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Background & Rationale:

Platinum-based chemotherapies, such as cisplatin and carboplatin, are commonly used in the treatment of
numerous pediatric malignancies, including neuroblastoma, osteosarcoma, and central nervous system
tumors. While platinum therapies are highly effective antineoplastic agents, their use is associated with severe
ototoxicity. Platinum toxicity disrupts the outer hair cells, spiral ganglion, and stria vascularis of the organ of
Corti, resulting in bilateral, high-frequency sensorineural hearing loss.[1-4] The current clinical approach to
reduce treatment-related ototoxicity involves dose reduction or cessation of platinum chemotherapy once
hearing impairment is detected. However, once detected, hearing loss is typically permanent, and dose
modification will not restore normal hearing.[5, 6] Although ototoxicity and hearing loss are well-established
side effects of platinum chemotherapy, the long-term burden of ototoxic therapy remains largely unknown.
Specifically, there is a critical need to: 1) characterize the cumulative incidence of hearing impairment among
long-term childhood cancer survivors; 2) determine the dose-response relationships of treatment exposures
established to be associated with hearing loss (i.e., cisplatin and carboplatin) and identify novel treatment-
related factors associated with the development of hearing loss; and 3) determine how hearing impairment
may impact academic and psychosocial outcomes among childhood cancer survivors.

Incidence of Platinum Chemotherapy-Associated Ototoxicity: The reported incidence of cisplatin-
associated ototoxicity varies greatly, ranging between 20% and 100%.[7-26] While carboplatin is considerably
less ototoxic than cisplatin, with a reported incidence of 0% to 17%,[14, 27-35] the use of carboplatin in myelo-
ablative conditioning regimens following cisplatin chemotherapy can result in moderate to severe hearing loss
in up to 90% of patients.[7, 14, 36, 37] Platinum ototoxicity is often detected within several months of
chemotherapy;[6, 10] however, a significant proportion of cases develop late-onset hearing loss or progressive
hearing loss that may continue to deteriorate years after platinum therapy.[6, 10, 12, 31, 38-41] Given the
progressive nature of treatment-related ototoxicity, extended long-term follow up may be necessary to fully
characterize the burden of auditory impairment in survivors of childhood cancer. In fact, a report from the
Childhood Cancer Survivor Study (CCSS) Original Cohort revealed the cumulative incidence of auditory
complications increased for 15 to 20 years following treatment.[42] This proposal will build upon past research
to include participants enrolled in the more contemporary CCSS Expansion Cohort, providing valuable
information on the ototoxic effects of modern era therapies.

Treatment-Related Risk Factors for Ototoxicity: Established risk factors for platinum ototoxicity include
young age at treatment, exposure to additional ototoxic therapies (i.e., aminoglycosides, other platinum agents,
etc.), and cumulative platinum dose;[1, 7, 17, 21, 27, 38, 41, 43-52] however, these factors do not fully account
for the considerable variability in individual susceptibility to platinum ototoxicity.[9, 14, 53-55] Independent of
platinum-based chemotherapies, radiation to the head and neck exposes the adjacent auditory tissue to
potentially harmful doses of radiation,[56] particularly when cochlear doses exceed 30 Gy.[57-59] Additionally,
radiation may potentiate the ototoxic effects of subsequent or concomitant platinum chemotherapy at cochlear
1


mailto:Austin.Brown@bcm.edu
mailto:THenderson@peds.bsd.uchicago.edu
mailto:OeffingK@mskcc.org
mailto:Kevin.Krull@stjude.org
mailto:Philip.Lupo@bcm.edu
mailto:Hayashi_R@kids.wustl.edu
mailto:SueSH@bjc.org
mailto:WLeisenr@fhcrc.org
mailto:Greg.Armstrong@stjude.org
mailto:Les.Robison@stjude.org
mailto:rhowell@mdanderson.org

doses as low as 10 Gy.[60-63] Notably, in children, prior exposure to cranial radiotherapy appears to reduce
the platinum dose necessary to induce significant hearing loss.[64-66] However, many studies have been
limited in their ability to describe the interactive effects of radiation and chemotherapy due to smaller sample
sizes. Thus, additional research is required to elucidate whether the joint contributions of radiation and
platinum therapy exceed the predicted contribution of their individual risks in relation to hearing impairment.

