
ARTICLE

Radiation Dose and Volume to the Pancreas and Subsequent

Risk of Diabetes Mellitus: A Report from the Childhood Cancer

Survivor Study

Danielle Novetsky Friedman , Chaya S. Moskowitz, Patrick Hilden , Rebecca M. Howell,
Rita E. Weathers, Susan A. Smith, Suzanne L. Wolden, Emily S. Tonorezos,
Sogol Mostoufi-Moab , Eric J. Chow , Lillian R. Meacham , Joanne F. Chou,
John A. Whitton, Wendy M. Leisenring, Leslie L. Robison , Gregory T. Armstrong,
Kevin C. Oeffinger, Charles A. Sklar

See the Notes section for the full list of authors’ affiliations.
Correspondence to: Danielle Novetsky Friedman, MD, Memorial Sloan Kettering Cancer Center, 1275 York Avenue, New York, NY 10065 (e-mail: friedmad@mskcc.org).

Abstract

Background: Childhood cancer survivors exposed to abdominal radiation (abdRT) are at increased risk for diabetes mellitus,
but the association between risk and radiation dose and volume is unclear.
Methods: Participants included 20 762 5-year survivors of childhood cancer (4568 exposed to abdRT) and 4853 siblings. For
abdRT, we estimated maximum dose to abdomen; mean doses for whole pancreas, pancreatic head, body, tail; and percent
pancreas volume receiving no less than 10, 20, and 30 Gy. Relative risks (RRs) were estimated with a Poisson model using
generalized estimating equations, adjusted for attained age. All statistical tests were two-sided.
Results: Survivors exposed to abdRT (median age¼31.6 years, range¼10.2–58.3 years) were 2.92-fold more likely than siblings
(95% confidence interval [CI] ¼ 2.02 to 4.23) and 1.60-times more likely than survivors not exposed to abdRT (95%CI¼1.24 to
2.05) to develop diabetes. Among survivors treated with abdRT, greater attained age (RRper 10 years¼2.11, 95% CI¼1.70 to 2.62),
higher body mass index (RRBMI 30þ ¼ 5.00, 95% CI¼3.19 to 7.83 with referenceBMI 18.5–24.9), and increasing pancreatic tail dose
were associated with increased diabetes risk in a multivariable model; an interaction was identified between younger age at
cancer diagnosis and pancreatic tail dose with much higher diabetes risk associated with increasing pancreatic tail dose
among those diagnosed at the youngest ages (P < .001). Radiation dose and volume to other regions of the pancreas were not
statistically significantly associated with risk.
Conclusions: Among survivors treated with abdRT, diabetes risk was associated with higher pancreatic tail dose, especially at
younger ages. Targeted interventions are needed to improve cardiometabolic health among those at highest risk.

Because of improved therapies and supportive care for child-
hood cancer, 5-year survival rates now exceed 80% (1). By
2020, it is estimated that more than 500 000 survivors of child-
hood cancer will live in the United States (2). Improved sur-
vival, however, has led to increased recognition of survivors’
excess risk of morbidity and mortality due to treatment-

related late effects (3–6). By 50 years of age, the cumulative in-
cidence of chronic health conditions of any grade among
adult survivors of childhood cancer is 99.9% (5). Survivors are
at risk for a wide range of chronic conditions, including diabe-
tes mellitus (herein, referred to as diabetes) (7,8), which sub-
sequently increases risk for heart failure after cardiotoxic
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therapy in survivors (9) and, in the general population, is in-
dependently associated with increased cardiovascular and
all-cause mortality (10–12). Although many chronic condi-
tions impact survivors shortly after therapy, others, including
diabetes, may not become apparent until survivors mature
into adulthood.

Recent reports have noted a nearly twofold increased risk
of diabetes in childhood cancer survivors with risk increasing
over time (7); those exposed to abdominal radiation are at
even higher risk (8,13,14). Large cohort studies have demon-
strated a dose-response relationship between diabetes risk
and radiation dose to the pancreatic tail, where insulin-
producing b cells reside (13,14). The exact nature of this rela-
tionship, however, is contested; one large study of childhood
cancer survivors demonstrated a linear dose-response rela-
tionship through doses of 20–29 Gy with subsequent plateau in
risk (13), whereas another study suggested that risk continues
to rise with increasing mean dose to the pancreatic tail (14). In
the latter study, risk of diabetes was highest among survivors
exposed to doses greater than or equal to 36 Gy to the para-
aortic nodes and spleen; the authors also suggested that radia-
tion volume, or area of the pancreas exposed to radiation,
might play a role in mediating risk, but this observation has
not been formally assessed.

