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abstract

PURPOSE To investigate longitudinal associations between physical activity (PA) and neurocognitive problems in
adult survivors of childhood cancer.

METHODS A total of 12,123 5-year survivors diagnosed between 1970 and 1999 (median [range] age at di-
agnosis, 7 [0-21] years, time since diagnosis at baseline, 16 [6-30] years) and 720 siblings self-reported PA and
neurocognitive problems. PA was collected at baseline, and PA and neurocognitive data were obtained 7 (1-12)
years and 12 (9-14) years later. PA consistency was defined as any combination of$ 75 minutes of vigorous or
150 minutes of moderate activity per week on all surveys. Multiple linear regressions, conducted separately for
CNS and non-CNS survivors, identified associations between PA consistency and neurocognitive outcomes
(expected mean, 50; standard deviation [SD], 10). Mediating effects of body mass index (BMI) and chronic
health conditions (CHCs) were evaluated.

RESULTS Survivors were less likely than siblings to report consistent PA (28.1% v 33.6%) and more likely to
report problems in Task Efficiency (T-scores mean6 SD: siblings, 50.06 0.4; CNS, 61.46 0.4; non-CNS, 53.3
6 0.3), Emotion Regulation (siblings, 51.4 6 0.4; CNS, 54.5 6 0.3; non-CNS 53.4 6 0.2), and Memory
(siblings, 50.86 0.4; CNS, 58.96 0.4; non-CNS, 53.56 0.2; all P, .001). Survivors of CNS cancers (52.86
0.3) also reported poorer Organization than siblings (49.96 0.4; P, .001). After adjusting for age at diagnosis,
age at questionnaire, emotional distress, and cancer treatment exposures, consistent PA was associated with
fewer neurocognitive problems compared with consistent inactivity for both CNS and non-CNS groups (T-score
differences ranging from 27.9 to 22.2) and larger neurocognitive improvements over time (26.0 to 22.5), all
P# .01. BMI and severe CHCs partially mediated the PA-neurocognitive associations, but the mediation effects
were small (change in b # 0.4).

CONCLUSION Adult survivors of childhood cancer who report more consistent PA have fewer neurocognitive
problems and larger improvements in these concerns many years after treatment.

J Clin Oncol 38:2041-2052. © 2020 by American Society of Clinical Oncology

INTRODUCTION

Advances in diagnosis and treatment of pediatric cancers
have improved survival, leading to a growing population of
adult survivors.1 However, cancers and cancer treatments
are associated with adverse late effects, including chronic
health conditions (CHCs) and neurocognitive deficits.2-5

At least one-third of childhood cancer survivors ex-
perience neurocognitive dysfunction that may persist
years after completion of therapy.6-13 Survivors may
demonstrate deficits in attention, working memory,
executive function, processing speed, and/or visuo-
motor integration and report neurocognitive problems
in everyday life.13-20 Impairment severity is associated

with specific treatment exposures and can be exac-
erbated by the development of CHCs.3,21,22

Childhood cancer survivors report lower engagement
in physical activity (PA) than healthy controls,23 which
is associated with poorer psychosocial well-being,
greater somatic symptoms, and higher risk for sec-
ondary CHCs.24-27 Notably, PA has been associated
with hippocampal neurogenesis in rodents and with
neuroimaging indices of brain health and better
neurocognitive function in community and clinical
populations, including cancer survivors.28,29

In survivors of adult-onset malignancies, higher PA
was associated with better neurocognitive outcomes in

ASSOCIATED
CONTENT

Data Supplement

Author affiliations
and support
information (if
applicable) appear
at the end of this
article.

Accepted on March
25, 2020 and
published at
ascopubs.org/journal/
jco on April 24, 2020:
DOI https://doi.org/10.
1200/JCO.19.02677

Volume 38, Issue 18 2041

https://ascopubs.org/doi/suppl/10.1200/JCO.19.02677
http://ascopubs.org/journal/jco
http://ascopubs.org/journal/jco
http://ascopubs.org/doi/full/10.1200/JCO.19.02677
http://ascopubs.org/doi/full/10.1200/JCO.19.02677


observational and intervention studies.29 Adult survivors of
childhood cancer reporting higher levels of leisure-time PA
endorse more positive ratings of neurocognitive function,
social function, and health-related quality of life.30 Similarly,
a subgroup of survivors from the Childhood Cancer Survivor
Study (CCSS) who reported vigorous exercise at baseline
reported less psychological burden a median of 7.8 years
later, although change in neurocognitive outcome over time
was not examined.31 Increased hippocampal volume and
white matter fractional anisotropy, as well as improved
reaction time, have also been observed in children treated
with radiation for brain tumors after a 12-week aerobic
exercise intervention.32

The current study examined whether PA is associated with
neurocognitive problems and improvements in these
problems over time in adult survivors of childhood cancer,
using cross-sectional and longitudinal methods, with
consideration of PA quantity, intensity, and consistency.
Mediating effects of body mass index (BMI) and CHCs were
also examined.

