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Childhood cancer survivors have an up to 6-fold increased incidence of subsequent malignant neoplasms
(SMNs) for more than 20 years following their primary disease.? Excess body weight and lower levels of
physical activity are well-recognized risk factors for developing several primary cancers among adults in the
general population;*>® and among children with cancer, high body mass index (BMI) is associated with higher
rates of cancer relapse, as well as poorer overall and event-free survival.”® The independent and/or
concomitant contributions of excess body weight and low physical activity to the development of subsequent
neoplasms (SNs) among long-term childhood cancer survivors are unknown.

In 2012, it was estimated that 3.6% of all new cancer diagnoses in adults were attributable to high BMI.% In a
meta-analysis examining BMI and cancer incidence, Reneha et al showed that each 5-kg/m? increase in BMI
conferred an increased risk of esophageal adenocarcinoma (RR=1.52; 95% CI: 1.33 to 1.74), colon cancer
(RR=1.24; 95% CI: 1.20 to 1.28), and multiple myeloma (RR=1.11; 95% CI: 1.05 to 1.18) in men; and
endometrial cancer (RR=1.59; 95% CI: 1.50 to 1.68), gallbladder cancer (RR=1.59; 95% CI: 1.02 to 2.47),
esophageal adenocarcinoma (RR=1.51; 95%CI: 1.31 to 1.74), and postmenopausal breast cancer (RR=1.12;
95% CI: 1.08 to 1.16) in women.?® Obesity has also been associated with increased meningioma risk (RR=1.45,
95% ClI: 1.26-1.67).° The mechanistic relationship between excess fat and cancer risk has not yet been fully
elucidated, but sex steroids, metabolic hormones, and inflammation are hypothesized contributors.° In a small,
single-institution study (N=59), Moke et al demonstrated that survivors of pediatric cancer who were obese
both at diagnosis and at the end of therapy had a four-fold increased risk of SMNs compared to those who
were not obese [aOR, 4.44 (95% CI 1.37-14.34)]. Moreover, though not statistically significant, SMNs had
increased association with higher BMI Z-score at diagnosis [OR 1.27 (95% CI 0.99-1.63)] as well as higher
BMI categories at diagnosis [aOR overweight, 1.25 (95% CI 0.55-2.52); aOR obese, 2.51 (95% CI 1.00—
6.29)].8 These findings underscore the need to expand upon this highly understudied area of research.

Low physical activity levels in survivors are associated with elevated BMI and confer increased likelihood of all-
cause mortality.'*13 Additionally, higher physical activity levels have been suggested to reduce the risk of up to
13 adult-onset malignancies by 10-25%.° A pooled analysis of 12 prospective adult U.S and European cohorts
reinforced these findings in 10 of the 13 malignancies, irrespective of patient BMI.®> Childhood cancer survivors



are predisposed to being overweight or obese®** and consistently report sub-optimal physical activity
levels;'>1® however the association with SNs is unknown.

Studies with large sample sizes and long follow-up periods are necessary to investigate the association
between modifiable risk factors, such as overweight/obese BMI and physical activity, with the risk of SNs in
childhood cancer survivors. The proposed study will leverage data from patients enrolled in the Childhood
Cancer Survivor Study (CCSS) cohort to further investigate this critically understudied area in a large cohort
with uniform, longitudinal ascertainment of these measures. These data are essential to informing intervention
studies aimed at reducing the burden, and associated morbidity and mortality, of SNs among future patients.

Specific Aims:

Aim1: Determine the association between overweight or obese BMI during cancer survivorship and risk of SNs,
adjusted for original cancer diagnosis, surgical intervention, radiation and chemotherapy exposures, and other
lifestyle factors including smoking and alcohol use.

Aim 2: Determine the association between overweight or obese BMI at cancer diagnosis and risk of SNs,
adjusted for original cancer diagnosis, surgical intervention, radiation and chemotherapy exposures, and other
lifestyle factors including smoking and alcohol use.

Aim 3: Determine the association between lower physical activity levels during cancer survivorship and the risk
of SNs, adjusted for original cancer diagnosis, surgical intervention, radiation and chemotherapy exposures,
and other lifestyle factors including smoking and alcohol use.