The current analysis sought to fill this knowledge gap by in-
vestigating the association between pancreatic radiation dose-
volume characteristics and risk of diabetes among childhood
cancer survivors enrolled in the Childhood Cancer Survivor
Study (CCSS). Additionally, we aimed to identify risk factors for
the development of diabetes in the subcohort of survivors
treated with abdominal radiation in an effort to lay the ground-
work for risk prediction models for diabetes development after
cancer therapy.

Methods

Participants

Participants include survivors enrolled in CCSS, a multi-
institutional, hospital-based cohort of childhood cancer survivors
with longitudinal follow-up. Eligible survivors were diagnosed
with cancer between January 1, 1970, and December 31, 1999, prior
to 21 years of age at 1 of 27 North American institutions and alive
at least 5 years after diagnosis. The cohort methodology and study
design have been described previously in detail (15,16). The proto-
col was approved by each of the institutional review boards at
participating institutions. Participants provided informed consent
prior to study participation. Participants completed a baseline
survey and up to four follow-up questionnaires; questionnaires
are publicly available at https://ccss.stjude.org/tools-and-docu-
ments/questionnaires.html.

For this analysis, 20 762 childhood cancer survivors were in-
cluded. Any survivor also exposed to total body irradiation, an
exposure associated with risk of diabetes independent of ab-
dominal radiation (8), was excluded. A random sample of sib-
lings of CCSS participants was selected as a comparison
population and completed identical surveys. The sibling re-
sponse rate was 83% for the baseline surveys.

Cancer Treatment Information

Using standardized CCSS protocols, data regarding cancer diag-
nosis and treatment exposures, including chemotherapy and

radiotherapy, were abstracted from the medical records of all
participants who provided authorization (16,17). Radiation
records were centrally reviewed, and several dose-metrics were
determined. The maximum tumor dose to the abdomen was de-
termined by summing the prescribed dose from all overlapping
fields within the abdomen. Pancreas-specific dose-metrics were
calculated as well; each participant’s radiotherapy fields were
reconstructed on a computational phantom scaled to age at
time of radiotherapy. Within the phantom, the pancreas was
modeled by a grid of 129 evenly spaced points, which was subdi-
vided into the head, body, and tail substructures. For each par-
ticipant’s reconstructed radiotherapy, dose to each of the 129
points was calculated. These data were used to estimate 1)
mean dose to the whole pancreas, head, body, tail and 2) vol-
ume of the pancreas that received no less than 10 (V10), 20
(V20), or 30 Gy (V30) radiation (18).

Variables and Outcome of Interest

The primary outcome of interest was a self-reported history of
diabetes requiring use of oral glucose-lowering agents or insu-
lin; once individuals met these criteria, they were assumed to
have the outcome in all subsequent surveys. Body mass index
(BMI) was calculated from heights and weights that were self-
reported by survivors and siblings at each time point when sur-
veys were completed, using the standard formula of [weight(ki-
logram [kg])/(height[meters (m)])2. Obesity was defined as BMI
no less than 30 kg/m2; overweight as BMI 25–29.9 kg/m2; normal
weight as BMI 18.5–24.9 kg/m2; and underweight as BMI less
than 18.5 kg/m2 (19,20). In addition to the baseline question-
naire, participants completed follow-up questionnaires that in-
cluded information about self-reported chronic conditions and
medication use, including those related to diabetes.

Statistical Analysis

Continuous variables were expressed as mean (standard devia-
tion) or median (range). The v2 and Wilcoxon rank sum tests
were used to assess differences in covariate values between
groups.

Point estimates of prevalence with 95% confidence intervals
(CIs) were calculated for cross-sectional observations with re-
peated measurements across follow-up surveys. Cumulative in-
cidence was not calculated because the age at onset of diabetes
requiring medication was not known. We included 22 survivors
for whom the data suggest diabetes may have been diagnosed
prior to the primary childhood cancer diagnosis in our esti-
mates of prevalence, in order to have comparable prevalence
estimates between the survivors and siblings. Using a general-
ized estimating equation model assuming a Poisson distribu-
tion with a log-link function, and adjusted for attained age,
relative risks comparing the prevalence of diabetes among
those exposed to abdominal radiation to 1) siblings and 2) survi-
vors without a history of abdominal radiation were estimated.
Relative risk (RR) and 95% confidence interval were estimated,
and P values were obtained using the Wald test.

