Mean age at diagnosis: 57.1 years  
• Chemotherapy usage: 100%  
• Hormone therapy usage: 53%  
• Anti-HER2 therapy: 100%  

• Proportion of 
women ≤ 40: 17.7%  

• Systemic therapy 
usage: 100% 

No  • Calibration for 5-year all-cause mortality of PREDICT 
v2.2  
■ All women: the mortality was overestimated by 

55.75% (p-value < 0.001).  
■ HR-positive: the mortality was overestimated by 

39.42% (p-value < 0.001).  
■ HR-negative: the mortality was overestimated by 

65.40% (p-value < 0.001).  
■ Women ≤ 40 years: the mortality was overestimated 

by 54.58% (p-value < 0.001). 
• Discrimination for 5-year all-cause mortality of PRE

DICT v2.2  
■ All women: AUC = 0.7375  
■ HR-positive: AUC = 0.7681  
■ HR-negative: AUC = 0.7187  
■ Women ≤ 40 years: AUC = 0.7609 

Muranen (2023)  
[20] 

CIMBA  
• Studies include women from genetic clinics  
• Country: multiple countries from Europe, 

Oceania, and North America  
• Germline BRCA1 mutation carriers: N = 2892  
• Germline BRCA2 mutation carriers: N = 1813  
• Year of diagnosis: since 1990  
• Systemic therapy usage: not reported 

systemically, but 90% of BRCA1 carriers with 
ER-negative tumors received chemotherapy  

• Proportion of 
women < 40 years: 
not reported 

No  • Calibration for 10-year breast cancer-specific mortality 
of PREDICT v2.3f  

■ ER-positive BRCA1: the mortality was overestimated 
by 23.53% (p-value = 0.010).  

■ ER-positive BRCA2: the mortality was 
underestimated by 5.56% (p-value = 0.385).  

■ ER-negative BRCA1: the mortality was 
overestimated by 30.43% (p-value < 0.001).  

■ ER-negative BRCA2: the mortality was 
overestimated by 40.00% (p-value < 0.001).  

• Discrimination for 10-year breast cancer-specific 
mortality  
■ Gönen & Heller unbiased concordance: 0.565 (ER- 

positive BRCA1); 0.604 (ER-positive BRCA2); 0.651 
(ER-negative BRCA1); 0.554 (ER-positive BRCA2) 

BCAC  
• Most studies are population-based, with a few 

family-based studies  
• Country: multiple countries from Europe, 

Oceania, and North America  
• Germline BRCA1 mutation carriers: N = 316  
• Germline BRCA2 mutation carriers: N = 432  
• Systemic therapy usage: not reported 

systemically  

• Proportion of 
women < 40 years: 
not reported 

No  • Calibration for 10-year breast cancer-specific mortality 
of PREDICT v2.3f  

■ ER-positive BRCA2: the mortality was 
underestimated by 10.00% (p-value = 0.423).  

■ ER-negative BRCA1: the mortality was 
overestimated by 25.00% (p-value = 0.054).  

• Discrimination for 10-year breast cancer-specific 
mortality  
■ Gönen & Heller unbiased concordance: 0.653 (ER- 

positive BRCA2); 0.651 (ER-negative BRCA1) 

Abbreviations: ER, estrogen receptor; CI, confidence interval; AUC, area under the receiver operating characteristic curve; HR, hormone receptor. 
a This study contains the results of refitting PREDICT (to generate PREDICT v2.2), and external validating PREDICT in three independent cohorts. 
b Data was extracted from a previous study using the BCOS cohort. 
c Data was extracted from a previous study using the POSH cohort. 
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Furthermore, to account for different perspectives regarding the relative 
risk reduction from the treatment, we lowered the risk thresholds to 5% 
in the sensitivity analysis. Clinical utility was represented by net benefit, 
calculated as the correctly predicted high-risk women (true-positive) 
minus the weighted falsely predicted high-risk women (false-positive). 