Exploratory Aim: Determine if the association between low physical activity and SNs is mediated by elevated
BMI or if these are 2 independent risk factors for SN risk.

Hypotheses:

1. Survivors who have an overweight or obese BMI for any length of time during CCSS follow-up will have
increased risk of SNs compared to survivors who are normal or underweight throughout follow-up.

2. Survivors who have an obese BMI for any length of time during CCSS follow-up will have increased risk of
SNs compared to those who are in the overweight BMI category for any length of time during follow-up.

3. Survivors who have overweight or obese BMI at time of childhood cancer diagnosis will have increased risk
of SNs compared to survivors who have normal or underweight BMI at diagnosis.

4. Survivors who have obese BMI at time of childhood cancer diagnosis will have increased risk of SNs
compared to those who are in the overweight BMI category at diagnosis.

5. Survivors who have overweight or obese BMI at time of childhood cancer diagnosis in addition to any time
during CCSS follow-up, will have increased risk of SNs compared to survivors who have overweight or
obese BMI at diagnosis or follow-up alone.

6. Survivors who do not meet national guideline recommendations for moderate or vigorous physical activity
levels at any time during CCSS follow-up will have increased risk of SNs compared to those who meet
these recommendations for any length of time during the follow up period.

Analysis Framework:

1. Approach and Population of Interest: A retrospective analysis will be conducted on survivors enrolled in the
CCSS cohort, diagnosed between 1970-1999, who have BMI data available at time of diagnosis as well as
during the survivorship period, defined as 5 years from first childhood cancer diagnosis (N=24,362), and
who also have physical activity levels available from follow-up surveys.

2. Outcome Measures: The primary outcome is development of SNs after childhood cancer. SNs will be
identified via self- or proxy-reported surveys confirmed by pathological report consistent with previous
CCSS methodology. If pathology report is unavailable, death certificate or medical records will be used for
verification. SNs are coded by histology using the International Classification of Diseases for Oncology
(ICD-0). Of interest for this study are SMNSs, including invasive neoplasms as classified by ICD-O, 3rd




Edition, behavior code 3,17 as well as ductal carcinoma in situ (DCIS) of the breast, nonmelanoma skin
cancer (NMSC) and meningiomas. All other nonmalignant neoplasms will be excluded from the analysis.

Predictor Variables:

3.1. BMI category at the time of cancer diagnosis for survivors will be calculated from height, weight, and
body surface area (BSA) measures reported in the medical record abstraction form (MRAF), section
D.1 - D.10. BMI categories will be determined as per CDC guidelines.'® Each BMI category will be
analyzed independently.

3.1.1. Underweight < 18 years old: < 5™ percentile; > 18 years old: BMI < 18.5 kg/m?
3.1.2. Normal < 18 years old: 6™ - 84™ percentile; > 18 years old: BMI 18.5-24.9 kg/m?
3.1.3. Overweight < 18 years old: 85 - 94" percentile; > 18 years old: BMI 25-29 kg/m?
3.1.4. Obese < 18 years old: 295" percentile; > 18 years old: BMI > 30 kg/m?

3.2. BMI category during the survivorship period will be calculated from self-reported heights and weights
for survivors at each available CCSS survey follow-up time point. Height and weight data correspond
to A.10 - A.11 in the Baseline survey, 7 - 8 in follow-up survey 2, and A.1 - A.2 in follow-up surveys 4
and 5. BMI categories will be determined by CDC guidelines, as outlined in section 3.1 above.
3.2.1. Time spent in each BMI category will be calculated in years, as follows:

Midpoint — Midpoint Midpoint
Baseline - Follow- Follow-
survey L up 2 L up 4 L up5
BMI BMI BMI BMI BMI BMI
Category at Category Category Category Category Category
Baseline at F/U 2 at F/U 2 atF/U 4 atF/U 4 at FlU 5

3.3. Physical activity levels are ascertained as the average number of minutes per day (or week) of

moderate or vigorous physical activity. Data available starting with follow-up 2 and corresponds to D.1
- D.7 in follow-up survey 2, N.15 - N.21 in follow-up survey 4, and N.15 - N.24 in follow-up survey 5.
3.3.1. A binary variable for whether subjects meet the nationally recommended guidelines for physical
activity will be generated at each available CCSS survey follow up time point.
3.3.1.1.  Forindividuals > 18 years old: 150 minutes of moderate intensity physical activity or 75
minutes of vigorous physical activity weekly.
3.3.1.2.  For children and adolescents 6-17 years old: 60 minutes of moderate to vigorous
physical activity daily.*®

