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Abstract

Background: Neurocognitive impairment in survivors of childhood cancer may be associated with direct neurotoxicity, as
well as indirect effects of systemic health complications. We evaluated associations among treatment exposures, chronic
health conditions, and neurocognitive outcomes in adult survivors of childhood cancer.
Methods: Participants included 5507 adult survivors of childhood cancer (47.1% male; mean [SD] age ¼ 31.8 [7.6] years at
evaluation; 23.1 [4.5] years postdiagnosis) in the Childhood Cancer Survivor Study who completed a self-report measure of
neurocognitive function. Cardiac, pulmonary, and endocrine chronic health conditions were graded using the National
Cancer Institute Common Terminology Criteria for Adverse Events (version 4.03). Structural equation modeling was used to
examine a priori hypothesized causal pathways among cancer treatment, subsequent chronic health conditions, and neuro-
cognitive outcomes. Multivariable models were used to estimate relative risk for associations of treatments and chronic con-
ditions on neurocognitive function. All statistical tests were two-sided.
Results: One-third of survivors with a grade 2 or higher chronic condition reported impairments in task efficiency and mem-
ory. In addition to direct effects of cranial radiation, path analyses and multivariable models demonstrated direct effects of
cardiopulmonary (b¼0.10, P ¼ .002; relative risk [RR] ¼ 1.27, 95% confidence interval [CI] ¼ 1.12 to 1.44) and endocrine
(b¼0.07, P ¼ .04; RR¼1.14, 95% CI¼1.02 to 1.28) conditions on impaired task efficiency. We identified similar effects of cardio-
pulmonary condition on memory (P ¼ .01) and emotional regulation (P ¼ .01). Thoracic radiation was associated with im-
paired task efficiency (P ¼ .01) and emotional regulation (P ¼ .01) through endocrine morbidity.
Conclusions: Non-neurotoxic exposures, such as thoracic radiation, can adversely impact survivors’ neurocognitive function
through chronic conditions. Management of chronic diseases may mitigate neurocognitive outcomes among aging survivors
of childhood cancer.

Contemporary treatment strategies have contributed to an ob-
served decline in late mortality among five-year survivors of
childhood cancer (1), though the prevalence of developing at

least one chronic health condition is estimated to be as high as
93.5% 35 years after cancer diagnosis (2). Pulmonary, cardiac,
endocrine, and nervous system morbidities are among the most
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prevalent conditions (2–9). Additionally, long-term survivors of
childhood cancer are at risk for neurocognitive deficits in
domains of attention, executive functions, processing speed,
and memory (10–15), and these deficits have a negative impact
on employment and occupational outcomes (16). Cranial radia-
tion is consistently the strongest predictor of long-term neuro-
cognitive deficits (17,18); however, survivors of childhood
cancer who were not treated with central nervous system–
directed therapies also demonstrate neurocognitive impairment
at rates higher than the general population (19,20).

Within the general population, chronic health problems
have been associated with neurocognitive impairment and
psychosocial difficulties. Patients with congestive heart fail-
ure are at increased risk for deficits in executive function,
memory, language, attention, and processing speed (21).
Type II diabetes has been associated with impairments in ex-
ecutive functions and processing speed (22,23). Patients with
chronic obstructive pulmonary disease demonstrate short-
and long-term memory impairments and difficulties with
executive functions and attention on neuropsychological
assessment (24).

Although the impact of chronic health conditions on neu-
rocognitive function is reported in the general population,
neurocognitive outcomes in survivors of childhood cancer
have largely been attributed to neurotoxic treatment expo-
sures including cranial radiotherapy. However, as survivors
age across the lifespan, they are at increased risk for cardiac,
pulmonary, and endocrine late effects. Thus, the effect of
chronic health conditions may contribute to poor long-term
neurocognitive outcomes. The aim of this study was to exam-
ine associations between chronic morbidities and neurocog-
nitive outcomes in adult survivors of childhood cancer while
accounting for established associations with neurotoxic treat-
ments. We hypothesized that beyond direct neurotoxic
effects, treatment exposures may also impact neurocognitive
outcomes through cardiovascular, pulmonary, and endocrine
morbidities.

