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Abstract 
Background.   While exercise training (ET) programs show positive outcomes in cognition, motor function, and 
physical fitness in pediatric brain tumor (PBT) survivors, little is known about the optimal timing of intervention. 
The aim of this work was to explore the feasibility and benefits of ET based on its timing after radiotherapy.
Methods.   This retrospective analysis (ClinicalTrials.gov, NCT01944761) analyzed data based on the timing of PBT 
survivors' participation in an ET program relative to their completion of radiotherapy: <2 years (n = 9), 2–5 years 
(n = 10), and > 5 years (n = 13). We used repeated measures analysis of variance to compare feasibility and efficacy 
indicators among groups, as well as correlation analysis between ET program timing postradiotherapy and prelim-
inary treatment effects on cognition, motor function and physical fitness outcomes.
Results.   Two to five years postradiotherapy was the optimal time period in terms of adherence (88.5%), retention 
(100%), and satisfaction (more fun, more enjoyable and recommend it more to other children). However, the bene-
fits of ET program on memory recognition (r = −0.379, P = .047) and accuracy (r = −0.430, P = .032) decreased with 
increased time postradiotherapy. Motor function improved in all groups, with greater improvements in bilateral 
coordination (P = .043) earlier postradiotherapy, and in running (P = .043) later postradiotherapy. The greatest im-
provement in pro-rated work rate occurred in the < 2-year group (P = .008).
Conclusion:   Participation in an ET program should be offered as part of routine postradiotherapy care in the first 
1–2 years and strongly encouraged in the first 5 years.
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While advances in pediatric neuro-oncology improved sur-
vival rates in a large proportion of children with pediatric brain 
tumor (PBT),1 concerns about long-term physical, neurolog-
ical, cognitive, and psychosocial sequelae have becoming 
increasingly prominent over the past 20 years.2 To limit these 
side-effects, two main research areas have been explored: 1) 
restrict the damage caused by the treatments by limiting their 
toxicity to the healthy brain structures, and 2) develop ther-
apies to enhance brain self-repair and recovery. Over the past 
10 years, clinical trials in animals and humans have confirmed 
the feasibility and efficacy of such interventions after PBT.3 
Among them, exercise training (ET) programs have demon-
strated positive effects after pediatric cancer4 and PBT.5–8 ET 

is as an efficient neuro-rehabilitation intervention as it allows 
for improvements in both cognitive and motor function, and 
these improvements are linked with structural and functional 
changes within the brain.9 However, the timing of the ET pro-
gram relative to treatment completion has been highly vari-
able, which could affect program feasibility and its impact on 
brain neuroplasticity.

On one hand, early intervention may be required to minimize 
the toxicity of radiotherapy on brain structures and its evolving 
impact on cognition. Early brain changes induced by radio-
therapy include a decline in oligodendrocytes, microvascular 
damage, subtle white matter compromise, neuroinflammation, 
and disturbances of neuronal micro-morphophysiology. These 
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changes can interact and progressively alter neuronal 
stem cell niches to impede neuronal function, viability, and 
progenitor cell differentiation leading to progressive long-
term brain changes.10 In children treated with focal and/or 
craniospinal irradiation (CSI), these changes lead to a pro-
gressive decline in cognitive function, and corresponds 
with decreased learning of new skills.11–13 Some studies 
suggest that the trajectory of this decline is not linear but 
more pronounced in the three years following diagnosis, 
followed by a slower rate of decline.14,15 In their literature 
review, Bernal et al. (2022) found that studies involving 
participants with longer time from cancer treatment had 
significantly smaller improvements in cognitive function.4

However, commencing an ET program too soon 
after completion of cancer treatment may not nec-
essarily be better. Radiotherapy-induced transient 
neuroinflammation10 in the first four to six months fol-
lowing cancer treatment can be accompanied by a 
“pseudo-progression” in MRI images with clinical symp-
toms of headache, fatigue, nausea/vomiting, and sen-
sitivity to corticosteroid treatment.16 Recent research 
in adults with stroke suggests that neuroinflammation 
could be deleterious to brain plasticity and challenges 
the idea that rehabilitation is all the more effective if it is 
done early.17 Moreover, adherence to an ET program will 
be particularly challenging in this early period due to the 
postoperative recovery period and side effects associated 
with adjuvant chemotherapy (eg, pancytopenia, nausea, 
vomiting, asthenia), and the need for intensive medical 
follow-up.18,19

Given these different factors, it is crucial to understand 
the optimal timing of an ET program following diagnosis 
and treatment for PBT. To date, limited work has been con-
ducted in this area. As such, we performed a retrospective 
analysis of published clinical trial data from a 12-week 
ET program for PBT survivors,5–8 to examine the optimal 
timing of ET program participation postradiotherapy as 
measured by feasibility and impact on neurocognition, 
motor function, and physical fitness. We divided participant 
data into three groups depending on the timing of their 
participation in the ET program relative to the completion 
of irradiation (less than 2 years (<2y), two to five years (2–5 
y), and greater than 5 years (>5 y)) to examine the impact 
of time dependent factors on neural function and cognitive 
recovery. The chosen timeframe for each subgroup was 
based on: 1) neuropsychological data suggesting an early 
cognitive decline after radiotherapy, 2) the decreasing in-
tensity and frequency of medical follow-up with time (ie, 
MRI and medical exam quarterly in the first 2 years post-
treatment, 2-3 times a year in the third to fifth year, and 
then annual MRIs and medical exams thereafter until 10 
years post-treatment), and 3) the decreasing risk of relapse 
with increased time since the end of treatment. We exam-
ined ET program participation, adherence, retention, and 
satisfaction by subgroup to determine if timing of the ET 
program influenced its feasibility. Then, using both a group 
comparison approach and correlation analysis, we ex-
plored how the benefits of an ET program varied with time 
postradiotherapy and age at ET program completion. We 
hypothesized that the 2–5 y period postradiotherapy would 
be optimal in terms of feasibility, and motor and cogni-
tive improvements induced by ET would decrease with 