The weight was assigned under the assumption that the harm of un
necessary chemotherapy in low-risk women weighs less than the benefit 
of chemotherapy in high-risk women [26]. The true-negative, false-
negative, sensitivity, and specificity were also computed. The net benefit 
of PREDICT was compared to a treatment strategy that considered all 

d Data was extracted from a previous study which reported the percentage of systemic therapy usage in the Netherlands. 
e Only the results of all women and/or women with different estrogen-receptor status, and women diagnosed at a young age (if available) were shown. Calibration 

was reflected by the relative difference between the predicted and observed mortality rate or number of deaths; if the original studies reported relative differences, we 
used the values reported from the original studies (with the corresponding p-values if reported), otherwise we approximated the relative differences by dividing the 
absolute differences between the predicted and observed mortality rates or number of deaths by the predicted values. The corresponding p-values of the relative 
differences were calculated using test statistic defined as (observed number of deaths – predicted number of deaths)2 / predicted number of deaths, and assuming that it 
followed a Chi-square distribution. For the studies that did not report the numbers of predicted and observed deaths, we multiplied the total number of patients used for 
calibration with the predicted and observed mortality rates or (1 – survival rates) to approximate the values. 

f Since the study did not provide the exact number of patients used for calibration, we approximated it using the number of carriers, percentages of ER-positive and 
ER-negative tumors, and patients without metastasis at diagnosis. We then used this approximated total number of patients, predicted mortality, and observed 
mortality to calculate the predicted and observed number of deaths. 

Fig. 1. Flow chart of the women included in the validation study. Abbreviation: NCR, Netherlands Cancer Registry. a The Netherlands Cancer Registry provides 
nationwide registry since 1989. b The exclusion steps are in subsequent order. 
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women as high-risk, thus recommending chemotherapy to all. Detailed 
information on the calculation of clinical utility is in the Supplementary 
Methods. 

All analyses were performed using R version 4.1.1 [30]. 

3. Results 

3.1. Baseline characteristics 

For the 2264 women included in this study, median follow-up was 
20.6 years and median age at diagnosis was 36 years. Most women had 
HR-positive/HER2-negative tumors (60.4%), followed by triple- 

negative (22.9%), HR-positive/HER2-positive (12.2%), and HR- 
negative/HER2-positive (4.6%) tumors, respectively. Patient charac
teristics stratified by ER status are shown in Table 2. 

3.2. Predictive performance 

PREDICT v2.2 significantly underestimated 10-year all-cause mor
tality by 33% in all women (1.33, 95%CI:1.22–1.43). The underesti
mation was 45% in women with ER-positive tumors and 13% in women 
with ER-negative tumors. Calibration in each immunohistochemical 
breast cancer subtype is shown in Table 3. For women with triple- 
negative tumors and germline BRCA1/2 mutations (26%, 98/380), 

Table 2 
Baseline characteristics of the validation cohort.    

All women (N ¼ 2264) ER status    
Negative (N ¼ 559) Positive (N ¼ 1379) 

Median age, years (Q1-Q3) 36.0 (33.0, 38.0) 35.0 (32.5, 38.0) 36.0 (34.0, 38.0) 
ER status, No. (%) Negative 559 (28.8%) 559 (100%) 0 (0%) 

Positive 1379 (71.2%) 0 (0%) 1379 (100%) 
Missing 326 0 0 

PR status, No. (%) Negative 710 (36.7%) 531 (95.5%) 178 (12.9%) 
Positive 1225 (63.3%) 25 (4.5%) 1199 (87.1%) 
Missing 329 3 2 

HER2 status, No. (%) Negative 1614 (83.3%) 465 (83.6%) 1145 (83.2%) 
Positive 324 (16.7%) 91 (16.4%) 231 (16.8%) 
Missing 326 3 3 

Median tumor size, mm (Q1-Q3) 16.0 (12.0, 22.0) 20.0 (15.0, 25.0) 15.0 (12.0, 20.0) 
Missing tumor size, No. 324 67 165 
Tumor grade, No. (%) Grade 1 367 (17.6%) 8 (1.4%) 337 (24.5%) 

