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W Check for updates

Anthracycline-based chemotherapy is associated with increased subsequent
breast cancer (SBC) risk in female childhood cancer survivors, but the current
evidenceisinsufficient to support early breast cancer screening recommenda-
tions for survivors treated with anthracyclines. In this study, we pooled individual
patient data of 17,903 survivors from six well-established studies, of whom

782 (4.4%) developed aSBC, and analyzed dose-dependent effects of individual
anthracycline agents on developing SBC and interactions with chest radio-
therapy. A dose-dependentincreased SBC risk was seen for doxorubicin (hazard
ratio (HR) per100 mg m%1.24,95% confidence interval (Cl):1.18-1.31), with more
thantwofold increased risk for survivors treated with >200 mg m 2 cumulative
doxorubicin dose versus no doxorubicin (HR: 2.50 for 200-299 mg m> HR:
2.33for300-399 mg m>and HR:2.78 for >400 mg m ). For daunorubicin, the
associations were not statistically significant. Epirubicin was associated with
increased SBCrisk (yes/no, HR: 3.25,95% Cl:1.59-6.63). For patients treated with
orwithout chestirradiation, HRs per 100 mg m 2 of doxorubicin were 1.11(95% CI:
1.02-1.21) and 1.26 (95% Cl:1.17-1.36), respectively. Our findings support that
earlyinitiation of SBC surveillance may be reasonable for survivors who received
>200 mg m cumulative doxorubicin dose and should be considered in SBC
surveillance guidelines for survivors and future treatment protocols.

Over the past six decades, survival rates for childhood cancer have  adverse effects of treatments such as subsequent neoplasms'™. Breast
improved markedlyinresource-rich countriesdue toimprovementsin  cancer is one of the most frequent subsequent malignant neoplasms
treatment and supportive care. Unfortunately, thelife expectancyand  amongfemale childhood cancer survivors®”. Based on strong evidence
quality of life of long-term survivors are compromised by long-term  regarding the effect of chest radiotherapy on subsequentbreast cancer
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21,892 Eligible female 5-year survivors:

9,671 Childhood Cancer Survivor Study (CCSS)

2,236 St. Jude Lifetime Cohort Study (SJLIFE)

2,237 Dutch Childhood Cancer Survivor Study LATER (DCCSS-LATER)
3,415 French Childhood Cancer Survivor Study (FCCSS)

265 Dutch Hodgkin Late Effects cohort

79 Swiss Childhood Cancer Survivor Study (SCCSS)

3,989 US National Wilms Tumor Study Group (NWTSG)

3,989 NWTSG excluded:

No chemotherapy dose information available
for the cohort

17,903 Included in current analyses*

Standardized incidence ratios and
excess absolute risks

Cumulative incidences

Multivariable cox proportional
hazards regression

79 SCCSS excluded:
case-cohort format

17,824 Included in analyses

17,903 Included in analyses

17,903 Included in analyses

Fig.1| Cohort composition diagram of eligible female 5-year childhood cancer survivors in each analysis. *The number of included survivors in each analysis may

vary due to missing values of analysis variables.

(SBC) risk, the International Guideline Harmonization Group (IGHG)
recommends initiation of annual breast cancer surveillance for female
survivors whoreceived =10 Gray (Gy) chest radiotherapy at age 25 years
or>8 yearsfromradiation®, which s earlier than the populationscreen-
ing programs for breast cancer that typically recommend initiation of
screening at age 40 years or 50 years’.

Over time, childhood cancer treatments have been modified
to include decreased radiation doses and volumes and increased
use of chemotherapy, especially anthracyclines'. Several previous
studies have shown that anthracycline exposure is associated with
increased SBC risk”, including several Childhood Cancer Survi-
vor Study (CCSS) reports”™'*", the St. Jude Lifetime Cohort Study
(SJLIFE)" and the Dutch Childhood Cancer Survivor Study LATER
(DCCSS-LATER)"™. These studies investigated the dose-dependent
associations between the sum of anthracycline agents dose and SBC
risk. Only a few studies evaluated the dose effects of doxorubicin,
anindividual anthracycline agent, on SBC risk'>'*'*. However, these
studies all used tertiles of cumulative doxorubicin dose, which are
derived from cumulative dose distributions that are study dependent.
Thereis currently no data on dose effects with regard to SBC risks for
otherindividual anthracycline agents (for example, daunorubicin).
Moreover, thereislittle information on the joint effects of anthracy-
clines and chest radiotherapy'. The current evidence is insufficient
to alter the SBC screening recommendations because there was
inconsistent evidence on dose thresholds for determining which
survivors are at moderate or high risk. Furthermore, there were no
data on possible differences in dose effects with regard to SBC risk
for the different individual anthracycline agents owing to the limited

number of survivors treated with these specific chemotherapy agents
inindividual cohort studies.

To address these knowledge gaps, detailed treatment data from
alarge number of individuals are required. Therefore, we pooled indi-
vidual patient data fromsix well-established childhood cancer survivor
studies in Europe and North America with the aim of estimating the
dose-dependenteffects of specific anthracycline agents on developing
SBCinfemale childhood cancer survivors, as well as interactions with
chest radiotherapy and age at primary cancer diagnosis.

Results

In total, our pooled cohort included 17,903 5-year survivors, with
datafromfive cohortstudies (CCSS:9,671women, SJLIFE: 2,236 women,
DCCSS-LATER: 2,237 women, French Childhood Cancer Survivor
Study (FCCSS): 3,415 women and Dutch Hodgkin Late Effects
cohort: 265 women), and one case-cohort study (Swiss Childhood
Cancer Survivor Study (SCCSS): 79 women) in Europe and North
America (Fig.1).

Among the eligible 17,903 5-year survivors, the median age at
primary childhood cancer diagnosis was 6.7 years (interquartile range
(IQR):2.8-13.0), withleukemia (25.5%), central nervous system tumor
(16.5%) and Hodgkin lymphoma (11.7%) as the most frequent child-
hood cancer types (Table 1 and Supplementary Tables 1 and 2), with
some variations by cohort (Supplementary Table 3). Of all survivors,
5,714 (31.9%) received anthracyclines without chest radiotherapy,
1,962 (11.0%) received chest radiotherapy without anthracyclines,
1,634 (9.1%) received both anthracyclines and chest radiotherapy,
7,096 (39.6%) received neither treatment and for 1,497 (8.4%), it was
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Table 1| Demographic and treatment characteristics of 17,903 female 5-year childhood cancer survivors (primary cancer
diagnosis year 1946-2012) overall and by subsequent breast cancer status

Characteristic Total Subsequent breast No subsequent breast
(n=17,903) cancer® (n=782) cancer (n=17,121)
No. (%) No. (%) No. (%)

Primary childhood cancer®

Leukemia 4,574 (25.5) 81(10.4) 4,493 (26.2)
Non-Hodgkin lymphoma 1,097 (6.1) 37(4.7) 1,060 (6.2)
Hodgkin lymphoma 2101(11.7) 405 (51.8) 1,696 (9.9)
Central nervous system tumor 2,946 (16.5) 14 (1.8) 2,932 (171)
Neuroblastoma 1,657 (9.3) 15(1.9) 1,642 (9.6)
Retinoblastoma 426 (2.4) 2(0.3) 424 (2.5)
Renal tumor 1,372 (7.7) 45 (5.8) 1,327 (7.8)
Bone tumor 1,459 (8.1) 106 (13.6) 1,353 (7.9)
Soft tissue tumor 1,405 (7.8) 55 (7.0) 1,350 (7.9)
Germ cell tumor 440 (2.5) 9(1.2) 431(2.5)
Other malignant epithelial 297 (1.7) 11(1.4) 286 (1.7)
Other® 129 (0.7) 2(0.2) 127(0.8)
Cumulative doxorubicin dose (mgm™)
0 11170 (62.4) 431(55.) 10,739 (62.7)
<100 912 (5) 16 (2.0) 896 (5.2)
100-199 1,795 (10.0) 69 (8.8) 1,726 (10.1)
200-299 1,026 (5.7) 67 (8.6) 959 (5.6)
300-399 1,012 (5.7) 64 (8.2) 948 (5.5)
>400 779 (4.4) 58 (7.4) 721(4.2)
Unknown¢ 1,209 (6.8) 77 (9.8) 1132 (6.6)
Cumulative daunorubicin dose (mgm™)
0 14,630 (81.7) 684 (87.5) 13,946 (81.5)
<100 623 (3.5) 7(0.9) 616 (3.6)
100-199 953 (5.3) 16 (2.0) 937(5.5)
2200 645 (3.6) 17(2.2) 628 (3.7)
Unknown® 1,052 (5.9) 58 (7.4) 994 (5.8)
Epirubicin
No 16,637 (92.9) 717 (91.7) 15,920 (93.0)
Yes 325(1.8) 9(1.2) 316 (1.8)
Unknown 941(5.3) 56 (7.2) 885 (5.2)
Idarubicin
No 16,843 (94.1) 725(92.7) 16,118 (94.1)
Yes 107 (0.6) 1(0.) 106 (0.6)
Unknown 953 (5.3) 56 (7.2) 897(5.2)
CED(mgm™)
0 7,951 (44.4) 301(38.5) 7,650 (44.7)
<6,000 3,069 (17.1) 94 (12.0) 2,975 (17.4)
6,000-17,999 3,899 (21.8) 192 (24.6) 3,707 (21.7)
218,000 1117 (6.2) 47 (6.0) 1,070 (6.2)
Unknown 1,867 (10.4) 148 (18.9) 1,719 (10.0)
Chest radiotherapy fields and doses®
No chest radiotherapy 13,004 (72.6) 250 (32.0) 12,754 (74.5)
High-dose mantle (=36 Gy; median: 40 Gy, IQR: 39-44Gy)" 698 (3.9) 238 (30.4) 460 (2.7)
Low-dose mantle (<36 Gy; median: 26 Gy, IQR: 21-30Gy)" 524 (2.9) 93 (11.9) 431(2.5)
Mediastinal (median: 26 Gy, IQR: 21-36 Gy)" 469 (2.6) 33(4.2) 436 (2.5)
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Table 1 (continued) | Demographic and treatment characteristics of 17,903 female 5-year childhood cancer survivors
(primary cancer diagnosis year 1946-2012) overall and by subsequent breast cancer status