Risk factors for diabetes among those receiving abdominal
radiation were assessed using the same modeling method. The
final multivariable model was built using a forward selection
procedure, with all univariable risk factors with P value less
than .2 considered candidates for the multivariable model. The
final multivariable model included attained age (10-year incre-
ments), BMI status, mean pancreatic tail dose, and the
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interaction between age at diagnosis (10-year increments) and
mean pancreatic tail dose. A plot showing the estimated
relative risk by age at diagnosis for each radiation dose group
was constructed using the linear predictors from the model to
estimate the relative risk of diabetes for each radiation dose
group by age, with age treated as a continuous variable.
Residual plots were used to evaluate model fit.

All analyses were complete-case analyses and incorporated
a weighting adjustment applied to each participant using in-
verse probability weighting to account for undersampling of
survivors of acute lymphoblastic leukemia diagnosed from 1987
to 1999. Analyses were performed using R version 3.5.0 (R
Foundation for Statistical Computing, Vienna, Austria).

Analyses were also carried out using a second model, the lin-
ear odds ratio model (21), where the odds of diabetes were mod-
eled as a function of dose using the form e(b0)(1þ b1Dose). Dose
was modeled as a continuous variable. Departures from a linear
dose-response relationship were explored by fitting an equation

quadratic in dose. Departures from a constant relative risk on
an additive scale were explored by fitting interaction terms
looking at possible modifying effects of other factors. Beta esti-
mates (b) and 95% confidence intervals were presented, and
P values were obtained using the Wald test. This analysis was
conducted in SAS for Windows version 9.4 (SAS Institute, INC.,
Cary, NC, USA).

A P value less than .05 was considered statistically
significant, and two-sided tests of hypotheses were used
throughout.

Results

Participants

A total of 20 762 childhood cancer survivors were included in
this study: 4568 individuals exposed to abdominal radiation and
16 194 without exposure to abdominal radiation. These

Table 1. Characteristics of survivors of childhood cancer overall and by abdominal radiation exposure and siblings*

Characteristic

Survivors exposed to
abdominal RT

Survivors not exposed
to abdominal RT

Siblings
(n¼ 4853)

P† P‡(n¼ 4568) (n¼ 16 194)

Age at cancer diagnosis, y
Median (range) 7.4 (0.0–21.0) 6.6 (0.0–21.0) N/A <.001 N/A
Mean (SD) 8.8 (5.9) 7.9 (5.7) N/A

Attained age, y <.001 <.001
Median (range) 31.6 (10.2–58.3) 28.6 (8.7–57.9) 32.7 (0.3–60.3) — —
Mean (SD) 31.9 (9.3) 29.2 (8.5) 33.0 (9.8) — —

Follow-up time, y§
Median (range) 17.7 (2.3–33.9) 16.3 (2.0–34.2) N/A — —
Mean (SD) 18.2 (7.1) 16.3 (6.4) N/A — —

Race/ethnicity .051 <.001
White, non-Hispanic 3738 (81.7) 13 000 (79.5) 4190 (86.3) — —
Black, non-Hispanic 272 (5.9) 881 (5.7) 146 (3.0) — —
Hispanic/Latino 116 (2.7) 547 (3.5) 90 (1.9) — —
Other 334 (7.2) 1220 (7.3) 228 (4.7) — —
Missing 108 (2.5) 546 (4.1) 199 (4.1) — —

Sex .55 <.001
Female 2137 (46.4) 7614 (47.0) 2529 (52.1) — —
Male 2431 (53.6) 8580 (53.0) 2318 (47.8) — —
Missing 0 (0.0) 0 (0.0) 6 (0.1) — —

Cancer diagnosis <.001 N/A
Central nervous system tumor 998 (21.3) 2869 (14.9) N/A — —
Hodgkin lymphoma 1299 (27.7) 1390 (7.2) N/A — —
Non-Hodgkin lymphoma 197 (4.2) 1496 (7.8) N/A — —
Leukemia 501 (13.3) 5693 (45.3) N/A — —
Wilms tumor 1030 (22.0) 880 (4.6) N/A — —
Neuroblastoma 333 (7.1) 1253 (6.5) N/A — —
Soft tissue sarcoma 126 (2.7) 919 (4.8) N/A — —
Bone cancer 84 (1.8) 1694 (8.8) N/A — —

Body mass index, kg/m2 <.001 <.001
<18.5 547 (11.9) 1393 (7.9) 331 (6.8) — —
18.5–24.9 2242 (48.6) 7735 (47.3) 2448 (50.4) — —
25.0–29.9 989 (21.8) 3744 (23.3) 1205 (24.8) — —
�30 527 (11.7) 2424 (15.9) 716 (14.8) — —
Missing 263 (6.0) 898 (5.6) 153 (3.2) — —

*Counts represent the actual observed number of observations present in the data, and the percentages and P values incorporate the individual sampling weights for

survivors, with siblings assumed to have sampling weight of 1. N/A ¼ not applicable; RT ¼ radiation therapy; SD ¼ standard deviation.

