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abstract

PURPOSE Anthracycline-associated risk for subsequent breast cancer in childhood cancer survivors is hy-
pothesized to be mediated by TP53 mutation-related gene-environment interactions. We characterized
treatment/genetic risks and the impact of screening for breast cancer in the St Jude Lifetime Cohort.

PATIENTS AND METHODS Female participants underwent risk-based assessments, prior health event validation,
chest radiation dosimetry, and whole genome sequencing. Breast biopsy reports were reviewed. A subgroup
(n = 139) underwent both breast magnetic resonance imaging andmammography. Multivariable regression was
used to calculate hazard ratios (HRs) and 95% CIs.

RESULTS Among 1,467 women, 56 developed 68 breast cancers at a median age 38.6 (range, 24.5 to 53.0)
years. Cumulative incidences at age 35 years were 1% (no chest radiation) and 8% ($ 10 Gy of chest radiation).
In adjusted models, breast cancer was associated with 20 Gy or more of chest radiation versus none (HR, 7.6;
95% CI, 2.9 to 20.4), anthracycline exposure versus none (1 to 249 mg/m2: HR, 2.6; 95% CI, 1.1 to 6.2;
$ 250 mg/m2: HR, 13.4, 95% CI, 5.5 to 32.5), and having a breast cancer predisposition gene mutation (HR, 23.0;
95% CI, 7.3 to 72.2). Anthracyclines 250 mg/m2 or greater remained significantly associated with increased risk
of breast cancer in models excluding survivors with cancer predisposition gene mutations, chest radiation 10 Gy
or greater, or both. Sensitivity/specificity were 53.8%/96.3% for mammography, 69.2%/91.4% for magnetic
resonance imaging, and 85.8%/99.7% for dual imaging. Breast cancers detected by imaging and/or pro-
phylactic mastectomy compared with physical findings were more likely to be in situ carcinomas, smaller,
without lymph node involvement, and treated without chemotherapy.

CONCLUSION Higher doses of anthracyclines are associated with increased risk of breast cancer independent of
mutations in known cancer predisposition genes. Surveillance imaging identifies breast cancers less likely to
require chemotherapy than those detected by physical findings.

J Clin Oncol 37:1647-1656. © 2019 by American Society of Clinical Oncology

INTRODUCTION

Female childhood cancer survivors are at increased risk
for breast cancer occurring earlier than in the general
population.1-3 There is a dose-dependent association
between prior chest radiation and breast cancer.2,4-7

Two studies noted additional risk from anthracycline
exposure; however, both observed the highest risk in
survivors of cancers potentially associated with Li-
Fraumeni syndrome, hypothesizing that this risk resul-
ted from gene-environment interaction.1,3 Neither study
assessed anthracycline-related risk within the context of
confirmed cancer predisposition genetic mutations.

Recognition of the association between radiation and
earlier presentation of subsequent breast cancer in
childhood cancer survivors compared with the general
population prompted establishment of breast cancer
surveillance guidelines specific to childhood, adoles-
cent, and young adult cancer survivors.8 Although

mammography represents the gold standard for sur-
veillance in the general population, its use in childhood
cancer survivors is limited by increased breast tissue
density in younger women.9 The addition of breast
magnetic resonance imaging (MRI) improves sensitivity
for detecting subsequent breast cancers in survivors
with minimal loss of specificity.10,11 Accordingly, existing
guidelines suggest imaging with mammography, breast
MRI, or both for women at highest risk.12 Studies re-
porting the clinical efficacy of this approach are
sparse.13

Using the clinically assessed St Jude LifetimeCohort Study
(SJLIFE), we sought to provide a comprehensive report on
subsequent breast cancer risk, detection, characteristics,
and treatment outcomes among female childhood cancer
survivors for whom mutations in breast cancer pre-
disposition genes are known and to evaluate whether
surveillance imaging affects breast cancer outcomes.
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PATIENTS AND METHODS

Study Design

This study was performed in SJLIFE, a retrospective cohort
with prospective follow-up and ongoing accrual. The design
and methodology for this institutional review board–
approved study have been previously described.14

Participants

This analysis included childhood cancer survivors treated
at St Jude Children’s Research Hospital, 18 years of age
and older, and 10 years or more from diagnosis. Medical
events, cumulative treatment exposures, and vital status
were abstracted from health records (medical reports,
cancer registry follow-up, and next of kin contact, and/or
the National Death Index for those lost to follow-up or
deceased) by trained research staff.

Study Procedures

Evaluations included physical examination, laboratory as-
sessment, and questionnaires detailing demographics,
medical history, and health habits. Breast cancer surveil-
lance was performed, with the recommendation for sub-
sequent annual screening according to consensus
guidelines, including paired mammography and MRI for
women exposed to 20 Gy or more of chest radiation, be-
ginning at 25 years of age or 8 years or more after exposure,
whichever occurred later.12 Shared decision making
occurred for women exposed to 10 to 19 Gy of chest
radiation.

