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Patients with premenopausal breast cancer (preBC) usually have long-term survivorship. However, less 
is known about the risk pattern of subsequent primary cancer (SPC) and noncancer diseases among 
them. Here, this study aimed to evaluate the risk of developing SPCs and mortality among preBC 
survivors. In this population-based, retrospective cohort study, 5-year preBC survivors diagnosed at 
age 20–59 years during 1992–2014, in the 11 Surveillance, Epidemiology and End Result registries were 
included. Standardized incidence ratio (SIR) and standardized mortality ratio (SMR) were estimated 
for SPCs and mortality by cause, respectively. Among 181,947 survivors (mean age at diagnosis, 49.1 
years; 65.9% White), there were 12,503 SPC cases, 4,280 SPC-related deaths, and 10,591 noncancer-
related deaths. SPC risk was increased compared with the general population (SIR 1.06, [95% CI, 
1.04–1.08]). The elevated risk was primarily associated with soft tissue cancer, bones/joints cancer, 
and acute non-lymphocytic leukemia (SIRs 2.01 [95% CI, 1.73–2.33], 1.78 [95% CI, 1.21–2.53], and 
1.68 [95% CI, 1.46–1.93], respectively). Young-onset, Asian survivors, those with hormone receptor-
negative BC, and initially treated with chemo-radiotherapy were at high-risk. The risk of dying from 
SPCs was also increased (SMR 1.07, [95% CI, 1.04–1.10]) and featured with similarly vulnerable 
subpopulations. Survivors of non-White ethnicity had a higher risk of dying from noncancer diseases. 
This study highlighted the excess risk of developing and dying from SPCs among preBC survivors, 
suggesting that targeted healthcare is warranted. Strategies for SPCs and noncancer comorbidity 
management are in great demand to achieve better long-term survivorship among preBC patients.
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Breast cancer (BC) is the most prevalent malignancy among women in the United States (US), with a five-
year survival rate of 86–99% for the nonmetastatic stage1. n 2022, an estimated 4.1 million BC survivors were 
living in the US2. Long-term BC survivorship may be accompanied by physical, psychological, and social effects 
or impairments induced either by tumor or its treatment3,4, including arm lymphedema5, heart diseases6–9, 
osteoporosis10, ovarian suppression11,12, sexual dysfunction and fertility concerns13,14, cognitive impairment 
and fatigue3,15.

Premenopausal BC (preBC, BC diagnosed before menopause) featured distinct pathogenesis, risk factors, and 
clinical management compared to postmenopausal BC. BC onset at a younger age tends to be more aggressive. 
Chemotherapy is more prevalent as part of the treatment regimen, especially when novel treatment regimen is 
emerging, including antibody drug conjugate16,17, and immune therapy-based regimen18–20. The landscape of 
BC treatment has led to a greater number of chemotherapy-related complications21. Though various tools have 
been developed to predict the survival of BC patients22–24, survivors diagnosed at a younger age are more likely 
to develop subsequent primary cancers (SPCs)25,26, even decades after their initial diagnosis. This increased risk 
is likely due to genetic susceptibility and the long-term effects of treatment. A previous study documented that 
adult-onset BC survivors have a 6% increased risk of SPCs, compared to the general population27. Long-term 
risk patterns among preBC survivors warrant closer analysis, with greater focus on hormonic, inherited, and 
treatment-related characteristics. However, few studies have examined the risk of preBC survivors developing 
SPCs and dying from other causes in depth. The scarcity of data may impede the formulation of management 
and surveillance strategies for preBC survivors.

Hence, we aimed to determine the risk of developing SPCs and cause of mortality among pre-BC survivors 
in this study.

Methods
Population and follow-up
We used data from the Surveillance, Epidemiology, and End Results (SEER) database to estimate the SPC risk 
and cause of death among preBC survivors. Females aged 20–59 diagnosed with non-metastatic invasive primary 
BC between 1992 and 2014 were identified from 11 SEER registers. Case with at least five years of survival 
was classified as preBC survivor (eTable 1). The age limit of 60 aligns with the NCCN guideline definition of 
menopause28. The study adhered to the Strengthening the Reporting of Observational Studies in Epidemiology 
(STROBE) statement guidelines. Ethical review and informed consent were exempted because the data were 
deidentified and publicly accessible.

Follow-up began five years after the diagnosis of nonmetastatic preBC until death, loss to follow-up, or 
Dec.31, 2019 (study date-of-end), whichever occurred first. SPCs were identified following SEER multiple 
primary/histology rules29 (eTable 2), where BC and non-melanoma skin cancer were excluded. Multiple SPCs in 
a single survivor were allowed. Cause of mortality was classified according to the International Classification of 
Disease (tenth edition), while death due to non-melanoma skin cancers and miscellaneous cancer (due to they 
may not die from miscellaneous cancer) were excluded when calculating SPC death (eMethods).

Outcome definition
The primary outcomes were the risks of developing SPCs among preBC survivors. The secondary outcome were 
the risks of mortality by cause among those survivors, including deaths due to SPCs and deaths due to noncancer 
diseases. We also analyzed trends in fatalities due to BC, SPCs, and cardiovascular disease (CVD) among preBC 
survivors, and the incidence trends of primary non-metastatic BC among women aged 20–59 years old.