†Comparison of abdominal RT and no abdominal RT was done using the v2 test for categorical variables or the Wilcoxon rank sum test for continuous variables; all

P values were two-sided.

‡Comparison of abdominal RT and siblings was performed using the v2 test for categorical variables or the Wilcoxon rank sum test for continuous variables; all P values

were two-sided.

§Duration of follow-up starts at 5 years after diagnosis.
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individuals were compared to 4853 siblings. Demographics of
the cohort are described in Table 1. Treatment characteristics of
survivors are provided in Table 2.

Risk of Diabetes Among Childhood Cancer Survivors
and Siblings

Overall, 389 cases of diabetes were identified among 20 762 sur-
vivors and 53 cases in 4853 siblings (data not shown). Among
4568 survivors treated with abdominal radiation, 137 (2.3%; 95%
CI¼ 1.9% to 2.8%) reported diabetes at a median age of 30 years
(range¼ 3–53 years); 66 (48.2%) individuals reported use of oral
hypoglycemic agents, 69 (50.4%) reported history of insulin use,
2 (1.5%) individuals reported use of both oral agents and insulin,
and 3 died from diabetes-related causes. In contrast, 252 (1.2%;
95% CI¼ 1.0% to 1.3%) of 16 194 survivors without a history of
abdominal radiation reported diabetes at a median age of
28 years (range¼ 0–54); 122 (48.4%) reported use of oral hypogly-
cemic medications, 126 (50.0%) reported use of insulin, and
8 died from diabetes-related causes. Among siblings, 53 (0.8%;
95% CI¼ 0.6% to 1.1%) reported diabetes at a median age of
34 years (range¼ 4–53); 28 (52.8%) were on oral hypoglycemic
agents, 24 (45.3%) were on insulin, and 1 (1.9%) individual was
on both an oral agent and insulin.

Among both survivors and siblings, diabetes prevalence in-
creased with older attained age. For participants between the
ages of 21 and 30 years, the prevalence of diabetes was 1.3%
(95% CI¼ 1.0% to 1.9%) for survivors exposed to abdominal radi-
ation, 0.8% (95% CI¼ 0.6% to 1.0%) for survivors without a his-
tory of abdominal radiation, and 0.4% (95% CI¼ 0.2% to 0.8%) for
siblings (data not shown). In contrast, among individuals older
than 40 years of age, the prevalence of diabetes was 4.6% (95%
CI¼ 3.3% to 6.4%) for survivors exposed to abdominal radiation,
3.1% (95% CI¼ 2.3% to 4.1%) for survivors not so exposed, and
2.1% (95% CI¼ 1.4 to 3.2%) for siblings.

Survivors exposed to abdominal radiation (median age¼
31.6 years, range¼ 10.2–58.3) were 2.92-fold more likely than sib-
lings (95% CI¼ 2.02 to 4.23) and 1.60 times more likely than sur-
vivors not exposed to abdominal radiation (95% CI¼ 1.24 to 2.05)
to develop diabetes. Table 3 summarizes the relative risks of di-
abetes adjusted for attained age and attained age and BMI for
the whole cohort and for individual diagnostic groups.
Survivors of neuroblastoma, Hodgkin lymphoma, Wilms tumor,
and CNS tumors treated with abdominal radiation were at

Table 2. Treatment characteristics of the survivors of childhood can-
cer by abdominal radiation exposure (n¼ 20 762)

Treatment exposure

Survivors exposed
to abdominal RT

Survivors not
exposed to

abdominal RT
P*(n¼ 4568) (n¼ 16 194)

Corticosteroids <.001
No 2946 (63.0) 8090 (43.1) —
Yes 1240 (28.7) 7237 (52.3) —
Missing 382 (8.3) 867 (4.6) —

Anthracyclines <.001
No 2745 (58.6) 8089 (44.9) —
Yes 1736 (39.4) 7941 (54.2) —
Missing 87 (2.0) 164 (0.9) —