Radiologists blinded to clinical outcomes retrospectively
reviewed images (n = 156) for a subset of individuals (n =
139) for whom both mammography and MRI were per-
formed in parallel. Mammograms were reviewed for size
and location of masses, calcifications, architectural dis-
tortion, density, margins, and Breast Imaging, Reporting,
and Data System (BI-RADS) score, whereas MRIs were
reviewed for size and location of masses or enhancement,
dynamic enhancement kinetics, margins, and BI-RADS
score.15 Images containing lesions with BI-RADS scores of
4 or greater were considered positive. Because blinded
reviews occurred months to years after the clinical as-
sessments, post hoc interpretations did not guide biopsy
recommendations, which were instead determined by real-
time, clinical radiographic interpretations.

Whole genome sequencing (mean coverage per sample,
36.83) was performed on 1,343 participants using the
Illumina HiSeq X Ten System (Illumina, San Diego, CA), as
previously described.16 Pathogenic/likely pathogenic mu-
tations in autosomal dominant genes (BRCA1, BRCA2,
ATM, CDH1, CHEK2, PALB2, PTEN, STK11, TP53) with
high penetrance that have been linked to breast cancer
were identified.17

Chest and pelvic radiation doses were estimated from ra-
diation oncology reports using previously described
methods.18 Specifically, records were abstracted for dose

reconstruction details (ie, prescription, administration
dates, dose, orientation, energy, field size, weighting,
blocking, and anatomic borders). Maximum prescribed
dose for a given region (ie, chest or pelvis) was calculated
as the total prescribed dose from overlapping fields within
each region. When other regions were the primary target,
out-of-field stray dose was estimated based on proximity to
treated regions.

Similar to Henderson et al,1 cumulative anthracycline doses
were estimated using dose equivalency ratios.19-21 Because
conversion ratios associated with breast toxicity do not exist,
a secondary analysis similar to that of Teepen et al3 was
performed using doxorubicin alone to evaluate the impact
of anthracycline conversion on breast cancer risk.

Outcomes

The primary outcome was development of a subsequent
breast cancer (invasive and in situ carcinomas). Records
were obtained, and breast cancer characteristics were
abstracted, including histology, diagnosis date, age at di-
agnosis, laterality, detection method (physical findings [by
survivor or provider], imaging, or prophylactic mastec-
tomy), size, location, nodal involvement, hormone receptor
status, intervention (surgery, chemotherapy, hormone
therapy, and/or radiation), and occurrence of prophylactic
mastectomy. Synchronous, ipsilateral carcinomas, re-
gardless of histology (eg, simultaneously diagnosed in-
vasive and in situ carcinomas) were counted as one.
Contralateral cancers, regardless of timing of occurrence or
histology, were considered two separate cancers. Sub-
sequent cancers were only considered recurrent (rather
than third cancers) when the clinical presentation, location,
timing, and/or histologic appearance were strongly sug-
gestive of recurrence.

Statistical Analysis

Descriptive statistics were calculated for demographic and
treatment-related variables and compared between women
with and without breast cancer using Wilcoxon-Mann-
Whitney tests (for median measures) and x2 (or Fisher’s
exact) tests for proportional measures. Breast cancer
characteristics and treatment were compared among
women with breast cancer by detection method using
generalized linear models for continuous variables and
Fisher’s exact test for categorical variables. The cumulative
incidence function was used to estimate breast cancer risk
by age, censoring at age of breast cancer diagnosis or age
at SJLIFE assessment for those without breast cancer.
Cumulative incidence estimates were stratified by chest
radiation and anthracycline exposure, separately. Esti-
mates were compared using Gray’s test for equality of
cumulative incidence functions. Multivariable Cox pro-
portional hazards regression was used to evaluate asso-
ciations between treatment and onset of breast cancer
diagnosis, with attained age (time from birth to date of
breast cancer or censor date [SJLIFE assessment]) as the
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time scale. Hazard ratios (HRs) and 95% CIs were cal-
culated for treatment and genetic variables, adjusting for
age at diagnosis. A separate model limited to women ex-
posed to less than 10 Gy of chest radiation was performed.
Sensitivity and specificity were calculated among women
with paired mammograms and MRIs, considering each
study independently and both in parallel. Lesions sug-
gestive of cancer (BI-RADS $ 4) were considered positive
only when pathologically confirmed. Sensitivity was cal-
culated as the number of true positives (biopsy proven)
divided by the total number of positive images, whereas
specificity was calculated as the number of true negatives
(not biopsied or noncancerous biopsy) divided by the total
number of negative images (BI-RADS , 4). Parallel sen-
sitivity was calculated considering the scenario in which
either test was positive using the formula ([A]sensitivity +
[B]sensitivity 2 [(A)sensitivity 3 (B)sensitivity]), whereas speci-
ficity was calculated considering the scenario in which both
tests were negative using the formula ([A]specificity +
[B]specificity 2 [(A)specificity 3 (B)specificity]).22

Survival by detection method was estimated using Kaplan-
Meier curves. Follow-up started at breast cancer diagnosis,
and censoring occurred at the date of death or data col-
lection end date (June 30, 2015). Survival estimates were
compared using the log-rank test. SAS version 9.4 (SAS
Institute, Cary, NC) was used to conduct all analyses.