Statistical analysis
The primary outcomes were assessed using standardized incidence ratio (SIR) and absolute excess incidence 
(AEI) in comparison to the general population (Supplementary Methods). For the secondary outcomes, 
standardized mortality ratio (SMR) and absolute excess mortality (AEM) were calculated. Additionally, the 
percentages of mortality attributable to BC, SPCs, and CVD (top-three leading causes) were calculated annually 
to determine their trends over time (eMethods).

The analyses for primary and secondary outcomes were p conducted for the overall population and stratified 
by age at diagnosis, race/ethnicity, latency, molecular characteristics (hormone receptor [HR] and human 
epidermal growth factor receptor-2 [HER2]), and treatment (chemotherapy and radiotherapy). Chemotherapy 
and radiotherapy were classified as “yes” or “no/unknown”, with the latter indicating no evidence of treatment 
in the medical records examined. Notably, when stratified by treatment, the relative risk (RR) was estimated 
instead of SIR, and adjusted for age and latency using multivariable Poisson regression or negative binary 
regression (when dispersion was detected) (eTable 3). The heterogeneities of SIRs and RRs were evaluated 
using multivariable Poisson regression and likelihood ratio tests (eMethods)30,31. The trends in non-metastatic 
BC incidence were quantified by the average annual percentage change (AAPC) during 2010–2019, which 
was generated by applying delay-adjusted annual incidence (age-standardized to 2000 US population) into a 
Joinpoint regression model. (eMethods).

All analyses were performed using SEER*Stat Version 8.4.0 (National Cancer Institute), Joinpoint Regression 
Program (National Cancer Institute) version 4.9.1.0, and R statistics software. All P-values were 2-sided, and 
statistical significance was claimed when less than 0.05.
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Results
Trends in incidence
BC incidence trends are shown in Fig. 1 and eTable 4–5. Overall, the incidence significantly increased in 2010–
2019 (AAPC, 1.0%), with the most rapid increase among Asians (2.1%). A rising trend was observed for the 
majority of registries.

BC mainly featured primarily by its localized stage and HR+/HER2- subtype (incidence, 59.4 and 60.5, 
respectively), and the trend of stage-specific and subtype-specific incidence varied by age and race/ethnicity 
during 2010–2019 (Fig. 1 and eTable 4). The elevating trend was most pronounced for localized BC (AAPC, 
1.6%), while the increase in regional BC was limited in Asians (1.4%). The incidence in HR + BC remarkably 
inflated (1.6% and 2.1% for HR+/HER2 + and HR+/HER2- BC, respectively), while Asians and Hispanics 
occupied the majority of the increases for the HR+/HER2- BC (3.3% and 3.5%, respectively). A significant 
increase in triple-negative BC (TNBC) incidence was only identified among women aged 20–39 years and 
Hispanics (1.5% and 1.2%, respectively) (all P < 0.05). Sensitivity analyses confirmed the findings (eTable 6).

Risk of subsequent primary cancer
After a mean follow-up of 9.4 years, a total of 181,947 preBC survivors (mean age at diagnosis, 49.1 years old; 
65.9% White) experienced 12,503 SPCs, which corresponded to 6% higher risk (SIR, 1.06 [95% CI, 1.04–1.08], 

Fig. 1.  Incidence trend in premenopausal breast cancer during 2004–2019. (a) Trends stratified by age at 
diagnosis, race/ethnicity, summary stage at diagnosis; subtype. (b) Stage and subtype-specific incidence trends 
in premenopausal breast cancer, stratified by age at diagnosis and race/ethnicity. Abbreviations: NHW, non-
Hispanic White; NHB, non-Hispanic Black; NHAPI, non-Hispanic Asian and Pacific Islander; HR, hormone 
receptor; HER2, Human epidermal growth factor receptor 2; AAPC, average annual percentage change. Notes: 
AAPC during 2010-2019 were labeled for each subgroup in panel (a); Asterisk represents that the AAPC 
during 2010-2019 was significantly different from zero.
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Table 1) compared with the general population. 14 out of 29 types of cancers exhibited statistically increased 
risks, with the highest SIR for soft tissue cancer, followed by bones/joints cancer, and acute non-lymphocytic 
leukemia (ANLL) (2.01, 1.78, and 1.68, respectively, Table 1).

The risk varied by age and race/ethnicity (Fig. 2 and eTable 7–8). Survivors diagnosed at age 20–39 years 
old have a higher risk compared with their counterparts (SIRs, 1.32 vs. 1.05). The highest SIRs were seen for 
soft tissue cancer for both subpopulations (3.67 and 1.89 for those diagnosed at age 20–39 and 40–59 years, 
respectively). Asian survivors were at the highest risk, followed by Black women (1.36 and 1.16, respectively). 
Asian and Black survivors had the highest SIRs for ANLL (2.56 and 2.38, respectively), while White and Hispanic 
survivors had a higher risk of developing soft tissue cancer (2.0) and gastric cancer (2.12), respectively. Notably, 
an excess risk of subsequent ovarian cancer was prevalent across all racial/ethnic groups, with the highest SIR 
(1.86) for Hispanic survivors.

