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Editorial on the Research Topic
Exercise and childhood cancer
Globally, >175,000 children (i.e., individuals aged ≤18–21years) are diagnosed with

cancer each year (1). For some of the most common cancers (e.g., acute

lymphoblastic leukemia, non-Hodgkin lymphoma), medical advances have led to

improved survival rates, with up to 85% expected to survive the disease for at least

5-years (1).1 Despite improving prognoses, most children affected by cancer

experience, or are at elevated risk, for numerous negative effects during and after

treatment, with some effects observed decades later (i.e., late effects) (2). Health

behaviors, including physical activity (any movement requiring energy expenditure)

and exercise (structured or planned physical activity), may help this cohort manage

the effects of their disease during and beyond treatment (3). In fact, based on a

burgeoning evidence base, guidelines have recently been published suggesting that

all children affected by cancer “move more” (4, 5).

This Research Topic, Exercise and Childhood Cancer, includes 11 articles that

collectively advance the field of “pediatric exercise oncology” (6), an area of study

exploring physical activity, including exercise, for children affected by cancer.

The articles included summarize the current literature, provide further

evidence supporting the role of physical activity and exercise for children affected

by cancer, and offer insights into forthcoming trials and novel approaches in the

field.
gnosis varies across cancer types and is lower in middle- and low-income countries.
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The past: summarizing prior research

Prior published literature reviews have deemed physical

activity, including exercise, as safe and potentially beneficial

for children affected by cancer, regardless of stage along the

cancer trajectory (4–6). However, few efforts have been made

to summarize the evidence for children diagnosed with solid

and brain tumors, who have historically experienced poorer

outcomes (1). Further, few efforts have been made to explore

physical activity among those experiencing long-term and

late-effects (e.g., cardiotoxicity), which is problematic since

this subgroup may need movement more. Thus, we are

pleased to share two articles in this Research Topic that

address these gaps. Kohler and colleagues conducted a

systematic scoping review of 17 studies. The authors

concluded that physical activity and exercise interventions

were safe, feasible, and seemingly beneficial for children who

had completed treatment for brain and other solid tumors.

Caru and Curnier provide an in-depth summary of challenges

and the potential therapeutic role of integrating physical

activity into cancer care to address cancer-related

cardiotoxicity in this population.
The present: advancing the field

The field of pediatric exercise oncology, though still

relatively recent, is at an exciting stage with an increasing

number of studies published each year. Within this Research

Topic, we share two original articles covering innovative

interventions, study designs, and approaches to collect data.

We also share three articles that explore novel relationships

between physical activity (including exercise) and topical

outcomes.

In their study with 10 children (6–14 years) who had

completed treatment for acute lymphoblastic leukemia,

Marchese and colleagues found a 6-week targeted exercise

program (supervised and home-based progressive beaded

jumping rope) improved gross motor performance and

augmented observed neuromuscular impairments, which

could offer a low-cost intervention for at-home and in-school.

The authors assessed neuromuscular outcomes with tools that

have rarely, if ever, been utilized in this population (e.g.,

electromyography, motion capture, force plates). In their

randomized controlled trial (RCT), Gaser and colleagues

assigned 41 children and adolescents (4–18 years), who were

receiving treatment for leukemia or non-Hodgkin lymphoma,

to an individualized resistance intervention or standard

exercise (sports games, aerobic or coordination exercises) for

an average of 7.4 months. This is among the first superiority

RCT in the field, with findings suggesting both groups

experienced improvements in activities of daily living, though
Frontiers in Pediatrics 02

6

the resistance intervention was more beneficial for explosive

strength.

The observational studies included herein provide early

evidence that physical activity, including exercise, may provide

important short and long-term health benefits. Specifically,

Bratteteig and colleagues examined the association between

device-measured physical activity intensities and

cardiovascular disease risk among 157 children (9–18 years)

who had completed treatment ≥1 year prior. Vigorous

physical activity was associated with clinically meaningful

improved cardiovascular disease risk profiles, suggesting

monitoring and promoting vigorous physical activity may be

important for long-term cardiovascular health. Among 185

adults previously diagnosed with cancer as a child,

Goodenough and colleagues found that p16INKa (a biomarker

of cellular senescence) and inflammation, were associated with

lower exercise capacity. These findings offer possible targets to

remediate some of the adverse physiologic outcomes observed

in this population. In their study of 1,166 adults who had

been diagnosed with acute lymphoblastic leukemia as a child,

Wogksch and colleagues found that being obese was

associated with a higher energy cost when walking, worse

adaptive physical function, and lower health-related quality of

life than controls. These findings suggest weight loss

interventions may be important as a means of supporting the

growing population of adults who were diagnosed with cancer

as a child.
The future: work in preparation and
progress

In this Research Topic, we are able to look ahead to planned

and ongoing work, which will undoubtedly advance the field of

pediatric exercise oncology. Indeed, the included articles address

recently identified research and innovation needs (4).