Methods

Population

The Childhood Cancer Survivor Study (CCSS) is a multi-
institutional research cohort started in 1994 to investigate phys-
ical and behavioral outcomes in child and adolescent cancer
survivors. The original cohort includes 14 357 survivors diag-
nosed with cancer younger than age 21 years (25). Survivors
were diagnosed between January 1, 1970, and December 31,
1986, and had survived at least five years to be eligible (26,27).
Eligible diagnoses included leukemia, central nervous system
malignancies (all histologies), Hodgkin lymphoma, non-
Hodgkin lymphoma, Wilms tumor, neuroblastoma, soft tissue
sarcoma, and malignant bone tumor. Institutional review
boards at the 26 participating institutions approved the CCSS
study protocol, and participants provided informed consent.

The study population for the current analyses included all
cancer survivors who were age 18 years or older when they
completed the Follow-up 2 survey (n ¼ 9308), which included
the Childhood Cancer Survivor Study Neurocognitive
Questionnaire (CCSS-NCQ) (28,29). Survivors who reported
mental retardation at baseline (n ¼ 252) were excluded from
analyses. Survivors who reported stroke events (n ¼ 189) were
excluded from analyses to ensure that the cardiac morbidities
included in this study consisted of cardiovascular, structural,
and conduction abnormalities, instead of overt neurologic in-
jury. Survivors with missing treatment (n ¼ 738), chronic dis-
ease (n ¼ 1941), or neurocognitive (n ¼ 1753) data were
nonevaluable. Of the eligible 8873 survivors, 5507 were in-
cluded in the current analyses, with a participation propor-
tion of 62.1% (Figure 1). Other than a higher proportion of
female survivors among participants as compared with non-
participants (52.9% vs 43.1%, P < .001), we did not find clini-
cally significant differences in characteristics between
participants and nonparticipants (Supplementary Table 1,
available online).

Potentially eligible

(n = 9308)

Evaluable 

(n = 5507)

Eligible

(n = 8873)

Excluded (n = 435)*

Younger than age 18 y at follow-up (n = 23)

History of mental retardation (n = 252)

History of stroke (n = 189)

Nonevaluable (n = 3366)*

Missing neurocognitive data (n = 1753)

Missing chronic condition data (n = 1941)

Missing cancer therapy data (n = 738)

Figure 1. Consort diagram. Selection of study participants from the Childhood Cancer Survivor Study (CCSS). *Overall numbers do not add up because there are survi-

vors who met more than one exclusion criterion.
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Outcomes Measures

Neurocognitive outcomes were measured using the CCSS-NCQ,
a 25-item instrument that was developed and previously vali-
dated in the CCSS survivor and sibling sample (28,29). Four reli-
able factors are derived from this instrument: task efficiency,
emotional regulation, organization, and memory. Raw scores
for each factor were converted to T-scores based on sibling
norms, with higher scores indicative of more neurocognitive
problems. To identify clinically meaningful outcomes, neuro-
cognitive impairment on these measures was defined as a T-
score falling in the top 10th percentile of the sibling reference
(ie, T-score � 63), consistent with previous CCSS publications
(17,30–34). A binary outcome (impaired vs nonimpaired) was ap-
plied for all analyses.

Chronic Conditions

The grading of chronic conditions was previously reported (3,9).
At baseline and at subsequent follow-up evaluations, survivors
completed a multi-item survey, which included the partic-
ipant’s age at onset of organ-based health conditions.
Conditions were graded for severity according to the National
Cancer Institute’s Common Terminology Criteria for Adverse
Events (CTCAE version 4.03) (35), which includes conditions
with asymptomatic/mild symptoms (grade 1), moderate symp-
toms with minimal interventions (grade 2), severe/disabling
symptoms with extensive interventions (grade 3), and life-
threatening (grade 4) conditions. A clinically significant chronic
morbidity is defined as a grade 2, 3, or 4 condition. For this
study, the health conditions of interest were limited to cardio-
vascular, pulmonary, and endocrine systems, given their associ-
ation with neurocognitive function in the general population
(21–23,36–42). Only health conditions with a reported age of on-
set at or prior to completion of the CCSS-NCQ were included.