The risk of developing SPCs also associated with molecular characteristics and initial therapy (Fig. 2 and 
eTable 9–12). HR-negative BC survivors were more likely to develop SPCs (SIR, 1.18), with the highest SIR for 
ovarian cancer (2.54). Additionally, the excess risk among TNBC survivors was primarily related to ANLL (SIR, 
7.11). Among these survivors initially treated with chemotherapy alone, an elevated RR was observed (RR, 1.17 

Selected Events Observed Expectedb SIR (95% CI)c Incidenced AEI (95% CI)e Latency, yearsf

Total 11,666 11001.3 1.06 (1.04 to 1.08) 68.3 3.9 (2.7 to 5.1) 8.7

Head and Neck 459 320.8 1.43 (1.30 to 1.57) 2.7 0.8 (0.6 to 1.1) 9.1

Esophagus 88 69.6 1.26 (1.01 to 1.56) 0.5 0.1 (0.0 to 0.2) 9.6

Stomach 202 192.0 1.05 (0.91 to 1.21) 1.2 0.1 (-0.1 to 0.2) 8.2

Small Intestine 111 80.9 1.37 (1.13 to 1.65) 0.7 0.2 (0.1 to 0.3) 9.2

Colon and Rectal 1073 1266.6 0.85 (0.80 to 0.90) 6.3 -1.1 (-1.5 to -0.8) 8.2

Anus, Anal Canal and Anorectum 100 97.8 1.02 (0.83 to 1.24) 0.6 0.0 (-0.1 to 0.1) 9.3

Liver and intrahepatic bile duct 179 208.5 0.86 (0.74 to 0.99) 1.0 -0.2 (-0.3 to 0.0) 10.0

Gallbladder and other biliary 86 120.6 0.71 (0.57 to 0.88) 0.5 -0.2 (-0.3 to -0.1) 9.2

Pancreas 516 433.0 1.19 (1.09 to 1.30) 3.0 0.5 (0.2 to 0.7) 9.9

Lung and Bronchus 2200 1888.4 1.16 (1.12 to 1.21) 12.9 1.8 (1.3 to 2.4) 9.0

Bones and Joints 31 17.4 1.78 (1.21 to 2.53) 0.2 0.1 (0.0 to 0.1) 9.8

Soft Tissue including Heart 179 89.1 2.01 (1.73 to 2.33) 1.0 0.5 (0.4 to 0.7) 8.5

Melanoma of the Skin 690 667.5 1.03 (0.96 to 1.11) 4.0 0.1 (-0.2 to 0.4) 9.0

Cervix Uteri 79 193.8 0.41 (0.32 to 0.51) 0.5 -0.7 (-0.8 to -0.6) 7.5

Corpus and Uterus, NOS 1475 1373.5 1.07 (1.02 to 1.13) 8.6 0.6 (0.2 to 1.0) 8.1

Ovary 614 485.5 1.26 (1.17 to 1.37) 3.6 0.8 (0.5 to 1.0) 7.4

Vagina, vulva and other female genital organs 234 191.7 1.22 (1.07 to 1.39) 1.4 0.2 (0.1 to 0.4) 10.1

Urinary Bladder 347 315.2 1.10 (0.99 to 1.22) 2.0 0.2 (0.0 to 0.4) 8.6

Kidney and renal pelvis 396 427.0 0.93 (0.84 to 1.02) 2.3 -0.2 (-0.4 to 0.0) 8.9

Eye and Orbit 28 28.3 0.99 (0.66 to 1.43) 0.2 0.0 (-0.1 to 0.1) 8.0

Brain and other nervous system 129 168.0 0.77 (0.64 to 0.91) 0.8 -0.2 (-0.4 to -0.1) 8.3