METHODS

Participants

This study was conducted within the CCSS, a retrospective
cohort study with longitudinal follow-up of childhood
cancer survivors treated at 31 institutions in North America.
Methodology and design have been previously described33;
details are available at the CCSS Web site.34 Methods were
approved by a central institutional review board, and in-
formed consent was received from all participants.

Survivors were diagnosed with CNS malignancy, leukemia,
Hodgkin lymphoma, non-Hodgkin lymphoma, kidney
cancer, neuroblastoma, soft tissue sarcoma, or malignant
bone tumor between 1970 and 1999, and were alive at
least 5 years after diagnosis. A randomly selected subset
identified a sibling closest in age to the survivor, who was
asked to participate. Cancer diagnosis and treatment in-
formation were obtained from treating institutions through
medical record abstraction with a unified protocol. Surveys
examining demographic, medical, PA, and psychosocial
information35 were sent to participants at recruitment (ie,
baseline) and again a median of 7 years later (range, 1-12
years). A subset of survivors treated between 1970 and
1986 completed a second follow-up a median of 12 years
later (range, 9-14 years). Neurocognitive data were col-
lected at the two follow-up time points only.

CCSS survivors and siblings were eligible for inclusion in
this study if they were$ 18 years of age at the time of survey
and if they returned both neurocognitive and PA data. Of
the 17,786 participants who returned baseline and first
follow-up surveys, 12,123 survivors and 720 siblings
completed data required for inclusion. A total of 4,352
survivors and 221 siblings completed a second follow-up
(Fig 1; comparisons to excluded participants are sum-
marized in the Data Supplement, online only).

Measures

Neurocognitive problems and emotional distress.
Participants completed the CCSS-Neurocognitive Ques-
tionnaire (NCQ),36,37 a self-report measure of neuro-
cognitive problems in Task Efficiency, Emotional
Regulation, Organization, and Memory, and the Brief
Symptom Inventory-18 (BSI-18),38 used to adjust for
emotional distress when examining associations between
PA and neurocognitive problems. The BSI-18 examines
symptoms of depression, anxiety, and somatization, and
provides a Global Severity Index (GSI).

The sums of item endorsements by participants on each
scale were converted to T-scores (mean 50, SD 10), using
sibling group data at the same time point; higher scores
indicate greater neurocognitive problems or emotional
distress. T-scores $ 62.82 (ie, $ 90th percentile of the
sibling distribution) were classified as impaired. For the
BSI, these classifications were based on the GSI or any two
of the subscales. Longitudinal change of NCQ was cal-
culated by subtracting the NCQ T-score at the first follow-up
from the T-score at the second follow-up; negative change
scores reflect improvement in neurocognitive problems.

Physical activity. Participants responded to six questions
from the Behavioral Risk Factor Surveillance Survey about
PA39 and one question about participation in PA during the
past month, as previously described.27 PA was examined
three ways: (1) quantity ([#days per week 3 minutes per
day]/60); (2) intensity, based on metabolic equivalents
(METs; [#days per week vigorous activity3minutes per day
vigorous 3 6] 1 [#days per week moderate activity 3
minutes per day moderate 3 3]/60)40; and (3) consistency
(in meeting Centers for Disease Control and Prevention
[CDC] criteria of 75 minutes of vigorous activity, 150 min-
utes of moderate activity, or an equivalent combination of
both per week at baseline and follow-up). PA consistency
was categorized as consistently active, inconsistently ac-
tive, and consistently inactive during this period. PA in-
tensity units (MET-h/wk) reflect the participant’s exertion
per week.

BMI. BMI was calculated at follow-up by dividing self-
reported weight (kilograms) by height (meters squared) and
categorized as normal (BMI , 25), overweight (BMI 25-
30), or obese (BMI$ 30).41 For survivors younger than age
20 years, overweight was defined as BMI in the 85-95th
percentile, and obesity was defined as BMI $ 95th
percentile.42

Chronic health conditions. CHCs were self-reported in the
CCSS survey4 and graded according to the Common Ter-
minology Criteria for Adverse Events v 5.0.43 Participants
were classified as having a grade 3 or 4 condition with
potential association to neurocognitive problems or en-
gagement in PA, with onset before follow-up, including:
cardiovascular, respiratory, musculoskeletal, neurologic,
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hematologic, infectious/immunologic, renal (dialysis), en-
docrine, vision, and/or secondary malignancy.

