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Abstract

Background—Standard treatment of pulmonary metastasis in patients with Wilms tumor (WT) 

includes 12 Gy radiation therapy (RT) to the entire chest. The risk of breast cancer (BC) in a large 

cohort of female survivors of WT has not previously been reported.

Methods—2,492 female participants in National Wilms Tumor Studies 1–4 (1969–1995) were 

followed from age 15 through mid 2013 for incident BC. Median age at last contact was 27.3 

years. We calculated cumulative risk at age 40 (CR40), hazard ratios (HR) by Cox regression, 

standardized incidence ratios (SIR) relative to US population rates and [shown in brackets] 95% 

confidence intervals.

Results—Numbers of survivors with invasive BC divided by numbers at risk were 16/369 

(CR40=14.8% [8.7–24.5]) for women who received chest RT for metastatic WT, 10/894 

(CR40=3.1% [1.3–7.41]) for those who received only abdominal RT and 2/1,229 (CR40=0.3% 

[0.0–2.3]) for those who received no RT. The SIRs for these three groups were 27.6 [16.1–44.2] 

based on 5,010 person-years (PY) of follow-up, 6.0 [2.9,11.0] based on 13,185 PY, and 2.2 

[0.3,7.8] based on 13,560 PY, respectively. The risk was high regardless of chest RT among 

women diagnosed with WT at age 10 or later, with 9/90 developing BC (CR40=13.5% [5.6–30.6], 

SIR=23.6 [10.8–44.8], PY=1,463).

Conclusion—Female WT survivors treated with chest RT had high risk of early BC, with nearly 

15% developing invasive disease by age 40. Current guidelines that recommend screening only 

survivors receiving ≥20 Gy RT to the chest might be re-evaluated.
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Introduction

Modern treatment of the childhood kidney cancer Wilms tumor (WT) has led to cure rates 

approaching 90%.1 Survivors have increased rates of secondary cancers,2 due in part to late 

effects of radiation therapy (RT) and chemotherapy. Among patients with unilateral WT 

enrolled on the first three protocols of the National Wilms Tumor Study (NWTS), 

approximately 11% had pulmonary metastases at the time of WT diagnosis3 and a further 

9% developed them at relapse.4 Most such patients received an RT dose of 12 (the current 

standard) or 14 Gy to the entire chest.5–7

The Childhood Cancer Survivor Study (CCSS) estimated that childhood cancer survivors 

treated with and without chest RT had, respectively, 24.7 and 4.8 times the rates of breast 

cancer (BC) of the US population.8 Information on BC in childhood cancer survivors mainly 

comes from Hodgkin lymphoma (HL) patients,9 who comprised 65% of BC cases in the 

CCSS cohort.10 Chest RT in HL survivors was associated with a cumulative incidence of 

BC of 12.9% by age 40.8 HL patients receive varying quantities of radiation. Lee et al.11 

reported a median of 35 Gy and range of 15–60 Gy. Unlike whole lung RT in WT, the 

radiation fields used for HL may not always include the entire volume of both breasts.12 

Current guidelines from the Children’s Oncology Group recommend routine screening for 

BC in survivors of childhood cancer only if the chest RT dose is ≥20 Gy,13,14 which would 

exclude most patients with WT.

Information on BC in WT survivors is scarce. The CCSS and British Childhood Cancer 

Survivor Study (BCCSS) reported 3 and 8 cases, respectively.8,15 We report here on the 

largest number of BC cases observed in WT survivors thus far, focusing on the increased 

risk due to chest RT with a view towards evaluating the adequacy of current screening 

guidelines. The associations of BC risk with abdominal RT, use of doxorubicin, which had 

increased the risk of secondary tumors in an earlier study,16 and age at onset of WT were 

also examined.

Methods

Study cohort

The study population consisted of 2,492 female US and Canadian patients aged 0–19 years 

at WT onset who were enrolled on one of the first four NWTS protocols (1969–1995). All 

participants survived to age 15 or 5 years from WT onset, whichever came later, and were 

followed from that time forward until age of last contact or death. The closing date for 

follow-up was June 30, 2013. They were consented by their parent/guardian for enrollment 

in the NWTS and were re-consented as adults for continuing follow-up at age 18. Secondary 

malignancies were ascertained via clinical records and annual status reports; wherever 

possible, they were confirmed by medical records review.