RESULTS

Participant Characteristics

Eligible female SJLIFE participants (n = 1,467; Appendix
Fig A1, online only) had a median age of 6.9 years (range,
0 to 22.7 years) at childhood cancer diagnosis and
30.5 years (range, 18.5 to 64.6 years) at evaluation
(Table 1). Among these, 976 (66.5%) total and 37 (66.1%)
with breast cancer were also participants in the Childhood
Cancer Survivor Study.23,24 Fifty-six women developed 68
breast cancers at a median age of 38.6 years (range, 24.5
to 53.0 years). Compared with survivors without breast
cancer, those with breast cancer were older at childhood
cancer diagnosis (14.2 v 6.6 years; P , .001) and at
evaluation (39.0 v 30.1 years; P , .001), more commonly
diagnosed with Hodgkin lymphoma (55.4% v 10.1%;
P, .001), and more likely to be white non-Hispanic (91.1%
v 80.0%; P = .033). A higher proportion of survivors with
subsequent breast cancer received alkylating agents (78.6%
v 56.3%; P = .001), anthracyclines (71.4% v 57.3%;
P = .036), and/or radiation (73.2% v 28%; P , .001)
compared with survivors without breast cancer. Among the
females with whole genome sequencing, a pathogenic/likely
pathogenic mutation was present in 10.6% of survivors
compared with 1.6% of those without a subsequent breast
cancer.
Breast Cancer Characteristics

Among 68 confirmed breast cancers, there were 38 invasive
ductal carcinomas, two infiltrating lobular carcinomas, one

mucinous carcinoma, one combined secretory carcinoma
and ductal carcinoma in situ, and 26 in situ carcinomas
(22 ductal, two lobular, and two combined ductal and
lobular). Compared with those detected by physical
findings (n = 17), breast cancers detected by imaging
(n = 33) and prophylactic mastectomy (n = 7) were more
likely to be in situ carcinomas, smaller, progesterone
receptor positive, and without lymph node involvement
(Table 2). Detection method could not be determined for
11 breast cancers. Breast cancers diagnosed by imaging
or prophylactic mastectomy were more likely to be treated
without chemotherapy than those diagnosed by physical
findings, but did not differ with respect to radiation or
hormone therapy.

Cumulative Incidence of and Risk Factors for

Breast Cancer

The cumulative incidence of breast cancer in women
unexposed to chest radiation was 1% at 35 years of age and
15% at 50 years of age. Among those treated with 10 Gy or
greater of chest radiation, rates were 8% and 41% at 35
and 50 years of age, respectively. Similarly, the cumulative
incidence in women who did not receive anthracyclines
was 2% at 35 years of age and 15% at 50 years of age,
whereas in those treated with 250 mg/m2 or greater, the
rates for those 35 years of age and 50 years of age were 7%
and 46%, respectively (Fig 1). Multivariable cox pro-
portional hazardsmodel results are listed in Table 3. Having
received 20 Gy or more of chest radiation (HR, 7.6; 95% CI,
2.9 to 20.4; P, .001), anthracycline doses of 1 to 249mg/m2

(HR, 2.6; 95% CI, 1.1 to 6.2; P = .034) and 250 mg/m2 or
greater (HR, 13.4; 95% CI, 5.5 to 32.5; P , .001), and
having a known pathogenic/likely pathogenic cancer pre-
disposition gene mutation (HR, 23.0; 95% CI, 7.3 to 72.2;
P , .001) were associated with increased risk of sub-
sequent breast cancer. Cumulative cyclophosphamide
equivalent alkylating agent doses of 6,000mg/m2 or greater
were associated with decreased risk of breast cancer (HR,
0.4; 95% CI, 0.2 to 0.9; P = .030; Table 3, Model A).
Restricting the model to women who did not have patho-
genic/likely pathogenic mutations in known cancer pre-
disposition genes, we observed similar associations with
radiation and anthracyclines (Table 3, Model B). To further
explore this anthracycline association, we restricted the
models to exclude women who received chest radiation of
10 Gy or greater. Anthracyclines 250 mg/m2 or greater
remained significantly associated with an increased risk of
breast cancer in women with and without predisposition
gene mutations (Appendix Table A1, online only). To ex-
plore the differential effect of cumulative doxorubicin
equivalent anthracycline dose conversions, we performed
the same models incorporating only doxorubicin and ob-
served similar findings (Appendix Table A2, online only).
Last, we excluded women with in situ breast cancers only
and found similar incidences and risk estimates (Appendix
Table A3, online only).
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TABLE 1. Demographic and Childhood Cancer Treatment Characteristics of Female SJLIFE Participants With and Without Breast Cancer

Characteristic
Total

(N = 1,467)
Breast Cancer

(n = 56)
No Breast Cancer

(n = 1,411) P*

Median age at childhood cancer diagnosis, years (range) 6.9 (0-22.7) 14.2 (2.4-21.2) 6.6 (0.0-22.7) , .001