Clinical and Treatment Variables

Medical records from treating institutions were abstracted to
obtain information on the original cancer diagnosis and treat-
ment exposures. The maximum tumor dose to four body
regions (brain, chest, abdomen, and pelvis) was determined
based on detailed review of radiation therapy records.

Statistical Analysis

Descriptive statistics were calculated for the neurocognitive
outcomes, chronic disease status, and demographic and treat-
ment factors. Exploratory analysis was conducted to evaluate
the association between risk of neurocognitive impairment (rel-
ative risk [RR] and 95% confidence interval [CI]) and specific
types of chronic conditions using logistic regression.

Path analysis, a type of structural equation modeling, was
used to examine the relationships between treatment expo-
sures, presence of grade 2–4 (ie, moderate, severe/disabling, and
life-threatening) chronic health conditions, and each of the four
neurocognitive domains of task efficiency, emotional regula-
tion, organization, and memory. Based on established long-
term follow-up guidelines for childhood cancer and literature
review, treatment variables that are commonly associated with
both chronic conditions (cardiovascular, pulmonary, and endo-
crine) and neurocognitive outcomes were identified (20,43–46).
An a priori hypothesized path model for each neurocognitive

outcome was created (Supplementary Methods and
Supplementary Figure 1, available online). The model was then
expanded by adding clinically meaningful paths, one at a time,
with a modification index of 3.6 or greater, beginning with the
path that had the largest index value. The path model was then
reduced by removing paths with statistically nonsignificant
coefficients, beginning with the smallest. The probit model with
a robust weighted least squares estimator approach was
adopted. Details of the path analysis can be found in the
Supplementary Methods (available online). This process was it-
erative until the best model-fitting criteria were achieved to in-
clude a comparative fit index (CFI) and Tucker Lewis Index (TLI)
greater than 0.95, and a root mean square error of approxima-
tion (RMSEA) of less than 0.05 (47).

To examine the magnitude of associations between chronic
health conditions and neurocognitive outcomes, log-binomial
multivariable regression was used to estimate relative risks and
95% confidence intervals. Covariates included in multivariable
models were statistically significant direct effects of treatment
identified in the final path models. An exploratory log-binomial
analysis was conducted to evaluate the association between the
duration of the chronic condition (defined as years between the
reported onset of the chronic conditions and the reported date
of neurocognitive outcomes) and neurocognitive impairment.

The path analysis was conducted using Mplus version 7.11,
and all other analyses were conducted using SAS version 9.4. A
P value of less than .05 was considered statistically significant,
and all statistical tests were two-sided.

Results

Chronic Conditions and Neurocognitive Impairment

On average, survivors were age 31.8 years at survey and
23.1 years from diagnosis (Table 1). The majority of the survivors
were diagnosed with leukemia (34.0%), Hodgkin lymphoma
(13.8%), or central nervous system (CNS) tumor (11.0%). At last
follow-up, 21.2% of survivors reported at least one moderate
(grade 2) chronic condition, 10.6% reported a severe/disabling
(grade 3) condition, and 2.0% reported a life-threatening condi-
tion (grade 4) (Supplementary Table 2, available online). Grades
2–4 cardiovascular (16.5%) and endocrine (22.9%) conditions
were prevalent among survivors, while pulmonary conditions
were less prevalent (1.7%). As a result of these frequencies, pul-
monary and cardiac conditions were combined (referred to as
“cardiopulmonary” morbidity thereafter) in the path analysis
due to the low prevalence (n ¼ 92) of pulmonary conditions.

Overall, 22.8% of survivors reported problems with task effi-
ciency, 12.4% with memory, 12.7% with organization, and 12.3%
emotional regulation (Table 2). Approximately 20% to 30% of sur-
vivors who had at least one moderate chronic condition reported
impairments in task efficiency and memory. Exploratory analy-
sis revealed that risk of impairment in task efficiency, memory,
and emotional regulation was associated with growth hormone
deficiency, gonadal dysfunction, and marginally for hypothy-
roidism (Supplementary Table 3, available online).