Thyroid 584 530.3 1.10 (1.01 to 1.19) 3.4 0.3 (0.0 to 0.6) 8.5

Hodgkin lymphoma 26 36.4 0.71 (0.47 to 1.05) 0.2 -0.1 (-0.1 to 0.0) 8.9

Non-Hodgkin lymphoma 707 788.8 0.90 (0.83 to 0.96) 4.1 -0.5 (-0.8 to -0.2) 8.8

Myeloma 182 222.0 0.82 (0.71 to 0.95) 1.1 -0.2 (-0.4 to -0.1) 8.9

ALL 31 18.6 1.66 (1.13 to 2.36) 0.2 0.1 (0.0 to 0.1) 7.6

ANLL 205 121.9 1.68 (1.46 to 1.93) 1.2 0.5 (0.3 to 0.7) 9.2

CML 49 45.0 1.09 (0.81 to 1.44) 0.3 0.0 (-0.1 to 0.1) 7.5

Others 666 603.2 1.10 (1.02 to 1.19) 3.9 0.4 (0.1 to 0.7) 8.5

Table 1.  The risk of developing SPCs among preBC survivorsa diagnosed during 1992–2014 in 11 SEER 
registries. Abbreviation: SPC, subsequent primary cancer; preBC, premenopausal breast cancer; SEER, 
Surveillance, Epidemiology, and End Results; SIR, standardized incidence ratio; CI, confidence interval; AEI, 
absolute excess incidence; NOS, not otherwise specified; ALL, acute lymphocytic leukemia; ANLL, acute non-
lymphocytic leukemia; CML, chronic myeloid leukemia. Notes: a. PreBC survivors were defined as those who 
diagnosed as primary nonmetastatic invasive BC at age 20–59 years and has a survival of five year or more. 
b. Expected numbers were calculated with a comparable distribution of race, age and calendar year. c. SIR 
calculated as the observed-to-expected number of SPC cases, indicating the association between preBC and 
SPC. d. Incidence per 10,000 person-year calculated as the observed number of SPC divided by person-years. 
e. AEI per 10,000 person-year estimated as the difference in observed and expected number of SPCs divided by 
person-years, indicating the disease burden of SPC. f. Duration between 5-year post preBC diagnosed and the 
time of SPC onset.
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[95% CI, 1.11–1.24]), with the highest RR for ANLL (1.90 [95% CI, 1.23–2.93]). Greater excess RR was also 
found when combining radiotherapy with chemotherapy (1.22 [95% CI, 1.16–1.29]), such as ANLL (2.21) and 
soft tissue cancer (1.73). Survivors who received radiotherapy alone also showed increased RR (1.06, [95% CI, 
1.01–1.12]), with remarkable RRs for soft tissue cancer (1.8) and lung cancer (1.23).

The risk of developing the majority SPCs modified over time, with the exception of head/neck, lung, soft 
tissue cancer, and ANLL after 15 years postdiagnosis (eTable 13). Additionally, the risk of developing SPCs was 
not affected by the eras of chemotherapy and radiotherapy (Fig. 2 and eTable 14–15).

The AEI is shown in Table 1, eTables 7, 8, 9, 10, 11, 12, 13, 14 and 15 and eFigure 2. Lung cancer had the 
highest AEI among the majority of the subpopulations (ranging from 1.5 to 3.1). However, the highest AEI 
was observed for ovarian cancer among those diagnosed at age 20–39 years (2.6), Hispanic survivors (2.4), and 
survivors with HR-negative BC (4.1), whereas the highest AEI for corpus/uterus cancer was observed among 
Black (2.9) and Asian (3.9) survivors. Sensitivity analyses showed the consistency of the results (eTables 16, 17, 
18, 19 and 20).

Risk of death by cause of death
Among 28,501 (2.7% with unknown cause) death, morality due to BC decreased from 88.7 to 42.3% during 
1997–2019, while deaths due to SPCs and CVD nearly tripled (Fig. 3). The risk of mortality from SPCs was 
higher than expected for 8 of 29 cancers (SMR, 1.07, [95% CI, 1.04 to 1.10], Table 2), with the highest SMRs for 
acute lymphocytic leukemia (ALL), followed by malignancies of bones/joints and soft tissue (2.55, 1.97 and 1.96, 
respectively).

The risk of dying from SPCs varied by age and race/ethnicity (Fig. 3 and eTable 21–22). Survivors diagnosed 
at age 20–39 years were at greater risk compared with their counterpart (SMR, 1.65 vs. 1.05), with the highest 
SMR for ovarian cancer among the former (4.76) and ALL for the latter (2.51). Black (1.19) and Asian (1.54) 
survivors posed a significant excess death risk due to SPC. The highest SMRs were observed for ALL among 

Fig. 2.  Standardized incidence ratio and relative ratio of developing subsequent primary cancer by age, race/
ethnicity, hormone receptor status and initial treatment among premenopausal breast cancer survivors. 
Abbreviations: HR, hormone receptor. Notes: Relative risk was demonstrated when stratified by initial 
treatment, comparing with survivors without initial treatments; Estimates are not shown for subpopulations of 
observed events less than 5; Asterisk represents that the SIR or RR was significantly different among subgroups, 
where “*” indicates a P < 0.05, “**” indicates a P < 0.01, and “***” indicates a P < 0.001. “#” indicates a different 
scale from the other panels is used.
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White (1.97), Black (7.77), and Hispanic (4.13) survivors, while esophageal cancer has the largest SMR among 
Asian survivors (3.05). In addition, Hispanic survivors exhibited substantial excess mortality risk associated with 
gastric cancer and liver cancer (SMRs, 3.63 and 2.09, respectively).

The mortality risk from SPCs is also associated with molecular characteristics and initial therapy (Fig. 3 and 
eTable 23–26). Survivors with HR-negative BC had an increased risk (SMR, 1.27), which was primarily related 
to ovarian cancer (2.98). Survivors initially treated with chemotherapy alone or combined with radiotherapy 
tended to have an elevated RR for mortality from other cancers (1.12 [95% CI, 1.02 to 1.23] and 1.21 [95% CI, 
1.12 to 1.31], respectively). Figure 3 and eTable 27–29 depict the risk stratified by latency and treatment era.

Death risks associated with other noncancer causes are displayed in Fig. 3; Table 2 and eTables 21, 22, 23, 24, 
25, 26, 27, 28 and 29. Significantly elevated SMRs were observed for Alzheimer’s disease among Black survivors 
(SMR, 1.67), diabetes (1.33) and chronic liver diseases (1.78) among Hispanic survivors, and pneumonia and 
influenza for Asian survivors (1.92). The increased risk was not observed for CVD in either the overall population 
or any subpopulations; however, Asian survivors had a higher risk for the disease of heart (1.20).

The AEM is demonstrated in eFigure 3 and eTable 21–29. The highest AEM was observed for ovarian 
cancer among the overall population (0.8), survivors diagnosed at age 20–39 years (2.1), White (0.6), Hispanic 
survivors (1.0), and those HR-negative BC (3.2). Also, pancreatic cancer contributed to a substantial mortality 
burden, with an AEM of 0.7 in the overall population. Specifically, a substantial AEM was observed for chronic 
liver disease (1.3) and disease of heart (1.5) in Hispanic and Asian survivors, respectively. Sensitivity analyses 
illustrated the robustness of our findings (eTable 30–34).