increased time postradiotherapy. No study has previously 
explored neuroplasticity in the early postradiotherapy 
period, during which (effects such as) neuro-inflammation 
may occur. Based on interventional trials in adults with 
stroke, we hypothesize that the neuroplasticity in the first 
year postradiotherapy could be altered by radiotherapy-
induced neuroinflammation.

Materials and Methods

Participants

This retrospective analysis involved children 7–18 years 
old, one to ten years after PBT diagnosis, in remission, 
treated with focal radiotherapy or CSI who participated 
in the ET program interventional trial (ClinicalTrials.
gov, NCT01944761). Participants were recruited from the 
Hospital for Sick Children (Toronto, Canada) and McMaster 
Children’s Hospital (Hamilton, Canada). The institutional 
review boards at each site approved the study protocol. 
Either written informed consent or assent and parental 
consent (where applicable) was obtained.

To examine the effects of ET program timing, we categor-
ized participants into three groups based on the time be-
tween completion of radiotherapy and commencement of 
the ET program: <2 y (n = 9), 2–5 y (n = 10), and > 5 y (n = 13). 
The timing postradiotherapy was used instead of the time 
post-treatment due to the well-known radiotherapy associ-
ated preponderant impact on the brain.

Procedure

The study used a crossover design in which partici-
pants were randomized to either: (1) start the ET pro-
gram without delay (ie, the intervention group) or (2) wait 
12 weeks before starting the ET program (ie, the control 
group). Participants were recruited through the neuro-
oncology clinic at any stage of  recovery as long as they 
were in remission. Assessments were performed at base-
line (pretraining), post-training and after 12 weeks in the 
intervention group, and at baseline (ie, before the delay 
period), pre- and post-training in the control group. Each 
assessment included an evaluation of cognitive, motor, 
and fitness function. The methods and procedures have 
been previously described.5–8 The goal of the ET program 
was to increase and maintain each child’s heart rate at 80% 
of their maximum heart rate achieved during baseline fit-
ness testing, for at least 30 min per session. In this work, 
we explored the pre- and post-training assessments re-
gardless of group allocation.

Assessment of feasibility

The ET program study was evaluated using several feasi-
bility indicators: recruitment, retention, adherence, and 
satisfaction.20 While recruitment, retention and adher-
ence rate was previously published for the entire sample,5 
we re-analyzed these data. For eligible children who did 
not enroll in the study, we recorded the time between 
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completion of radiotherapy and when they were ap-
proached to participate in the study. Then, we allocated 
them to time postradiotherapy groups (<2 y, 2–5 y or > 5 y). 
For each group, the recruitment rate was calculated as the 
percentage of children who enrolled in the study out of all 
eligible children within the same period postradiotherapy. 
Reasons that eligible children declined to participate were 
descriptively analyzed by group. For each group, the reten-
tion rate was calculated as the percentage of participants 
who completed the ET program (including postintervention 
assessment) and the adherence rate was the percentage of 
exercise sessions completed by each participant out of the 
total number of sessions.

Unpublished data, from a study-specific questionnaire 
completed by parents and children at the end of the ET 
program were used to evaluate satisfaction. Each item 
on this 47-item questionnaire was rated on a seven-point 
Likert scale and explored several aspects of satisfaction: 
the burden of completing the fitness tests, the MRI scans, 
the psychological testing, and the questionnaires; feel-
ings about participating in the study; the effect of the ET 
program on quality of life, physical fitness, fatigue, hap-
piness, sleep quality, depressed feelings, anxious feel-
ings, stress, body weight or shape, and illness or injury; 
the potential barriers; and the support received. Internal 
consistency, a measure of questionnaire reliability, was 
assessed using Cronbach’s α. We analyzed these question-
naires in two ways, first comparing item responses within 
each postradiotherapy time group, then performing profile 
analyses based on each responder’s answers for all ques-
tionnaire items and comparing the distribution of profile 
between groups.

Assessment of cognition, motor function and 
fitness

We selected the assessments for which the first analyses 
had shown a benefit of ET program at the level of all partici-
pants.5–8 We re-analyzed these data for each postradiotherapy 
time group to determine whether these benefits were 
greater for a specific time postradiotherapy. Because radio-
therapy has affects the hippocampus and episodic memory 
outcomes, we also analyzed previously unpublished data for 
an episodic memory assessment.