Path Analysis of Treatment Exposures on
Neurocognitive Outcomes

Figure 2 graphically represents predictors identified from the
path analysis for each neurocognitive outcome. Details of the
standardized and unstandardized estimates and statistical
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significance of the identified paths are summarized in
Supplementary Table 4 (available online).

Cardiopulmonary (b ¼ 0.097, P ¼ .002) and endocrine (b ¼
0.066, P ¼ .04) morbidities were associated with impaired task effi-
ciency. Cranial radiation was associated with more impaired task
efficiency in female survivors (P ¼ .002), compared with male sur-
vivors, and in survivors diagnosed at younger ages (P < .001).
Cardiopulmonary (P ¼ .01) and endocrine (P ¼ .001) conditions
were directly associated with impaired emotional regulation.
Cardiopulmonary morbidity was also associated with impaired
memory (P ¼ .01) and organization (P ¼ .04). Treatment with corti-
costeroids was associated with impaired memory (P ¼ .02) and
emotional regulation (P¼ .009).

Thoracic radiation was associated with impairment in task
efficiency (P ¼ .01) and emotional regulation (P ¼ .01) through
endocrine morbidity. Substantial impact of thoracic radiation
on all 4 neurocognitive domains through cardiopulmonary con-
ditions was observed, even though the pathway from thoracic
radiation to cardiopulmonary conditions did not reach statisti-
cal significance.

For all neurocognitive domains, in addition to a direct im-
pact, cranial radiation was associated with poorer function
through increased endocrine morbidity. This was particularly
true for survivors who were male (all P ¼ .002–.01), diagnosed at
a younger age (all P < .001), and who had shorter time from di-
agnosis (all P < .001).

Table 1. Demographic and clinical characteristics (n¼ 5507)*

Characteristics No. (%) Mean (SD) Range

Age at diagnosis, y – 8.2 (5.9) 0–20
Age at follow-up, y – 31.8 (7.6) 18–54
Years since diagnosis – 23.1 (4.5) 16–34
Sex

Male 2592 (47.1) – –
Female 2915 (52.9) – –

Health insurance
Yes 4869 (89.5) – –
No 572 (10.5) – –
Unknown 66 – –

Diagnosis
Leukemia 1875 (34.0) – –
CNS tumor 607 (11.0) – –
Hodgkin lymphoma 762 (13.8) – –
Non-Hodgkin lymphoma 407 (7.4) – –
Wilms’ 351 (6.4) – –
Neuroblastoma 510 (9.3) – –
Soft tissue sarcoma 492 (8.9) – –
Osteosarcoma 503 (9.1) – –

Chemotherapy†
No 1127 (20.5) – –
Any, mg/m2 4366 (79.5) – –

Anthracyclines (IV) 1934 (36.4) 295.4 (237.4) 10.0–8369.6
Cytarbine (IV) 796 (14.7) 6201.9 (8714.1) 5.0–73 650.7
Alkylating agents (IV) 2315 (45.7) 8979.8 (9019.1) 5.8–128 673.0
Methotrexate (IV) 1038 (19.2) 34 558.9 (77 835.0) 16.3–502 127.7
Bleomycin (IV) 275 (5.0) 87.5 (47.6) 0.1–332.1
Corticosteroids (oral) 2667 (48.4) – –
Platinum (IV) 197 (3.6) 559.4 (566.1) 60.0–4668.3
Intrathecal injections 2049 (37.2) 1.4 (0.6) 1.0–5.0

Radiation
No 1865 (34.0) – –
Any, Gy 3621 (66.0) – –

Cranial 1708 (31.8) 29.5 (14.1) 0.5–106.0
Chest 1346 (25.1) 30.3 (11.7) 1.4–68.0
Abdominal 1299 (24.2) 27.9 (10.9) 1.4–72.0
Pelvis 999 (18.6) 28.7 (11.8) 0.6–78.0

Surgery
No 1331 (24.2) – –

Cardiovascular 81 (1.5) – –
Pulmonary 496 (9.0) – –
Central nervous system 696 (12.6) – –

*Mean (SD) and range reported for treatment exposures if continuous dose was available from medical record abstraction. CNS ¼ central nervous system;

IV ¼ intravenous.