Median age at SJLIFE evaluation, years (range) 30.5 (18.5-64.6) 39.0 (23.2-54.4) 30.1 (18.5-64.6) , .001

Median age at breast cancer diagnosis, years (range) — 38.6 (24.5-53.0) — —

Median time since primary cancer diagnosis, years (range) 22.7 (10.5-48.2) 25.2 (12.7-44.6) 22.5 (10.5-48.2) .002

Primary cancer

Leukemia

Acute lymphoblastic leukemia 497 (33.9) 6 (10.7) 491 (34.8) , .001

Acute myeloid leukemia 56 (3.8) 4 (7.1) 52 (3.7)

Other 21 (1.4) 0 (0.0) 21 (1.5)

CNS 134 (9.1) 1 (1.7) 133 (9.4)

Lymphoma

Hodgkin 174 (11.9) 31 (55.4) 143 (10.1)

Non-Hodgkin 78 (5.3) 4 (7.1) 74 (5.2)

Renal tumors 118 (8.0) 2 (3.6) 116 (8.2)

Neuroblastoma 67 (4.6) 0 (0.0) 67 (4.8)

Sarcoma

Soft tissue sarcoma 84 (5.7) 3 (5.4) 81 (5.8)

Ewing sarcoma 38 (2.6) 1 (1.8) 37 (2.6)

Osteosarcoma 53 (3.6) 2 (3.6) 51 (3.6)

Other 147 (10.1) 2 (3.6) 145 (10.3)

Race/ethnicity

White, non-Hispanic 1,179 (80.4) 51 (91.1) 1,128 (80.0) .033

Black, non-Hispanic 232 (15.8) 3 (5.3) 229 (16.2)

Hispanic 39 (2.6) 1 (1.8) 38 (2.7)

Other 14 (0.9) 0 (0.0) 14 (1.0)

Unknown 3 (0.3) 1 (1.8) 2 (0.1)

Chemotherapy

Alkylating agents 839 (57.2) 44 (78.6) 795 (56.3) .001

Anthracycline agents 849 (57.9) 40 (71.4) 809 (57.3) .036

Carboplatin 75 (5.1) 5 (8.9) 70 (5.0) .186

Cisplatin 114 (7.8) 4 (7.1) 110 (7.8) .858

Antimetabolites 761 (51.9) 19 (33.9) 742 (52.6) .006

Plant alkaloids 1,051 (71.6) 38 (67.9) 1,013 (71.8) .522

Epipodophyllotoxins 565 (38.5) 15 (26.8) 550 (39.0) .066

Radiation

Chest radiation, Gy 436 (29.7) 41 (73.2) 395 (28.0) , .001

0 1,031 (70.3) 15 (26.8) 1,016 (72.0) , .001

. 0-9 103 (7.0) 1 (1.8) 102 (7.2)

10-19 84 (5.7) 4 (7.1) 80 (5.7)

20-29 150 (10.2) 15 (26.8) 135 (9.6)

$ 30 99 (6.8) 21 (37.5) 78 (5.5)

(continued on following page)
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Sensitivity and Specificity of Imaging

Among 263 women eligible for screening, 206 (78%)
completed a mammogram, 180 (68%) completed an MRI,
and 179 (68%) completed both. Among those exposed to
20 Gy or more of radiation affecting the breast (n = 192),
167 (87%) had a mammogram, 147 (77%) had an MRI,
and 147 (77%) had both. For sensitivity/specificity ana-
lyses, 139 of 179 (78%) women (mean age 6 standard
deviation, 36.9 6 7.8 years; mean chest radiation dose,
26.4 6 9.79 Gy) with paired images (n = 156) were
available at the time of blinded radiographic reviews.
Among 33 lesions with a BI-RADS score of 4 or greater on
blinded interpretations, biopsies were obtained for 19
patients (57.6%). Among 14 lesions not biopsied, 11 had
a BI-RADS score of less than 4 on clinical interpretations
(in contrast to blinded, retrospective research related);
therefore, no real-time biopsy was recommended. Among
the remaining three patients for which biopsy was clinically
recommended, one died of heart failure before biopsy, and
two were nonadherent. Sensitivity and specificity were
53.8% (95% CI, 26.8% to 80.9%) and 96.3% (95% CI,
94.1% to 98.4%) for mammography, 69.2% (95% CI,

44.1% to 94.3%) and 91.4% (95%CI, 88.1% to 94.6%) for
MRI, and 85.8% (95% CI, 72.4% to 99.2%; either image
positive) and 99.7% (95% CI, 99.3% to 100.0%; both
images negative) for parallel dual imaging, respectively.

Survival by Detection Method

Figure 2 depicts overall survival from first subsequent
breast cancer, by detection method, for the 47 women with
known detection status. Although differences did not reach
statistical significance (P = .535), we observed decreasing
5-year overall survival rates for those detected by pro-
phylactic mastectomy ( n = 2, 100%), imaging (n = 28,
96.0%; 95% CI, 74.8% to 99.4%), and physical findings
(n = 17, 87.8%; 95% CI, 59.5% to 96.8%).

