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Postoperative radiotherapy for
ductal carcinoma in situ: survival
prediction and clinical decision
support using a nomogram-based
approach

Yajie Wang'*, Jiashu Zhang'%*, Yanrong Wu' & Yiran Liang®3**

Whether postoperative radiotherapy (RT) is required for ductal carcinoma in situ (DCIS) after breast-
conserving surgery (BCS) remains controversial. In this study, we aimed to analyze the association
between postoperative RT and survival outcomes in DCIS patients and develop nomograms to predict
these outcomes. Using data on 50,580 DCIS patients obtained from the surveillance, epidemiology,
and end results (SEER) database, the Chi-squared tests revealed that DCIS patients with younger age,
partial mastectomy, larger tumor size, negative estrogen receptor (ER) status, and higher nuclear
grade, were more likely to receive postoperative RT. Additionally, Postoperative RT could improve
the overall survival (OS), disease-specific survival (DSS), and disease-free survival (DFS) across most
patient subgroups, although no significant association was observed in DSS among older patients

or those with smaller tumor size. Univariate and multivariate Cox regression analyses identified that
age, tumor size, ER status, and nuclear grade were independent predictors for DSS and DFS. Based
on these findings, we further constructed a nomogram, which demonstrated strong discriminative
ability and good calibration as validated by C-index and calibration curve. A predictive online tool was
created to visualize personalized DSS and DFS prediction for DCIS patients with different treatment
regimens (https://nordaraail.github.io/breast-calculator/). Our study suggests that postoperative RT is
associated with improved survival in most DCIS patients. The nomograms showed good performance
in predicting the DSS and DFS of DCIS patients, and our online tool well visualized the DSS and DFS
prediction to support clinical decision-making.
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Ductal carcinoma in situ (DCIS) is a non-invasive form of breast cancer characterized by the proliferation of
malignant epithelial cells confined within the ductal basement membrane, without invasion into the surrounding
stromal. It represents a heterogeneous condition, ranging from indolent, low-grade lesions with minimal risk
of progression to high-grade lesions that may harbor or rapidly evolve into invasive breast cancer. Historically,
DCIS is usually diagnosed by surgical removal of a suspicious breast mass, and comprises only 1-2% of all breast
cancers’. However, with the widespread adoption of screening mammography, the incidence of DCIS has risen
dramatically over the past 30 years. In 2023, approximately 55,720 new cases of DCIS were diagnosed in the
United States, accounting for about 20% of all newly detected breast cancers’. Evidence from histopathological
studies supports the notion that DCIS is a precursor lesion to invasive breast cancer (IBC)*, with a continuum
of molecular and morphological changes observed during progression. The histological feature of DCIS is the
proliferation of malignant epithelial cells surrounded by an intact basement membrane (BM) of the ducts®.
The transition from DCIS to invasive disease involves the breakdown of the basement membrane and loss of
surrounding myoepithelial cells, allowing tumor cells to infiltrate adjacent tissues®. Despite this understanding,
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there are currently no validated biomarkers that reliably predict which DCIS lesions will progress to invasive
cancer. This lack of prognostic tools contributes to clinical challenges in risk stratification and optimal treatment
selection, might resulting in overtreatment.

Standard treatment options for DCIS include mastectomy, breast-conserving surgery (BCS) alone, BCS with
postoperative radiotherapy (RT), BCS with endocrine therapy, and BCS with both RT and endocrine therapy’.
While mastectomy achieves excellent local control, the role of postoperative RT after BCS remains controversial.
Several randomized clinical trials proved that the addition of RT after BCIS can significantly reduce the recurrence
rates of DCIS patients®°. Four large randomized trials also showed that RT halved the risk of ipsilateral events,
while no significant effect was found on breast cancer mortality'!. Nevertheless, the toxicities of RT cannot be
ignored. Apart from commonly experienced side effects such as fatigue, skin reactions, and pain'?, other severe
toxicities like symptomatic radiation pneumonitis and radiation-related heart disease can also be caused'>!.
Psychological burden and reduced quality of life may also accompany the increase frequency of side effects'.
Thus, the recommendation of postoperative RT requires comprehensive consideration and should be weighed
against potential radiation-associated toxic effects'®. However, despite these side effects, the higher recurrence
rate of BCS alone relative to BCS + RT, coupled with a 50% risk of invasive recurrence, has made people reluctant
to advise against RT'7. Therefore, accurate risk stratification method needs to be developed to screen out patients
who are at high risk of recurrence and most likely to benefit from RT and those in whom it may be safely omitted.