Alkylating agents .17
No 2008 (43.5) 7441 (45.4) —
Yes 2448 (54.0) 8571 (53.6) —
Missing 112 (2.5) 182 (1.0) —

Cranial radiation <.001
No 3002 (64.1) 11 804 (74.2) —
Yes 1561 (35.8) 4308 (25.3) —
Missing 5 (0.1) 82 (0.5) —

Radiation dose (Gy)†
Abdomen (maxTD)

0.1–9.9 128 (3.4) N/A —
10.0–19.9 982 (22.8) N/A —
20.0–29.9 1 324 (28.2) N/A —
�30.0 2107 (44.9) N/A —
Missing 27 (0.6) N/A —

Whole pancreas (mean dose)
0.1–9.9 660 (16.3) N/A —
10.0–19.9 1827 (39.2) N/A —
20.0–29.9 1220 (26.0) N/A —
�30.0 821 (17.5) N/A —
Missing 40 (0.9) N/A —

Head of pancreas (mean dose)
0.1–9.9 492 (11.8) N/A —
10.0–19.9 1480 (32.8) N/A —
20.0–29.9 1369 (29.2) N/A —
�30.0 1187 (25.3) N/A —
Missing 40 (0.9) N/A —

Body of pancreas (mean dose)
0.1–9.9 552 (13.1) N/A —
10.0–19.9 1408 (31.2) N/A —
20.0–29.9 1363 (29.1) N/A —
�30.0 1205 (25.7) N/A —
Missing 40 (0.9) N/A —

Tail of pancreas (mean dose)
0.1–9.9 2883 (64.0) N/A —
10.0–19.9 1177 (25.1) N/A —
20.0–29.9 324 (6.9) N/A —
�30.0 144 (3.1) N/A —
Missing 40 (0.9) N/A —

Whole pancreas radiation dose-volume metrics (% volume)‡
V10 (�10 Gy) to:

0% of the pancreas 211 (5.2) N/A —
0.1–75.0% 1908 (42.5) N/A —
75.1–100.0% 2409 (51.4) N/A —
Missing 40 (0.9) N/A —

V20 (�20 Gy) to:
0% of the pancreas 1317 (30.6) N/A —
0.1–75.0% 1627 (34.7) N/A —
75.1–100.0% 1584 (33.8) N/A —
Missing 40 (0.9) N/A —

(continued)

Table 2. (continued)

Treatment exposure

Survivors exposed
to abdominal RT

Survivors not
exposed to

abdominal RT
P*(n¼ 4568) (n¼ 16 194)

V30 (�30 Gy) to:
0% of the pancreas 2745 (61.1) N/A —
0.1–75.0% 817 (17.4) N/A —
75.1–100.0% 966 (20.6) N/A —
Missing 40 (0.9) N/A —

*Comparison between groups was performed using the v2 test; all P values were

two-sided. N/A ¼ not applicable; RT ¼ radiation therapy.

†Radiation therapy dose refers to the maximum tumor dose (maxTD) from sum-

ming all of the overlapping RT fields prescribed to the abdomen and the mean

dose to the whole pancreas and head, body, and tail of the pancreas.

‡Radiation dose-volume metrics refer to the percent of the whole pancreas that

received �10 Gy (V10), �20Gy (V20), or �30 Gy (V30) from RT.
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increased risk of diabetes, when compared to siblings. There
was no statistically significant increased risk of diabetes in sur-
vivors without a history of abdominal radiation in each of the
diagnostic groups listed above, relative to siblings. These results
remained unchanged after further adjusting these analyses for
race and/or ethnicity and sex (Supplementary Table 1, available
online).

Factors Associated With Diabetes Among Individuals
Exposed to Abdominal Radiation

To elucidate the pathophysiology of diabetes after abdominal
radiation, we performed a risk factor analysis restricted to sur-
vivors previously exposed to abdominal radiation. After adjust-
ing for attained age, the variables statistically significantly
associated with diabetes risk in univariate analysis were age at
diagnosis, BMI, and pancreas tail dose. None of the volumetric
parameters of interest (V10, V20, V30) were associated with dia-
betes risk (Supplementary Table 2, available online). Exposure
to alkylating agents, anthracyclines, and corticosteroids were
also not associated with increased diabetes risk among individ-
uals exposed to abdominal radiation. Complete results of the
univariate analysis are shown in Supplementary Table 2 (avail-
able online).