Data Analyses

Demographic characteristics were compared between
groups using the x2 test; bootstrapping of families was used
to compare survivors and siblings to account for within-
family correlations. When the expected count of a cell
under the null hypothesis was , 5, Fisher’s exact test
was used.

NCQ T-scores and risk of impairment for Task Efficiency,
Emotional Regulation, Organization, and Memory were
compared between survivor groups and siblings using
generalized estimating equations (GEE) with the identity
link and Gaussian-distribution variance form (GEE-linear)
and GEE with the logit link and binomial-distribution vari-
ance form (GEE-logistic),44 respectively, adjusting for sex
and age at NCQ. Because CNS survivors typically dem-
onstrate more cognitive deficits and physical limitations

relative to non-CNS survivors, CNS and non-CNS survivors
were analyzed separately.

NCQ associations with PA consistency were examined
using GEE-linear, comparing consistently active and in-
consistently active participants with consistently inactive
participants. An interaction term was included to compare
PA-NCQ associations between survivor and sibling groups.
These analyses were repeated with PA intensity and
quantity variables. GEE-logistic was used to examine as-
sociations of PA consistency with neurocognitive impair-
ment at follow-up. GEE-linear was also used to examine
associations of PA consistency with change in NCQ scores
across follow-ups. For analyses of change in NCQ scores,
consistency in meeting PA criteria was defined by exam-
ining all three surveys (baseline and both follow-ups).

Covariates included in these analyses had potential asso-
ciations with NCQ and/or PA variables: age at survey, age at
diagnosis, sex, cranial radiation (yes/no), clinically signif-
icant emotional distress (yes/no), and intravenous (IV)

CCSS participants returned baseline and first follow-up
questionnaires

(N = 17,786)

CNS survivors
(n = 2,484)

At first follow-up:
< 18 years old              (n = 14)
Without NCQ data     (n = 322)
Without PA data          (n = 43)

CNS survivors
analyzed

(n = 2,105)

CNS survivors
completed second follow-up

questionnaire
 (n = 528)

At second follow-up:
Without NCQ data  (n = 12)
Without PA data     (n = 24)

CNS survivors
analyzed
(n = 492)

Non-CNS
survivors

(n = 12,018)

At first follow-up:
< 18 years old              (n = 69)
Without NCQ data  (n = 1,768)
Without PA data        (n = 163)

Non-CNS
survivors analyzed

(n = 10,018)

Non-CNS survivors
completed second follow-up

questionnaire
(n = 4,142)

At second follow-up:
Without NCQ data       (n = 77)
Without PA data        (n = 205)

Non-CNS
survivors analyzed

(n = 3,860)

Siblings
(n = 3,284)

At first follow-up:
< 18 years old             (n = 83)
Without NCQ data (n = 2,474)
Without PA data           (n = 7)

Siblings analyzed
(n = 720)

Siblings completed
second follow-up

questionnaire
(n = 232)

At second follow-up:
Without NCQ data         (n = 3)
Without PA data            (n = 8)

Siblings analyzed
(n = 221)

FIG 1. Consort diagram: flow diagram of participants selected from the Childhood Cancer Survivor Study (CCSS). NCQ, Neurocognitive Questionnaire; PA,
physical activity.
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and/or intrathecal methotrexate for non-CNS survivors (yes/
no). Smoking status (current/previous/never) was consid-
ered a potential covariate but was not significantly asso-
ciated with NCQ and PA variables and was excluded from
final analyses. Analyses examining change in NCQ scores
were adjusted for initial NCQ scores and time between
questionnaires.

A mediation analysis was conducted to examine whether
BMI and existing CHCs mediated associations of PA
consistency and NCQ domains. Associations among these
variables and attenuation of the PA-NCQ association with
and without these potential mediators were assessed, in-
cluding covariates described above.

To account for multiple comparisons, P values # .01 were
deemed statistically significant for all analyses. Sampling
weights were used to account for undersampling of sur-
vivors of acute lymphoblastic leukemia across all analyses;
weights of 1.21 were applied for participants age 11-
20 years at diagnosis and 3.63 for age 1-10 years at
diagnosis.

RESULTS

Study Population Characteristics

Demographic characteristics are shown in Table 1. Di-
agnoses included leukemia (37.8%), CNS malignancy
(15.5%), Hodgkin lymphoma (11.5%), non-Hodgkin
lymphoma (7.3%), kidney cancer (8.0%), neuroblastoma
(6.0%), soft tissue sarcoma (6.4%), and bone cancer
(7.6%). CNS cancer survivors were less likely than non-
CNS cancer survivors to consistently meet CDC activity
guidelines and were more likely to self-report high BMI and
CHCs and to be nonsmokers (all P , .001). Siblings were
more likely than survivors to meet CDC activity guidelines
consistently over time (33.6% v 28.1%; P5 .003) and to be
smokers (P 5 .003) and less likely to report CHCs or
emotional distress (both P , .001).