3.3.1.3. Time spent in each physical activity level category will be calculated in years, as follows:
Midpoint Midpoint

Follow- Follow- Follow-

up 2 @ up 4 L up 5 "
Physical Physical Physical Physical
Activity Activity Activity Activity
Category Category Category Category
at FlU 2 at F/U 4 atF/lU 4 at F/lU 5

3.3.2. Mean number minutes of physical activity per week will be will also be examined as a
continuous variable.

4. Descriptive Characteristics of the Cohort:
4.1. Demographics: age at diagnosis, sex, race/ethnicity, primary childhood malignancy, attained age, time
from initial diagnosis, decade of diagnosis (1970s, 80s, 90s)
4.2. Health behaviors:

4.2.1. Smoking status/tobacco use (yes [ever]/no). Corresponds to N.1 - N.2 in the Baseline survey,
L.1-L.6 in follow-up survey 2, and N.7 - N.14 in follow-up surveys 4 and 5.

4.2.2. Alcohol use (never/moderate/moderate-high/high-risk). Corresponds to question N.3 - N.8 in the
Baseline survey, and N.1 - N.6 in follow-up surveys 4 and 5. Alcohol use categories will be defined
as per the U.S. Department of Health and Human Services and U.S. Department of Agriculture.?°
For each individual the highest reported alcohol use category will be used for analysis.

4.2.2.1. Moderate use - women: up to one drink per day, men: up to two drinks per day.
4.2.2.2. Moderate-high — women: two to three drinks per day, men: three to four drinks per day.
4.2.2.3. High-risk use - women: four or more drinks per day, men: five or more drinks per day.



4.2.2.4. One alcoholic drink-equivalent is described as containing 14 g (0.6 fluid 0z) of pure
alcohol. Reference beverages that are one alcoholic drink-equivalent: 12 fluid ounces of
regular beer (5% alcohol), 5 fluid ounces of wine (12% alcohol), or 1.5 fluid ounces of 80
proof distilled spirits (40% alcohol).
4.3. Therapeutic exposures:
4.3.1. Therapeutic radiation (yes/no)
4.3.1.1. Cranial radiation (yes/no)

43.1.1.1. Brain segment 1 (infratentorial region) (yes/no)

4.3.1.1.2. Brain segment 2 (surrogate for pituitary) (yes/no)
4.3.1.1.3. Brain segment 3 (frontal supratentorial region) (yes/no)
43.1.1.4. Brain segment 4 (posterior supratentorial region) (yes/no)

4.3.1.2. Neck radiation (yes/no)
4.3.1.3. Chest radiation (yes/no)
4.3.1.4. Abdominal radiation (yes/no)
4.3.1.5. Pelvis radiation (yes/no)
4.3.1.6. Extremity radiation (yes/no)
4.3.1.7. Spine (yes/no)
4.3.1.8. Maximum dose to exposed body region (Gy), divided into 3-5 dose categories
4.3.1.9. Age (years) at first radiation exposure
4.3.2. Chemotherapy agent class and cumulative doses
4.3.2.1. Alkylating agents (yes/no/cumulative dose, reported as cyclophosphamide equivalents??)
4.3.2.2.  Anthracyclines (yes/no/cumulative dose, reported as doxorubicin equivalents)
4.3.2.3. Epipodophyllotoxins (yes/no/cumulative dose)
4.3.2.4. Corticosteroids (yes/no)
4.3.3. Surgical intervention (yes/no)
4.3.3.1. Lower limb amputation (yes/no)
4.3.3.2. Lower limb joint replacement or other repair (yes/no)
4.3.3.3.  Upper limb amputation (yes/no)
4.3.3.4. Upper limb joint replacement or other repair (yes/no)
4.3.3.5. Procedures of the spine (yes/no)
4.3.3.6.  Other (limb shortening or lengthening) (yes/no)

Statistical Approach:

Descriptive statistics will be calculated for baseline demographics, health behaviors, and therapeutic
exposures. These will include mean, standard deviation, median, minimum and maximum for continuous
measures and frequency and proportion for categorical measures.