Specifically, Schmidt-Andersen and colleagues are conducting

the INTERACT trial, a multi-site study that will recruit 127

newly diagnosed children (6–17 years) and randomize them

into 6-months of supervised (and home-based) integrative

neuromuscular exercise or an unsupervised active usual care

group (resistance, aerobic and stretching exercises). The

primary outcome explored will be muscular strength, with

findings aiming to support adapted interventions for hospital

and home settings. The same research group led by Pouplier

and colleagues will randomize 84 newly diagnosed pre-school

aged children (1–5 years) to a combined intervention with in-

hospital, structured active play and home-based active play, or

usual care, and explore effects on gross motor function and

social and personal skills. Findings will contribute vital

evidence, not only for this subgroup within the childhood

cancer population who are understudied, but for the efficacy

of play-based interventions. Of note, this trial will utilize the
frontiersin.org
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FIGURE 1

Participant from a pediatric exercise oncology research study.

Mizrahi et al. 10.3389/fped.2022.1097836
RePlay Model, a conceptual model for structured active play for

pre-schoolers created by the same study team and published

herein (i.e., Pouplier et al.). Finally, in their paper Grimshaw

and colleagues developed a behavior change intervention

entitled: CanMOVE for school-aged children undergoing

treatment (5–16 years), which incorporates 15 strategies

designed to promote and increase physical activity.

Collectively, the studies published in this Research Topic

address gaps in knowledge and highlight innovations in
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research seeking to promote physical activity, including

exercise, among children affected by cancer. While much

remains to be discovered, these findings bring us one step

closer to ensuring all children affected by cancer have the

opportunity to improve their health by moving more (Figure 1).
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Protocol for a Multicenter, Two-Arm
Parallel-Group Randomized
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Background: Improved survival rates for children and adolescents diagnosed with

cancer call for novel strategies for reducing short- and long-term treatment-related side

effects. These include the physical and metabolic sequelae that are exacerbated by

sedentary behavior and treatment-induced toxicities. We aim to investigate the effect of

an integrative neuromuscular training intervention during the first 6 months of anti-cancer

treatment primarily on muscle strength, and secondarily on exercise capacity, physical

function, markers of metabolic syndrome, dysmetabolism, and health-related quality of

life during and after ended treatment.

Methods: One hundred and twenty-seven children and adolescents, newly diagnosed

with malignant and benign neoplasia, aged 6–17 years, and treated with chemotherapy

or radiation will be randomized to either the intervention or the control arm of the study.

The intervention group will, in addition to usual care, be offered a combination of 6months

of supervised physical exercise (integrative neuromuscular training) and home-based

exercise. The active control group will, in addition to usual care, receive information

along an unsupervised written home-based training program. All participants, including

parents, will receive information about the importance of physical exercise during the

course of cancer treatment, at the start of treatment, and in 5 monthly sessions.

The primary outcome is measured in terms of isometric quadriceps muscle strength.

Secondary outcomes include muscle strength and endurance, markers of metabolic

syndrome and dysmetabolism, exercise capacity, physical function and activity, days

of hospitalization, and health-related quality of life. Assessment will be conducted at
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treatment initiation (baseline), at 3 and 6 months after inclusion, and 1 month and 1

year after ended treatment. The primary endpoint for lower-body muscle strength is at 6

months after treatment initiation. The effects of the intervention will be evaluated through

a constrained linear mixed model.

Discussion: This national randomized controlled study has the potential to provide

new knowledge concerning the short- and long-term effects of a novel, inclusive

approach for youth exercise programming (integrative neuromuscular exercise) in

children and adolescents during anti-cancer treatment. Using a pragmatic, low-cost, and

time-efficient training design, this intervention can be easily adapted to both hospital and

home settings.

Clinical Trial Registration: ClinicalTrials.gov (NCT04706676), first released January 5,

2021.

Keywords: childhood cancer, integrative neuromuscular training, rehabilitation, during treatment, survivorship,

muscle strength, metabolic syndrome

INTRODUCTION

In the Western world, the 5-year survival rate for children and
adolescents diagnosed with cancer has improved progressively
over the last 3 decades; from 72 in 1985 to above 85% in 2017
(1, 2). However, this improved rate is accompanied by an increase
in both short- and long-term side effects (1, 2) and calls for
novel strategies that work beyond sole survival as most children
enter a negative loop where treatment-induced toxicities and
a sedentary lifestyle exacerbate the physical deficits of cancer
treatment (3–14).