Fig. 3.  Cause of mortality by age, race/ethnicity, hormone receptor status and initial treatment among 
premenopausal breast cancer survivors. (a) Death due to subsequent primary cancers; (b) Death due to 
noncancer diseases; (c) Trends in percentage of death due to breast cancer, subsequent primary cancer and 
cardiovascular diseases. Abbreviations: NH-White, non-Hispanic White; NH-Black, non-Hispanic Black; 
NH-API, non-Hispanic Asian and Pacific Islander; HR, hormone receptor; LIHC, liver and intrahepatic bile 
duct cancer; ONS, other nervous system; HL, Hodgkin lymphoma; NHL, non-Hodgkin lymphoma; ALL, 
acute lymphocytic leukemia; ANLL, acute non-lymphocytic leukemia; CML, chronic myeloid leukemia; 
DM, diabetes mellitus; AD, Alzheimer’s disease; CVD, cardiovascular disease; CLD, chronic liver disease; 
COD, cause of death. Notes: Death due to miscellaneous cancer was not included in death cause of other 
cancers in panel (a). Standardized mortality ratio or relative risk in death due to breast cancer, miscellaneous 
cancer and non-melanoma skin cancer were not shown; Relative risk was demonstrated when stratified 
by initial treatment, comparing with survivors without initial treatments; Asterisk represents that the SIR 
was significantly different from zero; The gray cells indicate that the observed sample size is less than 5 and 
estimates are not shown due to confidentiality consideration. 
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Selected Events Observed Expectedb SMR (95% CI)c Mortalityd AEMe Survival, yearsf

SPCs

Total 4280 3998.1 1.07 (1.04 to 1.10) 25.2 (15.3 to 35) 1.7 (0.9 to 2.4) 8.9

Head and neck 67 70.0 0.96 (0.74 to 1.22) 0.4 (-0.8 to 1.6) 0.0 (-0.1 to 0.1) 8.7

Esophagus 67 55.3 1.21 (0.94 to 1.54) 0.4 (-0.8 to 1.6) 0.1 (0.0 to 0.2) 9.7

Stomach 105 76.0 1.38 (1.13 to 1.67) 0.6 (-0.9 to 2.2) 0.2 (0.1 to 0.3) 9.0

Small Intestine 15 11.2 1.34 (0.75 to 2.22) 0.1 (-0.5 to 0.7) 0.0 (0.0 to 0.1) 7.8

Colon and Rectum 311 389.2 0.80 (0.71 to 0.89) 1.8 (-0.8 to 4.5) -0.5 (-0.7 to -0.3) 9.1

Anus, Anal Canal and Anorectum 12 11.9 1.00 (0.52 to 1.75) 0.1 (-0.5 to 0.6) 0.0 (0.0 to 0.0) 11.1

Liver and Intrahepatic Bile Duct 165 150.3 1.10 (0.94 to 1.28) 1.0 (-1.0 to 2.9) 0.1 (-0.1 to 0.2) 10.0

Gallbladder and other biliary 33 41.0 0.80 (0.55 to 1.13) 0.2 (-0.7 to 1.1) 0.0 (-0.1 to 0.0) 8.9

Pancreas 463 349.9 1.32 (1.21 to 1.45) 2.7 (-0.5 to 6.0) 0.7 (0.4 to 0.9) 9.5

Lung and Bronchus 1332 1418.7 0.94 (0.89 to 0.99) 7.8 (2.3 to 13.3) -0.5 (-0.9 to -0.1) 8.9

Bones and Joints 16 8.2 1.96 (1.12 to 3.18) 0.1 (-0.5 to 0.7) 0.0 (0.0 to 0.1) 9.6

Soft Tissue including Heart 78 39.6 1.97 (1.56 to 2.46) 0.5 (-0.9 to 1.8) 0.2 (0.1 to 0.3) 9.1

Melanoma of the Skin 48 53.6 0.90 (0.66 to 1.19) 0.3 (-0.8 to 1.3) 0.0 (-0.1 to 0.0) 7.8

Cervix Uteri 38 78.9 0.48 (0.34 to 0.66) 0.2 (-0.7 to 1.1) -0.2 (-0.3 to -0.2) 7.3

Corpus and Uterus, NOS 287 197.9 1.45 (1.29 to 1.63) 1.7 (-0.9 to 4.2) 0.5 (0.3 to 0.7) 9.3

Ovary 432 299.0 1.44 (1.31 to 1.59) 2.5 (-0.6 to 5.7) 0.8 (0.5 to 1.0) 8.0

Vagina, vulva and other female genital organs 30 35.9 0.84 (0.56 to 1.19) 0.2 (-0.6 to 1.0) 0.0 (-0.1 to 0.0) 10.2

Urinary Bladder 42 55.2 0.76 (0.55 to 1.03) 0.2 (-0.7 to 1.2) -0.1 (-0.2 to 0.0) 9.1

Kidney and Renal Pelvis 71 85.2 0.83 (0.65 to 1.05) 0.4 (-0.8 to 1.7) -0.1 (-0.2 to 0.0) 9.0

Eye and Orbit 5 2.7 1.88 (0.61 to 4.38) 0.0 (-0.3 to 0.4) 0.0 (0.0 to 0.0) 10.0

Brain and Other Nervous System 140 139.1 1.01 (0.85 to 1.19) 0.8 (-1.0 to 2.6) 0.0 (-0.1 to 0.1) 8.9

Thyroid 14 17.4 0.81 (0.44 to 1.35) 0.1 (-0.5 to 0.6) 0.0 (-0.1 to 0.0) 11.1

Hodgkin Lymphoma . . . . . .