In this study, we leveraged data from SEER database to investigate the influence of clinicopathological factors
on RT selection and its association with survival outcomes in DCIS patients. To enhance clinical applicability, we
also developed an online decision-support tool to facilitate personalized risk assessment and assist doctors and
patients in making decisions regarding postoperative RT.

Methods

Data source

The clinical data and survival outcomes regarding 50,580 patients initially diagnosed with DCIS between 1998
and 2015 were obtained from the SEER database of the National Cancer Institute (NCI) (http://seer.cancer.gov/).
Baseline characteristics and clinicopathologic variables were collected, including age at diagnosis, race, surgical
method, tumor size, estrogen receptor (ER) status, progesterone receptor (PR) status, nuclear grade, and survival
data.

Patient selection

The inclusion criteria are listed as follows: female, 1998-2015 diagnosed as DCIS, with only one primary tumor or
only one primary tumor as the first malignant cancer diagnosis, undergone partial mastectomy or subcutaneous
mastectomy. Within the SEER database’s surgical codes, “subcutaneous mastectomy” is categorized at the same
hierarchical level as “partial mastectomy”, which are classified as forms of BCS in this study. We excluded patients
whose ER or PR expression status were unknown, with bilateral breast cancer lesions, with unknown race, tumor
size and nuclear grade. The study outcomes included overall survival (OS), disease-specific survival (DSS), and
disease-free survival (DFS) (median length of follow up = 56 months). OS was defined as the time from diagnosis
to death from any cause. DSS was defined as the time from diagnosis to death, specifically from breast cancer.
DFS was defined as the time from diagnosis to the first event, which was either the development of an ipsilateral
second primary breast tumor (used as a surrogate endpoint for ipsilateral breast tumor recurrence, IBTR) or
death from any cause. It is important to note that this definition of DFS does not specifically capture regional or
distant recurrence events.

Statistical analysis

Allstatistical analyses were performed using R software and SPSS version 22. The differences in clinicopathological
features between BCS and BCS + postoperative RT groups were analyzed via Pearson Chi-squared test. Logistic
regression was used for screening out predictors of clinical RT selection. Univariate Cox regression was used to
identify independent risk factors based on P values. All factors that were statistically significant in univariate
analysis were entered into the multivariable Cox regression analysis, calculating by hazard ratios (HRs) with
95% confidence intervals (CIs). All tests were two-sided, and the value of P<0.05 was considered statistically
significant. Predictive nomograms were formulated based on the results of multivariable Cox regression
analysis using R software. The concordance index (C-index) and calibration curve were utilized to evaluate the
discrimination of nomograms.

Results

Patient characteristics

A total of 50,580 DCIS patients were included in this study. Among all patients, 34,832 (68.9%) patients received
postoperative RT, while 15,748 (31.1%) patients did not. The patient selection process and reasons for exclusion
are summarized in Fig. 1. The comparison of the population demographics, clinicopathological features, and
treatment between two groups are presented in Table S1. Chi-squared test revealed statistically significant
differences (all P<0.001) in the distribution of all examined variables between the two treatment groups.
Specifically, patients who received postoperative RT were more likely to be younger (56.8% of patients in the
BCS +RT group were <60 years old, compared to 46.8% in the BCS alone group), undergo partial mastectomy
(99.8% vs. 94.8%), have larger tumor size (46.8% had tumors>10 mm vs. 40.8%), have ER-negative status
(14.6% vs. 10.5%), have PR-negative status (24.4% vs. 18.7%), and have higher nuclear grade (Grade 3: 46.4%
vs. 32.0%). The racial composition also differed significantly between the groups. Logistic regression analysis
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Fig. 1. Flow diagram of DCIS case selection procedure in the SEER database.

indicated that younger age, partial mastectomy, larger tumor size, negative ER status, and higher nuclear grade
were significantly associated with a higher likelihood of receiving postoperative RT (Table S2).