†Cumulative doses are only available for the indicated drugs and treatments.
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Risk Estimations

Multivariable models were generated to estimate relative risk
for impairment on neurocognitive outcomes associated with
variables that demonstrated statistically significant direct
effects in the pathway analysis (Table 3). Cardiopulmonary mor-
bidity increased risk for impaired memory (RR ¼ 1.25, 95% CI ¼
1.06 to 1.48) and task efficiency (RR ¼ 1.27, 95% CI ¼ 1.12 to 1.44).
Endocrine morbidity also increased risk for impaired task effi-
ciency (RR ¼ 1.14, 95% CI ¼ 1.02 to 1.28) and memory (RR ¼ 1.17,
95% CI ¼ 1.01 to 1.36). A similar pattern was identified for emo-
tion regulation impairment. Exploratory analysis revealed that
every five-year increase from the reported date of onset of the
condition is associated with a 3.0% to 8.0% higher risk of neuro-
cognitive impairment (Supplementary Table 5, available
online).

Discussion

With the large population and detailed annotation of treatment
exposures and health outcomes in CCSS, this study was able to
evaluate the impact of chronic health conditions on self-
reported neurocognitive outcomes while controlling for demo-
graphic characteristics and primary treatment exposures. Path
analysis was well suited for this purpose as it was able to iden-
tify determinants that may share a common pathway to impact
outcomes. We found that while treatment exposures such as
corticosteroids and cranial radiation have direct impact on neu-
rocognitive impairment, chronic cardiopulmonary and endo-
crine morbidities that develop over time mediate and may
exacerbate the impact of exposures on neurocognitive function.
These findings have important clinical implications; although
the effects of the primary treatment exposures cannot be re-
versed in these long-term survivors, treatment of cardiopulmo-
nary and/or endocrine morbidities may be an avenue for
improvement of neurocognitive function.

Cardiopulmonary morbidities appear to have a direct contri-
bution to neurocognitive impairment in cancer survivors. Our
previous study found that in survivors of Hodgkin lymphoma
who were treated with thoracic radiation, anthracyclines, and
bleomycin, the risk for neurocognitive impairment was associ-
ated with radiologic indices of reduced brain integrity and con-
current cardiopulmonary dysfunction (20). Cardiac and
pulmonary morbidities may be related to cerebrovascular pa-
thology through altered cerebral perfusion or reduced blood ox-
ygenation. Inflammation and oxidative stress may be another
mechanism that links cardiopulmonary pathology with neuro-
cognitive impairment. Elevated homocysteine levels, which are
associated with vascular injury, are observed in patients with
atherosclerosis and cardiac conditions (48,49) and chronic ob-
structive pulmonary diseases (50). Homocysteine has also been
found to be positively correlated with cerebral atrophy and
worse global cognitive function (51,52). Our group previously
reported that in adult survivors of childhood acute lymphoblas-
tic leukemia, relative elevation of uric acid, a biomarker associ-
ated with chronic vascular injury and inflammation, during
adolescence was predictive of cardiovascular health during
adulthood, which was concurrently associated with poorer neu-
rocognitive outcomes (39). Certain treatment exposures may
initiate an ongoing process of inflammation and oxidative
stress during survivorship, and this response may interact with
cardiopulmonary or endocrine morbidity to exacerbate cerebro-
vascular injury. As comorbidities among cancer survivors are
prevalent, future studies should explore how clinical and bio-
logical factors interact to impact functional outcomes.

Childhood cancer treatment exposures appear to have indi-
rect contributions to neurocognitive impairment through
chronic conditions. Our findings suggest that cardiopulmonary
morbidity mediates the impact of thoracic radiation and anthra-
cyclines on task efficiency and memory problems. Pulmonary
health risk may result from cardiovascular morbidity induced by
cardiotoxic agents such as anthracyclines. The dose-dependent

Table 2. Neurocognitive function by grade of chronic health condition

Chronic health condition (grade) No.