Aim1: Determine the association between overweight or obese BMI during cancer survivorship and risk of SNs,
adjusted for original cancer diagnosis, surgical intervention (4.3.3 above), radiation exposure (4.3.1 above,
site/maximum dose) whose effects are possibly modified by age at RT, and chemotherapy exposures including
corticosteroids, and other lifestyle factors including smoking and alcohol use.

We will use the same time-to-event analysis approach that has been used in the previous CCSS SN papers,
namely, the piecewise-exponential models. The analytic strategy will be to build a base clinical model with all
relevant clinical and demographic factors and then evaluate BMI by adding it to the base clinical model. While
BMI during survivorship may be a mediator between cancer treatment variables and SNs, we will adjust for
cancer treatments’ direct effects on SNs in the base clinical model and assess the influence of BMI during
survivorship on SN risk. The challenging aspect will be the time-dependency of BMI (and lifestyle factors): we
will employ the midpoint change method illustrated in 3.2.1 above. We will start the analysis at the baseline
CCSS survey as the survivors’ BMI information prior to the baseline is not available (except the BMI at cancer
diagnosis).

Aim 2: Determine the association between overweight or obese BMI at cancer diagnosis and risk of SNs,
adjusted for original cancer diagnosis, surgical intervention (4.3.3 above), radiation exposure (4.3.1 above,



site/maximum dose) whose effects are possibly modified by age at RT, and chemotherapy exposures including
corticosteroids, and other lifestyle factors including smoking and alcohol use.

We will follow the same approach as Aim 1, but using the overweight and obese status at cancer diagnosis
instead of BMI during survivorship. This analysis will start at the CCSS cohort entry (5 years since diagnosis).

Aim 3: Determine the association between lower physical activity levels during cancer survivorship and the risk
of SNs, adjusted for original cancer diagnosis, surgical intervention (4.3.3 above), radiation exposure (4.3.1
above, site/maximum dose) whose effects are possibly modified by age at RT, and chemotherapy exposures
including corticosteroids, and other lifestyle factors including smoking and alcohol use.

We will follow the same approach as Aim 1, but using the physical activity levels, instead of BMI, during
survivorship.

Exploratory Aim: Determine if the association between low physical activity and SNs is mediated by elevated
BMI or if these are 2 independent risk factors for SN risk.

The concept of this mediation analysis is that the physical activity level at the CCSS follow-up 2 survey
influences the subsequent SN risk via changes in BMI from the CCSS follow-up 2 survey. We will categorize
the BMI change from the follow-up 2 BMI into several categories. The analysis will start the statistical model of
Aim 3 but additionally adjusted for BMI at follow-up 2: the association of the physical activity level with SN risk
in this model is the non-mediated association of interest. Then we add the BMI change to this model to assess
the attenuation of the association of interest. Power of this analysis is limited: thus, we consider this an
exploratory aim.

Proposed Tables and Figures:

Table 1. Participant Characteristics

Characteristic N % P
Age at baseline, years
<18

18-29

30-39

40-54

Sex

Male

Female

Race

White

Black

Other

Unknown

Ethnicity

Hispanic

Non-Hispanic

Age at diagnosis, years
0-3

4-9

10-14

15-20

Original Cancer diagnosis
Leukemia

CNS malignancy
Hodgkin lymphoma
Non-Hodgkin lymphoma
Kidney tumors
Neuroblastomas

Soft tissue sarcoma
Bone tumors
Treatment era
1970-1979

1980-1989

1990-1999
Chemotherapy




Anthracycline (mg/m2)
None

0-100

101-300

>300

Epipodophyllotoxin (mg/m2)
None

1-1000

1001-4000

>4000

Alkylating agent (CED) (mg/m2)
None

1-3999

4000-7999

8000+

Corticosteroids
Yes
No

Radiation

None

Cranial

-Segment 1

-Segment 2

-Segment 3

-Segment 4

Neck

Chest

Abdomen

Pelvis

Extremity

Spine

Maximum dose to any region (Gy)
Age at first radiation exposure

Surgery

None

Lower limb amputation

Lower limb joint replacement or other
repair

Upper limb amputation

Upper limb joint replacement or other
repair

Procedures of the spine

Other (limb shortening or lengthening)