Characteristic Total Subsequent breast No subsequent breast
(n=17,903) cancer® (n=782) cancer (n=17,121)
No. (%) No. (%) No. (%)
TBI (median: 12Gy, IQR: 11-13Gy)" 371(21) 22(2.8) 349 (2.0)
Whole lung (median: 16 Gy, IQR: 12-23 Gy)" 184 (1.0) 23(2.9) 161(0.9)
Other (median: 28 Gy, IQR: 21-36 Gy)" 1,316 (7.4) 63(8.1) 1,253 (7.3)
Unknown 1,337 (7.5) 60 (7.7) 1,277 (7.5)
Pelvic radiotherapy dose'
No pelvic radiotherapy 13,727 (76.7) 505 (64.6) 13,222 (77.2)
<10Gy 142(0.8) 6(0.8) 136 (0.8)
10-19Gy 594 (3.3) 24(3.) 570 (3.3)
20-29Gy 719 (4.0) 38(4.9) 681(4.0)
30-39Gy 767 (4.3) 82(10.5) 685 (4.0)
240Gy 713 (4.0) 72(9.2) 641(3.7)
Unknown 1,241(6.9) 55 (7.0) 1186 (6.9)
Age at diagnosis of primary cancer (years)
<5 7,376 (41.2) 66 (8.4) 7,310 (42.7)
5-9 3,788 (21.2) 65 (8.3) 3,723 (21.7)
10-14 3,930 (22.0) 273 (34.9) 3,657 (21.4)
15-21 2,809 (15.7) 378 (48.3) 2,431(14.2)
Treatment subgroups’
Anthracycline® and chest radiotherapy 1,634 (9.) 163 (20.8) 1,471(8.6)
Anthracycline and no chest radiotherapy 5,714 (31.9) 156 (19.9) 5,558 (32.5)
No anthracycline and chest radiotherapy 1,962 (11.0) 294 (37.6) 1,668 (9.7)
No anthracycline and no chest radiotherapy 7,096 (39.6) 83 (10.6) 7,013 (41.0)
Unknown 1,497 (8.4) 86 (11.0) 1,411 (8.2)

?Included both invasive and ductal carcinoma in situ breast cancer. "Because of the eligibility criteria of the cohort, the composition of primary cancer diagnosis groups in our pooled data may
differ from the composition in underlying populations of childhood cancer survivors. °Included the ICCC-3 classification groups ‘hepatic tumor’ (O case/61 survivors), ‘other and unspecified’

(1 case/38 survivors), and ‘unclassified’ (1 case/30 survivors). “The unknown category under the variable ‘doxorubicin dose’ included both survivor groups with any doxorubicin (yes/no)
unknown (56 cases/941 survivors) and with doxorubicin treatment but dose information unknown (21 cases/268 survivors). °The unknown category under the variable ‘daunorubicin dose’
included both survivor groups with any daunorubicin (yes/no) unknown (56 cases/953 survivors) and with daunorubicin treatment but dose information unknown (2 cases/99 survivors). ‘CED
calculation: CED (mgm™)=1.0 (cumulative cyclophosphamide dose (mgm))+0.244 (cumulative ifosfamide dose (mgm))+0.857 (cumulative procarbazine dose (mgm))+14.286 (cumulative
chlorambucil dose (mgm™))+15.0 (cumulative BCNU (carmustine) dose (mgm™))+16.0 (cumulative CCNU (lomustine) dose (mgm))+40 (cumulative melphalan dose (mgm™))+50
(cumulative Thio-TEPA (thiotepa) dose (mgm))+100 (cumulative nitrogen mustard dose (mgm™))+8.823 (cumulative busulfan dose (mgm™)). °Included radiotherapy fields exposing (parts
of) the chest. Radiation dose referred to the cumulative prescribed dose (including boost doses, if applicable), or slight variations, depending on definitions in the underlying cohorts®. Chest
radiotherapy was categorized as the combination of chest radiation fields with the associated maximum chest radiotherapy dose below or above the median. The variable was classified as
follows: high-dose mantle (median: 40 Gy, IQR: 39-44 Gy), low-dose mantle (median: 26 Gy, IQR: 21-30 Gy), mediastinal (median: 26 Gy, IQR: 21-36 Gy), TBI (median: 12Gy, IQR: 11-13Gy), whole
lung (median: 16 Gy, IQR: 12-23 Gy), other (median: 28 Gy, IQR: 21-36 Gy) and unknown. "Dose represents the maximum cumulative prescribed chest dose (including boost doses, if applicable)
of survivors classified in this group. This could include doses to chest field other than this category. 'Included radiotherapy fields exposing (parts of) the pelvis (including TBI). Radiation dose
referred to the cumulative prescribed dose (including boost doses, if applicable), or slight variations, depending on definitions in the underlying cohorts”. The unknown category under

the variable ‘pelvic radiotherapy dose’ included both survivor groups with any pelvic radiotherapy (yes/no) unknown (54 cases/1,212 survivors) and with pelvic radiotherapy treatment but

dose information unknown (1 case/29 survivors). Treatment subgroup variable set to unknown if either of the treatment categories was unknown. “Anthracyclines included doxorubicin,
daunorubicin, epirubicin and idarubicin.

unclear whether they received anthracycline treatment and/or chest
radiotherapy treatment.

Among survivors with a cumulative doxorubicin dose of
>200 mg m™, the most common childhood cancer types were bone
tumors, Hodgkin lymphoma and soft tissue sarcomas (Extended Data
Table1). The highest percentage of survivors who received acumulative
doxorubicin dose of 2200 mg m~2was observed in the Dutch Hodgkin
Late Effects cohort (20.8%), followed by the CCSS (16.9%) and the
FCCSS (16.0%). Although the percentage of survivors who received
any doxorubicin treatment was higher in the diagnosis period 21990
(39.3%) compared to the diagnosis periods 1980-1989 (33.0%) and
<1980 (20.2%), the percentage of survivors who received >200 mg m™
cumulative doxorubicin dose was fairly similar across diagnosis period
>1990 (14.3%), diagnosis period 1980-1989 (18.6%) and diagnosis

period <1980 (14.2%). The median follow-up time after primary cancer
diagnosiswas 24.9 years (IQR:19.1-33.2). In total, 782 survivors devel-
oped the first SBC at a median age of 39.7 years (IQR: 34.3-44.9), includ-
ing 616 invasive breast cancer and 166 ductal carcinoma in situ (DCIS)
cases. The median attained age at the end of follow-up was 33.7 years
(IQR: 25.9-41.6) and 29.6% of survivors attained an age of 40 years
or more.

Comparison with the general population

InExtended Data Table 2, breast cancer risk by doxorubicin and chest
radiotherapy treatment is provided. Compared with the general female
population, the risk of invasive breast cancer was most elevated in
the survivor group that received a cumulative doxorubicin dose
>200 mg m~2and chest radiotherapy (standardized incidence ratio
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(SIR):17.5,95% confidence interval (CI):13.3-22.6; median attained age,
36.1years), followed by the cumulative doxorubicin dose <200 mg m™
and chest radiotherapy group (SIR: 13.9, 95%: CI: 9.7-19.2; median
attained age, 33.8 years), then by the chest radiotherapy-only with no
doxorubicin group (SIR: 10.7, 95%: C1 9.4-12.1; median attained age,
38.4 years), then by the cumulative doxorubicin dose >200 mg m~2with
no chestradiotherapy group (SIR:5.6,95% Cl: 4.5-6.9; median attained
age, 36.5 years), then by the cumulative doxorubicin dose <200 mg m™
with no chest radiotherapy group (SIR: 3.2, 95% CI: 1.9-5.1; median
attained age, 28.9 years) and finally by the group receiving neither
doxorubicin nor chest radiotherapy (SIR: 1.7, 95% CI: 1.4-2.1; median
attained age, 32.8 years). The highest excess absolute risk (EAR) was
observed in the cumulative doxorubicin dose 2200 mg m~and chest
radiotherapy group with 5.0 excess cases per 1,000 person-years.

Risk factors for SBC
Inmultivariable Cox regression analyses, cumulative doxorubicin dose
was associated with anincreased risk of SBC, with a hazard ratio (HR) of
1.76 (95% CI: 0.88-3.51) for <100 mg m~2, HR 0of 1.77 (95% Cl: 1.30-2.42)
for100-199 mg m2, HR 0f2.50 (95% CI:1.85-3.40) for 200-299 mg m~?,
HR 0f2.33(95% Cl:1.68-3.23) for 300-399 mg m2and HR 0f 2.78 (95%
Cl:1.99-3.88) for 2400 mg m~cumulative doxorubicin dose category
compared to the no doxorubicin treatment (Table 2 Model I; survi-
vor characteristics by cumulative doxorubicin dose categories are
shownin Extended Data Table 1). Compared to those not treated with
daunorubicin, HRs were close to one for those with cumulative doses of
daunorubicin<200 mg m2(HR:0.98,95% Cl: 0.46-2.09 for <100 mg m™
and HR: 0.98, 95% Cl: 0.55-1.75 for 100-199 mg m™), and the highest
cumulative dose group, 2200 mg m?, conferred a nonstatistically sig-
nificant association (HR:1.22, 95% Cl: 0.69-2.17). When the continu-
ous cumulative doxorubicin and daunorubicin dose information was
includedinthe model, therisk of developing SBC in survivors treated
with doxorubicin increased 1.24-fold (HR per 100 mg m21.24,95% CI:
1.18-1.31) for every 100 mg m2increase in cumulative doxorubicin dose
after adjustments (Table 2, model II). Cumulative daunorubicin dose
and risk of SBC were not statistically significant (HR per 100 mg m™
1.10, 95% CI: 0.95-1.29). Epirubicin treatment was associated with an
increased SBCrisk (yes versus no, HR: 3.25,95% CI: 1.59-6.63).
Additionally, all chest radiotherapy field and dose categories
were significantly associated with increased SBC risk, with the high-
est HRs for those treated with high-dose mantle field (HR: 8.99, 95%
Cl: 7.00-11.53), followed by whole lung irradiation (HR: 7.58, 95% CI:
4.68-12.27),and total body irradiation (TBI; HR: 7.05, 95% Cl: 4.11-12.10;
Table 2, model I). Survivors with a primary cancer diagnosis at ages
10-14 or 15-21 years had an elevated risk of SBC with HRs 0f 2.03 (95%
Cl:1.48-2.79) for10-14 years and 1.83 (95% Cl:1.31-2.55) for 15-21 years
compared with the survivors who were diagnosed at ages 0-4. We did
not observe significant effects of pelvic radiotherapy or alkylating
agents (cyclophosphamide equivalent dose (CED)) on SBCrisk. HR per
100 mg m~2of cumulative doxorubicin dose was 1.11 (95% Cl:1.02-1.21)
for survivors who received chest radiotherapy and 1.26 (95% Cl: 1.17-
1.36) for survivors who did not receive chest radiotherapy (Table 3).
Joint effects of continuous cumulative doxorubicin dose and chest
radiation (yes versus no) were submultiplicative (HR ipiicative interaction:
0.86,95% Cl:0.78-0.96, P ipiicative interaction = 0-006) and compatible with
additive effects (P,ugiciveinteraction = 0-99; Extended Data Table 3). The effect
of cumulative doxorubicin dose on SBCrisk was significantly less strong
among those with high-dose mantle field (HR ,ipiicative interaction: 0-84, 95%
ClI: 0.71-0.98, P yiiplicative interaction = 0-03) and mediastinal field irradia-
tion (HRmuItipIicativeinteraction: 065' 95% CI 0457096v Pmultiplicative interaction =
0.03), compared to those treated without chest radiotherapy. On an
additive scale, the joint effects of cumulative doxorubicin dose and
chestradiotherapy fields were equal to the sum of these two individual
effects (all P,ygirive interaction > 0-05). Joint effects of daunorubicin and
chest radiation were onamultiplicative scale (P uipiicative interaction = 0-10)

and significantly less thanadditive (no. of additional cases per 10,000
person-years: —9.67, P,qqicive interaction = 0-002).