Neurocognitive Problems

After adjusting for age at survey and sex, survivors of CNS
and non-CNS cancers reported more problems with Task
Efficiency, Emotion Regulation, and Memory than siblings
(Table 2; all P , .001). CNS survivors reported more Or-
ganization problems than siblings (P , .001). Similar
patterns of deficit were observed for risk of impairment
(Table 2), with an approximate two-fold higher risk for CNS
survivors compared with non-CNS survivors in Task Effi-
ciency (percentage impaired: CNS, 42.5%; non-CNS,
21.2%) and Memory (percentage impaired: CNS, 43.6%;
non-CNS, 25.8%).

Associations With Physical Activity

Physically active survivors reported fewer neurocognitive
problems across multiple domains compared with con-
sistently inactive survivors (Table 3; consistent PA: T-score
differences ranging from 27.9 to 22.2; inconsistent PA:

24.8 to20.8; P# .01). These associations were replicated
for risk of impairment (Data Supplement; consistent PA:
odds ratios [ORs], 0.43-0.73; inconsistent PA: ORs, 0.55-
0.80; P # .006); however, inconsistent PA was not sig-
nificantly associated with impairment risk in Emotion
Regulation in non-CNS survivors. In siblings, consistent
activity was associated with fewer neurocognitive problems
relative to consistent inactivity for Task Efficiency only
(T-score difference, 23.1; P 5 .003). Inconsistent activity
was not associated with differences in neurocognitive
outcomes, and PA consistency did not affect impairment
risk in siblings.

The magnitude of association of PA consistency with Task
Efficiency and Memory problems was significantly larger in
CNS survivors than siblings (T-score difference between
CNS survivors and siblings for consistent PA, Task Effi-
ciency: b, 24.8; P , .001; Memory: b, 23.6; P 5 .004;
inconsistent PA, Task Efficiency: b, 23.8; P 5 .004;
Memory: b, 23.1; P 5 .009). An interaction was observed
for inconsistent PA and Memory in non-CNS survivors
versus siblings (b, 23.1; P 5 .009). No other interactions
reached statistical significance.

Similar trends observed for PA intensity and quantity on
neurocognitive problems and risk of impairment were less
prominent than for PA consistency (Data Supplement).
Higher PA intensity and quantity were associated with fewer
neurocognitive problems in Task Efficiency and Organi-
zation for both survivor groups (T-score differences ranging
from20.1 to20.4 per weekly 9 MET-hours; P, .001; and
from 20.1 to 20.2 per weekly hour of activity; P , .001).
No associations were observed for PA intensity and quantity
on neurocognitive problems for siblings.

Change in Neurocognitive Problems Over Time

Consistent PA was associated with improvements in all
cognitive domains compared with consistent inactivity, in
both survivor groups (Table 3; difference in change in NCQ
scores ranging from 26.0 to 22.5; P # .01). Similarly,
inconsistent PA was associated with improved Task Effi-
ciency and Organization problems over time compared with
consistent inactivity in both survivor groups (difference in
change in NCQ scores ranging from 24.0 to 21.4; P #

.007) and improved Emotion Regulation and Memory
problems in non-CNS survivors (difference in change in
NCQ score ranging from 21.7 to 21.4; P , .004). PA
consistency was not associated with change in NCQ for
siblings (P . .01).

Mediation Analyses

Consistent PA was associated with lower risk of a CHC and
lower BMI, relative to consistent inactivity for both survivor
groups (all P , .001; Data Supplement). Inconsistent PA
was associated with lower risk of a CHC and lower BMI,
relative to consistent inactivity, for non-CNS survivors only
(P , .001). The presence of a CHC was associated with
more reported neurocognitive problems for both survivor
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TABLE 1. Demographic and Clinical Characteristics of Survivors of Childhood Cancer and Sibling Groups

Characteristic CNS Non-CNS All Survivors Siblings
P

CNS v Non-CNS
P

All Survivors v Siblings

Sex

Male 1,069 (50.8) 4,804 (48.0) 5,873 (48.4) 315 (43.8) .02 .01

Female 1,036 (49.2) 5,214 (52.0) 6,250 (51.6) 405 (56.3)

Race

White 1,824 (86.7) 8,738 (86.5) 10,562 (86.5) 645 (89.6) .68 .002

Black 88 (4.2) 354 (3.7) 442 (3.8) 13 (1.8)

Hispanic/Latino 87 (4.1) 433 (4.3) 520 (4.3) 16 (2.2)