In multivariable analysis (Table 4), older attained age (RRper

10 years ¼ 2.11, 95% CI¼ 1.70 to 2.62), higher BMI (RRBMI <18.5 ¼ 0.5,
95% CI¼ 0.15 to 1.61; RRBMI 25–30 ¼ 1.69, 95% CI¼ 1.08 to 2.65;
RRBMI 30þ ¼ 5.00, 95% CI¼ 3.19 to 7.83, with reference group of
BMI 18.5–24.9), and higher mean pancreatic tail dose were asso-
ciated with diabetes risk among those exposed to abdominal

radiation. Additionally, a statistically significant interaction
was noted between younger age at cancer diagnosis and pan-
creatic tail dose, with greater differences in the risk of diabetes

Table 3. Adjusted relative risks of diabetes among childhood cancer survivors, by primary cancer diagnosis

Diagnosis

Not adjusted for BMI Adjusted for BMI

Relative risk* (95% CI) P† Relative risk* (95% CI) P†

All patients
Siblings Referent — Referent —
No abdominal RT 1.83 (1.29 to 2.60) .001 1.83 (1.29 to 2.60) <.001
Abdominal RT 2.92 (2.02 to 4.23) <.001 3.40 (2.33 to 4.95) <.001

Hodgkin lymphoma
Siblings Referent — Referent —
No abdominal RT 1.37 (0.76 to 2.47) .30 1.51 (0.84 to 2.74) .17
Abdominal RT 2.13 (1.33 to 3.42) .002 2.83 (1.75 to 4.57) <.001

Neuroblastoma
Siblings Referent — Referent —
No abdominal RT 1.45 (0.62 to 3.38) .39 1.48 (0.65 to 3.40) .35
Abdominal RT 8.51 (4.27 to 16.94) <.001 8.91 (4.49 to 18.67) <.001

Wilms
Siblings Referent — Referent —
No abdominal RT 0.70 (0.20 to 2.46) .58 0.76 (0.21 to 2.68) .66
Abdominal RT 3.77 (2.06 to 6.89) <.001 4.10 (2.21 to 7.61) <.001

Central nervous system tumor
Siblings Referent — Referent —
No abdominal RT 1.33 (0.78 to 2.28) .30 1.36 (0.79 to 2.36) .27
Abdominal RT 3.73 (1.99 to 6.99) <.001 3.67 (1.89 to 7.12) <.001

Other‡
Siblings Referent — Referent —
No abdominal RT 2.15 (1.50 to 3.10) <.001 2.14 (1.47 to 3.12) <.001
Abdominal RT 2.61 (1.48 to 4.60) .001 2.92 (1.65 to 5.15) <.001

*All relative risks are adjusted for attained age (continuous). BMI ¼ body mass index; CI¼ confidence interval; RT ¼ radiation therapy.

†Relative risks and 95% CIs were estimated using a generalized estimation equation model with a log-link function, and P values were obtained using a two-sided Wald test.

‡Other category includes patients with non-Hodgkin lymphoma, soft tissue sarcoma, bone cancer, and leukemia.

Table 4. Predictors of diabetes mellitus in multivariable analysis in
individuals exposed to abdominal radiation

Characteristic Relative risk (95% CI) P*

Attained age, 10 y 2.11 (1.70 to 2.62) <.001
Body mass index group, kg/m2 <.001
<18.5 0.50 (0.15 to 1.61) —
18.5–24.9 1.00 (referent) —
25.0–29.9 1.69 (1.08 to 2.65) —
�30 5.00 (3.19 to 7.83) —

Pancreas tail dose, Gy† <.001
0.1–9.9 1.00 (referent) —
10.0–19.9 5.82 (2.33 to 14.53) —
20.0–29.9 5.81 (1.85 to 18.25) —
�30 8.62 (2.64 to 28.14) —

Interaction between age at diagnosis (10-year increments)
and pancreas tail dose, Gy‡

<.001

0.1–9.9 1.28 (0.69 to 2.36) —
10.0–19.9 0.33 (0.19 to 0.59) —
20.0–29.9 0.50 (0.19 to 1.33) —
�30 0.37 (0.15 to 0.92) —

*Relative risks and 95% CIs were estimated using a generalized estimation equa-

tion model with a log-link function; P values were obtained using a two-sided

Wald test. CI¼ confidence interval.

†Pancreas tail dose refers to mean dose.