Age at childhood cancer diagnosis did not significantly modify the
effects of cumulative doxorubicin and daunorubicin dose on SBC risk
ona mUItipIicative scale (Pmultiplicativeinteraction =0.09and Pmultiplicativeinteraction =
0.30, respectively). However, on an additive scale, the joint effects of
cumulative doxorubicin dose and age at childhood cancer diagnosis
(5-9;10-14;15-21 versus 0-4 years) were all significantly greater than
the sumof theindividual effects (all P,ggiciveinteraction < 0-03). Such an effect
was not found for cumulative daunorubicin dose.

To rule out potential effects of other treatments that have been
associated with SBC, such as chest radiotherapy and alkylating agents,
we performed separate analyses in survivors who received neither
chest radiotherapy nor alkylating agents; the effects of high cumulative
doxorubicin dose on SBC risk remained statistically significant, with
HR 0f2.67 (95% C1:1.08-6.59) for 300-399 mg m2and HR 0f 3.58 (95%
Cl:1.66-7.71) for 2400 mg m2 cumulative doxorubicin dose category
(Table 4).

Cumulative incidences

For survivors who did notreceive chest radiotherapy, cumulative inci-
dences at the age of 40 years were 0.8% for no doxorubicin treatment
group, 1.9% for <200 mg m cumulative doxorubicin dose group and
3.4% for 2200 mg m2 cumulative doxorubicin dose group; for survivors
whoreceived chest radiotherapy, corresponding cumulativeincidences
atage40 for the three cumulative dose groups were 7.9% for no doxoru-
bicin treatment group, 10.1% for <200 mg m~2 cumulative doxorubicin
dose group and 8.1% for 2200 mg m™ cumulative doxorubicin dose
group (Fig.2a), with some variation by chest radiation field (Fig. 2b-e).
InExtended Data Table 4, multivariable Cox regression results for these
cumulative doxorubicin dose categories are presented.

Sensitivity analyses

Sensitivity analyses including (a) only invasive breast cancer as an out-
come, (b) censoring at the time of first non-SBC subsequent malignant
tumor, (c) excluding females treated before 1970, (d) excluding patients
with Hodgkin lymphoma (allin Extended Data Table 5) and (e) exclud-
ingeach cohort on aone-by-one basis (Supplementary Table 4) yielded
similar results. The results of the models conducted ineach cohortare
shownin Supplementary Table 5.

Discussion
Previous studies based on single cohorts reported that anthracycline
exposure may increase the risk of SBC, but had relatively smaller
samplesizes and case numbers”' ™, We are able to estimate precise dose
thresholds for doxorubicin and identify the effects of other types of
anthracyclinesonSBCriskina pooled cohort analysis of large numbers
of childhood cancer survivors. These pooled analyses demonstrate a
relationship between increasing cumulative doxorubicin dose and
SBCrrisk, as well as an association between epirubicin exposure (yes
versus no) and anincreased SBC risk. We observed that treatment with
doxorubicin increases SBC risk both in survivors who received chest
radiotherapy andinsurvivors treated without chest radiotherapy. Fur-
thermore, thejoint effects between doxorubicin and chest radiotherapy
appeartobeadditive. Inaddition, our results did not show a statistically
significant association between daunorubicinandincreased SBCrisk.
The mechanisms underpinning anthracycline-related SBC risk
have not been elucidated. Known mutagenic properties of anthracy-
cline agents that might contribute to SBC risk include topoisomerase
Ilinhibition, DNA intercalation, oxidative stress and chromatin dam-
age”. Inregard to our identification of differential risk between dif-
ferent anthracycline agents, potential differences in the mechanisms
of developing subsequent neoplasms are unclear. Animal studies
indicate that both doxorubicin and daunorubicin can induce mam-
mary tumors'®'’, The antineoplastic properties of doxorubicin and
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Table 2 | Multivariable Cox proportional hazard regression analyses for subsequent breast cancer in female 5-year
childhood cancer survivors (primary cancer diagnosis year 1946-2012)

Characteristic Total(n) % No. of % Model I? ModellI®
SBC(n)* HR 95% CI HR 95% Cl

Cumulative doxorubicin dose (mgm™)

0 1,170 62.4 431 551 1.0 Ref.

<100 912 51 16 2.0 176 0.88-3.51

100-199 1,795 10.0 69 8.8 1.77 1.30-2.42

200-299 1,026 57 67 8.6 2.50 1.85-3.40 -

300-399 1,012 57 64 8.2 2.33 1.68-3.23

2400 779 4.4 58 74 278 1.99-3.88

Unknown 1,209 6.8 77 9.8 - -

Continuous variable: cumulative doxorubicin dose (per 100mgm™) - - - - - - 124 118-1.31

Cumulative daunorubicin dose (mgm™)

0 14,630 817 684 875 1.0 Ref.

<100 623 35 7 0.9 0.98 0.46-2.09

100-199 953 53 16 20 0.98 0.55-1.75 -

2200 645 3.6 17 2.2 1.22 0.69-2.17

Unknown 1,052 5.9 58 74 - -

Continuous variable: cumulative daunorubicin dose (per 100 mgm) - - - - - - 110 0.95-1.29

Epirubicin

No 16,637 929 n7 91.7 1.0 Ref. 1.0 Ref.

Yes 325 1.8 9 1.2 3.40 1.66-6.98 3.25 1.59-6.63

Unknown 941 5.3 56 72 - - - -

Chest radiotherapy field and dose

No chest radiotherapy 13,004 726 250 32.0 1.0 Ref. 1.0 Ref.

High-dose mantle (36 Gy; median: 40 Gy, IQR: 39-44Gy) 698 3.9 238 304 8.99 7.00-11.53 912 7.09-11.75

Low-dose mantle (<36 Gy; median: 26 Gy, IQR: 21-30 Gy) 524 2.9 93 1.9 472 3.48-6.41 5.23 3.86-7.09

Mediastinal (median: 26 Gy, IQR: 21-36 Gy) 469 26 33 4.2 1.65 1.02-2.67 17 1.06-2.78

TBI (median: 12Gy, IQR: 11-13Gy) 37 21 22 2.8 7.05 411-1210 718 418-12.33

Whole lung (median: 16 Gy, IQR: 12-23 Gy) 184 1.0 23 2.9 7.58 4.68-12.27 8.00 4.94-12.95

Other (median: 28 Gy, IQR: 21-36 Gy) 1,316 74 63 81 261 1.87-3.64 2.68 1.91-3.75

Unknown 1,337 75 60 77 - - - -

Pelvic radiotherapy >5Gy

No 13,751 76.8 505 64.6 1.0 Ref. 1.0 Ref.

Yes 2,91 16.3 222 28.4 0.95 0.78-117 0.94 0.77-116

Unknown 1,241 6.9 55 70 - - - -

Age at primary childhood cancer diagnosis (year)

<5 7,376 4.2 66 8.4 1.0 Ref. 1.0 Ref.

5-9 3,788 21.2 65 8.3 113 0.76-1.69 112 0.75-1.67

10-14 3,930 220 273 34.9 2.03 1.48-2.79 2.04 1.49-2.81

15-21 2,809 15.7 378 48.3 1.83 1.31-2.55 1.84 1.32-2.57

CED? (mgm™)

None 7,951 44.4 301 38.5 1.0 Ref. 1.0 Ref.

<6,000 3,069 171 94 12.0 0.87 0.67-114 0.95 0.73-1.25

6,000-17,999 3,899 21.8 192 24.6 1.02 0.82-1.27 1.07 0.86-1.32

218,000 m7 6.2 47 6.0 1.20 0.83-1.74 1.23 0.85-1.77

Unknown 1,867 10.4 148 18.9 - - - -

*Model | included categorical variables of cumulative doxorubicin and daunorubicin dose by steps of 100mgm™. "Model Il included continuous variables of cumulative doxorubicin and
daunorubicin dose per 100mgm™. °One survivor had SBC before 5years after primary cancer. °CED calculation: CED (mgm™)=1.0 (cumulative cyclophosphamide dose (mgm))+0.244
(cumulative ifosfamide dose (mgm™))+0.857 (cumulative procarbazine dose (mgm2))+14.286 (cumulative chlorambucil dose (mgm™))+15.0 (cumulative BCNU (carmustine) dose (mgm™))+
16.0 (cumulative CCNU (lomustine) dose (mgm™))+40 (cumulative melphalan dose (mgm))+50 (cumulative Thio-TEPA (thiotepa) dose (mgm™))+100 (cumulative nitrogen mustard dose

(mgm))+8.823 (cumulative busulfan dose (mgm)).
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Table 3 | Multivariable Cox proportional hazard regression
analyses for subsequent breast cancer by chest
radiotherapy status among female 5-year childhood cancer
survivors (primary cancer diagnosis year 1946-2012)

Models without interaction

Characteristic With chest Without chest
radiotherapy® radiotherapy®
HR 95% CI HR 95% Cl

Continuous variable: m 1.02-1.21 1.26 117-1.36

cumulative doxorubicin

dose (per 100mgm™)

Continuous variable: 0.95 0.74-1.21 112 0.93-1.36

cumulative daunorubicin

dose (per 100mgm)

Epirubicin

No 1.0 Ref. 1.0 Ref.

Yes 228 100-521 213 0.49-9.17

Models with a multiplicative interaction

Interaction: Interaction:
cumulative cumulative
doxorubicin daunorubicin

_ dosexchest dosexchest
radiotherapy radiotherapy
status (yes/no) status (yes/no)
HR 95% ClI HR 95% Cl

Continuous variable: 1.28 1.21-1.37 1.21 115-1.28

Cumulative doxorubicin

dose (per 100mgm™)

Continuous variable: 1.04 0.89-1.23 115 0.96-1.37

cumulative daunorubicin

dose (per 100mgm™)

Epirubicin

No 1.0 Ref. 1.0 Ref.