Other 106 (5.0) 493 (5.4) 599 (5.3) 46 (6.4)

Age at baseline, years

Mean (SD) 24.6 (6.5) 24.8 (7.8) 24.8 (7.6) 28.6 (8.1) .47 < .001

Age at last questionnaire, years

Mean (SD) 30.5 (6.4) 31.2 (7.7) 31.1 (7.4) 33.1 (8.0) < .001 < .001

PA intensity

0-3 METs/wk 733 (35.2) 2,436 (24.3) 3,169 (6.0) 128 (18.0) < .001 < .001

3-6 METs/wk 217 (10.4) 1,080 (10.7) 1,297 (10.7) 80 (11.2)

6-9 METs/wk 199 (9.6) 905 (9.0) 1,004 (9.1) 64 (8.9)

9-12 METs/wk 122 (5.9) 693 (6.8) 815 (6.6) 47 (6.6)

12-15 METs/wk 115 (5.5) 670 (6.8) 785 (6.6) 65 (9.1)

$ 15 METs/wk 698 (33.5) 4,165 (42.4) 4,863 (39.9) 329 (46.1)

Mean METs/wk (SD) 20.2 (41.5) 24.6 (48.4) 23.9 (47.3) 23.5 (40.9) < .001 .73

Physical activity

Consistently active 547 (26.6) 2,599 (28.4) 3,146 (28.1) 239 (33.6) < .001 .004

Inconsistently active 775 (37.7) 4,366 (43.8) 5,141 (42.8) 298 (41.9)

Consistently inactive 735 (35.7) 2,800 (27.8) 3,535 (29.1) 175 (24.6)

Body mass index

Normal/underweight 862 (42.5) 4,867 (49.1) 5,729 (48.1) 342 (48.2) < .001 .99

Overweight 649 (32.0) 2,908 (29.6) 3,557 (30.0) 213 (30.0)

Obese 516 (25.5) 2,015 (21.3) 2,531 (21.9) 154 (21.7)

Smoking status

Current smoker 192 (9.2) 1,264 (12.3) 1,456 (11.8) 100 (14.0) < .001 .003

Never smoker 1,677 (80.7) 7,265 (74.4) 8,942 (75.4) 498 (69.7)

Previous smoker 210 (10.1) 1,353 (13.3) 1,563 (12.8) 117 (16.4)

Age at diagnosis, years

Mean (SD) 8.3 (4.9) 8.2 (6.2) 8.2 (6.0) .41

Years since diagnosis

Mean (SD) 22.2 (4.1) 23.0 (4.5) 22.9 (4.5) < .001

Cancer diagnosis

Leukemia 3,633 (37.7)

CNS malignancy 2105 (15.4)

Hodgkin lymphoma 1,577 (11.6)

Non-Hodgkin lymphoma 992 (7.3)

Kidney cancer 1,093 (8.0)

Neuroblastoma 818 (6.0)

Soft tissue sarcoma 871 (6.4)

Bone cancer 1,034 (7.6)

(continued on following page)
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TABLE 1. Demographic and Clinical Characteristics of Survivors of Childhood Cancer and Sibling Groups (continued)

Characteristic CNS Non-CNS All Survivors Siblings
P

CNS v Non-CNS
P

All Survivors v Siblings

Antimetabolites

Yes 16 (0.8) 4,197 (51.3) 4,213 (43.4) < .001

No 2,001 (99.2) 5,275 (48.7) 7,276 (56.6)

Alkylating agents

Yes 496 (24.6) 5,534 (57.9) 6,030 (52.7) < .001

No 1,517 (75.4) 3,986 (42.1) 5,503 (47.3)

Anthracyclines

Yes 16 (0.8) 5,344 (59.6) 5,360 (50.5) < .001

No 2,001 (99.2) 4,189 (40.4) 6,190 (49.5)

Corticosteroids

None 486 (24.2) 3,496 (33.9) 3,982 (32.4) < .001

Prednisone only 1,396 (69.4) 4,439 (48.9) 5,835 (52.2)

Dexamethasone 130 (6.5) 1,193 (17.2) 1,323 (15.4)

Radiation

Cranial 1,083 (55.3) 2,282 (24.1) 3,365 (28.9) < .001

Noncranial 42 (2.1) 2,984 (27.5) 3,026 (23.6)

None 835 (42.6) 4,140 (48.4) 4,975 (47.5)

Grade $ 3 health condition

Yes 658 (31.3) 2,515 (23.0) 3,173 (24.3) 53 (7.4) < .001 < .001

No 1,447 (68.7) 7,503 (77.0) 8,950 (75.7) 667 (92.6)