Radiation

The first protocol (NWTS-1) specified uniform doses of 14 Gy for pulmonary metastasis at 

the time of WT diagnosis.7 The dose was reduced to 12 Gy during NWTS-2 and remained 

12 Gy on NWTS-3,4.5,6,17 The entire chest, from approximately the clavicle to the L1 
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vertebra, regardless of the number and location of visible metastases, was included in the 

treatment volume. These studies lacked specific protocols for pulmonary metastasis at 

relapse, but most physicians used 12Gy whole chest RT for the initial metastasis and lower 

doses to smaller fields for subsequent ones. There was greater variation in the abdominal 

doses, with intensified chemotherapy replacing RT in later protocols. Most patients in 

NWTS-1 received 18–40 Gy RT to the renal fossa (flank), depending on age, with whole 

abdomen RT or boosts given for more extensive disease. By NWTS-4 only a minority of 

patients at “high risk” of relapse by virtue of stage or histology received any flank RT, and 

then in a standard dose of 10.8 Gy, with additional amounts for more extensive disease. 

Relapse treatment was largely at the discretion of the local investigator. Figure 1 shows 

standard fields for chest, whole abdomen and flank, respectively, for a female patient age 5. 

Actual fields varied with age and tumor location.

Patients were classified as to whether or not they received chest RT, abdominal RT only or 

no RT and by the total dose to any portion of the chest (none, 1–12 Gy, and >12 Gy). Of 

those receiving chest RT, 87% had a single course of treatment to the entire chest. 

Regression analyses utilized the highest cumulative RT doses given to the entire or to any 

portion of the left (L) and right (R) chest and to the L and R flank.

Covariates

Covariates included age at WT diagnosis and whether or not doxorubicin was administered.

Statistical methods

We calculated cumulative risk of BC as a function of participant age, subtracting the 

Kaplan-Meier estimate from 1.18,19 Since only 3% of participants died of other causes, this 

was comparable to cumulative incidence where death is considered a competing risk.20 

Standardized incidence ratios (SIRs), with tests, confidence intervals and inter-group 

comparisons based on Poisson statistics,18 compared rates of BC in WT survivors with age- 

and period-specific US population rates, both in yearly intervals.21 Participants were 

considered at risk of BC until the end of follow-up, even if a previous BC had occurred.

The effects on BC risk of RT variables and covariates after adjustment for each other were 

estimated as hazard ratios (HR) using Cox models for age at first BC. To investigate the 

separate effects of contralateral vs. ipsilateral RT, each patient generated two records, one 

for the L and one for the R breast. Participants with bilateral BC, whether synchronous or 

metachronous, contributed two events. Correlation between records for the same patient was 

accounted for by grouped jackknife (robust) standard errors; influence and tests for non-

proportionality were assessed by standard methods.22 All calculations were performed in 

R.23 Ninety-five percent confidence intervals (CI) are shown in brackets.

Imputation of missing data

We imputed missing information on RT doses as described.24 Two patients missing 

information on chest and 20 on flank RT for primary disease were assigned the protocol 

dose. Multiple imputation was used for missing information on 16 patients eligible for chest 

and 3 treated with abdominal RT for relapse.25 Twenty filled-in datasets were generated 
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based on random draws from complete records, stratified on prior treatment history and side 

of relapse. Nineteen yielded the same classification of subjects by radiation category (none, 

chest, abdominal only), the other differing only for a single subject, and a single consensus 

classification was used for analysis. Results using the quantitative RT variables differed 

slightly by imputed dataset, and standard methods were used to combine them.26

Results

Description of cohort

The 2,492 participants had a median age at last follow-up of 27.3 years (interquartile range 

21.5–33.2, maximum 55.2 years). Twenty-nine cases of invasive BC were ascertained 

among 28 participants (Table 1). Twenty were confirmed by pathology report, 1 by 

publication, 2 by death certificate, 2 by clinical records and 4 from detailed annual status 

report or other patient contact. Patient #1, diagnosed with WT at age 7, developed a 

phylloides tumor in the R breast at age 15 and a ductal carcinoma in the L breast at age 34. 

The median age at first BC diagnosis was 34.3 years (range 15.5–48.4 years) and the median 

time from WT diagnosis to first BC diagnosis was 27.1 years (range 7.9–35.7 years). At 

diagnosis, 15 BC were on the L side, 12 on the R and 2 were bilateral.

Six patients reported ductal carcinoma in situ (DCIS) without invasive disease, all confirmed 

by pathology report. These 6 events were included only in a brief sensitivity analysis. They 

may have been particularly susceptible to detection bias resulting from more intensive 

screening of patients who received chest RT.