BMI at diagnosis
Underweight
Normal
Overweight
Obese

Max BMI at follow-up
Underweight

Normal

Overweight

Obese

Physical activity
(meeting DOH guidelines)
Yes

No

Tobacco use
Yes/ever
No

Alcohol use
Never
Moderate
Moderate-high
High-risk

Type of Subsequent Neoplasm
None

Malignant

Nonmelanoma skin cancer
Meningioma

Other benign neoplasm

Vital Status
Alive




| Deceased

Table 2. Comparing SN development among childhood cancer survivors, by BMI category at cancer diagnosis

SN Category

Underweight

Normal

QOverweight

Obese

N

%

%

%

%

All

Hematologic
Leukemia
Lymphoma

Solid Organ
Breast

Bone

Gl

STS

Thyroid
Other

CNS

Glial
Medulloblastoma
PNET
Meningioma
Other

Skin
Melanoma
NMSC

Table 3. Comparing SN development among childhood cancer survivors, by maximum BMI category at survivorship

follow-up

SN Category

Underweight

Normal

Qverweight

Obese

N

%

%

%

%

All

Hematologic
Leukemia
Lymphoma

Solid Organ
Breast

Bone

Gl

STS

Thyroid
Other

CNS

Glial
Medulloblastoma
PNET
Meningioma
Other

Skin
Melanoma
NMSC

Table 4. Comparing SN development among childhood cancer survivors, by lowest physical activity level

SN Category

Low Physical Activity
Level

Moderate — Vigorous
Physical Activity Level

N % P

N % P

All

Hematologic
Leukemia
Lymphoma

Solid Organ
Breast

Bone

Gl

STS

Thyroid




Other

CNS

Glial
Medulloblastoma
PNET
Meningioma
Other

Skin
Melanoma
NMSC

Table 5. Association of patient and treatment factors with development of SNs among childhood cancer survivors:

univariate analysis

Patient or Treatment Any SMNs Hematologic SMNs Solid Organ SMNs CNS SNs Skin SNs
Domain N SIR | 95% N SIR | 95% | P N SIR | 95% | P N SIR | 95% N SIR | 95%
(%) cl (%) cl (%) cl (%) cl (%) cl

Age at baseline, years
<18

18-29

30-39

40-54

Sex
Male
Female

Race
White
Black
Other
Unknown

Ethnicity
Hispanic
Non-Hispanic

Age at diagnosis,
years

0-3

4-9

10-14

15-20

Original Cancer
diagnosis
Leukemia

CNS malignancy
Hodgkin lymphoma
Non-Hodgkin
lymphoma

Kidney tumors
Neuroblastomas
Soft tissue sarcoma
Bone tumors

Chemotherapy
Anthracycline (mg/m2)
None

0-100

101-300

>300

Epipodophyllotoxin
(mg/m2)

None

1-1000

1001-4000

>4000

Alkylating agent (CED)
(mg/m2)

None

1-3999

4000-7999

8000+

Corticosteroids
Yes




No

Radiation

None

Cranial

-Segment 1
-Segment 2
-Segment 3
-Segment 4

Neck

Chest

Abdomen

Pelvis

Extremity

Maximum dose to any
region (Gy)

Age at first radiation
exposure

Surgery

None

Lower limb amputation
Lower limb joint
replacement or other
repair

Upper limb amputation
Upper limb joint
replacement or other
repair

Procedures of the
spine

Other (limb shortening
or lengthening)

BMI at diagnosis
Underweight
Normal
Overweight
Obese

Max BMI at follow-up
Underweight

Normal

Overweight

Obese

Physical activity
(meeting DOH
guidelines)

Yes

No

Tobacco use
Yes/ever
No

Alcohol use
Never
Moderate
Moderate-high
High-risk

Table 6. Association of BMI and physical activity levels with development of SNs among childhood cancer survivors:

multivariate analysis

Patient or Treatment Any SMNs Hematologic SMNs Solid Organ SMNs CNS SNs Skin SNs
Domain N SIR | 95% N SIR | 95% | P N SIR | 95% | P N SIR | 95% N SIR | 95%
(%) Cl (%) Cl (%) Cl (%) Cl (%) Cl