Children and adolescents diagnosed with cancer are
predominately treated with chemotherapy, radiotherapy,
glucocorticoids, and surgery causing well-documented side
effects, including damage to skeletal muscles, the central and
peripheral nervous systems, and impaired cardiorespiratory
fitness. This results in impaired gait (walking distance and
reaction time) and balance, and it leads to fatigue and reduced
physical activity (10, 15–18). Collectively, these factors have
significant negative implications for physical health outcomes,
including risk of muscle atrophy (10, 14, 19, 20), which persist
into adulthood, as approximately two-thirds of cancer survivors
have shown to have at least one chronic health condition 30 years
after treatment initiation (8).

Skeletal muscles serve fundamental functions, ranging from
generating mechanical force and mobility to regulating whole-
body metabolic homeostasis (15). Hence, muscle atrophy and
altered body composition with lower lean body mass and skeletal
muscle index, seen after cancer treatment, threaten independent
living due to reduced physical ability (15, 21–23). Muscle
atrophy may also play an essential role in the development of

Abbreviations: CNS, Central Nervous System; DXA (scan), Whole-Body Dual-
Energy X-Ray Absorptiometry; HDL, High-Density Lipoprotein (cholesterol); ICF,
international classification of functioning, disability, and health; INT, Integrative
Neuromuscular Training; INTERACT (study), Integrative neuromuscular training
in adolescents and children treated for Cancer; OR, OddsRatio; RESPECT
(project), REhabilitation including Social and Physical activity and Education in
Children and Teenagers with cancer.

dysmetabolism in long-term survivors, i.e., studies have reported
increased prevalence of metabolic syndrome with physical
inactivity being a predominant risk factor (OR, 1.7; 95% CI,
1.1–2.6) (24).

These severe physical and metabolic disturbances may be
founded early during cancer treatment, as lower-body muscle
strength and cardiorespiratory fitness are significantly decreased
by 21 and 42%, respectively, within the first 30 days of treatment
in children and adolescents compared to age- and sex-matched
controls (10, 18), which highlights the need for early exercise
interventions (13).

Previous studies in pediatric oncology patients indicate
that exercise interventions are generally safe, feasible,
and have beneficial preserving effects on muscle strength,
cardiorespiratory fitness, and physical functioning during cancer
treatment (18, 25–28). Furthermore, children are interested and
can be motivated to engage in exercise and physical activity while
hospitalized despite cancer disease and intensive chemotherapy
(13, 18, 29).

In general, the body of evidence concerning the effectiveness
of exercise interventions during anti-cancer treatment in children
is based on studies with small sample sizes, heterogeneous
aims, interventions, and outcomes; using either broadly defined
or undefined exercise interventions with a low grade of
reproducibility (9, 11, 13, 30–52).

An emerging, more inclusive, concept of exercise is integrative
neuromuscular training; a conjunction of different types of
physical exercise with potential neuromuscular output designed
to enhance both health- and skill-related components of physical
function (53). Moreover, it is time-efficient, can be adapted
to both hospital and home settings, and is developmentally
appropriate for both children and adolescents. Accordingly,
this type of exercise is thought to counteract both lifestyle
and potentially treatment-induced neuromuscular deficits and
improve physical function, such as walking, running, lifting, and
balance; fundamental movement skills for achieving a long-term
physically active and healthy lifestyle (15, 32, 34, 37, 54, 55).
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Quasi-experimental and controlled studies have underscored
how 7–12 weeks of integrative neuromuscular training can
improve muscular strength, fundamental movement skills, and
selected measures of physical fitness compared to physical
education classes and customary sports in healthy children and
adolescents (5–14 years) (56–60).

Although no studies have been conducted on children
and adolescents during prolonged periods of hospitalization
nor during cancer treatment, integrative neuromuscular
training appears as a feasible exercise modality due to its
age- and skill-appropriate approach to progressive exercise
targeting neuromuscular deficits. Furthermore, its challenging,
motivational, play-and-game approach to exercise can potentially
improve adherence and long-term lifestyle behavior in children
surviving cancer.

The study is based on the overarching hypothesis that
supervised structured integrative neuromuscular training
initiated at the time of diagnosis effectively prevents deficits in
muscle strength 6 months after initiated treatment.