Of the 18 BC cases with information on estrogen (ER) and progesterone (PR) receptors, 14 

were ER+/PR+, 2 were ER+/PR−, and 2 were ER−/PR−. Three of 16 cases having known 

human epidermal growth factor 2 receptor status were positive. Eight cases had a known 

family history of BC. Five died, all due to metastatic BC. The 5- and 10- year Kaplan-Meier 

survival probabilities following first BC diagnosis were 91% (95% CI [67,98]) and 74% 

[41,90], respectively.

Overall, 3.20 cases of BC were expected from US population rates based on 31,755 person-

years (PY) of observation. (Table 2) The SIR was 29/3.20=9.1 (95% CI [6.0,13.0]) and the 

estimated cumulative risk at age 40 (CR40) was 4.5% [2.8,7.2].

Chest irradiation

Sixteen of 369 patients who received chest RT developed BC, one of them twice. The SIR 

was 27.6 [16.1,44.2] and the CR40 was 14.8%. (Table 2 and Figure 1) Among the BC cases, 

RT was administered to the bilateral chest at doses of 12 Gy (9 patients), 14 Gy (3), 15 Gy 

(1) and 21 Gy (1), respectively. (Table 1) Numbers were assigned to patients in Table 1 in 

order of age at (first) BC diagnosis, and cannot be directly linked to the patient database. 

Patient #7 received 14 Gy to the bilateral field plus a boost of 26 Gy to the left lung, 

whereas patient #20 was treated with 12.3 Gy to the R lung only.

RT above 12 Gy did not increase risk compared to 12 Gy or less, but the range of doses was 

narrow. Among all patients who received chest RT, to the nearest Gy, 4% received a 
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cumulative pulmonary dose of <12 Gy, 64% received 12 Gy, 19% between 13 and 15 Gy 

and 13% above 15 Gy. Most of the higher doses were to a portion of the lung.

Abdominal irradiation

Ten of 894 patients who received abdominal RT only developed BC. The SIR was 

10/1.67=6.0 [2.9,11.0], p<0.0001 for the null hypothesis that SIR=1.0, and the CR40 was 

3.1%. (Table 2 and Figure 1). However, the test comparing the SIR of 6.0 for patients who 

received abdominal RT only with the SIR of 2.2 for those who received no RT was not 

statistically significant (p=0.23). Nor was there a difference in the SIRs between 202 

patients who received whole abdomen RT (2/0.28=7.2) and 682 who received RT only to 

the flank or other portions of the abdomen (8/1.39=5.8, p=0.68).

Seven of the 10 BC cases who received abdominal but no chest RT were treated for a WT 

on the L (5) or R (2) side only and developed unilateral BC. In all 7 instances, the BC 

developed on the same side as the WT (p=0.02). One of us (JAK) examined the radiation 

fields for the 10 cases and estimated the likely range of doses to the L and R breast. Patients 

#5 and #6, who received whole abdomen RT, had an estimated dose of 5.3–10.5 Gy and 

3.0–10.0 Gy to the L and of 8.9–10.5 and 3.0–10.0 Gy to the R breast, respectively. Patients 

#20, #22, and #26 had estimated ranges of 3.0–12.0, 4.0–20.0, and 29.4–32.7 Gy, all to the L 

breast. For these 5 patients, significant amounts of RT were delivered to at least a portion of 

the breast where the cancer occurred.

Other subgroups

Nine cases of BC were observed among 90 patients whose WT was diagnosed after their 

10th birthday: SIR=23.6 [10.8,44.8], CR40=13.5% (Table 2). Five of the 9 accounted for all 

BC cases ascertained at age 39 and above, of which 4 received flank RT (Table 1). Eighteen 

of 974 patients treated with doxorubicin developed BC: SIR=19.7 [11.7,31.1], CR40=9.4%. 

Both subgroups contained disproportionately higher risk patients more likely also to receive 

RT. The SIR declined with increasing current age (Table 2), as might be expected due to the 

corresponding increase in background rates, but the test for trend was not statistically 

significant (p = 0.23).