Yes 2.54 1.22-5.30 2.47 1.17-5.23

Interaction: cumulative doxorubicin  0.86  0.78-0.96 - -

dose (per 100mgm2)xchest

radiotherapy status (yes/no)

Interaction: cumulative - - 0.77 0.57-1.05

daunorubicin dose (per
100mgm)xchest radiotherapy
status (yes/no)

“Models were further adjusted for pelvic radiotherapy >5 Gy (yes/no), age at primary
childhood cancer diagnosis (categorical variable), and cyclophosphamide equivalent dose
(categorical variable).

daunorubicin have both been assumed to result from DNA damage
and chromatin damage”, and based on limited studies, the anticancer
efficacies are thought to be similar’**. Evidence from murine models
and human cells suggests that chemically separating those activities
by reducing the DNA damage effect while retaining chromatin damage
could detoxify the anthracycline variants while maintaining antican-
cer efficacy”. A possible factor that might underlie the differences
in dose effects observed between doxorubicin and daunorubicin is
the lower number of individuals and SBC cases among those exposed
to daunorubicin, which might have limited power to detect a sub-
stantial dose-response relationship. For epirubicin (nine SBC cases
exposed), we identified an association with SBC increased risk, but for
idarubicin (one SBC case exposed), the number of cases was too low.
Future experimental and animal studies that elucidate mechanisms
underlying breast carcinogenicity among the various anthracycline
agents are warranted.

Childhood cancer treatments often feature multimodality regi-
mens?’, which challenge the elucidation of joint and independent

Table 4 | Multivariable Cox proportional hazard regression
analyses for subsequent breast cancer in female 5-year
childhood cancer survivors whose treatment history

did not include chest radiotherapy nor alkylating agent
chemotherapy (primary cancer diagnosis year 1946-2012)*

Total(n) % No. of % HR® 95% Cl
SBC (n)

Cumulative doxorubicin dose (mgm™)
0 5,880 90.5 61 7.8 1.0 Ref.
<300° 305 47 7 8.2 2.35 0.96-5.71
300-399 131 2.0 5 5.9 2.67 1.08-6.59
2400 136 21 8 9.4 3.58 1.66-7.71
Unknown 47 07 4 47 - -
Daunorubicin
No 6,020 926 81 9518 1.0 Ref.
Yes 479 74 4 47 1.43 0.48-4.24
Epirubicin
No 6,362 979 84 98.8 1.0 Ref.
Yes 137 21 1 1.2 3.46 0.41-2910

°In total, 6,499 female 5-year survivors did not receive chest radiotherapy nor alkylating
agent chemotherapy, among whom 85 developed SBC during follow-up. ®"Models were
further adjusted for pelvic radiotherapy 25 Gy (yes/no) and age at primary childhood cancer
diagnosis (categorical variable). “The cumulative doxorubicin dose (mgm™) categories <100
(0 case/46 survivors), 100-199 (1 case/129 survivors) and 200-299 (6 cases/130 survivors)
were collapsed due to low numbers of SBC cases.

effects of different treatments. Our study provides evidence of the joint
effects of chest radiotherapy and individual anthracycline agents. Our
findingsindicate that the joint effects of doxorubicinand chest radia-
tionare submultiplicative and compatible with additive effects, which
implies that the combined effects of doxorubicin and chest radiation
are not equal to the product of their individual effects, but to the sum
oftheirindividual effects. A previous CCSS case-control study showed
that the joint effects of radiotherapy dose to the breast and anthracy-
cline exposure (yes/no) were more than additive'. However, they did
notinvestigate theinteractionbetweenindividual anthracycline agents
and chest radiotherapy, and further comparison between the studies
is difficult because the CCSS study used a case-control design with
estimated radiation dose to breast cancer location.

We did not observe a statistically significant reduction of SBC
riskamong survivors with radiotherapy delivered to the pelvic region
(=5 Gy versus no pelvic radiotherapy or <5 Gy, as an indicator of
ovarian dose) in our entire cohort (Table 2), which aligns with a
SJLIFE study (pelvicradiotherapy yes versus no) that was alsoincluded
in our pooled cohort®”. However, when we restricted our analyses to
survivorswhoreceived chest radiotherapy (Extended Data Table 6), we
foundadecreased SBCrisk for pelvic radiotherapy, consistent with pre-
vious reports that showed reduced SBC risk associated with absorbed
ovarianradiation dose >5 Gy insurvivors treated with chest radiation,
likely due to suppression of hormonal stimulation of breast tissue'®.

Some limitations should be takeninto account wheninterpreting
our study findings. For SIR/EAR and cumulative incidence analyses, one
should be cautious withinterpreting differences between categories,
as there might be differences in the duration of follow-up and pelvic
radiotherapy exposure between the categories. As we did not have
complete data on treatments for subsequent malignant tumors before
SBC (66 survivors had subsequent malignant tumors before SBC diag-
nosis), we were not able to explore the effects of those treatments on
SBC risk. However, our sensitivity analyses censoring at the time of
the first subsequent malignant tumor (Extended Data Table 5b) were
consistent with the results in our main analyses. Our results ofal.7-time
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Fig.2| Cumulative incidence of subsequent breast cancer in female 5-year
childhood cancer survivors by cumulative doxorubicin dose, stratified

by chest radiotherapy status (primary cancer diagnosis year 1946-2012).
Stratification by a, chest radiotherapy status; b, Mantle field; ¢, Mediastinal
field; d, TBI/whole lung field; e, Other chest field. The SCCSS was excluded from

Attained age (year)

cumulative incidence analyses due to the case-cohort design. The cumulative
incidence figures represent univariable comparisons. Multivariable Cox
regression results for the cumulative doxorubicin dose categories presented in
this figure are shown in Extended Data Table 4. No., number; RT, radiotherapy.

increased risk of SBC compared to the general female population for
survivors who received neither chest radiotherapy nor doxorubicin
(Extended Data Table 2) suggest that other factors, such as genetic
predisposition, may also have arole. As we had incomplete informa-
tion on genetic cancer predispositions in our study, we were not able
to evaluate genetic effects and possible gene-treatment interactions.
The SJLIFE study, however, demonstrated that anthracycline effects are

independent of cancer predisposition gene mutations'. Future studies
with germline genetic sequencing data may help to further elucidate
the interplay of genetic modifiers and individual chemotherapeutic
agent exposure on SBC risk. Furthermore, we did not have informa-
tion on some other SBC risk factors, such as unhealthy lifestyle (for
example, low-level physical activity, obesity and excessive alcohol
use) and reproductive history, which could potentially lead to some

Nature Medicine | Volume 29 | September 2023 | 2268-2277

2275


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-023-02514-1

degree of confounding bias. Our analyses did not identify associations
between gonadotoxic therapies (pelvic radiotherapy and alkylating
agents as proxies for reproductive history) and SBC risk, making it
unlikely that reproductive factors are strong confounders. Also, most
lifestyle factors are not very likely to be associated with anthracycline
exposure. This has also been described in a previous study showing
thatanthracyclines were not associated with being insufficiently active
or having high-risk health behaviors®. Therefore, we assume that the
risk of confounding caused by lifestyle factors is very low. However, it
isimportant to evaluate thisin future studies.

Accordingto the currentIGHG breast cancer screening guideline,
survivorswith arelative risk more than two times higher than survivors
not exposed to a specific treatment are considered to be at moderate
or highrisk for SBC. Recommendations for SBC screeningin survivors
arebased ontheserisk levels®. The current IGHG guideline was not able
to formulate SBC screening recommendations for survivors treated
with anthracyclines because there wasinconsistent evidence on dose
thresholds for classifying survivors asmoderate or highrisk and no data
on possible dose-effect differencesinrisks for the differentindividual
anthracycline agents. In our study, we observed a more than two times
higher risk of SBC for survivors treated with 2200 mg m cumulative
doxorubicin dose compared to the no doxorubicin treatment. Given
that trends in childhood cancer treatments include reduced use of
chest radiation therapy doses and increased exposure to anthracy-
clines since the 1970s’, our findings support that early initiation of
breast cancer surveillance may be reasonable for childhood cancer
survivors who have received =200 mg m™ cumulative doxorubicin
dose. We believe that these findings should be implemented in an
update of the SBC surveillance guideline for survivors. Our study also
provided insufficient information on the dose-response relation of
epirubicin on SBC risk to advise on screening recommendations for
thisanthracycline agent.

In conclusion, doxorubicin is associated with a dose-dependent
increase of SBC, both in women treated with and without chest radio-
therapy. Epirubicin is also associated with an increased SBC risk. Our
findings supportthatit maybereasonabletoinitiate early breast cancer
screening in female childhood cancer survivors who have received
>200 mg m~ cumulative doxorubicin dose. We believe that the results
of our study should be considered in updates of the SBC surveillance
guidelines for survivors and caninform future treatment protocols for
newly diagnosed childhood cancer patients.

Online content
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Methods

Study population

We pooled data from five cohort studies (CCSS (9,671 women diag-
nosedin period1970-1999), SJLIFE (2,236 women diagnosed in period
1962-2012), DCCSS-LATER (2,237 women diagnosed in period 1963—
2001), FCCSS (3,415 women diagnosed in period 1943-2000) and
Dutch Hodgkin Late Effects cohort (265 women diagnosed in period
1965-1995)) and one case-cohort study (SCCSS, 79 women diagnosed
inperiod1976-2007) in Europe and North America with available data
on radiotherapy cumulative dose and fields and cumulative dose for
chemotherapy (Fig. 1). Details of the study design and methodology
have been previously described”. Briefly, eligibility criteria included
aprimary cancer diagnosis at <21 years of age, survival >5 years from
primary cancer diagnosis, follow-up data on the presence and type of
subsequent primary neoplasms.

Ethics approval

The contributing cohort study teams obtained institutional review
board and/or Ethics Committee approval or exemptionin their respec-
tive contributing institute (CCSS: The St. Jude Children’s Research
Hospital Institutional Review Board (ref. 021289), SJLIFE: The St. Jude
Children’s Research Hospital Institutional Review Board (ref. 021898);
DCCSS-LATER: Medical Ethical Committee Academic Medical Center,
Amsterdam (ref. MEC 08/2014); FCCSS: ethics committee of the INSERM
(ref. 12-077); Dutch Hodgkin Late Effects cohort: the NKI-AVL Institu-
tional Review Board (ref. IRBd20-155); SCCSS: the cantonal ethics com-
mittee Bern (ref. KEK BE166/2014 and KEK BE183/11)). The pooling effort
is exempt from review in compliance with Dutch law and regulations
for health research involving human beings. Data sharing agreements
betweenthe Princess Maxima Center for Pediatric Oncology and all data
providers are in place. Written consent was obtained from all patients
ofthe CCSS and the SJLIFE. Specificinformed consent for retrospective
data collections for selected groups of patients for the DCCSS-LATER,
the Dutch Hodgkin Late Effects cohort, the FCCSS and the SCCSS cohorts
was waived in accordance with the country’s legislation.