DISCUSSION

Using the clinically assessed and prospectively followed
SJLIFE cohort, we comprehensively report on subsequent
breast cancer risk, detection, characteristics, and out-
comes among women treated for childhood cancer. Fe-
male survivors exposed to higher doses of anthracyclines
are at comparable risk to those exposed to chest radiation

TABLE 1. Demographic and Childhood Cancer Treatment Characteristics of Female SJLIFE Participants With and Without Breast Cancer
(continued)

Characteristic
Total

(N = 1,467)
Breast Cancer

(n = 56)
No Breast Cancer

(n = 1,411) P*

Pelvic radiation, Gy 346 (23.6) 30 (53.6) 316 (22.4) , .001

0 1,121 (76.4) 26 (46.4) 1,095 (77.6) , .001

. 0-9 73 (5.0) 13 (23.2) 60 (4.3)

10-19 98 (6.7) 2 (3.6) 96 (6.8)

20-29 84 (5.7) 9 (16.1) 75 (5.3)

$ 30 91 (6.2) 6 (10.7) 85 (6.0)

Pathogenic/likely pathogenic breast cancer gene mutation

BRCA1 7 (0.5) 1 (1.8) 6 (0.4) , .001

BRCA2 5 (0.2) 2 (3.6) 3 (0.2)

ATM 1 (0.1) 0 (0.0) 1 (0.1)

CDH1 0 (0.0) 0 (0.0) 0 (0.0)

CHEK2 1 (0.1) 0 (0.0) 1 (0.1)

PALB2 3 (0.2) 0 (0.0) 3 (0.2)

PTEN 1 (0.1) 1 (1.8) 0 (0.0)

STK11 0 (0.0) 0 (0.0) 0 (0.0)

TP53 8 (0.5) 1 (1.8) 7 (0.5)

None 1,317 (89.8) 42 (75.0) 1,275 (90.4)

Unknown/untested 124 (8.5) 9 (16.0) 115 (8.1)

Vital status

Alive 1,434 (97.8) 50 (89.3) 1,384 (98.1) , .001

Dead 33 (2.2) 6 (10.7) 27 (1.9)

NOTE. Data presented as No. (%) unless otherwise indicated.
Abbreviation: SJLIFE, St Jude Lifetime Cohort Study.
*Comparing characteristics of those with versus without breast cancer.

Journal of Clinical Oncology 1651

Breast Cancer Risk and Detection in Childhood Cancer Survivors



TABLE 2. Characteristics of Breast Cancers and Treatment by Detection Method

Characteristic

Detection Method

Physical Findings
Versus Imaging P

Comparing
All Three P

Physical Findings
(n = 17)

Imaging
(n = 33)

Prophylactic Mastectomy
(n = 7)

Breast cancer characteristics*

Mean tumor size, mm (SD or range) 32.7 (27.5) 10.8 (8.1) 3.7 (3.1) .005 , .001

Median tumor size, mm (SD or range) 25.0 (8.0-92.0) 9.0 (1.0-40.0) 3.0 (1.0-7.0)

Diagnosis

In situ 0 (0.0) 16 (48.5) 7 (100.0) , .001 , .001

Invasive ductal carcinoma 15 (88.2) 17 (51.5) 0 (0.0)

Other 2 (11.8) 0 (0.0) 0 (0.0)

Nodal status

Positive 8 (50.0) 3 (11.1) 0 (0.0) .010 .015

Negative 8 (50.0) 24 (88.9) 2 (100.0)

Laterality

Right 8 (47.1) 18 (54.6) 2 (28.6) .616 .520

Left 9 (52.9) 15 (45.5) 5 (71.4)

General Location

Upper outer quadrant 7 (53.9) 12 (36.4) 0 (0.0) .520 .519

Lower outer quadrant 1 (7.7) 1 (3.0) 0 (0.0)

Lower inner quadrant 1 (7.7) 3 (9.1) 0 (0.0)

Upper inner quadrant 0 (0.0) 2 (6.1) 0 (0.0)

Central 0 (0.0) 3 (9.1) 0 (0.0)

Upper 0 (0.0) 4 (12.1) 0 (0.0)

Lower 2 (15.4) 1 (3.0) 0 (0.0)

Lateral 2 (15.4) 4 (12.1) 1 (100.0)

Medial 0 (0.0) 3 (9.1) 0 (0.0)

Estrogen receptor status

Positive 10 (58.8) 27 (87.1) 2 (100.0) .036 .075

Negative 7 (41.2) 4 (12.9) 0 (0.0)

Progesterone receptor status

Positive 7 (41.2) 24 (77.4) 2 (100.0) .025 .021

Negative 10 (58.8) 7 (22.6) 0 (0.0)

HER2 status

Positive 3 (21.4) 2 (11.1) 0 (0.0) .631 .631

Negative 11 (78.6) 16 (88.9) 0 (0.0)

Treatment characteristics

Surgery

Biopsy only 1 (5.9) 0 (0.0) 0 (0.0) .448 , .001

Lumpectomy 2 (11.8) 4 (12.1) 0 (0.0)

Mastectomy 14 (82.3) 29 (87.9) 0 (0.0)

Prophylactic mastectomy 0 (0.0) 0 (0.0) 7 (100.0)

Chemotherapy

Yes 14 (87.5) 8 (25.0) 1 (14.3) , .001 , .001

No 2 (12.5) 24 (75.0) 6 (85.7)

(continued on following page)
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and women with BRCA1 mutations in the general pop-
ulation.26 In addition, breast cancers detected by imaging
were more likely to be localized, noninvasive tumors that
did not require systemic chemotherapy.