Identification of prognostic variables and subgroup analysis

Univariate Cox regression analysis was conducted with detailed results presented in Table S3. Postoperative RT
was significantly associated with improved outcomes in OS (HR=0.712, 95% CI: 0.666-0.761, P<0.001), DSS
(HR=0.560, 95% CI: 0.466-0.672, P<0.001) and DFS (HR=0.509, 95% CI: 0.466-0.557, P<0.001). Protective
factors included positive ER status and PR status, which were associated with improved outcomes across all
endpoints. Conversely, several risk factors were observed: older age was linked to worse OS and DSS; larger
tumor size was associated with poorer OS and DFS; and higher nuclear grade was connected to worse DSS and
DEFS. Notably, some factors exhibited endpoint-specific associations: higher nuclear grade paradoxically showed
a protective effect on OS, while older age unexpectedly demonstrated a protective association with DFS.

We further included all variables significant in univariate analysis into multivariate analysis, excluding PR due
to its high collinearity with ER, and most associations remain statistically significant (Table S4). The multivariate
analysis, which provides a more robust assessment by adjusting for potential confounders, confirmed that
postoperative radiotherapy was independently associated with improved survival across all endpoints (OS:
HR=0.689, 95% CI: 0.644-0.737, P<0.001; DSS: HR=0.533, 95% CI: 0.443-0.641, P<0.001; DFS: HR=0.498,
95% CI: 0.455-0.545, P<0.001). In this adjusted model, nuclear grade was no longer significantly associated
with OS, indicating that its prognostic impact may be mediated by other clinical factors. However, nuclear grade
remained significantly associated with DSS and DFS (DSS: HR=1.347 for grade 3 vs. grade 1, P=0.043; DFS:
HR=1.367 for grade 3 vs. grade 1, P<0.001), suggesting a more pronounced independent role in recurrence risk.

To further validate the protective role of postoperative RT, we performed subgroup analysis stratified by
other key clinical variables. Statistically, postoperative RT was associated with reduced risk of recurrence and
mortality across most subgroups (Table 1). However, in the elderly patients (>80 years) and small tumor size
(<2 mm) subgroups, no statistically significant association in DSS was observed (HR=0.85, 95% CI: 0.503-
1.435, P=0.543; HR=1.088, 95% CI: 0.521-2.272, P=0.822, respectively). Kaplan-Meier curves for DSS in these
subgroups are shown in Figure S1. Additionally, lower hazard ratios associated with RT were observed in ER-
negative patients for both OS and DSS, though this trend was not evident for DFS (Table 1).
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(e DSS DFS
Characteristics | HR (95% CI) P value | HR (95% CI) P value | HR (95% CI) P value
Patient age, years
<60 0.714 (0.592-0.861) | <0.001 | 0.567 (0.391-0.823) | =0.003 | 0.585 (0.507-0.675) | <0.001
61-70 0.790 (0.670-0.932) | =0.005 | 0.496 (0.303-0.811) | =0.005 | 0.371 (0.293-0.468) | <0.001
71-80 0.683 (0.602-0.773) | <0.001 | 0.540 (0.365-0.799) | =0.002 | 0.517 (0.373-0.717) | <0.001
>80 0.569 (0.484-0.669) | <0.001 | 0.850 (0.503-1.435) | =0.543 | 0.331 (0.167-0.656) | =0.002
Tumor size (mm)
<2 0.658 (0.496-0.872) | =0.004 | 1.088 (0.521-2.272) | =0.822 | 0.497 (0.325-0.760) | =0.001
2-10 0.477 (0.429-0.532) | <0.001 | 0.466 (0.355-0.648) | <0.001 | 0.495 (0.420-0.584) | <0.001
>10 0.380 (0.341-0.423) | <0.001 | 0.348 (0.258-0.470) | <0.001 | 0.531 (0.453-0.622) | <0.001
ER status
Negative 0.416 (0.349-0.495) | <0.001 | 0.334 (0.209-0.535) | <0.001 | 0.575 (0.446-0.740) | <0.001
Positive 0.447 (0.412-0.485) | <0.001 | 0.463 (0.365-0.586) | <0.001 | 0.498 (0.441-0.563) | <0.001
Nuclear grade
1 0.456 (0.381-0.546) | <0.001 | 0.501 (0.280-0.898) | =0.020 | 0.519 (0.383-0.705) | <0.001
2 0.467 (0.417-0.522) | <0.001 | 0.476 (0.343-0.659) | <0.001 | 0.442 (0.370-0.528) | <0.001
3 0.425 (0.377-0.479) | <0.001 | 0.368 (0.267-0.506) | <0.001 | 0.540 (0.458-0.637) | <0.001

Table 1. Subgroup analysis. Significant values are in bold (P value< 0.05).