Non-Hodgkin Lymphoma 141 152.3 0.93 (0.78 to 1.09) 0.8 (-1.0 to 2.6) -0.1 (-0.2 to 0.1) 8.4

Myeloma 84 87.6 0.96 (0.77 to 1.19) 0.5 (-0.9 to 1.9) 0.0 (-0.1 to 0.1) 9.3

ALL 24 9.4 2.55 (1.63 to 3.79) 0.1 (-0.6 to 0.9) 0.1 (0.0 to 0.1) 8.8

ANLL 153 84.3 1.82 (1.54 to 2.13) 0.9 (-1.0 to 2.8) 0.4 (0.3 to 0.5) 8.4

CML 9 6.4 1.41 (0.64 to 2.68) 0.1 (-0.4 to 0.5) 0.0 (0.0 to 0.0) 8.0

Others 95 64.9 1.46 (1.18 to 1.79) 0.6 (-0.9 to 2.0) 0.2 (0.1 to 0.3) 9.3

Miscellaneous Malignant Cancer 636 326.6 1.95 (1.80 to 2.10) 3.7 (-0.1 to 7.5) 1.8 (1.5 to 2.1) 8.3

In situ, benign or unknown behavior neoplasm 109 81.6 1.34 (1.10 to 1.61) 0.6 (-0.9 to 2.2) 0.2 (0.0 to 0.3) 8.9

Septicemia 168 257.7 0.65 (0.56 to 0.76) 1.0 (-1.0 to 2.9) -0.5 (-0.7 to -0.4) 9.5

Other Infectious and Parasitic Diseases 145 169.5 0.86 (0.72 to 1.01) 0.9 (-1.0 to 2.7) -0.1 (-0.3 to 0.0) 8.1

Diabetes Mellitus 398 544.5 0.73 (0.66 to 0.81) 2.3 (-0.7 to 5.3) -0.9 (-1.1 to -0.6) 9.4

Alzheimer’s disease (ICD-9 and 10 only) 206 235.5 0.87 (0.76 to 1.00) 1.2 (-0.9 to 3.4) -0.2 (-0.3 to 0.0) 11.4

CVD 2838 3573.1 0.79 (0.77 to 0.82) 16.7 (8.7 to 24.7) -4.3 (-4.9 to -3.7) 9.4

Diseases of Heart 2093 2642.2 0.79 (0.76 to 0.83) 12.3 (5.4 to 19.2) -3.2 (-3.8 to -2.7) 9.4

Hypertension without Heart Disease 140 140.9 0.99 (0.84 to 1.17) 0.8 (-1.0 to 2.6) 0.0 (-0.1 to 0.1) 10.3

Cerebrovascular Diseases 517 669.1 0.77 (0.71 to 0.84) 3.0 (-0.4 to 6.5) -0.9 (-1.2 to -0.6) 9.4

Atherosclerosis 18 20.6 0.87 (0.52 to 1.38) 0.1 (-0.5 to 0.7) 0.0 (-0.1 to 0.0) 10.3

Aortic Aneurysm and Dissection 39 50.1 0.78 (0.55 to 1.06) 0.2 (-0.7 to 1.2) -0.1 (-0.1 to 0.0) 8.3

Other Diseases of Arteries, Arterioles, Capillaries 31 50.2 0.62 (0.42 to 0.88) 0.2 (-0.7 to 1.0) -0.1 (-0.2 to 0.0) 9.4

Pneumonia and Influenza 250 236.3 1.06 (0.93 to 1.20) 1.5 (-0.9 to 3.8) 0.1 (-0.1 to 0.3) 10.3

COPD and Allied Condition 700 1066.5 0.66 (0.61 to 0.71) 4.1 (0.1 to 8.1) -2.2 (-2.5 to -1.9) 9.6

CLD and Cirrhosis 273 280.1 0.97 (0.86 to 1.10) 1.6 (-0.9 to 4.1) 0.0 (-0.2 to 0.1) 9.5

Continued
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Discussion
Utilizing the population-based data in the US, we found that preBC survivors had a higher risk of developing 
or dying from SPCs, compared to the general population. The risk was more pronounced among survivors 
diagnosed at a younger age, Asian survivors, those with HR-negative BC, and those treated with chemotherapy. 
Excessive death risks associated with certain noncancer diseases were observed among non-White survivors. In 
addition, the percentage of mortality attributable to SPC and CVD has rapidly increased in the past few decades.

The increased risk associated with SPCs among BC survivors has been documented in prior studies27,32,33. 
Also, survivors of BC have been shown to have an elevated risk of co-morbidity, particularly CVD6–9,34,35. 
However, prior to our investigation, no research that systematically described the risk pattern of SPC and other 
non-cancer diseases in relation to preBC.