Ascertainment of treatment information and SBC diagnosis
For each patient in the individual cohorts, diagnostic information of
the childhood cancer and treatment details of primary cancer and
recurrences were ascertained by medical record abstraction”. CED was
calculated and used as the cumulative exposure of alkylating agents®.
Radiotherapy fields involving the chest, collectively referred to as
‘chest radiotherapy’ included whole lung, TBI, mantle, mediastinal
and other chest-exposing fields (for example, axillaand spine). Pelvic
radiotherapy included any field involving the pelvis, including TBI.

Methods for ascertainment and validation of SBC differed among
theincluded cohorts. The study teams applied various combinations
of cancer registry linkage, self-reported survey data with medical
record validation for survivors who reported SBC and/or information
extracted from pathology reports or medical records (Supplementary
Table 6). Details regarding cohort-specific methodology for defini-
tions of treatment exposures and subsequent tumor ascertainment
were reported previously®. Vital status was ascertained by linkages to
national death registries and/or by medical records.

Statistical analysis

Childhood cancer survivors were considered at risk for developing
SBCfrom 5 years after aprimary cancer diagnosis until the date of the
first SBC, death or the date of the last follow-up observation, whichever
occurred first.

The incidence of SBC in the pooled cohort was compared
with the general female population using country-specific inci-
dence rates of the Cancer Incidence in Five Continents database (CIS5,
https://ci5.iarc.fr/), a database from the International Agency for
Research on Cancer containing information from cancer registries

worldwide”. Because no French nationwide incidence data were avail-
ablefromthe CI5, we used data from the French cancer registry network
Francim for the incidence rate of breast cancer in France”*°, SIRs were
calculated as the ratio of the observed number of SBC to the expected
number of female breast cancers. Expected numbers were estimated
by accumulating cohort-specific person-years at risk by country, age
(5-year bands), and calendar year (1-year bands)-specific strata and
multiplying by the corresponding female breast cancer incidence
ratesinthe general population. EARs were calculated as the differences
between observed and expected numbers of female breast cancer per
1,000 person-years at risk. Because population-based breast cancer
incidence rates only include invasive tumors, we considered the first
invasive breast cancer as an event for these analyses. Cumulative inci-
dences of SBC overall and by treatment subgroups were calculated,
treating death as acompeting risk.

Multivariable Cox proportional hazards regression analyses,
stratified by cohort, were used to compute HRs and 95% Cls of SBC,
either invasive breast cancer or DCIS, according to treatment expo-
sure categories using a one-stage approach and stratifying the analy-
ses by cohort. Attained age was used as the time scale™. Weights were
applied to account for the case-cohort data from the SCCSS and for
the under-sampling of acute lymphoblastic leukemia cases in the CCSS
data. The proportional hazards assumption was checked with scaled
Schoenfeld residuals in Cox models; it was not violated. The base mul-
tivariable modelincluded specific anthracycline agents, age at primary
cancer diagnosis, the combination of the chest radiation field and its
associated maximum dose, pelvic radiation dose >5 Gy and alkylat-
ing agent CED exposure, all of which have been shown or suggested
to be associated with breast cancer risk in previous studies®"'****3, We
modeled cumulative doxorubicin dose and daunorubicin dose (cate-
gories by steps of 100 mg m™ to 2400 mg m™ for doxorubicin dose
and to =200 mg m™ for daunorubicin dose due to statistical power
reasons, respectively, and continuously per 100 mg m™ increase)
andepirubicin(yes/no);thisprovedinfeasibleforidarubicinowingtolimited
numbers of females treated with this agent. We first categorized chest
radiotherapy as the combination of each eligible radiation field (defined
above) withthe associated maximum chest radiotherapy dose below or
above the median categorized as low-dose or high-dose, respectively.
Because results were comparablefor fields with similar levels of potential
radiation exposure to the breast, we categorized chest radiotherapy as
follows: no chest radiotherapy, high-dose mantle, low-dose mantle,
mediastinal, TBI, whole lung and other. Because thereis only evidence for
associations between anthracyclines and alkylating agents on SBCrisk, we
applied the following selection procedure to evaluate other chemothera-
peuticagents: we added binary indicators for epipodophyllotoxins, vinca
alkaloids, platinum compounds and antimetabolites to the base model.
Ifaddition of each variable changed any HRs of cumulative doxorubicin
and/or daunorubicin dose by >10% compared to a model without the
variable, it wasincludedin the finalmodels (Supplementary Table 7). Our
final multivariable analyses did notinclude any of the additional classes
of chemotherapeutic agents indicated above.

Interaction between cumulative doxorubicin/daunorubicin doses
and chestradiotherapy and age at primary childhood cancer diagnosis
onamultiplicative scale was evaluated by comparing models with and
without theinteraction termvialikelihood ratio tests. Aalen’s additive
hazard models were applied to evaluate the interaction of cumulative
doxorubicin/daunorubicinexposures and chest radiotherapy and age
at primary childhood cancer diagnosis on an additive scale®.

A series of prespecified sensitivity analyses were conducted by
applying the same regression models to the data with (a) outcome
restricted to invasive breast cancer to exclude DCIS, which does not
always progress to invasive breast cancer; (b) censoring at the time of
the first non-SBC subsequent malignant neoplasm diagnosis to rule
outeffects of treatments for those tumors; (c) excluding 444 survivors
treated for childhood cancer before 1970 to exclude a potentially
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influential group of women who reached comparatively high attained
age yet showing deviating characteristics owing to improvements in
clinical practice and survival trends since the 1970s; (d) excluding survi-
vorstreated for Hodgkin lymphomato exclude patients who generally
received extensive radiotherapy fields to the chest (Extended Data
Table 5) (e) excluding each cohort on a one-by-one basis to evaluate
robustness of findings (Supplementary Table 4) and each cohort to
evaluate between-cohort differences (Supplementary Table 5).

All analyses were conducted in R software (version 4.0.3). AP
value of <0.05 was considered statistically significant in two-sided
statistical tests.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

ThelInternational Consortium for Pooled Studies on Subsequent Malig-
nancies after Childhood and Adolescent Cancer database is not an
open-access database due to ethical and data protection constraints.
The pseudonymized dataare managed by the Princess Maxima Center
for Pediatric Oncology in the Netherlands and cannot be shared with
investigators outside the institute without consent from all involved
parties. However, potential collaborators are welcome to submit pro-
posals to].C.T. (j.c.teepen@prinsesmaximacentrum.nl), which will
be considered by the consortium. The consortiumwill come up witha
decisionabout submitted proposals within 3 months after application.
The country-specific female breast cancer rates of the Cancer Incidence
in Five Continents database were used as the general female popula-
tionin our study. These data are publicly available: https://ci5.iarc.fr/.

Code availability
The sstatistical code for our mainanalysesis available at https://github.
com/yuehanwanggitub/IPDanthracyclines.git.
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Extended Data Table 1| Demographic and treatment characteristics of female five-year childhood cancer survivors by
cumulative doxorubicin dose categories

Cumulative doxorubicin dose (mg/m?) category

doxoll\'luobicin <100 100-199 200-299 300-399 >400 Unknown* Total
(n=11,170) (n=912) (n=1,795) (n =1,026) (n=1,012) (n="779) (n=1,209) (N =17,903)
Cohort
CCSS 5,729 (51.3%) 502 (55.0%) 769 (42.8%) 590 (57.5%) 568 (56.1%) 474 (60.8%) 1,039 (85.9%) 9,671 (54.0%)
SILIFE 1,377 (12.3%) 121 (13.3%) 414 (23.1%) 124 (12.1%) 146 (14.4%) 35 (4.5%) 19 (1.6%) 2,236 (12.5%)
DCCSS-LATER 1,541 (13.8%) 188 (20.6%) 232 (12.9%) 62 (6.0%) 77 (7.6%) 124 (15.9%) 13 (1.1%) 2,237 (12.5%)
FCCSS 2,300 (20.6%) 95 (10.4%) 347 (19.3%) 207 (20.2%) 203 (20.1%) 137 (17.6%) 126 (10.4%) 3,415 (19.1%)
DHL 181 (1.6%) 5(0.5%) 20 (1.1%) 38 (3.7%) 11 (1.1%) 6 (0.8%) 4(0.3%) 265 (1.5%)
SCCSS 42 (0.4%) 1(0.1%) 13 (0.7%) 5 (0.5%) 7 (0.7%) 3 (0.4%) 8 (0.7%) 79 (0.4%)
Primary childhood cancer
type
Leukemia 2,974 (26.6%) 576 (63.2%) 404 (22.5%) 110 (10.7%) 116 (11.5%) 82 (10.5%) 312 (25.8%) 4,574 (25.5%)
Non-Hodgkin lymphoma 445 (4.0%) 72 (7.9%) 245 (13.6%) 91 (8.9%) 82 (8.1%) 73 (9.4%) 89 (7.4%) 1,097 (6.1%)
Hodgkin lymphoma 1,007 (9.0%) 63 (6.9%) 457 (25.5%) 284 (27.7%) 104 (10.3%) 22 (2.8%) 164 (13.6%) 2,101 (11.7%)
CNS tumor 2,767 (24.8%) 1(0.1%) 5(0.3%) 4(0.4%) 4(0.4%) 2(0.3%) 163 (13.5%) 2,946 (16.5%)
Neuroblastoma 942 (8.4%) 104 (11.4%) 282 (15.7%) 109 (10.6%) 55 (5.4%) 40 (5.1%) 125 (10.3%) 1,657 (9.3%)
Retinoblastoma 360 (3.2%) 9 (1.0%) 35 (1.9%) 3(0.3%) 4(0.4%) - 15 (1.2%) 426 (2.4%)
Renal tumor 950 (8.5%) 28 (3.1%) 158 (8.8%) 98 (9.6%) 50 (4.9%) 22 (2.8%) 66 (5.5%) 1,372 (7.7%)
Bone tumor 213 (1.9%) 23 (2.5%) 110 (6.1%) 175 (17.1%) 417 (412%) 387 (49.7%) 134 (11.1%) 1,459 (8.1%)
Soft tissue tumor 814 (7.3%) 25 (2.7%) 74 (4.1%) 111 (10.8%)  145(14.3%) 136 (17.5%) 100 (8.3%) 1,405 (7.8%)
Germ cell tumor 376 (3.4%) 5(0.5%) 9 (0.5%) 17 (1.7%) 14 (1.4%) 5 (0.6%) 14 (1.2%) 440 (2.5%)
Other malignant epithelial 266 (2.4%) - 6 (0.3%) 5(0.5%) 2 (0.2%) - 18 (1.5%) 297 (1.7%)
Other® 56 (0.5%) 6 (0.6%) 10 (0.6%) 19 (1.9%) 19 (1.9%) 10 (0.6%) 10 (0.8%) 129 (0.7%)
Age at primary childhood
cancer diagnosis (yr)
category
<5 5,076 (45.4%) 464 (50.9%) 700 (39.0%) 314 (30.6%)  224(22.1%) 165 (21.2%) 433 (35.8%) 7,376 (41.2%)
5-9 2,490 (22.3%) 188 (20.6%) 295 (16.4%) 157 (15.3%) 229 (22.6%) 179 (23.0%) 250 (20.7%) 3,788 (21.2%)
10-14 2,139 (19.1%) 181 (19.8%) 452 (25.2%) 301(29.3%)  326(322%) 257 (33.0%) 274 (22.7%) 3,930 (22.0%)
15-21 1,465 (13.1%) 79 (8.7%) 348 (19.4%) 254 (24.8%) 233 (23.0%) 178 (22.8%) 252 (20.8%) 2,809 (15.7%)
Childhood cancer diagnosis
period
<1980 3,254 (29.1%) 47 (5.2%) 141 (7.9%) 148 (14.4%) 188 (18.6%) 306 (39.3%) 441 (36.5%)° 4,525 (25.3%)
1980-1989 3,715 (33.3%) 264 (28.9%) 520 (29.0%) 406 (39.6%) 448 (44.3%) 283 (36.3%) 485 (40.1%)° 6,121 (34.2%)
>1990 4,201 (37.6%) 601 (65.9%) 1,134 (632%)  472(46.0%) 376 (372%) 190 (24.4%) 283 (23.4%)° 7,257 (40.5%)