BCS BCS + Postoperative RT

Characteristics | HR (95% CI) P value | HR (95% CI) P value
Patient age, years <0.001 <0.001
<60 REF REF

61-70 2.789 (2.471-3.149) <0.001 | 3.160 (2.741-3.642) <0.001
71-80 7.897 (7.036-8.862) <0.001 | 8.301 (7.240-9.518) <0.001
>80 20.824 (17.964-24.140) | <0.001 | 19.526 (16.390-23.262) | <0.001
Tumor size (mm) <0.001 =0.977
<2 REF REF

2-10 1.367 (1.098-1.700) =0.005 | 1.016 (0.825-1.252) =0.880
>10 1.866 (1.502-2.319) <0.001 | 1.006 (0.815-1.241) =0.955
ER status =0.095 =0.098
Negative REF REF

Positive 0.907 (0.808-1.017) =0.095 | 0.892 (0.780-1.021) =0.098
Nuclear grade =0.864 =0.214
1 REF REF

2 0.997 (0.886-1.122) =0.964 | 1.091 (0.929-1.281) =0.287
3 0.971 (0.852-1.107) =0.662 | 0.990 (0.841-1.166) =0.906

Table 2. Cox regression analysis for OS in BCS group and BCS + Postoperative RT group. Significant values are
in bold (P value< 0.05).

Identification of independent prognostic variables

We performed multivariate Cox regression analyses separately for DCIS patients receiving BCS alone and those
receiving BCS with postoperative RT to identify independent predictors within each group. For OS, older age
and larger tumor size were independent risk factors in the BCS-only group. In the BCS + RT group, only older
age remained significantly associated with worse OS (Table 2). For DSS, older age, larger tumor size, negative
ER status, and higher nuclear grade were all risk factors in the BCS-only group. In the BCS+RT group, older
age remained an independent risk factor, while larger tumor size (2-10 mm) appeared to be a protective effect
(HR < 1). Nevertheless, as a whole, tumor size did not show statistical significance in BCS + RT group (P=0.058,
Table 3). In the DSS analysis (Table 3), no significant benefit was observed for patients aged 61-70 years
(P=0.322) or based on ER status (P=0.469) within the BCS + RT group. For DFS, larger tumor size, negative ER
status, and higher nuclear grade were associated with poorer outcomes in both groups, while older age served as
a protective factor (Table 4). Additionally, the benefit for high nuclear grade (Grade 3) in the BCS + Postoperative
RT group was of borderline statistical significance in the DFS analysis (P=0.052, Table 4).
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BCS BCS + Postoperative RT

Characteristics | HR (95% CI) P value | HR (95% CI) P value
Patient age, years <0.001 <0.001
<60 REF REF

61-70 1.427 (1.075-1.895) | =0.014 | 1.220 (0.823-1.811) =0.322
71-80 3.615 (2.753-4.748) | <0.001 | 3.347 (2.326-4.814) | <0.001
>80 5.441 (3.382-8.755) | <0.001 | 9.209 (5.704-14.868) | <0.001
Tumor size (mm) <0.001 =0.058
<2 REF REF

2-10 1.028 (0.597-1.769) | =0.920 | 0.548 (0.335-0.899) | =0.017
>10 1.765 (1.037-3.004) | =0.036 | 0.634 (0.388-1.036) =0.069
ER status =0.027 =0.469
Negative REF REF

Positive 0.738 (0.564-0.967) | =0.027 | 0.868 (0.591-1.274) =0.469
Nuclear grade =0.019 =0.722
1 REF REF

2 1.001 (0.709-1.412) | =0.964 | 1.226 (0.747-2.013) =0.421
3 1.423 (1.001-2.023) | =0.049 | 1.165 (0.706-1.922) =0.551

Table 3. Cox regression analysis for DSS in BCS group and BCS + Postoperative RT group. Significant values

are in bold (P value< 0.05).