The Cambridge Neuropsychological Test Automated 
Battery (Third Edition) (CANTAB) was used to assess verbal 
anterograde memory, and obtain a composite score for 
mean reaction times and accuracy.21 Mean reaction time 
and accuracy were averaged across the subtests meas-
uring attention (Rapid Visual Information Processing, 
Match to Sample Visual Search), processing speed (Simple 
Reaction Time, Choice Reaction Time), and short-term 
memory (Delayed Matching to Sample) as reported in 
a previous study.5 We analyzed previously unpublished 
data from the Verbal Recognition Memory (VRM) test 
that assesses immediate and delayed memory of verbal 
information under free recall and forced choice recogni-
tion conditions. The gross motor subtests of the Bruininks 
Oseretsky Test of Motor Performance (2nd Edition) (BOT-2) 
were used to assess motor function: bilateral coordina-
tion, balance, strength, and running speed and agility as 

reported in a previous study.6,22 Scaled scores were calcu-
lated for each subtest (mean Z 15, SD Z 5).

Physical fitness was assessed using the Six-
Minute Walk Test (6MWT) and pro-rated work rate as 
previouslyreported.6,23 The 6MWT is the distance walked 
(in meters) in 6 min. The pro-rated work rate (the power 
output data from an electrically braked cycle ergometer) 
was used as an estimation of physical fitness and was cal-
culated in two-minute increments using the McMaster All-
out Protocol [2nd to last work rate þ ((time at last work rate 
in seconds/120 s) * increment in work rate), in watts].24

Statistical analyses

Data were analyzed using JAMOVI (1.6.15.0) software.25 
Feasibility and pre- and post-training outcome vari-
ables are compared as a function of group (ie, time 
postradiotherapy). To address variation with time, we per-
formed correlation analyses between the difference in pre- 
and post-training performance, reflecting the impact of ET 
program, and time postradiotherapy. As participant age 
differed within groups, we explored the potential impact of 
age in outcomes by the mean of correlation analysis.

For population characteristics, adherence rates, and sat-
isfaction questionnaire scores, we performed compari-
sons between groups using non-parametric Kruskal Wallis 
analysis of variance (ANOVA). A P-value of < .05 indicated 
statistical significance. If the ANOVA was significant, post 
hoc analysis was conducted using Dwass–Steel–Critchlow–
Fligner pairwise comparisons.

For the satisfaction analysis, we also used a cluster anal-
ysis to identify profiles of responders’ satisfaction using 
K-means analysis. The optimal number of clusters was 
determined on an elbow diagram. We then identified the 
number of satisfaction profiles in each group and com-
pared them by the mean of nonparametric ANOVA.

To investigate the impact of time postradiotherapy 
on the benefit of ET program, we performed 1) re-
peated measures (RM) ANOVA using groups as the be-
tween participants factor, and pre- and post-training 
behavioral scores as the repeated measure factor, and 
2) Pearson or Spearman correlations (depending on 
the normality of data distribution) for the difference in 
pre- and post-training scores between a) the number of 
years postradiotherapy and b) participant  age at com-
mencement of the ET program. Supplementary analyses 
were conducted in medulloblastoma patients to ex-
plore the specific impact of ET in a more homogeneous 
group. To explore the specific impact of ET in a homo-
geneous subgroup, a Mann–Whitney U (MW) test com-
pared no-training (ie, control) and training treatment 
arms in the first period of the crossover study among 
medulloblastoma patients.

Results

Population

All children involved in the trial received surgery and 
radiotherapy as treatment, sometimes followed by 



 72 Baudou et al.: Optimizing exercise training program timing

Table 1  Characteristics of Participants Depending on the Delay from the End of Radiotherapy.

Delay from end of radiotherapy
(Number of participants)

<2y 
(n = 9)

2–5y (n = 10) >5 y (n = 13) P-value

Participant characteristics

Age at baseline assessment (years)
.007

Mean 9.72 10.65 13.65

Standard deviation 1.38 2.87 2.82

Range 7.5–11.8 7.49–17.0 9.0–16.9

Sex (male) 5 (55.6%) 4 (40.0%) 9 (69.2%) .386

Handedness (right) 7 (100%) 9 (90%) 12 (92%) .713

Number of years of education—Mother
.241

Mean 13.8 16.2 15.0

Standard deviation 1.92 2.49 2.16

Range 12–17 14–20 12–18

Number of years of education—Father
.238

Mean 15.6 16.6 13.57

Standard deviation 2.70 2.07 2.64

Range 11–18 15–20 10–17

Tumor and treatment

Age at diagnosis 
.180

Mean 7.18 6.30 5.44

Standard deviation 2.72 1.99 2.22

Range 2.25–10.67 3.0–9.17 1.92–9.33

Tumor type 
.237

Medulloblastoma 7 7 6

Ependymoma 2 1 3

High Grade Glioma 0 0 2

Germ cell tumor 0 1 1

Pineoblastoma 0 1 0

Sarcoma 0 0 1

Tumor location
.058

Infratentorial 9 8 8

Supratentorial 0 1 5

Chemotherapy 8 9 11 .920

Hydrocephalus 
.631

With no treatment 3 1 6

Requiring CSF diversion 3 6 3

Radiation type
.490

Focal 1 2 6

Cranio-spinal 23.4 Gy
Cranio-spinal 36.0 Gy

2
5

2
5

2
5

Number of surgeries 
.853

1 surgery 6 6 8

2 surgeries 1 2 5

3 surgeries 1 1 0
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chemotherapy (eg, medulloblastoma). Nine children en-
rolled in the ET program were < 2 y (from 11 months to 
23 months), 10 were 2–5 y, and 13 were > 5 y (from 5 to 
10 years and 2 months) postradiotherapy. Children in 
the < 2 y and 2–5-y postradiotherapy groups were signif-
icantly younger than children who participated after 5 
years postradiotherapy (P = .007) and tended to have more 
infratentorial tumors (P = .058). The body mass index (BMI) 
tended to be lower in the < 2 y postradiotherapy group 
(P = .095). Subgroup characteristics are reported in Table 1.