Grade 2 800 (38.4%) 97 (17.4%) 653 (47.4%) 
Grade 3 917 (44.0%) 454 (81.2%) 387 (28.1%) 
Missing 180 0 2 

Immuno-histochemical breast cancer subtype HR-positive/ HER2-negative 1167 (60.4%) 22 (4.0%)a 1145 (83.2%) 
HR-positive/HER2-positive 235 (12.2%) 3 (0.5%)a 231 (16.8%) 
HR-negative/HER2-positive 88 (4.6%) 88 (15.9%) 0 (0%) 
Triple-negative 442 (22.9%) 442 (79.6%) 0 (0%) 

Germline BRCA1/2-mutatedb 98 (25.8%) Not applicable 
Germline BRCA1/2-non mutatedb 282 (74.2%) 

Missing mutation statusb 62 
Missing 332 4 3 

Surgery, No. (%) Lumpectomy 1410 (62.3%) 352 (63.0%) 881 (63.9%) 
Mastectomy 811 (35.8%) 196 (35.1%) 474 (34.4%) 
Surgery not specified 43 (1.9%) 11 (2.0%) 24 (1.7%) 

Radiotherapy, No. (%) No 754 (33.3%) 179 (32.0%) 442 (32.1%) 
Yes 1510 (66.7%) 380 (68.0%) 937 (67.9%) 

Abbreviations: Q1, Quartile 1; Q3, Quartile 3; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor two; HR, hormone 
receptor. 

a Women with estrogen receptor-negative tumors who were classified as hormone receptor-positive was due to progesterone receptor-positive tumors. 
b Germline BRCA1/2 mutation status was only available for 380 women with triple-negative breast cancer. 

Table 3 
10-year O/E ratio and AUC of PREDICT v2.2 and v2.3 based on multiple-imputed data.   

No. womena No. eventsa PREDICT v2.2 PREDICT v2.3  

O/E ratio (95% CI) AUC (95% CI) O/E ratio (95% CI) AUC (95% CI) 

All women 2264 492 1.33 (1.22–1.43) 0.65 (0.62–0.68) 1.32 (1.22–1.43) 0.65 (0.62–0.68) 
ER status       

ER-positive 1614 330 1.45 (1.31–1.59) 0.69 (0.65–0.72) 1.45 (1.31–1.60) 0.69 (0.66–0.72) 
ER-negative 650 162 1.13 (0.97–1.29) 0.56 (0.51–0.62) 1.11 (0.96–1.27) 0.56 (0.51–0.62) 

Immunohistochemical breast cancer subtype       
HR-positive/HER2-negative 1376 244 1.37 (1.21–1.53) 0.68 (0.64–0.72) 1.39 (1.22–1.55) 0.69 (0.65–0.72) 
HR-positive /HER2-positive 274 94 1.65 (1.37–1.94) 0.57 (0.50–0.64) 1.64 (1.36–1.92) 0.57 (0.50–0.64) 
HR-negative/HER2-positive 106 29 1.08 (0.73–1.43) 0.55 (0.42–0.68) 1.05 (0.71–1.39) 0.55 (0.42–0.68) 
Triple-negative 506 124 1.15 (0.96–1.33) 0.55 (0.48–0.61) 1.12 (0.94–1.30) 0.55 (0.48–0.61) 

those with a germline BRCA1/2 mutationb 98 31 1.46 (1.03–1.88) 0.51 (0.38–0.64) 1.42 (1.01–1.84) 0.51 (0.38–0.64) 
those without a germline BRCA1/2-mutationb 282 66 1.09 (0.86–1.32) 0.56 (0.48–0.64) 1.06 (0.84–1.29) 0.56 (0.48–0.64) 

Abbreviations: ER, estrogen receptor; HR, hormone receptor; HER2, human epidermal growth factor receptor two; O/E ratio, the ratio of observed and expected all- 
cause mortality; CI, confidence interval; AUC, area under the receiver operating characteristic curve. 