Chemotherapy was associated with an increased risk of developing SPCs, with radiotherapy further 
compounding this risk, primarily driven by subsequent ANLL. Convincing evidence has demonstrated a 
dose-dependent risk of subsequent leukemia associated with alkylating agents36, cyclophosphamide and/or 
anthracycline-based regimen37–39, and topoisomerase-II inhibitor-based chemotherapy39 among BC patients. 
The extraordinary excess risk of ANLL observed in our study, particularly among TNBC patients, may be 
attributable to dose-intensified chemotherapy regimens. Similar to prior observations of adjuvant therapy-
associated marrow neoplasms40, an even higher relative risk was observed for ANLL when radiotherapy and 
chemotherapy were combined. The poor prognosis for treatment-related leukemia underscores the urgent need 
for optimized chemotherapy combinations or dose reductions in preBC survivors. Consistent with other studies, 
excessive SPC risks were observed for melanoma32 and lung cancer41,42 among preBC survivors treated with 
radiotherapy alone. Elevated risks of developing subsequent esophageal and soft tissue cancers were observed 
when radiotherapy and chemotherapy combined. These SPCs often occurred near or within the radiotherapy 
field, emphasizing the need for heightened protection of adjacent organs during treatment.

Modified health factors could alter the treatment-associated excess SPC risk. A Connecticut study 
demonstrated that smoking increased the risk of subsequent lung cancer to radiotherapy among BC survivors43. 
Also, research BC survivors with a history of hypertension or diabetes or both face a fivefold to eightfold higher 
risk of developing angiosarcoma33. Due to the extensive use of chemotherapy and radiotherapy in all stages of 
BC, these modifiable health factors are of utmost importance for the SPC outcomes and long-term prognosis of 
preBC survivors.

The tumor spectrum with markedly elevated SPC risk varied across latency periods, with most risks 
diminishing over time. However, even 15 years postdiagnosis, the SPC risks of head/neck, lung, soft tissue, and 
ANLL remained substantially elevated. PreBC survivors should prioritize long-term follow-up and screening 
for these tumors. Specifically, preBC survivors should screen for these SPCs with high risk during follow-up, 
including performing low-dose computer tomograph for lung cancer and blood test for ANLL more frequently, 
especially for those with germline mutation.

Moreover, the pathogenetic germline mutation among BC survivors was identified to be associated with 
an increased SPC risk44. Generally, BC-associated pathogenetic mutations were more prevalent among young-
onset survivors, which is consistent with the greater excess risk of developing SPCs among them. In addition, 
a higher prevalence of BRCA mutations was observed among Hispanic ethnicity45,46 and HR-negative BC47, 
which contributed in part to the higher risk of subsequent ovarian cancer in our study, compared with other 

Selected Events Observed Expectedb SMR (95% CI)c Mortalityd AEMe Survival, yearsf

Nephritis, Nephrotic Syndrome and Nephrosis 180 265.2 0.68 (0.58 to 0.79) 1.1 (-1.0 to 3.1) -0.5 (-0.7 to -0.3) 10.1

Symptoms, Signs and Ill-Defined Conditions 139 120.8 1.15 (0.97 to 1.36) 0.8 (-1.0 to 2.6) 0.1 (0.0 to 0.2) 6.7

Accidents and Adverse Effects 406 491.3 0.83 (0.75 to 0.91) 2.4 (-0.6 to 5.4) -0.5 (-0.7 to -0.3) 9.1

Suicide and Self-Inflicted Injury 125 125.2 1.00 (0.83 to 1.19) 0.7 (-0.9 to 2.4) 0.0 (-0.1 to 0.1) 8.0

Other COD 1816 2129.9 0.85 (0.81 to 0.89) 10.7 (4.3 to 17.1) -1.8 (-2.3 to -1.4) 9.8

Table 2.  Cause of death by cause among preBC survivorsa diagnosed during 1992–2014 in 11 SEER 
registries. Abbreviation: PreBC, premenopausal breast cancer; SEER, Surveillance, Epidemiology, and End 
Results; SIR, standardized incidence ratio; CI, confidence interval; AEM, absolute excess mortality; SPC, 
subsequent primary cancer; NOS, not otherwise specified; ALL, acute lymphocytic leukemia; ANLL, acute 
non-lymphocytic leukemia; CML, chronic myeloid leukemia; CVD, cardiovascular disease; COPD, chronic 
obstructive pulmonary disease; CLD, chronic liver disease; COD, cause of death. Notes: a. PreBC survivors 
were defined as those who diagnosed as primary nonmetastatic invasive breast cancer at age 20–59 years and 
has a survival of five year or more. 15,832 deaths due to BC and 765 deaths due to unknown cause were not 
shown. b. Expected numbers were calculated with a comparable distribution of race, age and calendar year. c. 
SMR calculated as the observed-to-expected number of death cases, indicating the association between preBC 
and certain cause of death. d. Mortality per 10,000 person-year calculated as the observed number of death 
divided by person-years. e. AEM per 10,000 person-year estimated as the difference in observed and expected 
number of deaths divided by person-years, indicating the disease burden of death. f. Duration between 5-year 
post preBC diagnosed and the time of death. g. “.” indicates that the observed case was less than 5 and the 
analysis was not performed for confidentiality consideration.
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counterparts. Meanwhile, the health resource access may differ between ethnicity and racial groups, these 
structural causes might result in the racial disparities in cancer screening and diagnosis48.