Age at baseline, years
<18

18-29

30-39

40-54

Sex
Male
Female

Race
White
Black
Other




Unknown

Ethnicity
Hispanic
Non-Hispanic

Age at diagnosis,
years

0-3

4-9

10-14

15-20

Original Cancer
diagnosis
Leukemia

CNS malignancy
Hodgkin lymphoma
Non-Hodgkin
lymphoma

Kidney tumors
Neuroblastomas
Soft tissue sarcoma
Bone tumors

BMI at diagnosis
Underweight
Normal
Overweight
Obese

BMI at follow-up
Underweight
Normal
Overweight
Obese

Physical activity
(meeting DOH
guidelines)

Yes

No

Chemotherapy
Anthracycline (mg/m2)
None

0-100

101-300

>300

Epipodophyllotoxin
(mg/m2)

None

1-1000

1001-4000

>4000

Alkylating agent (CED)
(mg/m2)

None

1-3999

4000-7999

8000+

Corticosteroids
Yes
No

Radiation

None

Cranial

-Segment 1
-Segment 2
-Segment 3
-Segment 4

Neck

Chest

Abdomen

Pelvis

Extremity

Maximum dose to any
region (Gy)

Age at first radiation
exposure

10




Surgery

None

Lower limb amputation
Lower limb joint
replacement or other
repair

Upper limb amputation
Upper limb joint
replacement or other
repair

Procedures of the
spine

Other (limb shortening
or lengthening)

*Please note that this table will be constructed with backwards-stepwise regression, and additional variables significant at
p<0.10 in Table 4 will be added.

Table 7. Relative risk of SNs among childhood cancer survivors, by BMI category at cancer diagnosis

Any SMNs Hematologic SMNs Solid Organ SMNs CNS SNs Skin SNs
N RR | 95% | P N RR | 95% | P N RR | 95% | P N RR | 95% | P N RR | 95% | P
(%) Cl (%) cl (%) cl (%) Cl (%) Cl
Underweight
Normal
Overweight
Obese

* adjusted for baseline age, age at diagnosis, sex, race/ethnicity, original cancer diagnosis, surgical history,
chemotherapy, and radiation site/max dose as well as age at RT exposure

Table 8. Relative risk of SNs among childhood cancer survivors, by maximum BMI category at survivorship follow-up

Any SMNs Hematologic SMNs Solid Organ SMNs CNS SNs Skin SNs
N RR | 95% | P N RR | 95% | P N RR | 95% | P N RR | 95% | P N RR | 95% | P
(%) Cl (%) Cl (%) Cl (%) Cl (%) Cl
Underweight
Normal
Overweight
Obese

* adjusted for baseline age, age at diagnosis, sex, race/ethnicity, original cancer diagnosis, surgical history,
chemotherapy, and radiation site/max dose as well as age at RT exposure

Table 9. Relative risk of SNs among childhood cancer survivors, by lowest physical activity level

Any SNs Hematologic SMNs Solid Organ SMNs CNS SMNs Skin SMNs

N RR 95%Cl |[P| N |[RR|9% |P| N |[RR| 9% |[P| N |[RR|9% |P| N | RR]| 95% | P
(%) (%) cl (%) cl (%) cl (%) cl

Low
Physical
Activity
Level

Moderate/
Vigorous
Physical
Activity
Level

* adjusted for baseline age, age at diagnosis, sex, race/ethnicity, original cancer diagnosis, surgical history,
chemotherapy, and radiation site/max dose as well as age at RT exposure

11
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Figure 1. Cumulative incidence of any SNs at 30 years after cancer diagnosis, by BMI category at cancer diagnosis
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Figure 2. Cumulative incidence of any SNs at 30 years after cancer diagnosis, by BMI category at survivorship follow-up
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Figure 3. Cumulative incidence of any SNs at 30 years after cancer diagnosis, by physical activity level
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Figure 4. Cumulative incidence of second malignancy at with increased physical activity level, by BMI at survivorship
follow-up
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