a The number of women in each subgroup was the median number over 50 imputed datasets. The total numbers of ER status and immunohistochemical breast cancer 
subtypes might be slightly higher or lower than 2264 due to rounding errors. 

b Germline BRCA1/2 mutation status was only available for 380 women with triple-negative breast cancer. 
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PREDICT v2.2 underestimated 10-year all-cause mortality by 46%, 
whereas in women without the mutation only 9%, which is deemed 
acceptable (Table 3). The calibration plot showed that the underesti
mation of mortality was less pronounced for women with ER-positive 
tumors who had a low predicted mortality, but became more apparent 
as the predicted mortality increased (Fig. 2). Overall, the model had 
moderate discrimination in this patient population (AUC10-year:0.65, 
95%CI:0.62–0.68). For women with ER-positive tumors, PREDICT v2.2 
had a 69% chance to correctly differentiate between those who died 
within 10 years and those who did not (AUC10-year:0.69, 95% 
CI:0.65–0.72), compared to a 56% chance in women with ER-negative 
tumors (AUC10-year:0.56, 95%CI: 0.51–0.62). The predictive perfor
mance of PREDICT v2.3 was similar to that of PREDICT v2.2 (Table 3). 

The predictive performance of PREDICT v2.2 and v2.3 at 5 and 15 years 
is shown in Supplementary Tables 1–2. Results based on imputed data 
aligned with results using only cases with complete information on ER, 
PR, HER2 status, tumor size, and grade (Supplementary Tables 3–4). 

3.3. Clinical utility 

The sensitivity, specificity, and net benefit of PREDICT v2.2 and 
v2.3, as well as the chemotherapy-to-all strategy are shown in Table 4. 
For women with ER-positive tumors, both versions of PREDICT showed 
a sensitivity of about 70% and a specificity of about 60%. For women 
with ER-negative tumors, the sensitivity of PREDICT v2.2 and v2.3 was 
100%, meaning that the model identified all high-risk women. However, 

Fig. 2. Calibration plots of PREDICT v2.2 for 10-year all-cause mortality in all women (A), women with ER-positive tumors (B) and women with ER-negative tumors 
(C). Abbreviations: ER = estrogen receptor. 
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with a specificity < 1%, the true-negative rate was extremely low 
(Table 4). For every 1000 women with ER-positive tumors, PREDICT 
v2.2 correctly identified 145 women as high-risk and falsely identified 
324 women as high-risk when using the 12% mortality threshold. After 
weighing the benefit of correctly treating 145 high-risk women with 
chemotherapy to the harm of treating 324 low-risk women with un
necessary chemotherapy, the net benefit of using PREDICT v2.2 was 101 
true high-risk women per 1000 women (Table 4). This net benefit was 
slightly higher than that of the chemotherapy-to-all strategy (98 true 
high-risk women per 1000 women). For women with ER-negative tu
mors, PREDICT v2.2 showed the same net benefit as the chemotherapy- 
to-all strategy at the 8% mortality threshold, as both had a net benefit of 
184 true high-risk women per 1000 women. Results of the sensitivity 
analysis using mortality thresholds from 5% to 15% are shown in Fig. 3 
and Supplementary Table 5. For women with ER-positive tumors, 
PREDICT v2.2 consistently showed an equal or slightly higher net 
benefit than the chemotherapy-to-all strategy when the mortality 

threshold was between 9% and 15%. For women with ER-negative tu
mors, PREDICT v2.2 showed equal or slightly lower net benefit than the 
treatment-to-all strategy when the mortality threshold was between 5% 
and 12%. Results of PREDICTv2.3 were similar to those of PREDICT v2.2 
(Table 4, Fig. 3 and Supplementary Table 5). 