Grade $3 chronic health condition (yes)

Cardiovascular 186 (8.8) 683 (6.4) 869 (6.8) 15 (2.1) , .001 < .001

Respiratory 7 (0.3) 82 (0.7) 89 (0.7) 2 (0.3) .04 .07

Musculoskeletal 7 (0.3) 657 (5.9) 664 (5.1) 2 (0.3) < .001 < .001

Neurologic 210 (10.0) 164 (1.5) 374 (2.8) 4 (0.6) < .001 , .001

Endocrine 126 (6.0) 721 (6.5) 847 (6.4) 10 (1.4) .41 < .001

Renal dialysis only 4 (0.2) 80 (0.8) 84 (0.7) 1 (0.1) .003 .006

Vision 259 (12.3) 314 (3.0) 573 (4.4) 16 (2.2) < .001 .004

Secondary malignancy 80 (3.8) 450 (4.1) 530 (4.0) 9 (1.3) .56 < .001

BSI . 63

Yes 197 (9.4) 986 (9.9) 1,183 (9.8) 25 (3.5) .56 < .001

No 1,898 (90.6) 8,997 (90.1) 10,895 (90.2) 687 (96.5)

GSI, mean (SD) 47.7 (10.4) 47.6 (11.2) 47.6 (11.1) 44.9 (9.0) .70 < .001

Anxiety, mean (SD) 47.4 (9.3) 47.9 (9.1) 47.9 (9.1) 46.4 (7.9) .08 < .001

Depression, mean (SD) 51.2 (10.2) 49.0 (9.5) 49.3 (9.6) 47.4 (8.4) < .001 < .001

Somatization, mean (SD) 50.5 (8.8) 50.5 (9.0) 50.5 (9.0) 47.9 (7.2) .93 < .001

NOTE. Data presented as No. (%) unless otherwise noted. Percentages are based on available information. Boldface indicates statistical significance at
P # .01. Sampling weights were used to account for undersampling of survivors of acute lymphoblastic leukemia; these weights are accounted for in the
percentage calculations. One MET-hour is equivalent to the exertion associated with 1 hour at rest. The chronic health conditions listed are limited to those
with potential associations to (but not redundant with) neurocognitive function or physical activity; no participants had grade$ 3 hematologic or infectious/
immunologic conditions. Grade $ 3 conditions in the following categories were excluded: memory problems, GI, renal (nondialysis), speech, and hearing.
Abbreviations: BSI, brief symptom inventory; GSI, global severity index; MET, metabolic equivalent; SD, standard deviation
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groups, except for Memory in the non-CNS group (all P ,
.001). Higher BMI was associated with more neuro-
cognitive problems among non-CNS survivors (all P #

.003) but not for CNS survivors. Adjusting for the presence
of a CHC or BMI attenuated associations between NCQ
scores and PA consistency, but mediator effects were small
(Table 4; change in T-score difference, 0.1-0.4).

DISCUSSION

We identified an association of PA with neurocognitive
problems many years post treatment, with fewer problems
over time for survivors who participated in PA more con-
sistently. Effects were apparent in CNS and non-CNS
survivors and across cognitive domains, after adjusting
for demographic, clinical, and treatment variables. Many
comparisons revealed differences of approximately half
a standard deviation between activity groups, typically

indicative of clinical significance. BMI or CHCs hadminimal
impact on this relationship.

PA demonstrated robust associations with self-reported
neurocognitive problems, with effects observed across all
cognitive domains for both survivor groups. These findings
are in line with research demonstrating positive relation-
ships between PA and cognitive outcomes.28,29,32,45,46 Ef-
fects were more apparent for PA consistency compared
with intensity and quantity and were larger for consistent PA
compared with inconsistent PA, suggesting that mainte-
nance of activity over time is important for optimal en-
hancement of functional outcomes. Moreover, our data
support the relevance of CDC recommendations for PA for
promotion of healthy cognitive functioning.41,42

Associations between PA and neurocognitive problems
were more consistently observed in survivors and were
often larger for CNS survivors relative to siblings. Effects

TABLE 3. Associations Between Consistency of PA and Self-Reported Neurocognitive Problems (T-scores) on the NCQ

Analysis

Task Efficiency Emotion Regulation Organization Memory

b (SE) P b (SE) P b (SE) P b (SE) P

Initial NCQ scoresa

CNS

Consistent activity 27.9 (0.76) < .001b 23.7 (0.39) < .001 24.4 (0.45) < .001 24.1 (0.61) < .001b

Inconsistent activity 24.8 (0.68) < .001b 21.8 (0.33) < .001 21.8 (0.39) .004 21.8 (0.50) .01b