Chest radiation fields and
total doses combination
No chest radiotherapy
High-dose mantle (>36 Gy)
Low-dose mantle (<36 Gy)
Mediastinal
TBI
Whole lung
Other
Unknown
Treatment combinations®
Anthracyclines® & Chest
radiotherapy
Anthracyclines & No chest
radiotherapy
No anthracyclines & Chest
radiotherapy
No anthracyclines & No
chest radiotherapy
Unknown
Pelvic radiotherapy >5 Gy
No
Yes
Unknown

8,541 (76.5%)
537 (4.8%)
190 (1.7%)
226 (2.0%)
215 (1.9%)
68 (0.6%)
970 (8.7%)
423 (3.8%)

288 (2.6%)
1,443 (12.9%)
1,962 (17.6%)

7,096 (63.5%)
381 (3.4%)
8,926 (79.9%)

1,863 (16.7%)
381 (3.4%)

752 (82.5%)
12 (1.3%)
19 (2.1%)
20 (2.2%)
41 (4.5%)
11 (1.2%)
30 (3.3%)
27 (3.0%)

143 (15.7%)

752 (82.5%)

17 (1.9%)

781 (85.6%)
110 (12.1%)
21 (2.3%)

1,215 (67.7%)
44 (2.5%)
171 (9.5%)
105 (5.8%)
72 (4.0%)
38 (2.1%)
71 (4.0%)
79 (4.4%)

530 (29.5%)

1,215 (67.7%)

50 (2.8%)

1,388 (77.3%)
351 (19.6%)
56 (3.1%)

693 (67.5%)
40 (3.9%)
81 (7.9%)
54 (5.3%)
13 (1.3%)
23 (2.2%)
67 (6.5%)
55 (5.4%)

298 (29.0%)

693 (67.5%)

35 (3.4%)

803 (78.3%)
185 (18.0%)
38 (3.7%)

775 (76.6%)
27 (2.7%)
39 (3.9%)
31 (3.1%)
11 (1.1%)
30 (3.0%)
62 (6.1%)
37 (3.7%)

208 (20.6%)

775 (76.6%)

29 (2.9%)

799 (79.0%)
180 (17.8%)
33 (3.3%)

655 (84.1%)
13 (1.7%)
6 (0.8%)
11 (1.4%)
4(0.5%)
10 (1.3%)
54 (6.9%)
26 (3.3%)

99 (12.7%)

655 (84.1%)

25 (3.2%)

652 (83.7%)
101 (13.0%)
26 (3.3%)

373 (30.9%)
25 (2.1%)
18 (1.5%)
22 (1.8%)
15 (1.2%)
4(0.3%)
62 (5.1%)
690 (57.1%)

68 (5.6%)

181 (15.0%)

960 (79.4%)

402 (33.3%)
121 (10.0%)
686 (56.7%)

13,004 (72.6%)
698 (3.9%)
524 (2.9%)
469 (2.6%)
371 (2.1%)
184 (1.0%)
1,316 (7.4%)

1,337 (7.5%)

1,634 (9.1%)
5,714 (31.9%)
1,962 (11.0%)

7,096 (39.6%)
1,497 (8.4%)
13,751 (76.8%)

2,911 (16.3%)
1,241 (6.9%)

CCSS = Childhood Cancer Survivor Study; CNS = Central nervous system; DCCSS-LATER = Dutch Childhood Cancer Survivor Study LATER; DHL = Dutch Hodgkin Late Effects
cohort; FCCSS = French Childhood Cancer Survivor Study; Gy = Gray; IQR = Interquartile range; SCCSS = Swiss Childhood Cancer Survivor Study; SJLIFE = St. Jude Lifetime

Cohort Study; yr = year

2The Unknown category under the variable “Doxorubicin dose” included both survivor groups with any doxorubicin (yes/no) unknown (941 survivors) and with doxorubicin treatment
but dose information unknown (268 survivors).
*Included the ICCC-3 classification groups “Hepatic Tumor” (61 survivors), “Other and Unspecified” (38 survivors), and “Unclassified” (30 survivors).
“The Unknown categories included survivors with any doxorubicin (yes/no) unknown and with doxorubicin treatment but dose information unknown: among survivors with childhood
cancer diagnosis period <1980, 355 survivors had any doxorubicin (yes/no) unknown; among survivors with childhood cancer diagnosis period 1980-1989, 385 survivors had any

doxorubicin (yes/no) unknown; among survivors with childhood cancer diagnosis period >1990, 201 survivors had any doxorubicin (yes/no) unknown.
9dTreatment subgroup variable set to unknown if either of the treatment categories was unknown.
¢Anthracyclines included doxorubicin, daunorubicin, epirubicin, and idarubicin.

Nature Medicine


http://www.nature.com/naturemedicine

Article https://doi.org/10.1038/s41591-023-02514-1

Extended Data Table 2 | Standardized incidence ratios, excess absolute risks, and cumulative incidences by treatments?

No. of SBC cases

Treatments: Attained age Cumulative
Curpulatlve doxorubicin dose & chest Observed Expected SIR 95% CI EAR/1,000 (median, 1nc1der.1ces
radiotherapy (yes/no) person-yr I at attained
QR)
age 40
Without chest radiotherapy
No doxorubicin 91 53.0 1.7 14-2.1 0.2 32.8 0.8%
(25.1-41.2)
Cumulative doxorubicin dose <200 17 53 32 1.9-5.1 0.3 289 1.9%
mg/m? (23.1-35.9)
Cumulative doxorubicin dose >200 84 15.0 5.6 4.5-6.9 1.5 36.5 3.4%
mg/m? (29.1-43.5)
With chest radiotherapy
No doxorubicin 250 234 10.7 9.4-12.1 4.5 384 7.9%
(30.3-47.4)
Cumulative doxorubicin dose <200 36 2.6 13.9 9.7-19.2 3.1 33.8 10.1%
mg/m? (27.2-39.1)
Cumulative doxorubicin dose >200 58 33 175 13.3-22.6 5.0 36.1 8.1%
mg/m? (29.1-41.8)

CI = Confidence interval; EAR = excess absolute risk; IQR = Interquartile range; No. = number; SBC = Subsequent breast cancer; SIR =
Standardized incidence ratio; TBI = Total Body Irradiation; yr = year

“Because population-based breast cancer incidence rates only include invasive tumors, we considered the first invasive breast cancer as an
event for these analyses.
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Extended Data Table 3 | Joint effects of cumulative doxorubicin and daunorubicin doses and other relevant risk factors on

subsequent breast cancer among female five-year childhood cancer survivors

Interaction: Chest radiotherapy (yes/no)* Anthracycline agent dose

Cumulative doxorubicin dose per 100 mg/m*>*

Cumulative daunorubicin dose per 100 mg/m?

Multiplicative interaction HR  95%CI P value HR  95%CI P value

Chest radiotherapy status

(yes/no)* Anthracycline agent dose 0.86 0.78 - 0.96 0.006 0.77 0.57-1.05 0.10
e . No. Additional Cases per o No. Additional Cases per o

Additive interaction 10,000 Person Years 95% CI P value 10,000 Person Years 95% CI P value

Chest radiotherapy status 004  -482-490 0.99 067  -158--3.50 0.002

(yes/no)*Anthracycline agent dose

Interaction: Chest radiotherapy field and dose* Anthracycline agent dose

Cumulative doxorubicin dose per 100 mg/m>*

Cumulative daunorubicin dose per 100 mg/m?**

Multiplicative interaction HR  95%CI P value HR  95%CI P value

High-dose mantle (median 40 Gy, <2106

IQR 39-44 Gy)* Anthracycline agent 0.84 0.71-0.98 0.03 0.0003 0.0001 - 0.001

dose

Low-dose mantle (median 26 Gy, IQR 16

21-30 Gy)* Anthracycline agent dosc 0.94 0.77-1.13 0.49 0.0007 0.0002 - 0.002 <2x101

Mediastinal (median 26 Gy, IQR 21-

36 Gy)*Anthracycline agent dose 0.65 0.45-0.96 0.03 0.87 0.41-1.88 0.73

TBI (median 12 Gy, IQR 11-13

Gy)* Anthracycline agent dose 0.73 0.41-1.30 0.28 1.04 0.75-1.44 0.81

Whole lung (median 16 Gy, IQR 12- -16

23 Gy)*Anthracycline agent dose 0.87 0.66 - 1.15 0.33 0.0003 0.00007 - 0.001 <2x10

Other (median 28 Gy, IQR 21-36

Gy)* Anthracycline agent dose 1.01 0.86-1.18 0.95 0.45 0.18-1.15 0.10

Pumutsiplicative Pumutiplicative
interaction = 0. interaction = 0.
. . No. Additional Cases per No. Additional Cases per

Addi interaction 10,000 Person Years 95% C1 P value 10,000 Person Years 95% CI P value

High-dose mantle (median 40 Gy,

IQR 39-44 Gy)*Anthracycline agent -4.54  -255-16.4 0.66 <753 -88.8--61.8 <1x101¢

dose

Low-dose mantle (median 26 Gy, IQR . ~ . - .