We observed a greater than 13-fold risk for breast cancer in
women exposed to 250 mg/m2 or more of anthracyclines
compared with none. By comparison, Henderson et al1 and
Teepen et al3 reported a 2.5- to six-fold increased risk of
breast cancer in women exposed to anthracycline
chemotherapies1,3; however, both studies showed atten-
uation of risk in individuals with primary cancers not re-
ported to occur in association with Li-Fraumeni syndrome.
The authors hypothesized that this association was driven
largely by gene-environment interaction. Neither was able
to test this hypothesis directly via the use of available se-
quencing data. Conversely, SJLIFE survivors were pro-
spectively evaluated for subsequent breast cancer,14 chest
dosimetry was systematically estimated (as opposed to
prescribed field dose),18 and breast cancer predisposition
gene mutations were identified by whole genome and
exome sequencing.16 We therefore demonstrated that

treatment-related risk occurs independently of autosomal
dominantly inherited cancer predisposition gene mutations
(including TP53). We recently reported that combinations
of rare and common genetic variants associated with breast
cancer in the general population increase subsequent
breast cancer risk in childhood cancer survivors.27 Future
investigations are needed to understand anthracycline-
associated risk, not only in the context of variants associated
with breast cancer, but other factors such as anthracycline
metabolism, as well. Collectively, these studies suggest that
women exposed to higher doses of anthracyclines are at
substantially increased risk for breast cancer, yet to date,
survivorship guidelines only address women who received
chest radiation, likely missing a subgroup for whom routine
surveillance would be equally beneficial.

Studies have suggested that dual imaging provides a sen-
sitive and specific approach to detect subsequent breast
cancer.10,11,28 We confirmed these findings in the large,
well-characterized SJLIFE cohort. Our specificity of 99.7%
for dual imaging required both images to be negative and
identified a group of women for which a normal mam-
mogram and MRI are quite reassuring regarding the ab-
sence of occult malignancies. These findings align with our
clinical practice of not biopsying abnormalities of BI-RADS
less than 4 on either mammography or MRI.

Although screening and early detection have reduced
mortality in the general population,29 similar studies are
limited in childhood cancer survivors.13 We observed that
cancers identified by surveillance and/or prophylactic
mastectomy were more likely to be localized and less likely
to require treatment with systemic chemotherapy com-
pared with those detected by physical findings, a prom-
ising finding in this often heavily pretreated population.
However, emerging evidence suggests that women with
subsequent breast cancers are at increased risk for inferior
outcomes because of both breast cancer and nonbreast
cancer–related morbidity and mortality.30-32 Notably, those
diagnosed with early-stage subsequent breast cancers seem

TABLE 2. Characteristics of Breast Cancers and Treatment by Detection Method (continued)

Characteristic

Detection Method

Physical Findings
Versus Imaging P

Comparing
All Three P

Physical Findings
(n = 17)

Imaging
(n = 33)

Prophylactic Mastectomy
(n = 7)

Radiation

Yes 4 (25.0) 4 (12.9) 0 (0.0)

No 12 (75.0) 27 (87.1) 7 (100.0) .416 .412

Hormone treatment

Yes 9 (60.0) 8 (29.6) 1 (14.3) .100 .078

No 6 (40.0) 19 (70.4) 6 (85.7)

NOTE. Data presented as No. (%) unless otherwise indicated. Detection method was unknown for 11 of 68 breast cancers, leaving 57 for analysis by
detection method.
Abbreviations: HER2, human epidermal growth factor receptor 2; SD; standard deviation.
*Individuals with unknown values were not considered in corresponding statistical comparisons.
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FIG 1. Cumulative incidence of breast cancer in female childhood
cancer survivors by anthracycline exposure.
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disproportionately affected by nonbreast cancer–related
mortality.30 Collectively, these findings prioritize a need for
collaborative investigations powered to better understand the
potential benefits of surveillance strategies.