‡Estimates are per 10-year increases in age at diagnosis.
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noted among those diagnosed at the youngest ages (P< .001;
Table 5 and Figure 1). Specifically, after adjusting for attained
age and BMI, those diagnosed with cancer at younger than
10 years of age were at increased risk for diabetes development
with higher mean dose to the pancreatic tail (among individuals
diagnosed at age 1 year: RR10–19.9 Gy ¼ 5.09, 95% CI¼ 2.18 to 11.91;
RR20–29.9 Gy ¼ 5.28, 95% CI¼ 1.84 to 15.18; RR30þ Gy ¼ 7.62, 95%
CI¼ 2.52 to 23.06; among individuals diagnosed at age 5 years:
RR10–19.9 Gy ¼ 2.98, 95% CI¼ 1.60 to 5.53; RR20–29.9 Gy ¼ 3.62, 95%
CI¼ 1.68 to 7.78; RR30þ Gy ¼ 4.66, 95% CI¼ 1.96 to 11.08, both with
referent group of 0.1–9.9 Gy). Those diagnosed at age 15 years or
older, however, were not at statistically significantly increased
risk for diabetes development at different mean pancreas tail
doses, after adjusting for attained age and BMI. Full results are
shown in Figure 1 and Table 5.

A linear dose-response relationship appeared to fit the data
well (Supplementary Table 3, available online). We found no ev-
idence of a quadratic relationship or of an interaction with age
at diagnosis or BMI on an additive scale.

Discussion

Using the largest cohort assembled to date of childhood cancer
survivors exposed to abdominal radiation for assessment of dia-
betes mellitus, we built on previous work establishing a dose-
response relationship between radiation to the tail of the pan-
creas and diabetes risk (13, 14) to demonstrate a novel interac-
tion between younger age at diagnosis and diabetes risk within

the same pancreas tail dose groups and, thereby, allow for the
identification of survivors at highest risk for diabetes after expo-
sure to therapeutic abdominal radiation. These data are crucial
to inform targeted screening practices and the development of
interventions for survivors at highest risk for the development
of diabetes over time.

Over the past two decades, the association between abdomi-
nal radiation and diabetes has been increasingly recognized. In
a brief report in the Lancet in 1995, Teinturier et al. (22) first
described a cohort of 121 patients treated with abdominal
radiation in which 6.6% developed pancreatic diabetes, or a non-
autoimmune insulinopenic form of diabetes. Concerns about a
possible link between abdominal radiation and b-cell dysfunction
followed in other brief reports (23,24). Subsequently, large epide-
miologic analyses corroborated the link between abdominal radi-
ation and diabetes risk (8,13,14). Using the original cohort of CCSS
survivors diagnosed between 1970 and 1986, Meacham and col-
leagues (8) noted an increased risk of diabetes among all child-
hood cancer survivors compared to siblings, with risk most
pronounced among those previously exposed to total body irradi-
ation or abdominal radiation. Unlike what is observed in the gen-
eral population, diabetes risk associated with radiation remained
statistically significant even after accounting for BMI or sedentary
lifestyle (8). Precise radiation dose estimates were not examined
in that report.

Since that time, however, data from studies using radiation
dosimetry have consistently shown a strong association be-
tween radiation dose to the tail of the pancreas and diabetes
risk. One study of 2520 five-year childhood cancer survivors
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Figure 1. Association between radiation dose to the pancreatic tail and diabetes risk by age at cancer diagnosis among childhood cancer survivors exposed to abdomi-

nal radiation. Shows the estimated relative risk of diabetes by age at diagnosis (as a continuous variable) for each mean pancreatic radiation dose group. Constructed

using the linear predictors from the model of 11 575 survey responses among 4341 childhood cancer survivors exposed to abdominal radiation.
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(n¼ 1632 treated with radiation) enrolled in the French-United
Kingdom cohort demonstrated that risk of diabetes plateaued at
radiation doses to the pancreatic tail greater than 20–29 Gy (13).
More recently, an analysis of 2264 Hodgkin survivors in the
Netherlands (41.2% diagnosed prior to age 25 years; 48% previ-
ously exposed to para-aortic radiation) (14) found that risk of di-
abetes increased with increasing mean dose to the pancreatic
tail without an evident plateau. Para-aortic radiation with a
splenic boost, which includes 90–100% of pancreatic volume,
was associated with a greater risk than para-aortic radiation
alone, which includes 75–85% of pancreatic volume, thus sug-
gesting that volume of the pancreas exposed to radiation may
play a role in posttreatment diabetes development. Given this
suggestion, the current study sought to assess the role of pan-
creatic radiation volume, as well as dose, in determining diabe-
tes risk among childhood cancer survivors. Similar to the study
from the Netherlands, we found a linear dose-response rela-
tionship between mean radiation dose to the pancreatic tail and
diabetes risk without evident plateau. To our surprise, however,
volumetric parameters, or percentage of the pancreas exposed
to different doses of radiation (V10, V20, V30), were not associ-
ated with risk in our cohort, which suggests that radiation dose
to the tail of the pancreas supersedes the importance of radia-
tion to other regions of the pancreas in mediating diabetes risk
after abdominal radiation.