The primary objective of this study is to investigate the effects
of a 6-month integrative neuromuscular training intervention
compared with unsupervised home-based exercise on isometric
knee extension strength in children and adolescents (6–18 years)
during anti-cancer treatment. Our secondary objectives are to
investigate the effects of the intervention onmarkers of metabolic
syndrome, days of hospitalization, health-related quality of life,
upper-body muscle strength, exercise capacity, physical function,
physical activity behavior, and body composition.

METHODS AND ANALYSIS

This protocol is reported according to the Standard Protocol
Items: Recommendations for Interventional Trials (SPIRIT) (61).

Trial Design
The INTERACT study is a national multicenter, two-arm
parallel-group, randomized controlled superiority trial based on
empirical evidence within the research group (13, 18, 43, 62) and
methodical recommendations from current evidence (27). The
primary endpoint is at 6 months after inclusion, and follow-up
will be 12 months after ended treatment.

Setting
The three of four centers for pediatric oncology in Denmark
will functions as trial sites: Copenhagen University Hospital,
Rigshospitalet; Aarhus University Hospital; and Odense
University Hospital.

Eligibility Criteria
Children and adolescents with newly diagnosed malignant and
benign neoplasia aged 6–17.9 years and admitted from January
2021 for treatment at the departments for pediatric oncology
will be eligible for inclusion. Diagnoses include malignant and
benign neoplasia treated with chemotherapy and/or irradiation.
Children with a severe mental and/or physical disability (i.e.,
participants where all types of physical training and testing

of physical function are contraindicated), terminal illness, and
individuals unable to communicate in Danish will be excluded.

When answering patient-reported outcomes, the parent(s)
will be used as informants to answer proxy questionnaires and
provide sociodemographic data on behalf of their child.

Recruitment
All eligible participants and their parents will receive the
information about the study within 2 weeks of treatment
initiation by the treating physician at the clinical ward. If
interested, a member of the research team, a project nurse or
physiotherapist, will provide oral and written information about
the study to the child and parents, in a quiet and undisturbed
environment on the ward.

Participants who are willing to participate will sign the
informed consent before any study-related procedures are
initiated. When informed consent for participation is obtained,
the recruitment staff will schedule the baseline assessments in the
local occupational- and physiotherapy department, which will be
conducted before randomization.

Integrative Neuromuscular Training
In addition to usual care, the intervention group will receive
integrative neuromuscular training (INT) for 6 months. An
overview of the components of the intervention (and active
control group) can be found in Table 1.

All participants are encouraged to participate in a minimum
of two training sessions per week for the first 7 weeks and
three sessions per week in weeks 8–24. Usually, during the
first 6 months of treatment, all participants indifferent of
cancer type will either be hospitalized or have outpatient
appointments every week. Hence, at least one supervised training
will be planned every week. All remaining training sessions
will therefore be conducted as either supervised or home-
based training, depending on admission. If there are weeks
without any hospital or outpatient clinic visits, the training
sessions will all be conducted as home-based training, and the
participants will receive a phone call or text message from
the intervention physiotherapist concerning questions, exercise
choice, and exercise intensity.

Based on individual needs and where applicable, parents
will be instructed to conduct INT at home. When relevant
participants will be provided with exercise equipment
corresponding to the child’s age and fitness level (e.g., fitness
ropes, medicine ball, dumbbells).

Integrative neuromuscular training contains a range of
developmentally appropriate activities that target general and
specific strength and conditioning elements, such as strength,
power, motor skills, dynamic stability, core-focused strength,
and agility (53, 63). INT can be camouflaged as games and
play or performed as a structured strength and conditioning
program, depending on the participant’s age, motor skill level,
and daily variations in side-effects (nausea, fatigue, dizziness,
pain). Unlike more traditional types of physical activity (e.g.,
walking, cycling), integrative neuromuscular training targets
neuromuscular deficits by stimulating neural plasticity, alerting
motor unit recruitment, firing frequency, and synchronization of
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TABLE 1 | Overview of content in the intervention and active control group.

Study interventions

(Experimental) integrative neuromuscular

training

(Comparator) active control group

Description Supervised neuromuscular exercise during

admissions and visits to the outpatient clinic,

containing elements of strength, motor skill,

dynamic stability, core-focused strength, and

agility exercises (prescribed according to age

and training experience) Home-based exercise

during weeks without visits to the hospital

Unsupervised home-based training program

consisting of combined aerobic, strength, and

stretching exercises (described in Additional file

1)

Duration 6 months of exercise initiated 2 weeks within start of cancer treatment

Recommended frequency

(minimum session/weekly)

2 training sessions/week for the first 7 weeks

3 sessions/week from weeks 8–24

2 sessions/week

Recommend time/session 15–35min 15–20 min

Recommended no. of exercises 2–6 3

Usual care Both groups will receive usual standardized hospital care, including physiotherapy if needed.