Feasibility

Recruitment—Medical data were available for 47 
(67%) of children who did not enroll in the study (ie, 
nonparticipants) and were assigned to the appropriate 
time postradiotherapy group: 11 were in the < 2 y group, 
19 were in the 2–5 y group, and 17 were in the > 5 y group. 
Recruitment rate by group (45, 39, and 43%, respectively) 
did not differ (P = .698).

Then we analyzed the reason provided for 
nonparticipation by group. Twenty-two children and 
their families (n<2y = 5, n2–5y = 11, and n>5y = 6) provided 
reasons for nonparticipation (several reasons could be 
reported for one family). Reasons reported in the < 2 y 
group were: fear of missing school (n = 2, 40%), lack of 
time (n = 2, 40%), did not wish to participate in research 
(n = 2, 40%), and too many study visits (n = 1, 20%). In 

the 2–5 y group, travel distance was reported as primary 
reason for nonparticipation (n = 9, 82%), followed by fear 
of missing school (n = 1, 9%), lack of time (n = 1, 9%) and 
too many study visits (n = 1, 9%)). In the > 5 y group, the 
reasons for nonparticipation were: travel distance (n = 5, 
83%), lack of time (n = 3, 50%), and fear of missing school 
(n = 1, 17%).

Retention—Retention (ie, the percentage of children 
who enrolled and completed the study) differed be-
tween groups. Only six (66%) children in the < 2 y 
group completed the study. One child with anaplastic 
medulloblastoma stopped the ET program because of a 
relapse in the first year postradiotherapy, and two more 
children with medulloblastoma withdrew before the ET 
program started (one 7-year old girl who was 1.6 years 
postradiotherapy and one 10-year-old boy who was 1.4 
years postradiotherapy). All children (n = 10, 100%) in the 
2–5 y group completed the study. Twelve of the 13 (92%) 
children in the > 5 y group completed the study. One 
boy (16-year-old, treated for medulloblastoma, 7.6 years 
postradiotherapy) withdrew just after the pretraining as-
sessment and had expressed decreased motivation to par-
ticipate in the study in a survey.

Adherence—The mean adherence rate did not statistically 
differ between groups (P = 0.859). The < 2 y group had a 
mean adherence rate of 77% (SD: 29.1; R: 19.1–93.8), that 

Table 1 Continued

Delay from end of radiotherapy
(Number of participants)

<2y 
(n = 9)

2–5y (n = 10) >5 y (n = 13) P-value

Relapse 2 1 1

Exercise level before training

Exercise activity before trial
.509

Everyday 1 1 0

More than 3 times a week 2 2 5

Less than 3 times a week 2 1 4

Sedentary 0 3 0

BMI (z-score)
.095

Mean −0.164 0.885 0.929

Standard deviation 1.23 1.01 0.868

Range −2.07 to 1.69 −1.09 to 2.24 −0.290 to .56

Intervention

Intervention or control group
.273

Intervention 3 7 6

Control 6 3 7

Group training or combined training
.810

Group training 2 5 5

Combined training 4 5 7
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increased to 88.5% after exclusion of one participant who 
had poor adherence due to various problems including 
car breakdown and viral infections. Adherence rates were 
88.5% (SD: 7.1; R: 76.6–97.0) in the 2–5 y group and 85.6% 
(SD: 13.3; R: 59.6–100) in the > 5 y group.

Satisfaction—
Questionnaire reliability

Internal reliability of the whole questionnaire was close 
to 0.90, an indication of excellence, with a Cronbach’s 
α = 0.896.

Items answer by group

Nonparametric ANOVA indicated that between groups, re-
sponses differed significantly for how useful the child felt 
the ET program was (P = .048) and whether they would 
recommend it to other childhood brain tumor survivors 
(P = .033). The 2–5 y group recommended it more than 
the > 5y group (post hoc P = .031). The 2–5 y group found 
the ET program more enjoyable (P = .030) than the < 2 
y group (post hoc P = .043) and the > 5 y group (post hoc 
P = .030), and more fun than the > 5 y group (post hoc 
P = .045). Participants in the < 2y group reported signifi-
cantly more improvement on physical fitness (P = .002) 
than participants in the > 5 y group. Finally, there was a 
trend towards a significant group difference in the support 
provided by family members (P = .062), with a greater sup-
port for children in 2-5 y group. Satisfaction responses in 
the questionnaires were reported in Figure 1.

Profile of questionnaire answer by group

Using K-means analysis, we individualized three profiles of 
responders. Two children of the 2–5 y group were excluded 
from this analysis because they did not answer all of the 
questions. Profiles 1 and 2 had a high level of satisfaction 
while Profile 3 was slightly satisfied. Compared to Profile 
1, Profile 2 had more improvement in happiness, sleep 
quality, depressed and anxious feelings, and stress.

Participants from all three groups (ie, time postradiation) 
were classified as Profile 1 or Profile 2. Only participants 
from > 5 y (4/12) were classified as Profile 3. Profile 1 was 
predominantly represented by the < 2 y and 2–5 y groups 
(5/6 and 5/8, respectively), followed by > 5y (3/12). Profile 
2 was predominantly > 5y (5/12), followed by 2–5y (3/8), 
and < 2y (1/6). ANOVA analysis showed a significant dif-
ference in profile of satisfaction between groups (P = .025) 
(see Supplementary Data).