Infection may be associated with certain types of SPC risk, which may owe to compromised immunity. 
For example, the higher prevalence in Helicobacter pylori infection among African Americans and Hispanic 
ethnicity49 might contribute to the increased risk of subsequent gastric cancer. Lower rates of hepatitis C virus 
treatment among Hispanic carriers could elevate the risk of subsequent liver cancer50. Besides, other lifestyle 
factors also contributed to the increased risks, such as alcohol consumption, smoking, physical activity, and 
mental health.

Our findings suggested an excess mortality risk due to noncancer disease among Black, Hispanic and Asian 
survivors, including heart disease, Alzheimer’s disease, diabetes, chronic liver diseases, and pneumonia and 
influenza. Although the cause for the disproportionate distribution of comorbidity death among different races/
ethnicities is unclear, it may be related to structural barriers in health equity51. Also, our result demonstrated a 
rapidly rising trend in the proportion of CVD death among preBC survivors, who were a vulnerable population 
for treatment-related CVD6–8,35. Additionally, comorbidity with diabetes indicated a worse survival34, while 
pneumonia and influenza may associate with a compromised immunity in survivors. To improve the prognosis 
for survivors of noncancerous diseases, additional efforts, including advanced therapies, heightened protection 
during treatment, and expanded surveillance, are required.

Divergent incident trends were found, with Asian and Hispanic women experiencing a more rapid increment. 
Besides, the incidence of TNBC increased dramatically among younger female and Hispanic women. These 
escalating tendencies warrant alarm. Asian survivors, survivors diagnosed at a younger age, and those with HR-
negative preBC were subjected to an excess risk of developing and dying from SPC, while Asian and Hispanic 
survivors also encounter an additional excess risk of dying from other non-cancer diseases. Increasing preBC 
incidence in these subpopulations may result in disease burden, necessitating close surveillance of SPCs and 
expanded medical resources. These disparities might be associated with the difference in cancer screening 
rate, healthcare access, and socioeconomic status48,52. For example, the neighborhood socioeconomics could 
influence the cancer survival among Black and Hispanic individuals52. These systemic barrier factors above, take 
together, could result in a relative low quality of healthcare among the minorities, beyond genetics.

Integration of risk estimate by age, race/ethnicity, HR status, and initial treatment, and the demonstration 
of risk profile over time will be crucial for developing of individualized policies for preBC survivors. Particular 
SPC prevention strategies that target preBC survivors include relevant cancer screenings, genetic testing 
and counseling on hereditary genetic predisposition, mitigating behavioral and lifestyle risk factors, and 
immunization. Not only oncologists but also primary care physicians should educate preBC survivors to avoid 
unhealthy lifestyle behaviors and cancer-related infection. Substantial SPC risk and cardiotoxicity challenges 
posed by treatment should be addressed.

Here, our study held significant potential to reshape post-cancer care strategies for preBC survivors. By 
identifying the elevated risks of SPCs and non-cancer mortality, our findings highlight the urgent need for 
targeted surveillance and public health policies. These strategies will guide healthcare resource allocation and 
improve long-term outcomes for preBC survivors. Personalized approaches, informed by genetic profiling, will 
enable the identification of high-risk individuals. Further research is warranted to analyze genetic, lifestyle, and 
environmental factors contributing to vulnerability in preBC survivors, ultimately aiding in the development of 
preventive strategies and improving survival.

Several limitations should be noted. First, the SEER database did not record the information on menopause 
status, so the precise definition of premenopausal onset BC cannot be determined for these survivors. We 
adopted the age of 60 years was chosen as the cutoff to assure conformity based on the NCCN guidelines28. 
Also, sensitivity analyses were performed for age cutoffs of 55 years according to the epidemiological evidence53. 
Second, we excluded survivors with distant stages due to their poor survival, although SPCs could still occur 
in this population. Sensitivity analyses were performed to address this. Third, we did not stratify the risk by 
chemotherapy and radiotherapy regimen. Forth, the underlying the causes of mortality were not analyzed 
because these data were not available in SEER database. This may underestimate the risk. Fifth, the unmeasured 
confounders, such as lifestyle variables including physical activity, diet quality, and sleep pattern, were not 
included in this study and might influence the long-term outcomes.

The preBC survivors in the US displayed an elevated risk of developing and dying from SPCs. The risk of 
mortality from noncancer disease was elevated among non-White survivors of multiple diseases. The portion of 
death attributable to SPC and CVD increased, while that attributable to BC decreased. The incidence of preBC 
is rising among those at risk for developing and dying from SPCs and other noncancer diseases identified in this 
study. Findings highlighted the imperative and long-term necessity of placing a high priority on the surveillance 
of SPCs and the allocation of medical resources for preBC survivors.

Data availability
The datasets generated and analyzed during the current study are available in the Surveillance, Epidemiology, 
and End Results (SEER) database, shown at: https://seer.cancer.gov/. The availability of data, code, and other 
materials underlying research publications offers greater transparency, better trust in the literature and bet-
ter reproducibility. Reuse of data offers enormous potential for corroboration of scientific findings and further 
discoveries. Making available the data underlying research publications supports the Journal’s educational and 
scholarly mission.
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