4. Discussion 

Our study is the first investigation of the performance of PREDICT 
v2.2 and v2.3 in young women with node-negative breast cancer who 
did not receive (neo)adjuvant systemic treatment. Our results show that 
PREDICT v2.2 and v2.3 significantly underestimate all-cause mortality 
in this population, particularly in women with ER-positive tumors. The 
model discrimination is moderate for the total cohort, but poor in 
women with ER-negative tumors. We showed a slightly higher net 
benefit of using PREDICT v2.2 and v2.3 to aid chemotherapy decision- 
making compared to the chemotherapy-to-all strategy for women with 

Table 4 
Classification table of PREDICT v2.2 and v2.3, and the chemotherapy-to-all strategy.    

Per 1000 women with ER-positive tumors, at 12% threshold Per 1000 women with ER-negative tumors, at 8% threshold   

Observed high-risk Observed low-risk Net benefita Observed high-risk Observed low-risk Net benefita 

PREDICT v2.2 Predicted high-risk 145 (TP) 324 (FP) 101 249 (TP) 744 (FP) 184 
Predicted low-risk 62 (FN) 470 (TN) - 0 (FN) 6 (TN) - 
Sensitivity 70.0% - 100.0% - 
Specificity 59.2% - 0.8% - 

PREDICT v2.3 Predicted high-risk 144 (TP) 317 (FP) 101 249 (TP) 744 (FP) 184 
Predicted low-risk 62 (FN) 477 (TN) - 0 (FN) 7 (TN) - 
Sensitivity 69.9% - 100.0% - 
Specificity 60.1% - 0.9% - 

Chemotherapy-to-all Predicted high-risk 207 (TP) 793 (FP) 98 249 (TP) 751 (FP) 184 
Predicted low-risk 0 (FN) 0 (TN) - 0 (FN) 0 (TN) - 
Sensitivity 100.0% - 100.0% - 
Specificity 0% - 0% - 

Abbreviations: ER, estrogen receptor; TP, true-positive; FN, false-negative; FP, false-positive; TN, true-negative. 
a Net benefit was calculated using true-positive and false-positive only. 

Fig. 3. Net benefit of PREDICT v2.2, PREDICT v2.3 and the chemotherapy-to-all strategy in women with ER-positive tumors (A), and in women with ER-negative 
tumors (B). Note that the y-axes do not start from zero, and the scale of y-axes are different in panel A and in panel B. Black dashed vertical lines are located at the 
predefined mortality thresholds for chemotherapy treatment decisions, i.e. 0.12 for women with ER-positive tumors, and 0.08 for women with ER-negative tumors. 
Abbreviations: ER = estrogen receptor. 
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ER-positive tumors, but not for women with ER-negative tumors. 
According to the Dutch guideline, most young women with node- 

negative breast cancers are treated with chemotherapy, especially 
those with ER-negative tumors (Supplementary Table 6) [28]. There
fore, the chemotherapy-to-all strategy largely reflects current clinical 
practice. Compared to administering chemotherapy to all women, using 
PREDICT-aided decisions in women with ER-positive tumors resulted in 
giving less unnecessary chemotherapy, as was shown by fewer 
false-positive predictions. However, it also missed many high-risk 
women (false-negative). Treatment guidelines already recommend 
avoiding unnecessary chemotherapy in low-risk women based on age, 
tumor size, tumor grade, ER status, PR status, HER2 status and genomic 
signatures [28,31,32]. Therefore, the benefit of using PREDICT over 
guideline-aided chemotherapy decision-making may be limited for 
young women. The net benefit results show that for women with 
ER-negative tumors, PREDICT cannot help to de-escalate chemotherapy. 