Time postradiotherapy impacts ET program 
effectiveness

Results before and after ET program in each group in cog-
nition, motor function, and physical fitness are reported 
in Table 2. Although there was no significant difference 
between the groups on pretraining or post-training per-
formances, children in the < 2 y group performed worse 
in pretraining than the others on all measures except 

memory but performed better than the others in post-
training on recognition score of memory, strength, and 
physical fitness as estimated by pro-rated work rate score.

Cognition: increased improvements in memory and accu-
racy when the ET program is performed earlier—
Episodic memory

Free recall and recognition scores improved after ET pro-
gram for < 2y and 2-5y groups but were unchanged in 
group > 5y (Table 2). The benefits of ET program on recog-
nition significantly decreased with time postradiotherapy 
(Spearman’s rho = −0.379, P = .047) (Figure 2). There was 
a trend toward a negative correlation between age at ET 
program for episodic memory (Spearman’s rho = −0.351, 
P = .087) with no child over 13 years of age demonstrating 
improvements (Figure 3). However, the test had a ceiling 
effect with 9 children having a maximum pre-training score 
of 24, including 5 of 7 participants who were older than 13 
years.

Mean reaction time and accuracy on CANTAB

After the ET program, children in groups < 2 y and > 5 y 
had improved reaction time while no improvement was 
found in no-training participants in > 5 y group (training me-
dian = −253; no-training median = 14; P = .032; training n = 6, 
no-training n = 6) compared to the 2–5 y group. However, 
this difference was not significant and there was no signif-
icant impact of the timing postradiotherapy or age at ET 
program on mean reaction time. The children in groups < 2 
y and 2–5 y saw slight improvement in accuracy scores after 
the ET program, while children in the > 5 y group did not. 
The benefits of the ET program on accuracy significantly de-
creased with increased time postradiotherapy (Spearman’s 
rho = −0.430, P = .032) (Figure 2) with trend towards de-
creased efficacy of ET over time (Spearman’s rho = −0.378, 
P = .057) without a clear cut-off.

When restricting the analysis to the 16 survivors of 
medulloblastoma involved in this study (four in < 2 y 
group, seven in 2–5 y group and five in > 5 y group), the re-
lationship between lower benefits of ET and greater delay 
postradiotherapy remained weak (Spearman’s rho be-
tween 0.20 and 0.39) for mean accuracy (Spearman’s rho: 
−0.271, P = .327) and moderate (Spearman’s rho between 
0.40 and 0.59) for recognition (Spearman’s rho: −0.423, 
P = .103) (Supplementary Data).

Motor function: ET program benefits at all times 
postradiotherapy—The ET program had a significant effect 
on bilateral coordination scores (F(1,25) = 7.317, P = .012), 
with more improvement in the 2–5 y group (mean differ-
ence −2, P = .043) and the < 2 y group (mean difference 
−2, P = .111) compared to the > 5 y group (mean difference 
−0.75, P = .390). Compared to no-training participants’ per-
formances, the impact of ET on bilateral coordination was 
significant in the < 2 y postradiotherapy group (training 
median = 5; no-training median = 0; P = .05; training 
n = 3, no-training n = 3) and in the 2–5 y postradiotherapy 
group (training median = 4; no-training median = 0; 

http://academic.oup.com/nop/article-lookup/doi/10.1093/nop/npad055#supplementary-data
http://academic.oup.com/nop/article-lookup/doi/10.1093/nop/npad055#supplementary-data
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P = 0.033; training n = 7, no-training n = 3).There was also 
a significant effect on the running speed and agility score 
(F(1,24) = 5.439, P = .028), with more improvement in 
the > 5 y (mean difference −1.4, P = .043) and < 2 y groups 
(mean difference −1.4, P = .186) compared to the 2–5 y 
group (mean difference −0.5, ns). There was also a trend 
toward increased strength (F(1,25) = 3.23, P = .084) with 
more improvement in the < 2 y group (mean difference 
−1.67, P = .041) compared to the 2–5 y (mean difference 

0.4, P = .511) and the > 5 y (mean difference −0.75, P = .183) 
groups.

Greater improvements in strength were correlated with 
younger age at ET program (Spearman’s rho = −0.413, 
P-value = .040). There were no significant correlations be-
tween the time postradiotherapy and each of the four BOT-2 
difference scores. However, there were greater differences 
in bilateral coordination with less time postradiotherapy 
(Figure 2).