Motivational counseling Each child and their parents will participate in a monthly 15–30-min motivational counseling session.

Description of content in the intervention (experimental) and active control (comparator) arms of the study.

motor unit activation (15, 32, 34, 37, 54, 55). The intervention is
designed to enhance both health- and skill-related components
of physical fitness.

To increase adherence, training intensities (load or level of
difficulty) and length of training sessions (training volume and
rest periods) will be periodized according to the participants’
chemotherapy cycles, where applicable, to accommodate
potential side effects, primarily treatment-related fatigue
(64). An example of a training plan adjusted to a low-
risk treatment protocol for acute lymphoblastic leukemia
(ALLtogether 2018; ClinicalTrials.gov NCT04307576) can be
seen in Supplementary Figure 2.

Training intensity (load or level of difficulty) and length
of training sessions are adjusted throughout the treatment
trajectory and expected to be considerably lower the first week
following chemotherapy. The purpose of this pre-emptively
reduced intensity and volume is to (1) encourage participants
to attend exercise, even though physical symptom burden may
be more extensive during these periods and (2) prescribe
manageable exercise accommodating the symptom burden
(64). Furthermore, to familiarize the participants with physical
exercise, in a period of transition from everyday life to life with
cancer, including treatment regimens and hospitalization, the
initial weekly training frequency will be fixed to a minimum
of two training sessions per week for the first 7 weeks, and a
minimum of three sessions per week in weeks 8–24.

Health Counseling/Motivational
Intervention
Due to the strain related to the anti-cancer treatment, motivation
is paramount in this setting. Each child and their parents in both
groups will participate in a monthly 20-min health counseling
session to adjust the intervention according to the child’s needs
and preferences.

The sessions are based on self-determination theory
(65), describing the interplay between external and internal
motivation forces, defined within three innate psychological
needs/parameters: autonomy, competence, and relatedness.
Practically, these sessions will follow a semi-structured interview
protocol involving: (1) autonomy: Each participant has the
option to change the training program according to their
needs, skill level, and presence of symptoms using cooperative
planning (co-creation); (2) competence: It must be apparent for
the participants that the training sessions maintain or develop
their physical function by tracking progress in the exercise
diaries (e.g., number of repeated exercises, loads, difficulty
of exercise). Furthermore, if applicable, the participant sets a
monthly goal for participation level within the international
classification of functioning, disability, and health (ICF) (66);
(3) relatedness is achieved by putting the potential effects of
exercise into a social context; e.g., that through exercise, they
can partake more easily in social relations on equal terms
with peers.

The goal is to achieve internal motivation to engage in
exercise and physical activities; that is, to design the exercise
program so that the child engages in the exercises for the fun
of it.

Home-Based Training Program
The active control group will receive a home-based training
program consisting of strength and stretching exercises for lower
and upper body (see Supplementary Figure 1). The participants
can choose from two or three stretching, lower- and upper-
body resistance exercises, respectively, and they are asked
to perform three sets of 10 repetitions for each resistance
exercise. All exercises use body weight as resistance but can
be progressed in terms of level of difficulty. The use of
the home-based training program will be monitored with an
exercise diary.
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Usual Care
Both groups will receive usual standardized hospital care,
including physiotherapy, as needed. However, procedures for
referrals to physiotherapy and staff resources are different in
each center. At Copenhagen University Hospital, Rigshospitalet,
children and adolescents are referred to physiotherapy when/if
a physical deficit occurs (e.g., impaired gait and balance, drop
feet, surgical operations). In contrast, at Aarhus and Odense
University Hospital, all children are referred to physiotherapy
at diagnosis. At all three centers, physiotherapy resources
will be distributed according to the severity of illness and
physical deficits.

Randomization
Following baseline assessment, participants will randomly
be assigned to either the intervention group (integrative
neuromuscular training + motivational-counseling sessions
+ usual care) or active control group (home-based training
program + motivational-counseling sessions + usual care) by
a blinded statistician using a computer-generated concealed
allocation procedure to secure a proportionate stratified
random sample with a (2:2) allocation. Participants will be
stratified by sex, pubertal stage, and diagnosis as treatment
for (1) solid tumors, (2) CNS-tumors, and (3) treatment for
hematologic malignancy.

Baseline assessors and the statistician will be blinded to the
allocation of participants; however, due to the nature of the
intervention, neither participants nor intervention staff will be
blinded throughout the intervention.