Multiple regression analyses

Cox regression models, where tumors in the L and R breast were considered as separate 

events, were fit to compare ipsilateral vs. contralateral RT and to determine whether 

covariate effects remained statistically significant after adjustment for RT. For quantitative 

analysis we chose natural logarithms (started at 1) of the RT doses, rather than the doses 

themselves, for 2 reasons. First, the Cox model then implies that baseline rates are 

multiplied by a power of dose, which is a more plausible dose-response relationship than an 

exponential increase.18 Second, variation among coefficient estimates over the imputed 

datasets was much less with the log transform due to the reduced influence of “outliers”.

Preliminary analysis (results not shown), using a model that included all 4 quantitative RT 

variables, yielded HRs above 1 for ipsilateral and below 1 for contralateral RT whether to 

the chest or flank. Confidence intervals were wide, however, and the fit highly dependent on 
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2 cases. Model I (Table 3) was fit under the assumption that only ipsilateral RT mattered. 

This confirmed the importance of chest RT but suggested little or no effect for abdominal 

RT. Treatment with doxorubicin was estimated to double the BC risk after accounting for 

other variables, but was not statistically significant (p=0.12). By contrast, the HR for age at 

WT onset above 10 was 4.6 and highly statistically significant. There was some evidence for 

non-proportionality (p=0.02); the HR for chest RT decreased with increasing age.

When analysis was restricted to patients who had not received chest RT (Model II), an 

increase in risk with flank RT was apparent. The HR associated with older age at onset 

increased markedly. No individual observation had exceptional influence on the regression 

coefficients in Models I and II, and contributions to their variance from differences between 

imputed data sets were negligible.

Ductal carcinoma in situ

A sensitivity analysis included among the BC events the 6 DCIS cases, 5 of whom received 

chest and 1 abdominal RT only. This increased the estimated risks by age 40 to 20.4% for 

the chest and 4.0% for the abdominal RT groups. The overall SIR was virtually unchanged 

at 9.2=35/3.81 since DCIS cases from SEER were used in the comparison. The component 

SIRs were 29.6=22/0.74 for chest, 5.5=11/2.0 for abdominal and 1.9=2/1.1 for no RT.

Discussion

This study identified 29 cases of invasive BC in WT survivors, the largest number reported 

thus far in a single study. All but 4 occurred before age 40. Overall, WT survivors had 9.1 

times the rate of BC of similarly aged women in the US population and a cumulative risk of 

4.5% at 40 years of age. WT patients treated for pulmonary metastasis with chest RT had a 

14.8% cumulative risk of BC at age 40 and rates 27.6 times background. These findings are 

consistent with ranges of SIRs (13.3–55.5) and 40–45 year cumulative incidence (13–20%) 

reported in a recent review of studies of BC in survivors of pediatric cancer who had chest 

RT as part of their primary treatment.14 They were not materially altered by inclusion of 

DCIS among the BC cases.

The protocol chest RT dose for pulmonary metastasis was 14 Gy in NWTS-1 but was 

reduced to 12 Gy in NWTS-2 following unacceptable acute pulmonary toxicity and 

remained at this level in NWTS-3,4. The vast majority of WT patients with chest metastases 

received the protocol dose. CCSS reported that each additional Gy of radiation increased the 

excess odds ratio of BC by 0.27.10 Approximating HR by odds ratio, this corresponds to a 

HR of 4.2 (95% CI [2.2, 9.0]) for 12 Gy chest RT, relative to none. From Table 3, we 

estimate a HR of 5.7 [2.6,12.7] for 12 Gy. These results are remarkably consistent, in spite 

of differences between studies. The CCSS case-control study used dosimetry to calculate 

radiation exposure to cancerous breast tissue in cases and analogous breast tissue in matched 

controls. The HR estimated for 12 Gy was based on linear extrapolation from results for 

substantially higher doses administered especially to HL patients, many of whom had RT 

only to involved fields.12 By contrast, the HR estimated here was based largely on results 

for treatment of the entire chest with 12 Gy. The clustering of doses around 12 Gy, however, 

limited our ability to detect a dose-response relationship.
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Sixteen (89%) of 18 patients for whom receptor status was known were ER+/PR+. This 

percentage is higher than for SEER cases of comparable age, and more characteristic of 

post-menopausal cases. It is compatible with the notion that radiogenic cancers are typical of 

those that occur in the general population, but are induced to appear earlier.