1. How much of a burden was it for you to complete the following assessments?

(a) the fitness tests

(b) the MRI scans

(c) the psychological testing

(d) the questionnaires

2. With hindsight, how do you feel about participating in the Exercise study?

(a) something that I would recommend to other childhood brain tumor survivors *

(b) useful for me personally *

(c) useful for research helping others

(d) a waste of my time

(e) rewarding

3. What affect did the exercise training program have on each of the following?

(a) quality of life

(b) physical fitness *

(c) fatigue

(d) happiness

(e) sleep quality

(f) depressed feelings

(g) anxious feelings

(h) stress

(i) body weight or shape

(j) illness or injury

4. How much of a barrier was each of the following factors for you (your child) ?

(a) bad weather

(b) feeling tired or fatigued

(c) symptoms and side effects of brain tumor

(d) symptoms and side effects of treatments

(e) other medical/health problems

(f) too busy and had limited time

(g) pain or soreness

(h) lack of motivation

(i) travelling to the hospital

5. How much support did you receive from each of the following individuals/groups?

(a) spouse/partner (if applicable)

(b) other family members

(c) friends

(d) oncologist/psychologist

(e) other study participants

(f) trial coordinators

(g) staff at the fitness center (if applicable)

6. I think that participating in the ETP was:

(a)Useful

(b) Enjoyable *

(c) Beneficial

(d) Pleasant *

(e) Fun *

(f) Difficulty to do 3 times a week

7. For me, performing the ETP 3 times per week was:

(a) I felt it was relatively easy to perform the exercise program 3 times per week.

(b) Performing the exercise program 3 times per week was completely up to me.

(c) Performing the exercise program 3 times per week was a difficult challenge for me.

8. Overall, how much support and approval did you receive when doing the ETP?

1. Most people who are important to me supported me doing the exercise program.

2. Most people who are important to me approved of me doing the exercise program.

3. Most people who are important to me were doing similar exercise programs themselves.

<2 years (n = 6) 2–5 years (n = 10) >5 years (n = 12)

Time post radiotherapy

not at all not somewhat neutral a fair bit a bit very very

Figure 1  Satisfaction questionnaire: Details of responses by item and by groups. This bar chart shows the frequency of responses to the Likert 
items on the satisfaction questionnaire, which measures respondents’ levels of agreement (right part, green shading) or disagreement (left part, 
red shading) with each item. ET program: exercise training program. * significant difference between group (P < .05).
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Physical Fitness: children earlier postradiotherapy had 
lower initial prorated work rate scores and greater im-
provements after ET program—The 6MWT improved 
with training in all groups with a trend toward signifi-
cance (F(1,25) = 2.72, P = .111) but without impact of time 
postradiotherapy.

Prorated work rate improved significantly after the ET 
program (F(1,15) = 10.14, P = .006) in all groups, with par-
ticular benefits in the < 2 y group (mean difference −22.6, 
P = .008, vs −10.6 and –4.27, respectively, in groups 2–5 y 
and > 5 y). No significant correlations were found between 
time postradiotherapy or age at ET program and physical 
fitness benefits of ET program. However, greater differ-
ences in scores pre- and post-training were seen in pro-
rated work rate with less time postradiotherapy (Figure 2).

Discussion

As predicted, there were differences in feasibility and effec-
tiveness of an ET program in PBT survivors depending on 
its timing postradiotherapy, with better adherence, feasi-
bility, and satisfaction seen 2–5 y period postradiotherapy. 
Moreover, involvement up to five years postradiotherapy 
in the ET program was associated with greater improve-
ments in bilateral coordination, physical fitness, verbal 
memory, and accuracy.

Greater feasibility: not too early, not too late...

Our results suggest that, while recruitment was sim-
ilar across all time periods postradiotherapy, children 
in the first two years postradiotherapy were less likely 
to complete the ET program (ie, only 66% in our study). 
Interestingly, the main reasons of nonparticipation in 
the < 2 y group were not linked with travel distance but 
more with worries about missing school, wish to re-
turn to “back to normal”, parents missing work, or need 
to spend more time with siblings. Notably, the exercise 
sessions were scheduled in the evenings while the as-
sessments occurred during the day. These concerns are 
understandable due to the need for frequent medical 
follow-up (ie, every 3–4 months the first 2 years) be-
cause of a higher risk of tumor relapse,18 and the phys-
ical, neurocognitive, and psychological adjustments 
associated with return to school after cancer treatment. 
The appropriateness of an ET program during this early 
time frame should be determined on an individual basis, 
taking the following factors into consideration: 1) termi-
nation of after-effects of treatment (ie, fatigue), 2) high 
motivation of the child and family, 3) good individual 
prognosis, 4) low interference between ET program 
and other important daily activities and interactions. 
Home-based exercise training using virtual reality and 
exergaming may be an engaging approach that ad-
dresses some of these barriers.

Table 2  Results Before and After the ET Program in Each Group for Neurocognition, Motor Function, and Physical Fitness.

<2 y 2–5 y >5 y

Before After Before After Before After P-value

Neurocognition (CANTAB)

 � Free recall 4.8
[1.2–8.5]

5.3
[3.5–7.2]

4.2
[3.1–5.3]

5.4
[4.0–6.8]

6.2
[4.2–8.1]

6.1
[4.6–7.6]

.212

 � Recognition 22.3
[21.8–22.9]

23.3
[22.5–24.2]

21.9
[20.2–23.6]

22.8
[21.5–24.1]

22.2
[19.9–24.5]

22.1
[20.0–24.2]

.102

 � Mean RT (ms) 1961
[913–3009]

1873
[1162–2583]

1553
[980–2128]

1643
[1049–2237]

1607
[1293–1922]

1461
[1184–1738]

.375

 � Mean accuracy 76
[64–82]

78
[71–84]

81
[78–84]

83
[79–88]

82
[76–88]

82
[76–87]

.147

Motor function (BOT-2)

 � Bilateral coordination 9.0
[4.7–13.3]

11.0
[7.4–14.6]

9.8
[5.3–14.3]

11.8 #
[8.1–15.5]

10.4
[5.9–14.9]

11.2
[6.8–15.5]