Fidelity
This research project is based on an international collaboration
between specialists in metabolism, exercise, and physical activity
in pediatric cancer patients. Further, it is based on several
years of experience with exercising children and adolescents
with cancer through the RESPECT project (REhabilitation
including Social and Physical activity and Education in Children
and Teenagers with cancer), based at Copenhagen University
Hospital, Rigshospitalet. The RESPECT project has shown how
children can and will perform safe, in-hospital exercise and how
this counteracts side effects resulting from cancer treatment,
including loss of fitness and muscle strength, compared with
children in pediatric wards in other Danish hospitals (13, 18, 29,
43). Two key principles of RESPECT are early rehabilitation from
treatment initiation and supervised exercise, hypothesizing that:
(1) Maintaining children’s physical function and fitness is easier
during treatment than recovering deficits and developing new
relationships post-treatment and (2) supervised exercise is more
effective than unsupervised exercise.

These two principles will be continued in the INTERACT
project. Moreover, the intervention will be evolved to a more
structured design, as results from RESPECT suggest, and it will
be able to explore potential effects because of its randomized
controlled design.

To secure an aligned intervention and reliability of assessment
within the three centers, a mandatory two-day workshop (2 ×

4 h) is held at each site for the physiotherapist conducting the

intervention. The workshop includes a practical introduction to
the integrative neuromuscular training intervention, including
pro- and regression of exercise intensity or difficulty, and a
thorough run-through of all of the physical assessment protocols.

Outcomes
Assessment will be conducted within 14 days after treatment
(chemotherapy and/or irradiation) initiation (baseline), at 3 and
6 months after inclusion, and at 1 month and 1 year after ended
treatment. An overview of the overall study trajectory, outcomes,
and assessment timing is presented in Figure 1.

A complete list of outcomes can be found at ClinicalTrials.gov.

Primary Outcome

Isometric Knee Extension Strength
Isometric knee extension is tested using a special-build
strength ergometer (Gym 2000 R©, Vikersund, Norway) with a
dynamometer (U2A100 kg, Hottinger, Germany) and amplifier.
Data is collected using an AD-card (100HZ) with customized
software (LabVIEW R©, National Instruments, Texas, USA). Each
participant receives detailed instructions on how to perform each
test and is given time to familiarize before each test if needed.

The participant is sitting upright on the bench, with arms
hanging alongside the body and hands grasping the bench. Hips
and knees are kept in 90 degrees flexion. The height of the bench
is adjusted to keep both feet off the ground.

The chain to the dynamometer is adjusted to keep the leg
in 90 degrees flexion during muscle contraction. The test is
performed unilaterally, primarily on the right leg, unless testing
on the right leg is restricted (e.g., due to injury or solid tumors in
lower extremity).

The participant is instructed to kick (forward) with maximal
force and to keep maximal intensity for at least 5 s. Three
attempts with a 2-min break are carried out; however, the
participant can try as many attempts as possible if they
keep showing improvements. The highest score represents the
test score.

Primary Secondary Outcome

Markers of Metabolic Syndrome (Primary

Secondary Outcome)
Metabolic syndrome is based on waist circumference,
triglycerides, high-density lipoprotein (HDL) cholesterol,
blood pressure, fasting blood sugar, and insulin. Age-based
criteria for each parameter concerning metabolic syndrome is
defined by the International Diabetes Foundation (67).

Waist circumference is measured in centimeters, after taking
several consecutive natural breaths, at a level parallel to the floor,
in a midpoint between the top of the iliac crest and the lower
margin of the last palpable rib in the midaxillary line following
standards described by the World Health Organization (68).

Triglycerides, high-density lipoprotein (HDL) cholesterol,
fasting blood sugar, and insulin will be analyzed in blood samples
drawn from an antecubital vein or, when possible, through a
central or peripheral venous catheter. Samples that have already
been collected for routine clinical or research purposes (and
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FIGURE 1 | Overview of outcomes and timing of assessment. *, (Health Related) Quality of Life; **, Patient Reported Outcome Measures.

stored in an authorized biobank) will also be used in the study
to minimize the number of samples taken.

Blood pressure (mmHg) will be measured in the morning
using the right arm with the subject sitting.

Although children younger than 10 years cannot
be diagnosed with metabolic syndrome, the potential
decline or increase in the biological markers (i.e.,
predisposition for metabolic syndrome) will be investigated in
this study.