Outcomes in Childhood Cancer Survivors with Hearing Loss: While the long-term academic, economic,
and quality of life consequences of childhood cancer therapy have been well described,[67-74] there is growing
evidence that a portion of these adverse outcomes may be mediated by treatment-related hearing 10ss.[75]
Among adult survivors of nasopharyngeal carcinoma, hearing loss was correlated with worse cognitive,
emotional, and social function as well as lower financial security and quality of life.[76] Hearing impairment may
be particularly detrimental in children and has been associated with communication disorders, poor academic
performance, social-emotional dysfunction, and decreased quality of life in the general population.[77-79]
Limited research in childhood cancer survivors supports a role between ototoxicity and reduced speech
intelligibility, cognition, and quality of life.[75, 80-82] Today’s advanced hearing aid technology can significantly
improve the communication abilities of survivors with ototoxicity. Still, the damaged system cannot be restored
to normal and many survivors will continue to experience varying degrees of communication challenges.[83-85]
Therefore, determining the long-term complications of treatment-related hearing impairment in survivors of
childhood cancer is of considerable importance in their follow up care.

Significance: Striking the appropriate balance between satisfactory survival and toxicity requires a refined
understanding of the long-term consequences of treatment-related hearing impairment among survivors of
childhood cancer. However, existing research is limited by small sample sizes, lack of data on contemporary
populations, and the absence of long-term follow up. To address these limitations, this proposal seeks to
determine the long-term burden of ototoxic therapy in the well-characterized Childhood Cancer Survivor Study.
This large cohort of childhood cancer survivors with extensive follow-up will facilitate more in-depth analysis
and finer stratification of the clinical risk factors that contribute to hearing impairment in this population. This
information may inform the development interventions targeting high-risk individuals, while detailing the
adverse outcomes of hearing impairment may facilitate the delivery of improved prevention services and
supportive follow up care to affected survivors.

We anticipant this project will help to clarify the complex nature of treatment-related hearing impairment in
survivors of childhood cancer. The results of this research will also lay the groundwork to explore novel
ototoxicity risk factors in future studies. Specifically, the knowledge generated by this study will be used to
establish a baseline to: 1) identify genetic variation associated with ototoxicity susceptibility; and 2) integrate
treatment and molecular risk factors to develop ototoxicity risk prediction models for this population. Ultimately,
we expect this avenue of research will translate to clinical improvements in the treatment and prevention of
ototoxicity.

Specific Aims:
1. Describe the cumulative incidence and rate of hearing impairment among long-term childhood
cancer survivors relative to siblings without a history of cancer.
Hypothesis: Survivors of childhood cancer will report hearing conditions more frequently than siblings.

2. Evaluate the joint effects of treatment-related factors on hearing impairment among childhood
cancer survivors.
Hypothesis: Prior or concomitant exposure to ototoxic therapy will modify the dose-response relationship
between subsequent therapy and participant-reported hearing impairment.

3. Identify academic and psychosocial consequences of hearing impairment among childhood
cancer survivors.
Hypothesis: Compared to similarly treated survivors without hearing impairments, survivors who report
hearing impairment will be more likely to report adverse psychosocial and academic outcomes.

Analysis Framework:




This analysis will leverage existing data within the Childhood Cancer Survivor Study to address each specific
aim. While the proposed study population, variables of interest, and analytic plan for each aim are outlined
below, a final decision on the methods will be reached with input from CCSS statisticians and collaborators:

Aim 1:

Study Population: This analysis will include all survivors and siblings enrolled in the Overall Cohort who
completed the “Hearing/Vision/Speech” section of any questionnaire. Survivors and siblings with a reported
diagnosis of hearing impairment at birth (e.g., Expansion Baseline Q3a.d.) or survivors with a reported age at
occurrence of hearing impairment less than the age at diagnosis of cancer will be excluded from this analysis.

Study Variables: The outcome of interest is hearing impairment (Original baseline [C.1-7], 2007 FU [D.1-7],
Expansion baseline [C.1-7]).
¢ Hearing impairment will be graded using CTCAE criteria with grade 3 or 4 considered clinically
significant: none, mild to moderate (CTCAE Grade 1-2, trouble hearing sounds), severe (CTCAE Grade
3-4, hearing loss requiring a hearing aid, complete deafness in either ear, deafness in one ear not
completely corrected by a hearing aid, deafness in both ears not completely corrected by a hearing aid).