.012*

 � Balance 3.7
[2.2–5.1]

4.7
[1.3–8.0]

4.3
[2.9–5.7]

4.7
[2.5–6.9]

6.2
[3.4–8.9]

6.9
[3.8–10.0]

.119

 � Running speed and agility 5.4
[1.8–9.0]

6.5
[1.5–11.5]

7.3
[4.6–10.0]

7.8
[4.7–10.9]

7.7
[4.7–10.6]

9.1 #
[5.8–12.4]

.028*

 � Strength 7.0
[3.1–10.9]

8.7
[4.2–13.2]

7.3
[4.6–10.0]

6.9
[5.0–8.8]

7.5
[4.5–10.5]

8.3
[5.0–11.5]

.084

Physical Fitness

 � 6MWT (m) 432
[346–519]

450
[368–531]

453
[398–508]

468
[399–537]

481
[437–525]

526
[478–573]

.111

 � Prorated work rate 51.1
[28.4–73.9]

73.8 #
[45–102.5]

69.9
[47.3–92.5]

80.5
[50.4–110.6]

67.6
[44.5–90.6]

71.8
[40.9–102.8]

.006*

Mean [IC95%]. * repeated-measure ANOVA significant results (P < .05). # post hoc significative difference after and before exercise training program 
within the group.
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Figure 2  Mean impacts of a 12-week exercise training program (ET program) in irradiated brain tumor survivors depending on timing of ex-
ercise postradiotherapy. (A) Scores before and after training depending on the time category postradiotherapy. (B) Correlation between time 
postradiotherapy and benefit in recognition, mean accuracy, bilateral coordination, and prorated work rate. A positive difference means a benefit 
of training while a null or a negative difference means an absence or unexpected negative impact of training. The benefit of ET program on recog-
nition and accuracy scores decreased significantly with the delay postradiotherapy. At group level, performances remained stable in > 5 y group 
and the increase between pre and post scores in < 2 y and 2–5 y groups was not statistically significant. For motor coordination and prorated 
work rate, improvement in performance was higher in the < 5 y and < 2 y groups, respectively, but no statistically significant correlations were 
found with delay postradiotherapy.
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Beyond five years postradiotherapy, the desire to partic-
ipate in an ET program study appeared to decrease with 
one teenager withdrawing due to decreased motivation, 
and reasons for nonparticipation predominantly related to 
a lack of time. Participants in the > 5 y group also reported 
lower satisfaction than the other two groups. Children in 
the > 5 y group were generally older suggesting that it may 
have been more difficult to motivate teenagers to partici-
pate in the ET program than school-age children. Finally, 
the 2–5 y time postradiotherapy seemed to be the most fa-
vorable for an ET program, with higher retention and satis-
faction ratings. This timing postradiotherapy is associated 
with a lower risk of relapse and frequency of medical fol-
low-up which may decrease psychological stressors and 
ultimately increase the feasibility of an ET program.

In practice, pediatric centers should offer ET programs 
as part of their postradiotherapy care. A pilot clinical trial 
(NCT05367076) is currently evaluating the use of a web-
based platform to deliver exercise training by community-
based instructors, to make such programs more widely 
available.

Positive impact of ET program on motor function 
and physical fitness: specific benefits for each 
period

The ET program had a positive impact on motor func-
tion and physical fitness on all participants regardless of 
its timing postradiotherapy. However, the domains of im-
provement differed depending on timing. In the period < 2 
y postradiotherapy, patients had lower BMI and fitness 
scores at baseline, and experienced greater improvements 
in strength and pro-rated work rate with the ET program, 
which is likely attributed more to exercise conditioning 
than neuroplasticity. However, the large improvements in 
bilateral coordination in this group and the 2–5 y group 
support the prolonged opportunity for ET program to 
boost neuroplasticity in the motor areas of the brain and 
improve interhemispheric communication.5,8

Finally, participants > 5 y postradiotherapy experi-
enced the greatest improvement in endurance and cardio-
respiratory function (ie, 6MWT, and the running speed and 
agility subtest of BOT-2). However, this group had the least 
improvement in other aspects of motor function (ie, bilat-
eral coordination, strength, balance), suggesting that the 
aerobic element of the ET program played a critical role in 
their improvements in motor function.

Cognitive impact of earlier ET program in 
episodic memory and accuracy

Our results indicate that ET program had a greater im-
pact on cognition, especially long-term memory, in the 
earlier periods postradiotherapy. Higher scores and im-
provement suggest a specific impact on episodic memory. 
Episodic memory is mainly supported by the medial tem-
poral lobe and this structure is particularly sensitive to 
irradiation with progressive damage that can decrease 
neuroplasticity.26–28 The ET program predicted improved 
cortical thickness within bilateral parahippocampal gyrus 

to a level similar to healthy controls8 and increased 
hippocampal volume.5 Early participation in an ET pro-
gram may have a neuroprotective effect on memory, as 
memory outcomes were higher in children who completed 
the ET program earlier after radiation and there were no 
improvements observed when the ET program took place 
beyond 8 years postradiotherapy. However, without long-
term follow-up data, we cannot draw conclusions about 
the long-term neuroprotective effect of ET on memory. A 
longitudinal follow-up is necessary to determine if an ET 
program can change the natural history of memory decline 
or if it provides an initial increase in performance followed 
by a gradual decline or stabilization. Future studies will 
also determine if repetition of exercise programs is nec-
essary over time and at what rate. Another explanation of 
the higher improvement of episodic memory with training 
in patients with delay from radiotherapy under five years 
could be linked with their younger age at training. Indeed, 
episodic memory performance improved during childhood 
with a peak between 8 and 10 years old (the mean ages of 
the < 2 y and 2–5 y groups were 9.72 and 10.65 years old, 
respectively). Children in the > 5 years postradiotherapy 
group were on average 13.65 years old at the time of ET 
program, typically an age where memory performance 
stabilizes.29 Thus, we can hypothesize that a window of op-
portunity might exist between the ages of 8 and 10 years 
for interventions that target episodic memory.