21-30 Gy)* Anthracycline agent dose 7.99 8.41-24.4 0.33 20.6 28.0--13.2 0.001

Mediastinal (median 26 Gy, IQR 21- N

36 Gy)*Anthracycline agent dose -4.48 -122-328 0.26 -2.02 -17.0- 129 0.80

TBI (median 12 Gy, IQR 11-13 2

Gy)*Anthracycline agent dose -8.66 -27.3-9.98 0.35 4.96 -7.52-17.4 0.45

Whole lung (median 16 Gy, IQR 12-

23 Gyy* Anthracyeline agent dose 748  -23.8-8385 037 205 -30.1--10.9 0.02

Other (median 28 Gy, [QR 21-36 sS40 -051-113 0.09 251 -12.1--2.96 0.002

Gy)*Anthracycline agent dose

Interaction: Age at primary childhood cancer diagnosis*Anthracycline agent dose

Cumulative doxorubicin dose per 100 mg/m?*

Cumulative daunorubicin dose per 100 mg/m**

Multiplicative interaction HR 95% C1 P value HR 95% CI P value
Diagnosis age 5-9 yr*Anthracycline 133 098-181 0.07 176 0.91-3.39 0.09
agent dose

Diagnosis age 10-14 yr*Anthracycline 137 1.03-182 0.03 167 088-3.17 0.12
agent dose

Diagnosis age 15-21 yr*Anthracycline 134 1.01-1.78 0.04 143 071-2.88 032
agent dose

Pututipicaive Puttipicaive
interaction = 0.09 interaction = 0.30
e . No. Additional Cases per o No. Additional Cases per o

Additive interaction 10,000 Person Years 95% CI P value 10,000 Person Years 95% CI P value
Diagnosis age 5-9*Anthracycline 230 042-4.18 0.02 303 -0.81-6.87 0.14
agent dose

Diagnosis age 10-14*Anthracycline 653 355951 0.00002 443 -178-106 0.16
agent dose

Diagnosis age 15-21*Anthracycline 871  4.14-133 0.00019 -1.88  -102-645 0.66

agent dose

CI = Confidence interval; Gy = Gray; HR = Hazard ratio; IQR = Interquartile range; No. = number; TBI = Total Body Irradiation
Interaction on a multiplicative scale was evaluated by comparing models with and without the interaction term via likelihood ratio tests. Aalen’s additive hazard models were applied to
evaluate the interaction on an additive scale. A P value of <0.05 was considered statistically significant in 2-sided statistical tests.
“Models were further adjusted for cumulative daunorubicin dose (continuous variable), epirubicin (yes/no), pelvic radiotherapy >5 Gy (yes/no), age at primary childhood cancer
diagnosis category (categorical variable), and cyclophosphamide equivalent dose (categorical variable).
"Models were further adjusted for cumulative doxorubicin dose (continuous variable), epirubicin (yes/no), pelvic radiotherapy >5 Gy (yes/no), age at primary childhood cancer
diagnosis category (categorical variable), and cyclophosphamide equivalent dose (categorical variable).
The estimates for the joint effects between cumulative daunorubicin dose and chest radiotherapy field and dose were unstable due to limited numbers under chest radiotherapy field
and dose*cumulative daunorubicin dose categories.
dModels were further adjusted for cumulative daunorubicin dose (continuous variable), epirubicin (yes/no), pelvic radiotherapy >5 Gy (yes/no), chest radiotherapy field and dose
(categorical variable), and cyclophosphamide equivalent dose (categorical variable).
“Models were further adjusted for cumulative doxorubicin dose (continuous variable), epirubicin (yes/no), pelvic radiotherapy >5 Gy (yes/no), chest radiotherapy field and dose
(categorical variable), and cyclophosphamide equivalent dose (categorical variable).
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Extended Data Table 4 | Multivariable Cox proportional hazard regression analyses for subsequent breast cancer in female
five-year childhood cancer survivors with different chest radiotherapy fields irradiation®

No chest radiotherapy Mantle field irradiation ~ Mediastinal field irradiation TBI or who}e !ung field Oth.er ch.eSt. fields
irradiation irradiation
HR 95%CI HR 95% CI HR  95% CI HR 95%CI HR 95%CI

Cumulative doxorubicin dose, mg/m*

0 1.0 Ref. 1.0 Ref. 1.0 Ref. 1.0 Ref. 1.0 Ref.

<200 1.53  0.84-2.78 2.16 1.36-3.42 095 0.17-5.27 1.13  0.40-3.18 3.55 1.33-951

>200 290 2.06-4.08 1.62  1.01-2.61 230  0.89-5.92 122 0.45-335 520 243-11.14

Continuous variable: Chest radiotherapy dose (Gy) 1.03  1.01-1.05 1.02  0.98-1.06 1.03  1.00-1.07 1.01  0.99-1.03

Pelvic radiotherapy >5 Gy

No 1.0 Ref. 1.0 Ref. 1.0 Ref. 1.0 Ref. 1.0 Ref.

Yes 1.79  1.24-2.58 0.90 0.69-1.18 041 0.14-1.23 053 0.24-1.18 091  0.48-1.75

Age at primary childhood cancer diagnosis, yr

<5 1.0 Ref. 10 Ref 1.0 Ref. 1.0 Ref. 1.0 Ref.

59 127 0.75-2.14 : : 1.58  0.23-10.76 1.82  0.51-6.46 0.69 0.27-1.77

10-14 2.17  1.44-329 3.86 1.42-10.54 129 0.26-6.47 2.19  0.64-7.48 0.99  0.46-2.13

15-21 1.80 1.15-2.79 345 1.26-9.42 091  0.18-4.74 1.77  0.43-7.35 1.80  0.70-4.66

CED’, mg/m*

None 1.0 Ref. 1.0 Ref. 1.0 Ref. 1.0 Ref.

<6000 092 0.58-1.44 0.59 0.37-0.93 1.20  0.53-2.71 1.17  0.48-2.86

6000-17999 128 0.88-1.87 0.76  0.54-1.05 1.30  0.54-3.17 048 0.20-1.12

>18000 203 1.26-329 097 0.46-2.04 0.62 0.16-2.48 026  0.06-1.05

Alkylating agents

No 1.0 Ref.

Yes 0.75  0.26-2.17

CED = Cyclophosphamide Equivalent Dose; CI = Confidence interval; Gy = Gray; HR = Hazard ratio; TBI = Total Body Irradiation; yr = year

*All models included cumulative doxorubicin dose (categorical variable), chest radiotherapy dose (continuous variable), pelvic radiotherapy >5 Gy (yes/no), age at primary childhood cancer diagnosis (categorical
variable), and CED dose (categorical variable), except the model in survivors with no chest radiotherapy (no chest radiotherapy dose variable in the model), and the model in survivors with mediastinal field
irradiation, which was adjusted for alkylating agents (yes/no), instead of CED dose, owing to a low number of cases in some of the CED categories.

Cyclophosphamide Equivalent Dose calculation: CED (mg/m?) = 1.0 (cumulative cyclophosphamide dose (mg/m?)) + 0.244 (cumulative ifosfamide dose (mg/m?)) + 0.857 (cumulative procarbazine dose (mg/m>)) +
14.286 (cumulative chlorambucil dose (mg/m?)) + 15.0 (cumulative BCNU (carmustine) dose (mg/m?)) + 16.0 (cumulative CCNU (lomustine) dose (mg/m?)) + 40 (cumulative melphalan dose (mg/m?)) + 50
(cumulative Thio-TEPA (thiotepa) dose (mg/m?)) + 100 (cumulative nitrogen mustard dose (mg/m?)) + 8.823 (cumulative busulfan dose (mg/m?)).
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Extended Data Table 5 | Sensitivity analyses for risk of subsequent breast cancer on subgroups with different treatments or
events®

b) Censoring at the time of the first non-SBC ¢) Excluding 444 survivors treated for childhood d) Excluding survivors treated for Hodgkin

a) Only invasive breast cancer as events®

cancer prior to 1970" lymphoma®
No. SBC Total HR _ 95% CI No. SBC Total HR _ 95% CI No. SBC Total HR _ 95% CI No. SBC Total HR _ 95% CI
Cumulative doxorubicin
dose, mg/m*
347 11,170 390 11,150 395 10,752 . 163 10,163
0 (56.3%) (62.4%) 1.0 Ref (54.5%) (62.4%) 1.0 Ref (53.5%) (61.6%) 10 Ref. (43.2%) (64.3%) 1.0 Ref
12 912 16 910 16 912 10 849
<100 5% 1% 164 0.743.64 2% 1% 190 0.94-3.80 2% 5.2%) 184 0.92:3.68 ™% 4% 173 0.70-4.28
46 1,795 63 1,792 69 1,792 23 1338
100-199 5% 16.0% 143 0.99-2.08 5% 160%) 167 120231 ©3%) 163%) 183 134251 ©1%) E5%) 143 0.85-2.43
54 1,026 64 1,024 67 1,025 35 742
200-299 5% Py 249 177349 ©5%) 7% 250 183341 1% %) 257 189350 ©3% “m 321 2.12-488
47 1,012 60 1,007 63 1,011 44 908
300-399 6% 7% 195 134284 ©4%) (56%) 236 168330 ©5%) 58%) 241 173334 1% 1% 277 187411
48 779 52 778 58 778 54 757
2400 8% @) 254 176:3.66 3% @%) 269 1.90-3.82 8% (@5%) 284 202398 143%) @) 338 230-495
Unknown 62 1,209 o 71 1,208 o 71 1,189 o 48 1,045 o
a (10.1%) (6.8%) (9.9%) (6.8%) (9.6%) (6.8%) (12.7%) (6.6%)
Cumulative daunorubicin
dose, mg/m?*
530 14,630 626 14,602 648 14215 304 12,667
0 (86.0%)  (81.7%) 1.0 Ref. (87.4%)  (81.7%) 1.0 Ref. 87.7%)  (81.4%) 1.0 Ref. (80.6%) (80.2%) 10 Ref.
7 623 6 620 6 619 7 623
<100 (1.1%) 0.5%) 122 056:2.63 ©08%) (3.5%) 090  039-2.05 ©08%) (3.5%) 088 039-2.00 (19%) ©.9%) 102 047-2.20
12 953 15 52 16 16 952
100-199 15%) 6.3%) 082 0.41-1.64 @1%) (5:3%) 094 051-1.73 @) (54%) 105 0.58-1.87 @2%) 6.0%) 103 0.56-1.88
14 645 16 644 17 644 17 645
>200 3% 06%) 126 0.68-2.33 %) 3.6%) 124 070-2.22 @3%) 3.7%) 126 0.71-2.24 @5%) @1%) 135 0.74-2.46
Unknown 53 1,052 o 53 1,051 o 52 1,032 o 33 915 o
(8.6%) (5.9%) (7.4%) (5.9%) (7.0%) (5.9%) (8.8%) (5.8%)
Epirubicin
559 16,637 657 16,604 680 16,210 339 14,685
No (90.7%) (92.9%) 1.0 Ref. (91.8%) (92.9%) 10 Ref. (92.0%) (92.8%) 10 Ref. (89.9%) (92.9%) 10 Ref.
6 325 8 325 9 325 7 300
Yes (1.0%) (5%) 267 1.10-6.44 .1%) 5%) 399 195817 2%) (1.9%) 370 1.80-7.58 1.9%) (1.9%) 299 118757
Unknown 51 941 o 51 940 o 50 924 o 31 817 o
(83%) (53%) (7.1%) (53%) (6.8%) (53%) (82%) (52%)