Non-CNS

Consistent activity 24.7 (0.17) < .001 22.2 (0.12) < .001 23.1 (0.12) < .001 22.7 (0.15) < .001

Inconsistent activity 22.5 (0.14) < .001 20.8 (0.09) .005 22.0 (0.09) < .001 21.4 (0.11) < .001b

Siblings

Consistent activity 23.1 (1.06) .003 21.4 (0.92) .14 21.9 (0.97) .06 20.5 (0.92) .59

Inconsistent activity 21.0 (1.11) .33 20.8 (0.84) .41 21.0 (0.99) .33 1.2 (0.89) .19

Changes in NCQ scoresc

CNS

Consistent activity 25.9 (2.99) <.001 23.6 (2.17) .01 26.0 (2.11) < .001 24.2 (2.90) .01

Inconsistent activity 24.0 (2.21) .007 22.5 (1.57) .04 23.7 (1.64) .004 23.0 (1.70) .02

Non-CNS

Consistent activity 23.2 (0.32) < .001 22.6 (0.30) <.001 22.5 (0.27) < .001 22.5 (0.34) < .001

Inconsistent activity 21.7 (0.23) < .001 21.7 (0.18) < .001 21.4 (0.18) < .001 21.4 (0.24) .004

Siblings

Consistent activity 0.2 (4.70) .94 0.2 (3.87) .94 2.3 (3.03) .18 2.1 (4.07) .30

Inconsistent activity 21.1 (3.92) .58 0.1 (2.94) .96 1.0 (2.04) .47 0.1 (3.48) .95

NOTE. Boldface indicates statistical significance at P# .01. We found that 84% of participants retained the same category of physical activity
consistency between analyses of initial NCQ scores and change in NCQ, wherein physical activity was examined from baseline to first follow-up
and from baseline to second follow-up, respectively.

Abbreviations: IV/IT, intravenous/intrathecal; NCQ, Neurocognitive Questionnaire.
aAdjusting for age at questionnaire, age at diagnosis, sex, emotional distress, and cranial radiation; IV/ IT methotrexate was also included as

a covariate for non-CNS survivors.
bStrength of effect is significantly greater than siblings; P # .01.
cAdjusting for age at questionnaire, age at diagnosis, sex, emotional distress, cranial radiation, time between questionnaires, and initial scores

on the NCQ; IV/ IT methotrexate was also included as a covariate for non-CNS survivors.
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may be stronger for survivors, and CNS survivors in par-
ticular, given larger variability in neurocognitive problems,
perhaps reflecting a greater benefit of PA on functions
undergoing change, as previously suggested by meta-
analysis.28 Survivors meeting CDC PA guidelines
consistently over time reported larger improvements in
neurocognitive problems relative to survivors not meeting
these criteria. These improvements were observed over
20 years post diagnosis, suggesting continued benefits of PA
long after cessation of treatment. Prior intervention research
with pediatric brain tumor survivors similarly demonstrated

evidencec for positive impacts of PA on cognitive outcomes
and indices of brain health an average of 5.25 years post
treatment.32

Associations with PA were observed after adjusting for age,
sex, emotional distress, and exposure to cranial radiation
and/or IV methotrexate, whereas BMI and CHCs accounted
for a small portion of the shared variance between PA and
neurocognitive outcomes. Individuals with physical limi-
tationsmay experience greater deficits as a consequence of
limited engagement in PA, or those engaging in less PAmay

TABLE 4. Analysis of BMI and CHCs as Mediators of the Relationship Between Consistency in PA and Reported Neurocognitive Problems
(T-scores) on the NCQ

Analysis

PA → NCQ Without
CHC and BMI Effect

(A) PA → NCQ (B) Mediation Effect (B 2 A)