Proposed classification of hearing impairment applying CTCAE criteria to CCSS questionnaire responses

Classified as CTCAE Hearing Impairment Reported CCSS Questionnaire

Hearing Impaired Original Baseline 2007 Follow-up  Expansion Baseline
No 0 None
N Problems hearing sounds, not C.6-C.7 D.6-D.7 C.6-C.7
o] 1-2 - . .
requiring a hearing aid
Hearing loss requiring a hearing aid C.1-C3 D.1,D.3 C.1,C3
Yes 3 or hearing loss not completely
corrected by hearing aid in either ear
Yes 4 Deafness in both ears not D.2 Cc.2

completely corrected by hearing aid

The primary explanatory variable of interest includes:
¢ Sibling/Survivor Status

Additional covariates considered in the analysis will include:
e Age during follow up
e Gender
¢ Race/Ethnicity

Among survivors additional covariates considered will included:

e Cisplatin (none, 1-99 mg/m?, 100-199 mg/m?, 200-299 mg/m?, 300-399 mg/m?, 400-499 mg/m?, 2500
mg/m?)

e Carboplatin (none, 1-249 mg/m?, 250-499 mg/m?, 500-749 mg/m?, 750-999 mg/m?, 1,000-1,249 mg/m?,
1,250-1,500 mg/m?, >1,500 mg/m?)

¢ Radiation dose to the cochlea will be estimated from the maximum treatment dose at the posterior fossa
and temporal lobe segments of the brain. Segments will be considered to fall within the radiation field if
greater than half of the segment was included in the primary radiation field. In the absence of direct
radiation to the segment, radiation exposure will be categorized as high or low-scatter based on
proximately of the radiated region to the target segment. For the purposes of this analysis, if the radiated
region includes other sections of the head or brain, the dose will be classified high-scatter. Low-scatter
dose will be assigned to any instance where the most proximal radiated field did not include the head or
brain. Accounting for estimated radiation falloff for known treatment doses, high-scatter dose will range
from approximately 1-5 Gy while low-scatter dose will range from approximately 0-1 Gy. Radiation dose
(no radiation therapy, low-scatter, high-scatter, and direct radiation [£10 Gy, 11-20 Gy, 21-30 Gy, 31-40
Gy, 241 Gy) will be evaluated in statistical models.

Analysis: Descriptive statistics will be generated and compared between survivor and sibling cohorts. The
cumulative incidence of each auditory condition will be calculated with age as the time variable, treating death
as a competing risk. The risk of developing each condition among survivors relative to siblings of a similar age,
gender, and ethnicity will be estimated using generalized estimating equations assuming a piecewise
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exponential model for the hearing impairment, accounting for potential within-family correlation between related
individuals.

Aim 2:

Study Population: This analysis will include all survivors enrolled in the Overall Cohort who completed the
“Hearing/Vision/Speech” section of any questionnaire. Survivors with a reported diagnosis of hearing
impairment at birth (e.g., Expansion Baseline Q3a) or survivors with a reported age at occurrence of hearing
impairment less than the age at diagnosis of the primary cancer will be excluded from this analysis.

Study Variables: The outcome of interest is hearing impairment as define previously (Aim 1, Study Variables)

The primary explanatory variables of interest include:
e Cumulative cisplatin dose (cumulative before the cohort entry, i.e., within 5 years of diagnosis)
e Cumulative carboplatin dose (cumulative before the cohort entry, i.e., within 5 years of diagnosis)
¢ Radiation dose to head/neck region (e.g., temporal lobe, posterior fossa)
e Timing of therapies received before cohort entry (e.g., order of radiation and chemotherapy for testing the
specific hypothesis listed above under Specific Aims)

Additional covariates considered in the analysis will include:
¢ Age at diagnosis
¢ Age at follow up/time since diagnosis
e Gender
¢ Race/Ethnicity
e Cancer diagnosis
e Year at diagnosis

Analysis: Summary statistics will be generated across categories of reported hearing impairment. The
independent effects of cumulative cisplatin, cumulative carboplatin, and maximum radiation dose to the head
and neck region on hearing loss will be assessed with multivariable piecewise exponential models, adjusting
for gender, ethnicity, age and year at diagnosis. Interaction terms will be explored in separate models for:
cranial radiation and cisplatin; cranial radiation and carboplatin; cisplatin and carboplatin; and cranial radiation,
cisplatin, and carboplatin. Interaction results will be presented if there is evidence of significant effect
modification (p-value <0.05). Potential non-linear, dose-response associations between treatment factors and
auditory complications may be explored using restricted cubic splines. In addition, to further define the dose-
response effect for platinum exposure and hearing loss without the confounding effect of RT, an additional
model excluding patients with RT exposure will be considered.

Aim 3:

Study Population: Like Aim 2, all survivors enrolled in the Overall Cohort who completed the
“Hearing/Vision/Speech” section of any questionnaire will be included in this analysis. Survivors with a reported
diagnosis of hearing impairment at birth (e.g., Expansion Baseline Q3a) or prior to the age at diagnosis of the
primary cancer will be excluded. Additionally, individuals with a condition associated with developmental delays
(Down’s syndrome, Klinefelter syndrome, Turner’s syndrome) will be excluded from this analysis.