Neurocognitive domain

Task efficiency Memory Organization Emotional regulation

Mean (SD) % impaired* Mean (SD) % impaired* Mean (SD) % impaired* Mean (SD) % impaired*

All survivors 5507 53.3 (12.9)† 22.8 51.7 (11.9)† 12.4 49.7 (10.1)† 12.7 51.8 (10.8)† 12.3
Cardiovascular

None 4167 53.0 (12.8) 21.8 51.3 (11.7) 12.7 49.5 (10.0) 12.0 51.6 (10.8) 11.8
Mild (1) 430 54.4 (13.5) 26.0 53.0 (12.3) 15.6 50.8 (10.5) 15.6 52.8 (11.1) 14.9
Moderate (2) 717 53.9 (13.3) 25.0 52.7 (12.2) 14.2 50.1 (10.1) 14.4 52.4 (10.9) 13.2
Severe/life-threatening (3/4) 193 55.5 (12.4) 29.0 54.0 (12.2) 19.7 51.5 (10.6) 16.6 53.7 (10.3) 13.0

Endocrine
None 4017 52.4 (12.3) 20.7 51.0 (11.5) 11.9 49.5 (10.1) 12.2 51.2 (10.7) 11.1
Mild (1) 230 57.7 (15.3) 35.2 55.5 (13.2) 22.2 51.1 (10.5) 17.8 53.9 (11.2) 17.4
Moderate (2) 772 56.1 (14.2) 29.0 53.4 (12.6) 17.1 50.2 (9.9) 12.7 53.0 (10.8) 14.0
Severe/life-threatening (3/4) 488 54.0 (12.9) 24.4 52.8 (12.6) 15.8 50.3 (10.1) 14.3 53.8 (11.1) 16.8

Pulmonary
None 4547 52.8 (12.6) 21.8 51.3 (11.6) 12.4 49.4 (10.0) 11.8 51.5 (10.7) 11.2
Mild (1) 868 55.3 (13.8) 26.8 53.3 (12.7) 17.6 51.1 (10.4) 16.8 53.4 (11.3) 16.5
Moderate (2) 32 52.9 (9.5) 18.8 53.6 (11.6) 12.5 52.7 (10.1) 15.6 52.0 (11.9) 15.6
Severe/life-threatening (3/4) 60 60.1 (15.1) 38.3 57.9 (14.8) 28.3 52.4 (9.9) 18.3 57.0 (11.3) 26.7

*Percent impaired, defined as a score falling in the top 10th percentile of the sibling reference (ie, T score � 63).

†Group mean (standard deviation) standardized T-score (l¼50, r¼10) for each neurocognitive domain. A higher T-score is indicative of more neurocognitive

problems.
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impact of anthracyclines on task efficiency and emotional regu-
lation through cardiopulmonary health was more pronounced
as survivors aged. Studies have demonstrated that the lungs are
one of the most radiation-sensitive structures in the body (3,8).
Changes in brain perfusion due to hypoxemia in survivors with
pulmonary conditions may increase cognitive impairment.
Intermittent and continuous hypoxia resulting from poor lung
function may lead to transient deficits in neurotransmitter me-
tabolism in the central nervous system (37). Our previous work
also demonstrated that factors that affect cardiovascular health
and lung function, such as physical activity and smoking, may
also impact neurocognitive function in survivors of childhood
cancer. Recognizing the underlying association between cardio-
pulmonary health and functional outcomes will facilitate poten-
tial application of behavior interventions to improve
neurocognitive function, such as aerobic activity and strength
training, as well as smoking cessation.

Endocrine morbidities may mediate the impact of treatment
exposures on neurocognitive impairment in survivors. For ex-
ample, one common presentation of endocrine complications
in survivors treated with thoracic radiation is primary hypothy-
roidism, which was associated with poorer task efficiency.
Within the general population, memory and attention problems
are common features of patients who suffer from inadequate