b P b P Value 95% CI P

CNSa

Task Efficiency

Consistent activity 27.0 < .001 26.6 < .001 0.4 0.2 to 0.6 .002

Inconsistent activity 24.4 < .001 24.2 < .001 0.2 0.0 to 0.4 .03

Emotion Regulation

Consistent activity 23.6 < .001 23.4 < .001 0.2 0.1 to 0.3 .002

Inconsistent activity 21.7 .004 21.6 .005 0.1 -0.0 to 0.1 .12

Organization

Consistent activity 23.9 < .001 23.6 < .001 0.3 0.1 to 0.4 < .001

Inconsistent activity 21.7 .009 21.6 .01 0.1 0.0 to 0.2 .04

Memory

Consistent activity 23.6 < .001 23.4 < .001 0.2 0.0 to 0.4 .01

Inconsistent activity 21.7 .02 21.5 .04 0.1 0.0 to 0.3 .02

Non-CNSb

Task Efficiency

Consistent activity 24.5 < .001 24.3 < .001 0.3 0.2 to 0.4 < .001

Inconsistent activity 22.6 < .001 22.5 < .001 0.1 0.1 to 0.2 < .001

Emotion Regulation

Consistent activity 22.0 < .001 21.8 < .001 0.2 0.4 to 0.43 < .001

Inconsistent activity 20.7 .02 20.6 .05 0.1 0.1 to 0.14 < .001

Organization

Consistent activity 23.1 < .001 22.9 < .001 0.2 0.1 to 0.3 < .001

Inconsistent activity 22.0 < .001 21.9 < .001 0.1 0.0 to 0.1 < .001

Memory

Consistent activity 22.7 < .001 22.6 < .001 0.1 0.1 to 0.2 < .001

Inconsistent activity 21.5 < .001 21.5 < .001 0.1 0.0 to 0.1 < .001

NOTE. Boldface indicates statistical significance at P # .01. Physical activity comparisons are relative to physical inactivity. b values for the
relationship between physical activity and NCQ differ from those in Table 3 because of differences in statistical modeling. Here, we include only
participants with available data on CHC and BMI. CNS and non-CNS survivors were examined in separate models, and IV/IT methotrexate was
only included as a covariate for non-CNS survivors.

Abbreviations: BMI, body mass index; CHC, chronic health condition; IV/IT, intravenous/intrathecal; NCQ, neurocognitive questionnaire.
aAdjusting for age at questionnaire, age at diagnosis, sex, emotional distress, and cranial radiation.
bAdjusting for age at questionnaire, age at diagnosis, sex, emotional distress, cranial radiation, and IV/IT methotrexate.
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experience greater deficits as a consequence of CHCs or
higher body adiposity.3,47 However, these effect sizes were
small, and mechanisms underlying these associations re-
main to be elucidated.

Comprehensive reviews have proposed several mecha-
nisms that may underlie the relationship between PA and
neurocognitive function, including increases in neu-
rotrophic factors48,49 and dampening of inflammatory
processes.29 The neurocognitive sequelae of childhood
cancers are believed to be mediated in part by suppression
of cell proliferation and increases in neuroinflammation,
a consequence of radiation and chemotherapy treatments
or cancers directly.50 It is possible that beneficial effects of
PA on neurocognitive outcomes are greatest in survivors as
a consequence of the overlap in mechanisms of pathologic
and neuroplastic change; however, mechanisms remain to
be explored.

Strengths of this work include examination of several PA
indices and use of a large North American longitudinal
cohort, facilitating evaluation of PA effects while adjusting
for relevant covariates. As self-reported neurocognitive
problems and PA have shown only moderate correlations
with direct measures, results are limited by recall and re-
sponse bias challenges. Although standardized neuro-
cognitive function rating scales have good ecological
validity,51 prospective studies with objective testing are
required to elucidate mechanisms involved in cognitive
enhancement. Misclassification of PA is also possible,
because our definition of PA consistency does not account
for activity levels between questionnaire administrations.
However, reports in adult populations indicate PA is con-
sistent (measured in 2-year intervals for 10 years) when
evaluated by either self-report or accelerometry.52,53 Given
advances in technology for remote tracking and mobile

Health questionnaire administration, future research could
be strengthened by inclusion of more direct assessment of
PA. Moreover, concurrent measurement of other activities
contributing to cognitive reserve (eg, intellectual, social)54

would help delineate direct effects of PA from overall en-
gagement in enriching activities.

In the current study design, we are unable to establish
causality of the relationship between PA and neuro-
cognitive symptoms. Despite the existence of interventional
studies with cancer survivors29,32 and proposed mecha-
nisms for PA benefits on neurocognitive outcomes, it has
also been found that survivors with neurocognitive com-
plaints are less likely to engage in health behaviors, in-
cluding PA,55 raising the possibility that the reverse is also
true. Improvements in self-reported neurocognitive func-
tion may also be related to increased self-efficacy associ-
ated with engagement in PA56; however, individuals who
perceive better neurocognitive functioning may also ex-
perience greater self-efficacy facilitating PA engagement.

It has been well established that childhood cancer
survivors are at risk for late neurocognitive problems,
with possible implications for attainment of develo-
pmental milestones.16,17,57 Continued follow-up and efforts
to mitigate these problems are needed to support survivors
through adulthood. Our findings highlight the opportunity
for and possible benefits of PA for adult survivors of
childhood cancer regardless of prior diagnosis and raise the
interesting possibility that consistent PA may continue to
improve neurocognitive outcomes over time. Additional
interventional research with long-term CNS and non-CNS
childhood cancer survivors and a randomized clinical trial
design are needed to establish directionality and causality
of this association, as well as how this relationship behaves
over time.
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