CED = Cyclophosphamide Equivalent Dose; CI = Confidence interval; HR = Hazard ratio; No. = number; SBC = Subsequent breast cancer; TBI = Total body irradiation; yr = year

“All sensitivity analyses were further adjusted for chest radiotherapy field and dose (categorical variable), pelvic radiotherapy >5 Gy (yes/no), age at primary childhood cancer diagnosis (categorical variable), and cyclophosphamide equivalent dose (categorical
variable).

Outcome restricted to invasive breast cancer to exclude ductal carcinoma in situ, which does not always progress to invasive breast cancer. In total, 616 survivors developed subsequent invasive breast cancer. One survivor had a SBC prior to five years after
primary cancer.

“Censoring at the time of the first non-SBC is to rule out effects of treatments for those tumors. In total, 34 survivors who had a subsequent malignant neoplasm other than breast cancer within five years after primary
cancer diagnosis were excluded. And 66 SBC cases were not included in the analysis because a subsequent malignant neoplasm other than breast cancer occurred before SBC.

“Excluding 444 survivors with 43 SBC cases treated for childhood cancer prior to 1970 to exclude a potentially influential group of women who reached comparatively high attained age yet showing deviating characteristics owing to improvements in clinical
practice and survival trends since the 1970s.

“Excluding survivors treated for Hodgkin lymphoma to exclude patients who generally received extensive radiotherapy fields to the chest. In total, 2,101 survivors with 405 SBC cases were excluded.

1 1i 1 di
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Extended Data Table 6 | Multivariable Cox proportional hazard regression analyses for subsequent breast cancer in female
five-year childhood cancer survivors stratified by chest radiotherapy status (yes/no)

Survivors with chest radiotherapy (478 cases/3,693 survivors) Survivors without chest radiotherapy (250 cases/13,004 survivors)
Model T Model I Model T Model
Cohort % No. SBC % HR 95% CI HR  95% CI Cohort % No. SBC % HR  95% CI HR  95% CI
Members Members
Cumulative doxorubicin dose, mg/m®
0 2,260 612 313 65.5 1.0 Ref. 8,541 65.7 101 40.4 1.0 Ref.
<100 143 39 8 1.7 1.24 0.54-2.85 752 58 7 28 263 0.93-7.45
100-199 530 144 54 13 1.88 133265 1215 93 12 48 125 0.63-249
200-299 298 8.1 42 88 218 1.46-3.24 693 53 23 92 279 1.67-4.66
300-399 208 56 26 54 177 1.04-3.01 - 775 60 34 136 265 1.69-4.14 -
>400 99 27 7 15 043 0.09-2.01 655 5.0 49 196 365 241-5.53
Unknown 155 42 28 59 - - 373 29 24 9.6 - -
Continuous variable: Cumulative doxorubicin dose L4 1oa1s 126 117136
(per 100 mg/m?)
Cumulative daunorubicin dose, mg/m?
0 3247 87.9 441 923 10 Ref. 10,893 838 216 86.4 10 Ref
<100 65 18 2 0.4 1.06 0.26-4.42 548 42 5 20 0.99 0.39-2.52
100-199 131 35 10 2.1 171 087333 805 62 5 20 049 0.16-1.54
>200 131 35 4 08 087 031-245 - 493 38 1 44 151 0.75-3.02 -
Unknown 119 32 21 44 - - 265 20 13 52 - -
Continuous variable: Cumulative daunorubicin
dose (per 100 mg/m?) 1.04 0.82-1.33 1.12 0.93-1.36
Epirubicin
No 3,567 9.6 452 946 10 Ref. 10 Ref 12,533 96.4 236 944 10 Ref 10 Ref.
Yes 39 1.1 5 1.0 3.76 1.81-7.82 3.36 1.61-7.01 279 21 3 12 218 0.51-9.38 213 0.49-9.17
Unknown 87 24 21 44 - - - 192 15 1 44 - - - -
Chest radiotherapy field and dose
High-dose mantle (=36 Gy) 698 18.9 238 498 1.0 Ref. 1.0 Ref.
Low-dose mantle (<36 Gy) 524 142 93 195 0.54 0.40-0.73 061 0.46:0.80
Mediastinal 468 12.7 32 6.7 0.18 0.10-0.29 0.18 0.10-0.31
TBI 369 10.0 21 44 0.93 0.56-1.54 1.02 0.60-1.71
Whole lung 184 5.0 23 48 0.89 054-1.47 090 0.55-1.50
Other 1312 355 63 132 031 022044 031 022044
Unknown 138 37 8 17 - - -
Pelvic radiotherapy >5 Gy
No 1,882 51.0 296 61.9 1.0 Ref. 1.0 Ref. 11,869 91.3 209 83.6 1.0 Ref. 1.0 Ref.
Yes 1,783 483 181 379 0.75 0.60-0.94 0.76 0.60-0.95 1,127 8.7 41 16.4 1.82 1.25-2.64 1.88 1.29-2.72
Unknown 28 08 1 02 . - - 8 01 - - - -
Age at primary hildhood cancer dingnosis, v
769 208 25 52 10 Ref. 10 Ref 6,138 472 33 132 10 Ref 10 Ref
59 699 189 23 48 097 0.51-1.84 095 0.50-1.79 2818 217 36 144 126 074213 129 0.762.17
10-14 1,054 285 154 322 1.94 1.15-3.29 1.92 1.14-3.25 2,614 20.1 100 40.0 2.17 1.43-3.28 224 1.48-3.38
15-21 1171 317 276 577 1.85 1.07-3.20 186 1.07-321 1,434 1.0 81 324 175 112272 178 114279
CED?, mg/m?
None 1,137 308 204 42.7 1.0 Ref. 1.0 Ref. 6,550 50.4 88 352 1.0 Ref. 1.0 Ref.
<6000 603 163 56 17 081 0.58-1.14 086 0.61-121 2375 183 30 120 093 0.59-147 106 0.67-1.69
6000-17999 1,123 304 114 238 0.86 0.66-1.12 091 0.71-1.18 2,663 205 70 28.0 1.26 0.85-1.86 1.35 0.91-2.00
>18000 300 8.4 17 36 0.68 0.38-121 066 0.37-116 776 6.0 30 120 192 118314 215 133347
Unknown 521 14.1 87 182 - - - - 640 49 2 128 - - - -

CED = Cyclophosphamide Equivalent Dose; CI = Confidence interval; Gy = Gray; HR = Hazard ratio; IQR = Interquartile range; No. = number; SBC = Subscquent breast cancer; TBI = Total Body Irradiation; yr = year
“Model Il includes continuous variables of and dose per 100 mg/m?

*Cycloph Dose CED (mg/m?) = 1.0 (cumulative cyclophosphamide dose (mg/m?)) +0.244 (cumulative ifosfamide dose (mg/m?)) + 0.857 (cumulative procarbazine dose (mg/m?)) + 14.286 (cumulative chlorambucil dose (mg/m?)) + 15.0 (cumulative
BCNU (carmustine) dose (mg/m?)) + 16.0 (cumulative CCNU (lomustine) dose (mg/m?)) + 40 (cumulative melphalan dose (mg/m?)) + 50 (cumulative Thio-TEPA (thiotepa) dose (mg/m2)) + 100 (cumulative nitrogen mustard dose (mg/m?) + 8.823 (cumulative busulfan dose (mg/m?)).
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Survivor Study (SCCSS, 79 women diagnosed in period 1976-2007)) .

Ethics oversight This study involves human participants. The contributing cohort study teams obtained institutional review board and/or
Ethics Committee approval or exemption in their respective contributing institute. The pooling effort is exempt from review
in compliance with Dutch law and regulations for health research involving human beings. Data sharing agreements between
the Princess Maxima Center for Pediatric Oncology and all data providers are in place. Written consent was obtained from all
patients of the CCSS and the SJLIFE. Specific informed consent for retrospective data collections for selected groups of
patients for the DCCSS-LATER, the Dutch Hodgkin Late Effects cohort, the FCCSS and the SCCSS cohorts was waived in
accordance with the country’s legislation.
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Sample size Data from five cohort studies (Childhood Cancer Survivor Study (CCSS), St. Jude Lifetime Cohort Study (SJLIFE), Dutch Childhood Cancer
Survivor Study LATER (DCCSS LATER), French Childhood Cancer Survivor Study (FCCSS) and Dutch Hodgkin Late Effects cohort (DHL)), and one
case-cohort study (Swiss Childhood Cancer Survivor Study (SCCSS)) in Europe and North America with available data on radiotherapy
cumulative dose and fields and cumulative dose for chemotherapy was pooled together.

Data exclusions  Female childhood cancer survivors not meeting the following criteria were excluded in the pooled study: a primary cancer diagnosis at <21
years of age, and survival 5 years from diagnosis.

Replication N/A. This study is a pooled analysis of clinical data from various cohort studies. Replication, as in for preclinical work, is therefore not
applicable here.

Randomization  N/A. This study is an observational study; therefore, randomization is not applicable here. Anthracycline-related breast cancer risks were
adjusted for other covariates which have been shown or suggested to be associated with breast cancer risk in previous studies, such as chest

radiotherapy, pelvic radiotherapy, age at primary cancer diagnosis, and alkylating agents.

Blinding Our data were collected from data providers of each included study. No control/placebo arm included in our study, therefore, blinding was
not applicable.
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