hypothalamic-pituitary-adrenal (HPA) axis function and hypogo-
nadism (36). As estrogen deficiency is known to be associated with
neurocognitive impairment in postmenopausal women and
breast cancer patients (53,54), future studies should also evaluate
potential sex differences in the impact of treatment-induced go-
nadal dysfunction on neurocognitive impairment. Other than
thyroid-related problems, long-term survivors may also develop
other endocrine complications such as growth hormone defi-
ciency, metabolic disorders, and precocious or delayed puberty
from exposure to cyclophosphamide, cranial, and pelvic irradia-
tion. Specific to survivors of childhood cancer, one study reported
that growth hormone deficiency had a modest impact on long-
term survivors’ verbal fluency and emotional dysregulation.
Adolescent survivors of childhood acute lymphoblastic leukemia
(ALL) who suffer from partial but persistent adrenal insufficiency,
as evidenced by low-normal levels of dehydroepiandrosterone-
sulfate, may be at risk for attention deficits (40). While prospective
follow-up is needed to validate the above findings, this overall pat-
tern of evidence reflects the importance of regular screening and
appropriate treatments with hormonal replacement therapy dur-
ing the early phase of cancer survivorship to ameliorate functional
impairment in long-term survivors.

Consistent with previous findings (55,56), female survivors
treated with cranial radiation reported more problems on task
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Figure 2. Pathways of cancer therapy on neurocognitive outcomes. Final path models are presented for each neurocognitive measure. All models are adjusted for sex,

time since diagnosis, and age at diagnosis. Model fit indices are represented by comparative fit index, Tucker Lewis Index, and root mean square error of approxima-

tion. A) The path model for task efficiency. The impact of cranial radiotherapy (RT) on task efficiency is modified by sex (P ¼ .002) and age at diagnosis (P < .001). The im-

pact of anthracyclines on task efficiency is modified by time since diagnosis (P ¼ .03). The impact of thoracic RT on endocrine disease is modified by age at diagnosis (P

¼ .001). The impact of cranial RT on endocrine disease is modified by sex (P ¼ .01), time since diagnosis (P < .001), and age at diagnosis (P < .001). B) Figure 2B shows the

path model for memory. The impact of thoracic RT on endocrine disease is modified by age at diagnosis (P ¼ .001). The impact of cranial RT on endocrine disease is

modified by sex (P ¼ .003), time since diagnosis (P < .001), and age at diagnosis (P < .001). C) The path model for organization. The impact of thoracic RT on endocrine

disease is modified by age at diagnosis (P ¼ .001). The impact of cranial RT on endocrine disease is modified by sex (P ¼ .002), time since diagnosis (P < .001), and age at

diagnosis (P < .001). D) The path model for emotional regulation. The impact of anthracyclines on emotional regulation is modified by time since diagnosis (P ¼ .002).

The impact of thoracic RT on endocrine disease is modified by age at diagnosis (P ¼ .001). The impact of cranial RT on endocrine disease is modified by sex (P ¼ .004),

time since diagnosis (P < .001), and age at diagnosis (P < .001). P values are derived from a probit model with a robust weighted least squares estimator (WLSMV). All P

values are two-sided. CFI ¼ comparative fit index; IV ¼ intravenous; RMSEA ¼ root mean square error of approximation; RT ¼ radiation therapy; TLI ¼ Tucker Lewis

Index.
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efficiency than male survivors. We also found that those who
were treated with cranial radiation at a younger age had greater
risk for endocrine morbidity, which appears to partially mediate
the impact of cranial radiation on task efficiency and memory.
Extensive literature supports the notion that females are more
vulnerable to cranial radiation–related intellectual impairment
(18,56). Other studies have also demonstrated that in long-term
survivors of ALL treated with only chemotherapy, sex differen-
ces may have potential impact on the association among adre-
nal insufficiency, chronic inflammation, and neurocognitive
outcomes (40,57). Although the underlying biological and physi-
ological bases of these sex-specific risks are not well estab-
lished, fundamental hormonal differences between the sexes
may differentially impact development over the course of can-
cer survivorship. Female survivors may benefit from more rigor-
ous monitoring of their health status and early preventive
strategies to avoid poor long-term adverse outcomes.