Secondary Outcomes
Secondary outcome measures will include assessment of
upper-body muscle strength (measured through isometric
bench press; same equipment used for primary outcome),
handgrip strength (Jamar, Patterson Medical, Illinois, USA) (69),
cardiopulmonary fitness/vo2 peak [through Cardiopulmonary
Exercise Test (Cortex, Leipzig, Germany)], walking distance
(6-min Walk Test) (70), lower extremity muscle strength
and endurance (through 30-s and 1-min Sit-to-Stand Test,
respectively) (71, 72), basic functional mobility (through
Timed up-and-Go test) (73), body composition [through
Whole-Body Dual-Energy X-ray Absorptiometry (DXA)
Scan (Lunar, Lunar Corporation Madison, WI, USA)], and
quality of life (through PedsQL Generic Core Scale) (74).
These outcomes represent direct or surrogate measures of
physical fitness, physical function, or quality of life. Each
outcome is described in detail at the uploaded protocol at
clinicaltrails.gov (NCT04706676).

Further, as a measure of the economic cost of hospitalization,
total days of hospitalization will be measured and compared in
the two groups after ended treatment.

Explorative Outcomes
On an explorative basis, this study will measure neuropathy
(through Pediatric Modified Total Neuropathy Score) (75),
balance (as Modified Clinical Test of Sensory Interaction in
Balance) (76), physical activity and sedentary time through
accelerometry (ActiGraphTM, ActiGraph LLC, Pensacola FL,
USA), muscle power through countermovement jump (FP4,
HUR-Labs Oy, Tampere, Finland), markers of dysmetabolism
(metabolomics, intestinal microbiota, inflammatory cytokines
and mediators, growth and reproductive factors, and macro-
and micronutrients collected through plasma, urine and feces
samples, and dietary assessment), self- and proxy-reported
general physical activity, health-related quality of life (PedsQL
3.0 Cancer Scale) (74), and fatigue (PedsQL Multidimensional
Fatigue Scale) (74).

To further measure the potential cost of standard
care/rehabilitation, the total number of physio- and occupational
therapy treatments will be measured and compared between
groups and centers.

Sample Size
A 10% increase in muscle strength due to physical exercise is
regarded as a clinically relevant change (62). Based on a mean
41.4 ± 7.6 (lower body muscle strength, kg ± SEM) (44) and
a 10% increase, an alpha level of 0.05, and power of 80%, 106
children are needed. We expect that approximately 60 children
with cancer aged 6–17 will be diagnosed per year at Copenhagen
University Hospital, Rigshospitalet, Aarhus University Hospital,
and Odense University Hospital. Assuming a 20% dropout rate,
2.2 years will be required to include the needed number of
children with cancer (n= 127).

Frontiers in Pediatrics | www.frontiersin.org 6 March 2022 | Volume 10 | Article 83385013

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Schmidt-Andersen et al. Design and Rationale in INTERACT

Statistical Considerations
Constrained longitudinal data analysis is applied to evaluate
the intervention effectiveness by using constrained (generalized)
linear mixed models in two scenarios. In the first one, predictors
will include follow-up time points categorized as 3 and 6 months
to account for any non-linear effect and dummy variables
representing the intervention group at 3- and 6-month follow-
ups, respectively. In the second scenario, the time variable
will be treated as a continuous variable and an interaction
between treatments (binary-coded, 1 representing intervention
group), and the time variable will be included instead. Normal
distribution will be applied on continuous outcome muscle
strength, while binomial distribution will be applied on binary
outcome metabolic syndrome. Baseline characteristics, such as
age (as a continuous variable), gender, and type of cancer
(categorized as solid, CNS, and hematologic tumors), will be
included additionally as covariates in both scenarios. Patient
identity will serve as a random intercept. Likelihood ratio tests
based on maximal likelihood will be applied for the model
selection of the fixed effects to determine linear or non-linear
associations. Benjamin-Hochberg procedure will be applied to
reduce the false discovery rate due to multiple comparisons. The
level of significance is 0.05.

Data Management
Questionnaire data will be directly uploaded and stored on a
secured server for sensitive data (REDCap). All other assessed
data will be uploaded to the same server by all collaborators.

General Data Protection Regulations (GDPR EU) will comply
with national and international law.

A data processing agreement with all collaborators will be
made before any samples are shared for analysis.

DISCUSSION

This national randomized controlled study has the potential
to investigate the short- and long-term effects of structured
exercise in children and adolescents during anti-cancer treatment
with a follow-up time into survivorship, 1 year after ended
cancer treatment.

This study is based on almost a decade of experience within
the research group conducting physical activity interventions
for children with cancer through the RESPECT project. This
experience has been extensively incorporated in this study; the
chosen intervention, design, and choice of comparators.