A number of limitations must be considered when inter-
preting these results. First, dosimetry estimations were limited
to the chest, rather than breast. Although risk estimates using
breast dosimetry will be a focus in SJLIFE, they are currently
unavailable. Second, we included in situ carcinomas, which
may have affected our incidence and risk estimates. We are
reassured, however, that this was not evident in sensitivity
analyses excluding those with in situ carcinomas. Our 65%
participation rate introduced the possibility of bias; however,
we previously demonstrated a lack of substantive differences
between the SJLIFE and source population.33 We performed
an additional sensitivity analysis, including all nonpartici-
pant females exposed to 10 Gy or more of chest radiation

or anthracyclines 250 mg/m2 or more in our cumulative
incidence estimates. Assuming none of these women
developed breast cancer, our estimates did not change;
therefore, we feel confident that potential participation bias
from women with breast cancer did not significantly alter
our findings. In addition, not all lesions suggestive of cancer
underwent biopsy, perhaps leading to underestimation of
breast cancer incidence and imaging sensitivity. This re-
flects that biopsy recommendations were made for lesions
with a BI-RADS score of 4 or greater on the basis of clinical,
real-time radiographic interpretations of questionable le-
sions. Sensitivity and specificity estimations were calcu-
lated from retrospective reviews by radiologists blinded to
clinical outcomes and therefore were at times incongruent
with clinical, real-time assessments. Because we required
both images to be negative for specificity calculations, and
biopsy would not be recommended for such patients, this

TABLE 3. Multivariable Models for Breast Cancer in All Female SJLIFE Participants

Variable

Overall Cohort

Model A
No Exclusions

(n = 1,332; n = 45 with
breast cancer)

Model B
Excluding Survivors With Pathogenic/Likely

Pathogenic Mutations
(n = 1,306; n = 40 with breast cancer)*

No. HR 95% CI P No. HR 95% CI P

Age at childhood cancer diagnosis (per year) 1.0 1.0 to 1.1 .399 1.0 1.0 to 1.1 .426

Pathogenic/likely pathogenic mutation* — — —

None 40 1.0

$ 1 gene mutation 5 23.0 7.3 to 72.2 , .001

Chest radiation, Gy

None 8 1.0 5 1.0

. 0 to , 10 4 0.7 0.2 to 2.8 .656 4 1.2 0.3 to 5.0 .823

10 to , 20 2 2.4 0.4 to 15.0 .362 2 8.0 1.1 to 56.3 .038

$ 20 31 7.6 2.9 to 20.4 , .001 29 10.0 3.3 to 30.5 , .001

Pelvic radiation

None 22 1.0 19 1.0

Any 23 1.8 0.9 to 3.9 .111 21 1.8 0.8 to 4.0 .123

Alkylators, mg/m2 †

None 11 1.0 10 1.0

. 0-5,999 12 1.0 0.4 to 2.6 .921 12 1.5 0.6 to 4.1 .388

$ 6,000 22 0.4 0.2 to 0.9 .030 18 0.4 0.2 to 1.1 .077

Anthracyclines, mg/m2 ‡

None 14 1.0 13 1.0

1-249 11 2.6 1.1 to 6.2 .034 10 2.5 1.0 to 6.1 .053

$ 250 20 13.4 5.5 to 32.5 , .001 17 15.1 6.1 to 37.6 , .001

NOTE. A total of 124 participants were excluded because of no genetic testing; 11 participants were excluded because of missing alkylating
agent dose.

Abbreviations: SJLIFE, St Jude Lifetime Cohort Study; HR, hazard ratio.
*BRCA1, BRCA2, ATM, CDH1, CHEK2, PALB2, PTEN, STK11, and/or TP53.
†Cyclophosphamide equivalent dose.8,25

‡Doxorubicin equivalent dose.8
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estimation would not be expected to be affected by ad-
herence to biopsy recommendations. In addition, because
our sensitivity and specificity estimates were based on base-
line screening assessments, they are likely representative

of prevalent rather than incident lesions. Last, despite the
relatively large number of survivors in our cohort, the relative
infrequency of subsequent breast cancers limits the power
of our study to robustly explore outcomes (eg, survival dif-
ferences) by detection method. However, our findings remain
provocative and prompt follow-up investigation.

In conclusion, female childhood cancer survivors who
received 250 mg/m2 or more of doxorubicin equivalent
anthracycline chemotherapy are at high risk for subsequent
breast cancer independent of prior chest radiation
or known genetic predisposition. We recommend screening
survivors treated with higher doses of anthracyclines in a
manner consistent with those who have received radiation
affecting the breast and/or have a known breast cancer
predisposition mutation (eg, BRCA1/2). In addition, dual
imaging with mammography and breast MRI is a sensitive
and specific approach to identifying breast cancers that
require less aggressive therapy than those detected
by physical findings and should be considered the standard
of care for childhood cancer survivors.
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APPENDIX

Potentially eligible  10-year
female survivors of childhood

cancer age  18 years
(n = 2,246)

Detection method
unknown
(n = 11)

Diagnosed by
physical findings

(n = 17)

Diagnosed by
prophylactic
mastectomy

(n = 7)

Diagnosed by
imaging
(n = 33)

Female SJLIFE
participants
(N = 1,467)

Nonparticipants
   Survey only
   Refused participation
   Lost
   Interested pending campus visit

(n = 669)
(n = 132)
(n = 283)
(n = 71)

(n = 183)