Findings from this study should be interpreted in the light of
several limitations. The temporal association between some
chronic conditions and neurocognitive outcomes cannot be
fully established. However, based on the pathophysiology of
neurocognitive outcomes, it is logical to assume a casual path-
way between chronic conditions and neurocognitive problems,

and this clinical judgment was exercised when the path analy-
sis was conducted. In addition to a relatively modest participa-
tion rate of 62%, chronic conditions were self-reported without
external verification. Consequently, as previously identified by
other CCSS reports (58), the actual rates and severity of condi-
tions may be underestimated due to the high rates of undiag-
nosed disease and inconsistent screening of health conditions
in a community setting. However, it is widely accepted that this
approach is effective in facilitating collection of health out-
comes data among a large, clinically heterogeneous pediatric
cancer population, and important clinical characteristics were
not different between participants and nonparticipants. While
the treatment protocols represented in the CCSS cohort are now
more than two decades old, the treatment agents remain the
backbone of modern therapies for childhood cancer (59,60), and
the cohort is representative of the growing population of aging
cancer survivors in the current health care system. Although
treatment current protocols are less intensive than those regi-
mens represented by this cohort of survivors, recent studies
have demonstrated that even contemporary treatment proto-
cols carry risk for late effects and the profile of these adverse
outcomes remains similar across different diagnoses (45).
Therefore, findings from this study are still relevant because as

Table 3. Multivariable models for neurocognitive outcomes*

Predictors

Neurocognitive domain

Task efficiency Memory Organization Emotional regulation
RR (95% CI) RR (95% CI) RR (95% CI) RR (95% CI)

Chronic conditions
Cardiopulmonary†

No 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Yes 1.27 (1.12 to 1.44) 1.25 (1.06 to 1.48) 1.29 (1.08 to 1.54) 1.34 (1.11 to 1.61)

Endocrine
No 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Yes 1.14 (1.02 to 1.28) 1.17 (1.01 to 1.36) 1.02 (0.86 to 1.20) 1.38 (1.17 to 1.62)

Treatment factors
CRT, per 10 Gy ‡ 1.20 (1.16 to 1.24) 1.07 (1.03 to 1.12) to

Sex†
Male 1.23 (1.17 to 1.29) – – –
Female 1.29 (1.24 to 1.35) – – –

Age at diagnosis†, per 10 Gy, y
1 1.26 (1.21 to 1.31) – – –
5 1.21 (1.18 to 1.24) – – –
10 1.16 (1.13 to 1.19) – – –
15 1.11 (1.06 to 1.17) – – –
20 1.07 (1.00 to 1.14) – – –

Anthracyclines ‡ ‡
Years from diagnosis†, per 100mg/m2

15 0.92 (0.86 to 0.98) – – 0.83 (0.76 to 0.91)
20 0.95 (0.91 to 0.99) – – 0.91 (0.86 to 0.96)
25 0.98 (0.95 to 1.02) – – 0.99 (0.95 to 1.04)
30 1.01 (0.96 to 1.08) – – 1.08 (1.01 to 1.17)
35 1.05 (0.96 to 1.15) – – 1.18 (1.05 to 1.33)

Corticosteroids
No – 1.00 (reference) – 1.00 (reference)
Yes – 1.20 (1.05 to 1.38) – 1.27 (1.10 to 1.46)

*Only predictors that have direct effect on neurocognitive outcomes in path analysis are included in log-binomial multivariable regression. CI ¼ confidence interval;

CRT ¼ cranial radiation therapy; RR ¼ relative risk.

†Pulmonary and cardiac conditions were combined in the path analysis due to the low prevalence (n¼92, 1.7 %) of grade 2 or higher pulmonary conditions in the

cohort.

‡Main effects of the treatment factor are not presented due to the presence of interactions with clinical variables.
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the younger survivors age over the next decades, they may de-
velop similar chronic conditions that impact functional
outcomes.

Limitations notwithstanding, our study supports the medi-
ating effect of chronic conditions between treatment exposures
and neurocognitive impairment. In particular, survivors who
develop cardiopulmonary and endocrine comorbidities from
treatment exposures should be monitored more closely for neu-
rocognitive deficits, and early interventions may be warranted.
Tailored and personalized management on specific multimor-
bidity patterns will have implications for neurocognitive out-
comes among aging survivors of childhood cancer.
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