BCS BCS + Postoperative RT

Characteristics | HR (95% CI) P value | HR (95% CI) P value
Patient age, years =0.048 <0.001
<60 REF REF

61-70 0.985 (0.870-1.114) | =0.805 | 0.639 (0.531-0.769) | <0.001
71-80 0.789 (0.657-0.947) | =0.011 | 0.643 (0.499-0.829) | <0.001
>80 0.751 (0.487-1.159) | =0.196 | 0.525 (0.281-0.983) | =0.044
Tumor size (mm) =0.061 <0.001
<2 REF REF

2-10 1.226 (0.965-1.557) | =0.095 | 1.202 (0.861-1.678) | =0.279
>10 1.317 (1.036-1.674) | =0.025 | 1.566 (1.125-2.182) | =0.008
ER status <0.001 <0.001
Negative REF REF

Positive 0.713 (0.623-0.817) | <0.001 | 0.693 (0.580-0.828) | <0.001
Nuclear grade <0.001 =0.003
1 REF REF

2 1.144 (0.970-1.349) | =0.111 |0.977 (0.752-1.268) | =0.859
3 1.404 (1.183-1.666) | <0.001 | 1.287 (0.998-1.660) | =0.052

Table 4. Cox regression analysis for DFS in BCS group and BCS + Postoperative RT group. Significant values
are in bold (P value< 0.05).

Construction of nomogram model and online tool for clinical use
Based on the multivariate Cox models for DSS and DFS, we developed distinct nomograms to estimate
individualized survival probabilities for DCIS patients with and without postoperative RT (Fig. 2).

Figure 2 presents the nomograms developed to predict 5-year and 10-year DSS and DFS for DCIS patients
treated with BCS alone (A, C) and those receiving BCS plus postoperative radiotherapy (B, D). Each nomogram
incorporates the key independent prognostic factors identified through multivariate Cox regression analysis. To
utilize the nomogram, clinicians first locate the patient’s value for each prognostic factor on the corresponding
axis and draw a vertical line upward to the ‘Points’ axis to determine the score for that variable. The sum of
these individual scores is then calculated and located on the “Total Points’ axis. Finally, by drawing a vertical line
downward from this total score to the survival probability axes, clinicians can obtain the predicted 5-year and
10-year DSS or DFS probabilities for the individual patient. These visual prediction tools facilitate personalized
risk assessment and enhance clinical decision-making regarding postoperative radiotherapy for DCIS patients.
Due to the overwhelming influence of age on OS, a nomogram for OS was not constructed. C-index showed that
these nomograms had good discriminative performance (Table S5). Calibration curves showed close agreement
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Fig. 2. The nomogram for predicting patient prognosis treated with or without postoperative RT. (A)
Nomogram for predicting 5-year and 10-year DSS of DCIS patients treated with BCS. (B) Nomogram for
predicting 5-year and 10-year DSS of DCIS patients treated with BCS + postoperative RT. (C) Nomogram for
predicting 5-year and 10-year DFS of DCIS patients treated with BCS. (D) Nomogram for predicting 5-year
and 10-year DFS of DCIS patients treated with BCS + postoperative RT.

between predicted and observed survival probabilities at 5 and 10 years (Fig. 3), indicating good calibration
abilities of the nomograms.

To enhance clinical utility, we developed a prediction online tool (available at: https://nordaraail.github.io/br
east-calculator/). This tool allows clinicians and patients to input key variables, such as age, tumor size, ER status,
and nuclear grade, and obtain personalized survival curves along with 5- and 10-year estimates for DSS and DFS
under both treatment scenarios (with or without RT). The difference in predicted survival probabilities from
these nomograms could be used to estimate the predicted survival difference associated with postoperative RT.

Discussion

The role of postoperative RT following BCS in DCIS patients remains a subject of clinical debate. While multiple
randomized trials have demonstrated that whole breast RT (WBRT) significantly reduces the risk of ipsilateral
recurrence'®, no consistent OS benefit has been established'®. Furthermore, mild and severe side effects of
RT have also been reported, which may impair the quality of life?. Given that not all DCIS lesions progress
to invasive disease, there is a growing concern about overtreatment. Therefore, we explored the impact of
postoperative RT on OS, DSS, and DFS of DCIS patients, and constructed nomograms and a prediction online
tool to enable individualized treatment decisions.