Importantly, given prior work showing that the risk of dia-
betes for children younger than age 2 years at the time of
radiation therapy was greater than for older children (13), we
explored the interaction between younger age at primary can-
cer diagnosis and pancreas tail dose. We found that
individuals diagnosed at the youngest ages had a statistically
significantly higher risk of diabetes within the same pancreas
tail dose groups. This has important implications for risk
stratification among childhood cancer survivors treated with
abdominal radiation at various doses and ages, which may
impact targeted screening practices and future intervention
trials among those at highest risk for diabetes and future
cardiometabolic disease.

It is important to note, however, that Hodgkin lymphoma
survivors (14) and testicular cancer survivors (25) treated with
abdominal radiation have also been found to be at risk for dia-
betes after abdominal radiation administered at older ages. It is
unclear why this association was not apparent in our cohort but
may be related to the fact that our cohort is limited to individu-
als diagnosed at younger than 21 years of age.

Regarding the pathophysiology of diabetes after abdominal
radiation, the epidemiologic data would suggest that damage to
the insulin-producing b cells concentrated in the tail of the pan-
creas is the key etiologic factor in development of diabetes in
this population. However, the limited clinical data regarding the
role of insulinopenia in the development of diabetes after ab-
dominal radiation are inconsistent (22); moreover, more recent

data suggest a role for insulin resistance rather than insulinope-
nia in the pathogenesis of diabetes (26). Further studies to
clarify the mechanisms leading to diabetes after abdominal ra-
diation are warranted.

Several limitations must be considered when interpreting
these results. Diabetes cases were classified according to pa-
tient self-report of diabetes medication use and were not veri-
fied with a treating physician. Although it is possible that
patients misreported their medication, it is more likely that
some participants have undiagnosed diabetes, and thus, we
may have underestimated the true number of cases of diabetes.
Additionally, survivors were likely screened for diabetes more
closely than their unaffected siblings because of treatment-
related risks, which may have resulted in surveillance bias.
Finally, because of the structure of the surveys, physical activity
questions were only included on some questionnaires and were
thus not explored as a predictor of diabetes in this analysis.

In this study, we described the risk of diabetes in 20 762
long-term childhood cancer survivors of whom 4568 had a his-
tory of abdominal radiation. Among those treated with abdomi-
nal radiation, we found a linear dose-response relationship
between diabetes risk and higher pancreatic tail dose, but not
with other dosimetric or volumetric variables. Younger age at
cancer diagnosis was a key risk factor in determining risk and
should be factored into risk-based screening practices for this
cohort. Additional research is needed to clarify the pathophysi-
ology of diabetes in order to design evidence-based interven-
tions to decrease overall cardiometabolic risk in survivors after
cancer therapy.
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Table 5. Association between radiation dose to the pancreatic tail and diabetes risk by age at cancer diagnosis among childhood cancer survi-
vors exposed to abdominal radiation*

Mean pancreas tail dose, Gy
1 year 5 years 10 years 15 years 20 years

RR (95% CI) RR (95% CI) RR (95% CI) RR (95% CI) RR (95% CI)

0.1– 9.9 Referent Referent Referent Referent Referent
10.0–19.9 5.09 (2.18 to 11.91) 2.98 (1.60 to 5.53) 1.52 (0.96 to 2.42) 0.78 (0.44 to 1.39) 0.40 (0.17 to 0.94)
20.0–29.9 5.28 (1.84 to 15.18) 3.62 (1.68 to 7.78) 2.26 (1.11 to 4.59) 1.41 (0.50 to 3.95) 0.88 (0.19 to 3.96)
�30 7.62 (2.52 to 23.06) 4.66 (1.96 to 11.08) 2.52 (1.12 to 5.64) 1.36 (0.48 to 3.89) 0.74 (0.17 to 3.14)

*All estimates are adjusted for attained age and body mass index. CI¼ confidence interval; RR ¼ relative risk.
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