Study Variables: The primary outcomes for this aim include academic and psychosocial variables. The analysis
of some outcomes will be stratified by participant age at the time of assessment.
e Academic Outcomes:
Entire Cohort:
o Special Education Programs stemming from learning difficulties (Original baseline [O.3-4],
Expansion baseline [R.3-4]) will be coded as present if the participant reports ever being
placed in special education programs.
=18 years of age at assessment:
o Educational Attainment (Original baseline [O.1-2], 2003 FU [1], 2007 FU [A.3], Expansion
baseline [R.1-2]) will be coded as less than high school and completed high school/GED.
e Psychosocial Outcomes:
12-17 years of age at assessment:




o Behavioral Problem Index (Original baseline<18 [J.16-21], Expansion baseline <18 [K.1-6]) is
a series of 27 validated questions assessing five behavioral domains: anxiety/depression,
headstrong, attention deficit, social withdrawal, and antisocial.[86] Responses to each
question will receive a score, with lower scores indicating an absence of the behavior.
Individuals with a score placing them in the top 10% of sibling reference scores will be
classified as demonstrating behavior/emotional problems consistent with that particular
domain.

218 years of age at assessment:

o Brief Symptom Inventory (Original baseline [J.16-35], Expansion baseline [K1-18]) is a series
of 18 validated questions assessing three emotional domains: anxiety, depression, and
somatization. Individuals with a score placing them in the top 10% of sibling reference scores
will be classified as demonstrating emotional distress on that particular scale.

o Marital Status (Original baseline [L.1-2], 2003 FU [2], 2007 FU [M.2], Expansion baseline
[M.2-3]) will be coded as never or ever married/living with partner.

o Independent Living (Original baseline [A.9], 2003 FU [3], 2007 FU [M.1], Expansion baseline
[A.9,M.1]) will be coded present if participant reports living alone or with a spouse/partner.

o Employment Status (Original baseline [0.5-8], 2003 FU [4-5], 2007 FU [A.4-5], Expansion
baseline [S.1-3]) will be coded as ever or never employed.

o Personal Income (Original baseline [Q.9], 2003 FU [S.3], 2007 FU [A.8], Expansion baseline
[T.3]) will be coded as < $19,999 or = $20,000.

The primary explanatory variable of interest is hearing impairment.
e Hearing impairment will be categorized as previously defined (Aim 1, Study Variables)

Additional covariates considered in the analysis will include:
e Age at diagnosis
e Age at questionnaire
e Gender
¢ Race/Ethnicity
e Cancer diagnosis
e Year at diagnosis
e Treatment (e.g., cranial radiation dose, cumulative platinum dose)

Analysis: This cross-sectional analysis will compare academic and psychosocial outcomes between survivors
with auditory condition and similarly treated survivors without hearing impairments. Logistic regression models
will be used to evaluate the association between auditory complications and each outcome. Models will be
adjusted for age, gender, ethnicity, cancer diagnosis. The potential modifying effect of age at first occurrence
of hearing impairment may be explored in subsequent models.

All statistical analyses will be performed at a 5% significance level. For each research aim, we will conduct
regression diagnostics to evaluate the assumptions and overall goodness of fit for each model. Appropriate
steps will be taken to address multiple comparisons (i.e., Bonferroni-adjusted p-values), influential
observations, and violations of the regression model assumptions. Individuals missing information on one or
more of the variables included in a model will be excluded from the analysis. Variables with >5% missing data
will be excluded from regression models except for variables deemed highly important (e.g., age at occurrence
of hearing impairment), in which case standard methods will be used to average regression estimates across
multiple imputed data sets.
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Table 1. Characteristics of childhood cancer survivors and siblings enrolled in the Childhood Cancer

Survivor Study

Gender, n(%)
Male
Female
Race/Ethnicity, n(%)
Non-Hispanic White
Non-Hispanic Black
Hispanic
Other
Age at Questionnaire, n(%)
<18 years
18-29 years
30-39 years
240 years
Cancer Diagnosis, n(%)
Bone Tumor
CNS Tumor
Kidney Tumor
Leukemia
Hodgkin Lymphoma
Non-Hodgkin Lymphoma
Neuroblastoma
Age at Diagnosis, n(%)
<5 years
5-9 years
10-14 years
15-20 years
Year at Diagnosis, n(%)
1970-1979
1980-1989
1990-1999
Cumulative Cisplatin Dose, mean (sd)
Cumulative Carboplatin Dose, mean (sd)
Radiation Dose to Posterior Fossa, mean (sd)
Radiation Dose to Temporal Lobe, mean (sd)