According to the National Comprehensive Cancer Network (NCCN) guidelines, postoperative RT is
not mandatory for all DCIS patients®!. Different from invasive ductal carcinoma, radiation is believed to be
beneficial for DCIS but may not always be necessary. In this study, of 50,580 DCIS patients were included,
34,832 received RT, reflecting its widespread use despite the absence of universal indication. We observed
significant differences in clinicopathological characteristics between patients who did and did not receive RT.
Logistic regression analysis revealed that younger age, larger tumor size, negative estrogen receptor (ER) status,
higher nuclear grade, and partial mastectomy were significantly associated with RT use, which align with the
commonly recognized risk factors for local recurrence?. Various clinical trials suggested that receiving RT after
BCS reduced the ipsilateral recurrence. An observational study of 1,048 cases demonstrated that postoperative
RT was associated with a reduced risk of ipsilateral recurrence in DCIS but no survival benefit?>. A meta-analysis
of four published randomized controlled trials showed that though addition of postoperative RT to lumpectomy
did not reduce overall mortality, it decreased the ipsilateral breast and regional recurrence by almost half*.
Consistent with previous studies, our analyses showed that postoperative RT was an independent protective
factor in OS, DSS, and DFS. These findings suggest that RT can not only reduce the risk of local recurrence but
is also associated with improved survival in the overall DCIS population. However, given the generally favorable
prognosis of DCIS, the absolute survival association of RT may not be as obvious as reflected in the HR value.

Scientific Reports |

(2026) 16:433

| https://doi.org/10.1038/s41598-025-30025-1 nature portfolio


https://nordaraail.github.io/breast-calculator/
https://nordaraail.github.io/breast-calculator/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

Actual 5-year DSS

Actual 10-year DSS

0960 0965 0970 075 0980 0985 0990

0995 1.000

0990

DCIS patients with

v

ﬂ

0990 0992 0994 0996

Predicted 5-year DSS

0988

N

Actual 10-year DSS

1

0950 0955 0970 0975 0980 085 0990

Predicted 10-year DSS

B

Actual 5-year DSS

0993 0994 0095 0996 0997 0998 0999

0980 0985 0890 0995

0975

DCIS patients with
BCS+postoperative RT

L

L

L

L

L

0995 099 0997 0998

Predicted 5-year DSS

L

|

0980 0985 0990

Predicted 10-year DSS

Actual 5-year DFS

Actual 10-year DFS

098

097

096

095

090 091 092 083 094

089

DCIS patients with
BCS

A

P

0960 0965 0970

Predicted 5-year DFS

090

091 092 093 o

Predicted 10-year DFS

Actual 5-year DFS

Actual 10-year DFS

0985 0990
L

0980

0975

DCIS patients with
BCS+postoperative RT

A

A

0980

092 0984 06 0988 0990

Predicted 5-year DFS

0940 0945 0950 0955 0960 0985 087

Predicted 10-year DFS

Fig. 3. The calibration curve for evaluating the performance of nomograms in predicting DSS and DFS
probabilities of DCIS patients treated with or without postoperative RT. (A) The calibration curve for
evaluating the performance of nomogram in predicting 5-year and 10-year DSS probability of DCIS patients
treated with BCS. (B) The calibration curve for evaluating the performance of nomogram in predicting
5-year and 10-year DSS probability of DCIS patients treated with BCS + postoperative RT. (C) The calibration
curve for evaluating the performance of nomogram in predicting 5-year and 10-year DFS probability of
DCIS patients treated with BCS. (D) The calibration curve for evaluating the performance of nomogram in
predicting 5-year and 10-year DFS probability of DCIS patients treated with BCS + postoperative RT.

Independent risk factors for worse OS and DSS included older age, larger tumor size, and negative ER
status. For DFS, larger tumor size, ER negativity, and higher nuclear grade were independent risk factors. These
calculated adverse predictors were consistent with the Van Nuys Prognostic Index (VNPI)?. Notably, older age
appeared as a protective factor for DFS, and higher nuclear grade was not an independent risk factor for OS
and DSS, suggesting its prognostic impact may be context-dependent. Our stratified analyses results further
validated that postoperative RT was associated with reduced recurrence and mortality in most patient subgroups.
However, no significant DSS association was observed in older patients or those with smaller tumor size, which
aligns with previous study suggesting limited utility of RT in low-risk populations®. Considering the population
recommended for radiotherapy in the previous literature (young age, premenopausal status, lymphovascular
infiltration, high grade, large tumor size)?’, our results support the notion that certain subgroups, particularly
patients with older age (> 80 y) and small tumor size (< 2 mm), may be candidates for RT de-escalation.
Additionally, lower hazard ratios associated with RT were observed in ER-negative and high nuclear grade
subgroups for DSS. This suggests that patients with biologically aggressive features may derive greater survival
association from adjuvant RT, reinforcing the importance of integrating tumor biology into decision-making.