The miscalibration of PREDICT in our study population is unlikely to 
be explained by the difference in time at diagnosis between the PARA
DIGM cohort (1989–2000, the Netherlands) and the PREDICT derivation 
cohort (1999–2003, the UK [4]), as all tumors in the PARADIGM cohort 
were revised according to current diagnostic standard [23]. A more 
likely explanation for the miscalibration is inaccurate estimation of 
treatment benefits in young women. PREDICT extracted the supposed 
treatment effect from external studies [33,34] and assumed the same 
relative risk reduction from those treatments across women of all age 
groups [2]. If the actual treatment effect in young women is higher than 
predicted, the survival before adjuvant systemic treatment would be 
overestimated because part of the treatment effect would be attributed 
to the predicted survival. Indeed a previously published meta-analysis 
found that young women received significantly higher reduction in 
breast cancer-specific mortality from anthracycline-based chemo
therapy than their older counterparts [29], though a subsequent 
meta-analysis showed a largely age-independent effect [34]. This 
discrepancy might originate from the usage of different 
anthracycline-based regimens in these studies [29,34], indicating the 
need for a regimen-specific benefit prediction. In addition, both 
chemotherapy and endocrine treatment reduce the incidence of 
contralateral breast cancer [35–37], especially in young women [33]. 
This reduced incidence may, to some extent, translate to a reduced 
all-cause mortality. Another possible explanation is inaccurate estima
tion of the age effect, as the number of young women in the PREDICT 
derivation cohort is very small. This is also reflected by the warning on 
the website of PREDICT that the model may be less accurate for women 
diagnosed with ER-positive tumors under 30 years old. Therefore, 
PREDICT should recalibrate the age effect in young women with a larger 
sample size. 

The poor discriminative ability in young women with node-negative, 
ER-negative tumors is mainly due to the homogeneous distribution of 
age, tumor grade, and nodal status (for all women in our cohort) in these 
women. To improve model discrimination in young women with ER- 
negative breast cancer, better predictors are required. Recent studies 
have highlighted the prognostic value of stromal tumor infiltrating 
lymphocytes (sTILs) in women of all ages with triple-negative and 
HER2-enriched breast cancers [38–41]. Future updates of PREDICT 
might therefore benefit from incorporating, amongst others, sTILs as a 
predictor. 

Several factors could influence the generalizability of our results to 
young women diagnosed in the present era. First of all, more advanced 
pathological methods might have reclassified a few women in our study 
population from node-negative to node-positive [42,43]. However, we 
expect the impact of this potential upstaging to be small, as the prog
nostic value of occult metastases is only modest at best in systemic 
treatment-naïve patients [42,44–46]. Second, young women who are 
diagnosed with breast cancers nowadays are referred to genetic coun
seling [47], and those who carry germline BRCA1/2 mutations usually 
receive annual screening or prophylactic surgeries [48]. These measures 

may lead to a different case-mix in the germline BRCA1/2 mutation 
carriers and our results may therefore not apply to contemporary car
riers. For instance, Muranen et al. showed that PREDICT overestimated 
breast cancer-specific mortality in young, chemotherapy-treated 
ER-negative breast cancer patients with germline BRCA1 mutations, 
indicating a favorable chemotherapy response among these women 
[20]. In order to ensure the validity of PREDICT in the current mutation 
carriers, the model should be recalibrated with more current cohorts. 

This study has several strengths and limitations. First of all, the key 
strength is that our results are probably not biased by treatment indi
cation as no systemic treatment was recommended to these women at 
the time of their diagnosis. Second, we assessed the potential clinical 
utility of PREDICT regarding chemotherapy decision-making using a 
comprehensive method. The calculation of clinical utility focused 
exclusively on chemotherapy and did not include hormone therapy or 
trastuzumab because in current practice, women with ER-positive tu
mors typically receive hormone therapy, and those with HER2-positive 
tumors receive trastuzumab. Third, cause of death was unknown in 
women from our cohort, although most deaths were expected to be 
breast cancer-related given the young age at diagnosis. Lastly, Ki67 
status was unknown, which is relevant for the risk prediction of women 
with ER-positive tumors. Despite these limitations, our study provides 
unique and unbiased results to show the validity and utility of PREDICT 
in young, systemic treatment-naïve, node-negative breast cancer 
patients. 

5. Conclusions 

PREDICT yields unreliable predictions and shows limited clinical 
utility in young, node-negative breast cancer patients. Clinicians should 
await future updates to PREDICT which incorporate more recent cohorts 
and novel powerful predictors to improve model performance before 
using the model to aid chemotherapy decision-making for this patient 
population. 
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