Accuracy scores were lower in the < 2 y group compared 
to the other groups with greater improvements after the ET 
program, suggesting an enhanced effect of ET program on 
spontaneous recovery in this group.

Potential mechanisms of recovery involved over 
time

Depending on the type of brain lesions in PBT survivors 
(fixed or progressive), the evolution of sequelae may 
differ. “Fixed” lesions do not worsen with time and are 
the result of: 1) direct damage from the tumor itself, 2) 
indirect damage caused by compression of surrounding 
structures (eg, triventricular hydrocephalus secondary 
to compression of the fourth ventricle from a posterior 
fossa tumor), or 3) localized surgical damage. In these 
instances, recovery can be mediated over time through 
a combination of restitution (resolution of the diaschisis, 
removal of the initial lesion) and compensatory mechan-
isms (anatomical reorganization, creation of new circuits, 
creation of new synapses, rupture of inhibitory circuits).30 
This type of recovery follows a logarithmic trajectory like 
recovery poststroke where most of the natural recovery 
occurs in the first few weeks following surgery.31 In con-
trast, the rate and extent of recovery is disrupted when 
the tumor requires radiotherapy. Radiotherapy induces re-
peated damage to healthy brain tissue and has additional 
acute and long-term effects.10 The progressive lesions 
associated with cranial irradiation (loss of neuronal pre-
cursors in hippocampus, altered signaling in hippocampal 
microenvironment, failure of differentiation and long-term 
neuronal loss) accumulate over time, leading to structural 
changes detectable using MRI and cognitive decline like a 
neurodegenerative condition. However, in the developing 
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brain, the impact of radiotherapy could also manifest as 
reduced ability to learn new skills and lower recovery rate. 
ET program has been shown to enhance neuroplasticity 
of fixed lesions in stroke and traumatic brain injuries32 
and has demonstrated neuroprotection against progres-
sive lesions in elderly individuals.33 At present, a detailed 
understanding of the mechanisms of recovery for an ET 
program in irradiated PBT is not well defined. However, a 
better understanding of the role of intervention timing in 
PBT survivors is essential to elucidate the potential mech-
anisms of recovery involved. Figure 4 provides a theo-
retical illustration of our main results with respect to the 
healthcare pathway and possible evolution of a brain le-
sion over time.

Limitations

This study had several limitations. First, this retrospec-
tive subgroup analysis limits the number of participants 
per group and, thus, reduces the power of our statistical 
analysis and the conclusions that can be drawn from 
them, especially in the < 2 y group. Furthermore, the 
small subgroup size prevented us from controlling for 
additional factors that influence the benefits of ET pro-
gram on cognition (eg, type of tumor, age at treatment 
or assessment, and sex).4 In addition, while we wanted 
to explore the first six months postradiotherapy, a period 
during which neuroinflammation could negatively im-
pact intervention efficacy, none of the participants in the 
study met this criterion suggesting that participation in 
an ET program is already difficult from a feasibility stand-
point. Finally, we chose the time postradiotherapy for 
our groups because radiotherapy appeared to have the 
greatest impact on the brain and cognition. However, this 
approach does not take the length of treatment protocols 

that include chemotherapy after radiotherapy into consid-
eration. While the completion of radiotherapy in children 
treated for ependymoma (ie, surgery and radiotherapy) 
is the end of cancer treatment, children treated for 
medulloblastoma (ie, surgery, radiotherapy, and chemo-
therapy) have cancer treatment for up to one year after 
radiation, which has an additional impact on recovery. 
Undoubtedly, every child and situation are different and, 
for this reason, many factors need to be considered to 
determine the timing of an ET program: importance of 
sequelae, recovery of the general state after treatment, 
risk of relapse, motivation, environmental support, pre-
vious physical activity level.

Conclusion

Based on the feasibility and preliminary cognitive, 
motor, and physical benefits of an ET program in PBT 
survivors, participation in an ET program should be 
offered as part of routine post-treatment care in the first 
1–2 years postradiotherapy and is strongly encouraged 
in the first 5 years. While the side effects of treatment 
likely limit the feasibility of a very early ET program, the 
impact of neuroinflammation on neuroplasticity in the 
first 6 months postradiotherapy has yet to be studied. 
Starting an ET program after five years postradiotherapy 
continues to have a positive impact on physical fitness, 
but may have less impact on certain aspects of cogni-
tive and motor function. Future research should consider 
time since treatment, or specifically postradiotherapy, 
when assessing the feasibility and efficacity of inter-
vention to enhance neural and cognitive recovery, 
especially memory. The possibility of a window of op-
portunity for episodic memory rehabilitation in the 
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neurodevelopmental period between 7 and 13 years of 
age requires further work.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology Practice (https://academic.oup.com/nop).
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