An intriguing finding from our analysis warrants specific discussion: among patients treated with BCS
alone, older age (71-80 and >80 years) was associated with a lower hazard of DFS events compared to the
youngest patients (<60 years), as indicated by hazard ratios below 1.0 in Table 4. This observation appears
paradoxical, given that age is generally not considered protective against tumor recurrence. Several interrelated
factors may account for this result. First, the most plausible explanation involves the critical concept of
competing risks. DES is a composite endpoint that includes both ipsilateral recurrence (used as a surrogate
for IBTR) and death from any cause. Older patients have a higher baseline risk of non-breast cancer-related
mortality (e.g., cardiovascular disease, other age-related illnesses). These competing mortality events lead to
earlier censoring of follow-up, thereby reducing the opportunity to observe recurrence events. Consequently,
the conventional Cox proportional hazards model may underestimate the true recurrence risk in older adults
by treating non-recurrence deaths as censored observations rather than informative events. Second, age-
related disparities in clinical management, such as underuse of adjuvant systemic therapy and less intensive
follow-up due to comorbidities or life expectancy considerations, may lead to under-detection of recurrences,
particularly subclinical or asymptomatic cases, thereby artificially lowering observed event rates. Third, residual
or unmeasured confounding factors, including differences in tumor biology, functional status, socioeconomic
factors, or treatment adherence, may also influence the observed association. Our analysis, while adjusted for
key clinical variables, cannot fully account for all such factors, especially those not captured in administrative or
registry datasets. These issues underscore a limitation of using DFS in populations with vastly different mortality
risks and suggests that for evaluating pure recurrence risk, especially in elderly populations, alternative statistical
methods such as cumulative incidence functions accounting for competing risks would be more appropriate.
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Furthermore, a critical nuance emerged from our findings: no significant benefit in certain endpoints,
notably DSS, was observed in specific subsets, including elderly patients, those with small primary tumors,
and individuals aged 61-70. Several underlying factors may explain this lack of observed benefit. Firstly, these
subgroups likely harbor tumors with less aggressive biology, resulting in a lower baseline risk of locoregional
recurrence. Secondly, competing risks of non-cancer mortality, particularly prevalent in older populations, can
overshadow a potential DSS advantage. Lastly, age-related declines in functional reserve and tolerance may lead to
increased susceptibility to radiotherapy-related toxicities, potentially offsetting the survival gains. Consequently,
our data may support the concept of treatment de-escalation in these identified lower-risk populations.

Our findings confirm that postoperative RT is associated with a significant reduction in the relative risk of
recurrence and breast cancer-specific mortality. However, in the context of the generally favorable prognosis of
DCIS, where the absolute risks of these events are low, the decision to recommend RT must be individualized.
This decision requires a careful discussion with patients about the trade-off between the modest absolute benefit
and the potential for treatment-related side effects. Darby et al. found that the incidence of major coronary
events increased linearly with the mean dose to heart, increasing by 7.4% per gray with no apparent threshold?.
Another retrospective study of 52,556 DCIS patients by Withrow R et al. reported that postoperative RT
increased risk of ipsilateral second non-breast cancers and radiation-related second cancers?. Besides, breast
RT is reported to be associated with radiation-associated atypical vascular lesions and angiosarcoma®. These
risks underscore the urgent need for personalized risk stratification to avoid unnecessary treatment. Currently,
several prognostic tools have been developed to predict IBTR in DCIS patients. Rudloff et al. constructed a
nomogram integrating 10 clinicopathologic variables to provide individualized estimate of IBTR risk in DCIS
patients undergoing BCS*!. The Oncotype DX DCIS score is one of the first molecular assays for IBTR risk
assessment, comprising the expression of seven cancer-related genes (Ki67, STK15, Survivin, Cyclin B1, MYBL2,
PR, GSTM1) along with five reference genes (ACTB, GAPDH, RPLP0, GUSB, TFRC). Another genomic assay,
the DCISionRT Decision Score (PreludeDx), combines immunohistochemical assessment of six biomarkers
(HER2, Ki-67, COX-2, SIAH2, FOXAI, pl6) with four clinicopathological factors (age, tumor size, lesion
palpability, and margin status) to generate a Decision Score ranging from 0 to 10*2. Despite their utility, most of
these models focus exclusively on ipsilateral recurrence and lack integration of survival outcomes such as DSS
and OS>3. Besides, the ER status, a well-established independent risk factor for local recurrence>?, is absent in
some models.