Pending recruitment (n = 110)

Female SJLIFE participants
eligible for breast cancer

screening*
(n = 263)

10 Gy
   Mammography
   MRI
   Both

(n = 263)
(n = 206)
(n = 180)
(n = 179)

20 Gy
   Mammography
   MRI
   Both

(n = 192)
(n = 167)
(n = 147)
(n = 147)

Diagnosed with
breast cancer

(n = 56 women)
(n = 68 breast cancers)

Not diagnosed with
breast cancer

(n = 1,411)

FIG A1. Flow diagram of recruitment of female childhood cancer survivors. SJLIFE, St Jude Lifetime cohort; MRI, magnetic resonance imaging.
(*) Radiation 10 Gy or greater potentially affecting the breast, age of 25 years or older, and 8 years or more from radiation exposure.8
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TABLE A1. Multivariable Models for Breast Cancer in Female SJLIFE Participants, Excluding Those Treated With $ 10 Gy of Chest Radiation

Variable

Excluding Women With ‡ 10 Gy Chest Radiation

No Additional Exclusions
(n = 1,064; n = 12 with breast cancer)

Excluding Survivors With Pathogenic/
Likely Pathogenic Mutations*

(n = 1,042; n = 9 with breast cancer)

No. HR 95% CI P No. HR 95% CI P

Age at childhood cancer diagnosis (per year) 1.0 0.9 to 1.2 .941 1.0 0.9 to 1.2 .876

Pathogenic/likely pathogenic mutation* — — —

None 9 1.0

$ 1 gene mutation 3 25.0 5.4 to 116.3 , .001

Alkylators, mg/m2 †

None 3 1.0 2 1.0

. 0-5,999 3 0.7 0.1 to 5.2 .722 3 0.8 0.1 to 7.0 .811

$ 6,000 6 0.4 0.1 to 2.4 .320 4 0.6 0.1 to 3.9 .575

Anthracyclines, mg/m2 ‡

None 3 1.0 2 1.0

1-249 1 1.1 0.1 to 11.8 .955 1 2.1 0.2 to 27.0 .549

$ 250 8 11.1 1.8 to 66.3 .008 6 16.9 2.2 to 126.6 .006

NOTE. A total of 124 participants were excluded because no genetic testing was performed; 11 participants were excluded because of missing
alkylating agent dose.

Abbreviations: HR, hazard ratio; SJLIFE, St Jude Lifetime Cohort Study.
*BRCA1, BRCA2, ATM, CDH1, CHEK2, PALB2, PTEN, STK11, and/or TP53.
†Cyclophosphamide equivalent dose.8,25

‡Doxorubicin equivalent dose.8
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TABLE A3. Multivariable Models for Breast Cancer in Female SJLIFE Participants, Excluding Those With Only In Situ Breast Carcinomas

Variable

Excluding Survivors With Only In Situ Carcinomas

No Additional Exclusions
(n = 1,317; n = 30 with

breast cancer)

Excluding Survivors With Pathogenic/Likely
Pathogenic Mutations*

(n = 1,292)

n = 26 with breast cancer

No. HR 95% CI P No. HR 95% CI P

Age at childhood cancer diagnosis (per year) 1.0 0.9 to 1.1 .591 1.0 0.9 to 1.1 .637

Pathogenic/likely pathogenic mutation* — — —

None 26 1.0

$ 1 gene mutation 4 23.6 6.1 to 90.5 , .001

Chest radiation, Gy

None 6 1.0 4 1.0

. 0 to , 10 3 1.0 0.2 to 4.9 .983 3 1.4 0.3 to 7.6 .683

10 to , 20 1 1.3 0.1 to 15.6 .853 1 6.8 0.5 to 89.7 .145

$ 20 20 8.9 2.8 to 28.8 , .001 18 10.4 2.9 to 37.5 , .001

Pelvic radiation

None 17 1.0 15 1.0

Any 13 2.0 0.8 to 5.1 .130 11 2.0 0.8 to 5.2 .164

Alkylators, mg/m2 †

None 5 1.0 5 1.0

. 0-5,999 10 2.0 0.6 to 6.5 .237 10 2.8 0.8 to 9.6 .107

$ 6,000 15 0.5 0.1 to 1.5 .181 11 0.5 0.1 to 1.6 .225

Anthracyclines, mg/m2 ‡

None 8 1.0 8 1.0

1-249 5 1.9 0.6 to 6.3 .309 4 1.5 0.4 to 5.3 .554

$ 250 17 24.1 7.9 to 73.2 , .001 14 25.2 8.0 to 78.6 , .001

NOTE. A total of 124 participants were excluded because of no genetic testing; 11 participants were excluded because of missing alkylating
agent dose.

Abbreviations: HR, hazard ratio; SJLIFE, St. Jude Lifetime Cohort Study.
*BRCA1, BRCA2, ATM, CDH1, CHEK2, PALB2, PTEN, STK11, and/or TP53.
†Cyclophosphamide equivalent dose.8,25

‡Doxorubicin equivalent dose.8
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