WT survivors who did not receive chest RT also had an excess of breast cancer: 

SIR=12/2.59=4.6 [2.4,8.1], p<0.0001 (Table 2). While the excess could well be due to 

abdominal RT, this has not been proven. The SIR for those who received abdominal RT was 

even higher (6.0), but not significantly so in comparison with the 2.2 observed for those who 

received no RT. Some BC cases received flank RT affecting breast tissue at doses that could 

plausibly explain their occurrence and there was evidence of a correlation between the side 

of WT and side of BC. Our quantitative analyses, however, demonstrated an effect for flank 

RT only when restricted to patients who received no chest RT (Model II, Table 3). The 

uncertainty is due in part to the very small number (2) of BC cases who received no RT and 

to measurement error, i.e., the possibly weak correlation between the recorded ipsilateral 

flank dose and the actual breast dose. Also, some patients who received whole abdomen RT 

later developed ovarian failure, which could lessen their BC risk. Flank fields occupy a 

greater portion of the chest in younger whereas breasts are larger in older children, and there 

is a question as to which receives the higher dose. Radiation field parameters and techniques 

remained remarkably consistent throughout the NWTS. However, higher energy radiation 

from Cobalt-60 machines and linear accelerators in recent protocols would have resulted in a 

lower breast exposure compared to orthovoltage x-rays used previously. A larger case-

control study that uses dosimetry to estimate the breast doses, especially from flank RT, is 

needed to resolve these issues.

Another explanation for an excess of BC in non-irradiated WT survivors is the possibility of 

a common origin. WT is associated with a large number of syndromes and constitutional 

chromosomal abnormalities, some of which could also predispose to BC.27 In particular, 

breast carcinoma, phylloides tumor and WT have all been observed with the Li-Fraumeni 

syndrome.28 The recent discovery of a WT survivor who had a familial BRCA1 mutation 

and developed DCIS at age 21 raises the possibility that both tumors were influenced by the 

mutation.29 Many WT occur in association with overexpression of the IGF2 gene, which 

might also be involved in the etiology of BC.30

Although the SIR for participants treated with doxorubicin was 19.7 (Table 2), 4 times 

higher than that for patients not so treated (p=0.0002), this comparison ignored the fact that 

doxorubicin is used for “high risk” patients who usually also receive RT. The adjusted HR 

was only 2.2 and failed to achieve statistical significance, though a HR of 6 could not be 

ruled out at 95% confidence (Table 3). The effects of doxorubicin and RT are often difficult 

to separate due to the high correlation between them. CCSS found an adjusted OR for the 

association of doxorubicin and BC of 1.9, but this too lacked statistical significance.10 

Doxorubicin possibly increases BC risk, but this is by no means established.

Older age at WT diagnosis was associated, surprisingly, with a 4–5 fold higher rate of BC 

(Table 3). Because our Cox model used age as the time scale, this does not merely reflect 

increasing BC rates with age.19 Nor does it reflect an increased sensitivity to chest RT 
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among pubescent girls. Eight of 9 BC cases with WT diagnosed after age 10, including the 5 

ascertained at the oldest ages (39–48), received no chest RT (Table 1) so that the HR in this 

subgroup was even higher (Model II, Table 3). While this may well be a chance finding, or 

attributable to unmeasured confounders, it is also possible that there are genetic or host 

factors associated with older age at WT diagnosis that lead to increased risk of later BC.

The major limitations of our study were the still small number of BC cases and the lack of 

dosimetry, which affected particularly our assessment of abdominal RT. Screening for BC 

was possibly more intense, or reporting of BC cases more timely, among patients receiving 

chest irradiation. Nonetheless, evidence was reasonably solid that irradiation of the entire 

chest with 12 Gy RT carried a significant hazard of early BC. WT patients treated for 

pulmonary metastases with 12 Gy of whole chest RT are strong candidates for BC 

surveillance prior to age 40, after which routine mammographic surveillance for women in 

the general population is recommended.31 Current guidelines,13,14 which suggest yearly 

mammography and breast MRI starting at age 25 or 8 years after treatment culmination only 

for those who received ≥20 Gy chest or mantle radiation, would need to be revised to 

facilitate the early diagnosis and prompt treatment of BC among WT survivors.
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Figure 1. 
Figures 1A–D: Axial CT scan and digitally reconstructed radiographs (DRR) with breast 

tissue contours in a 5 year old girl with Wilms tumor. A) Axial CT scan of the chest, B) 

DRR of a standard whole lung radiation field, C) DRR of a standard whole abdomen 

radiation field and D) DRR of a standard flank field.
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Figure 2. 
Cumulative risk of breast cancer by radiation category. Numbers above abscissa are of 

participants still under observation at ages 20, 30, 40 in each category.
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