In order to accurately predict the survival and recurrence of patients after receiving different treatment
methods, separate multivariate COX regression analyses were performed for OS, DES and DSS of patients
treated with BCS and BCS + postoperative RT. Due to the overwhelming influence of age among all factors in OS,
no nomogram was constructed for OS of DCIS patients. The DSS and DFS nomograms for DCIS patients treated
with BCS or BCS + postoperative RT demonstrated good discrimination and calibration, and their clinical utility
was enhanced through the development of an open-access online prediction tool. This tool enables clinicians
and patients to visualize individualized survival probabilities under both treatment scenarios, facilitating shared
decision-making and personalized risk-benefit discussions.

There are many advantages in our study, such as large cohort, stratified analysis, nomograms based on group
calculations, and online tool for clinical use. Nonetheless, several limitations should be acknowledged. First, the
SEER database lacks key clinical variables such as surgical margin status, endocrine therapy use, and timing of
recurrence. The distance from the surgical margin to the tumor, in particular, is a critical determinant of local
recurrence risk in patients undergoing BCS without postoperative RT*. Second, HER2 status was not consistently
available in SEER until 2010 and was therefore excluded from our analysis, despite its potential prognostic and
predictive value. Third, due to the absence of direct localized recurrence records in the SEER database, ipsilateral
second primary breast cancer events were utilized as a surrogate indicator for local recurrence. However, the
lack of precise recurrence dates limits the accuracy of DFS calculations, which might introduce potential bias,
potentially contributing to discrepancies between the DFS derived in this study and clinical trial benchmarks.
Furthermore, clinicians are more likely to recommend RT to younger, healthier patients with fewer comorbidities
and a longer life expectancy, which are factors linked to better overall survival regardless of treatment and not
fully captured in the SEER database. Therefore, the observed OS association in our study may not a direct effect
of RT, but rather a reflection of the underlying favorable baseline characteristics of the patients selected for this
treatment. Fifth, the median follow-up time of 56 months in our cohort is a critical limitation, particularly for
assessing outcomes in DCIS. Given the non-invasive nature of DCIS and its propensity for late recurrence over
many years, this follow-up period is insufficient to evaluate long-term survival outcomes, especially OS. This
short follow-up likely contributes to the discrepant OS finding between our study and RCTs with 10-15 years
of follow-up. Finally, our nomograms have not yet undergone external validation, therefore, their applicability
to other populations remains to be confirmed. Future investigations would benefit from multi-institutional
validation, including additional information with a large cohort and long-term follow-up data, to obtain a more
effective and accurate prediction model.

Conclusion

Based on these SEER database analyses, patients with younger age, larger tumor size, negative ER status, higher
nuclear grade, and those undergoing partial mastectomy were more likely to demonstrate improved survival
outcomes with RT. Postoperative radiotherapy demonstrated significant benefits in OS, DSS, and DFES across
the majority of subgroups; however, no significant benefit was observed for certain endpoints (e.g., DSS) in
specific subgroups (such as elderly patients, those with small tumor size, and patients aged 61-70), suggesting
potential for treatment de-escalation in these lower-risk cohorts. The developed nomograms demonstrated
strong predictive performance for DSS and DFS in DCIS patients treated with or without postoperative RT.

Scientific Reports |

(2026) 16:433 | https://doi.org/10.1038/s41598-025-30025-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

An accompanying online tool enables individualized risk estimation, facilitating shared decision-making and
personalized treatment planning for DCIS patients considering adjuvant radiotherapy.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information files.
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