Survivors (n=)

Siblings (n=)

Auditory Complications

Auditory Complications

CTCAE CTCAE CTCAE CTCAE
Grade 0-2 Grade 3-4 Grade 0-2 Grade 3-4
(n=) (n=) (n=) (n=)
NA NA
NA NA
NA NA
NA NA
NA NA
NA NA
NA NA
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Figure 1. Cumulative incidence of CTCAE grade 3-4 hearing impairment among childhood cancer survivors and siblings
enrolled in the CCSS (A), childhood cancer survivors treated with cisplatin chemotherapy (no carboplatin or cranial
radiation exposure) and siblings enrolled in the CCSS (B), childhood cancer survivors treated with carboplatin
chemotherapy (no cisplatin or cranial radiation exposure) and siblings enrolled in the CCSS (C), and childhood cancer
survivors exposed to direct cranial radiation (no cisplatin or carboplatin exposure) and siblings enrolled in the CCSS

13



Table 2. Estimated association® between treatment factors and reported auditory complication among childhood
cancer survivors enrolled in the Childhood Cancer Survivor Study

CTCAE Grade 3-4 Hearing Impairment

Overall Cisplatin Only Carboplatin Only Radiation Only
(n=) (n=) (n=) (n=)
HR(95%Cl) HR(95% Cl) HR(95% Cl) HR(95% Cl)

Cumulative Cisplatin, mg/m?
None Ref. Ref. -- --
1-99
100-199
200-299
300-399
400-499
>500
Cumulative Carboplatin, mg/m?
None Ref. -- Ref. --
1-249
250-499
500-749
750-999
1,000-1,249
1,250-1,499
21,500
Cranial Radiation Dose
None Ref. -- -- Ref.
Low-Scatter
High-Scatter
Direct Dose <10 Gy
Direct Dose 11-20 Gy
Direct Dose 21-30 Gy
Direct Dose 31-40 Gy
Direct Dose 241 Gy
Age at Diagnosis, year
Age at Follow up, year
Gender
Male Ref. Ref. Ref. Ref.
Female
Race/Ethnicity
Non-Hispanic White Ref. Ref. Ref. Ref.
Non-Hispanic Black
Hispanic
Other
Year at Diagnosis
1970-1979 Ref. Ref. Ref. Ref.
1980-1989
1990-1999

!Models adjusted for and other variables in the table
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Figure 2. Fractional polynomial plot for cumulative cisplatin dose and predicted probability of any reported hearing

impairment among cancer survivors enrolled in the Childhood Cancer Survivor Study by maximum radiation dose to
the posterior fossa
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Table 3. Association® between auditory complications and academic outcomes among survivors of
childhood cancer enrolled in the Childhood Cancer Survivor Study

Use of Special Education Less Than High School Graduate

N OR (95% ClI) OR (95% Cl)

Hearing Loss?
Grade 0-2 Ref. Ref.
Grade 3-4
Age at Diagnosis, year
Age at Follow up, year
Gender
Male Ref. Ref.
Female
Race/Ethnicity
Non-Hispanic White Ref. Ref.
Non-Hispanic Black
Hispanic
Other
Year at Diagnosis
1970-1979 Ref. Ref.
1980-1989
1990-1999
Cranial Radiation Dose
None Ref. Ref.
Low-Scatter
High-Scatter
Direct Dose <10 Gy
Direct Dose 11-30 Gy
Direct Dose 231 Gy

!Models adjusted cancer diagnosis, and other variables in the table
2Hearing impairment defined as CTCAE grade 3-4 reported hearing loss
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Table 4. Association® between auditory complications and psychosocial outcomes among survivors of
childhood cancer enrolled in the Childhood Cancer Survivor Study

Behavioral Problem Domains

Attention Social

Anxiety Headstrong Deficit Withdrawal Antisocial
OR (95% ClI) OR (95% Cl) OR (95% Cl) OR (95% Cl) OR (95% Cl)
Hearing Loss?
Grade 0-2 Ref. Ref. Ref. Ref. Ref.

Grade 3-4

Social Domains

. Non-independent Personal Income
Never Married Living Never Employed <$20,000
OR (95% Cl) OR (95% Cl) OR (95% Cl) OR (95% Cl)
Hearing Loss?
Grade 0-2 Ref. Ref. Ref. Ref.

Grade 3-4
!Models adjusted for age at diagnosis, age at questionnaire, gender, race/ethnicity, year of diagnosis, cranial radiation
therapy, cancer diagnosis, and other variables in the table
2Hearing impairment defined as CTCAE grade 3-4 reported hearing loss
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