Intervention
The INTERACT study will use an exercise training intervention
that may be complex due to the integrative design with
individually targeted exercise prescriptions, i.e., we will not be
able to present a generic exercise program that can accommodate
all age groups, diagnosis, and logistical challenges. However,
it does provide general guidelines for training modifications,
exercise intensities, training accumulation, and suggestions for
adequate rest and recovery during the first 6 months of cancer
treatment. This will further provide a template for long-term
exercise programming and long-term physical conservation

(or even improvements) after ended cancer treatment. It will
further provide evidence of the necessity of long-term exercise
programming, appropriate testing, and monitoring to provide
adequate physical exercise intervention, preserving strength and
physical function during treatment. This will prepare children
and adolescents for a normalized lifetime of exercise and active
leisure activity after ended cancer treatment.

To maintain adherence and motivation throughout a 6-
month training intervention, we expect weekly supervision of
the training to be necessary. We therefore expect that exercise
interventions with weekly supervision will have higher adherence
rates, since participants will be more motivated, resulting in
increased effects on muscle strength, markers of dysmetabolism,
physical function, and levels of physical activity during and
after treatment compared to unsupervised home-based training
(active controls).

Design
We have chosen a randomized controlled design to provide
evidence of the potential effectiveness of integrative
neuromuscular training in children and adolescents during
cancer treatment. This will allow us to minimize confounding
factors, such as geographical differences in patient uptake and
usual care at each center, which was considered a limitation to
the previous RESPECT study (18).

This study includes all malignant diagnoses of pediatric
cancer. Due to different treatment protocols, length of
hospitalization, and the potential dysfunctions and side
effects from the cancer disease itself, this creates heterogeneity
within and between groups. We choose to include all diagnoses,
firstly to secure sufficient power in the study population within a
reasonable timeframe, thereby minimizing bias due to changes
and development of treatment protocols. Secondly, and most
importantly, by including all cancer diagnoses, which we have
shown are both motivated and trainable (13, 18), we will increase
the generalizability and external validity of this study. To
minimize heterogeneity, the groups will be stratified by sex,
pubertal stage, and diagnosis.

Choice of Comparators
A potential pitfall within the INTERACT study design may be
the choice of using an active control group and performing a
home-based intervention instead of using a passive comparator
(i.e., usual care). Experiences from the two centers used as passive
comparators within the RESPECT project showed that children
or their parents are more likely to decline participation (up to
46%) or not adhere to scheduled assessment if placed in the
passive control group (18). Furthermore, we found it ethically
obligatory to be able to inform the participants and parents in
the active control group, considering that they had accepted
participation in an exercise intervention, about the potential
benefits of physical activity and exercise during treatment, and
to provide them with examples of body-weighted exercises.

The current evidence substantiates our hypothesis that
adherence, and thereby potential effects, in a supervised exercise
intervention will be higher than in home-based interventions.
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The current intervention studies in hospitalized children with
cancer are based on either home-based or supervised exercise.
Adherence rates in these two types of interventions differ
substantially from one another; home-based and supervised
interventions report a weighted mean adherence of 64.3% (range
37–80) (35, 51, 52, 77) and 88.6% (range 85–100) (31, 32, 48,
49, 78), respectively. Logically, the studies with low adherence
to exercise report either no effect or a small, non-significant
effect on physical function or fitness, compared to usual care
in current studies using home-based interventions. To be
effective, physical intervention studies should therefore require a
minimum degree of supervision and that non-supervised, home-
based interventions correspond to usual care.

Accordingly, we believe that our active control group has
close similarities to an adequate group receiving usual care. We
also believe that this study will be able to demonstrate that
information on physical exercise alone cannot be regarded as a
sufficient alternative to supervised physical exercise.

In conclusion, physical activity and exercise interventions
are regarded as a safe and feasible method to counteract
treatment and inactivity-related side-effects in children and
adolescents with cancer; nevertheless, large-scale studies are
needed to draw definite conclusions regarding the effectiveness
of physical exercise interventions (12, 18). An age-appropriate
integrative exercise intervention started immediately after
treatment initiation is a promising strategy to reduce the anti-
cancer treatment-related side effects.

This research project can potentially change the pediatric
exercise oncology and rehabilitation field. The project strives
to document between-group changes in strength and physical
function, thereby advancing from concluding safety and
feasibility measures to report not only a preservation of
physical function but significant improvements in children
and adolescents’ physical function after 24 weeks of treatment
compared to treatment initiation. We will achieve our results
using a pragmatic, low-cost, and time-efficient training
intervention that is appropriately developed for both children
and adolescents and can be adapted to both hospital and home
settings. This intervention can therefore relatively easily be
implemented into current clinical practice.

Ethics and Dissemination
The study will comply with the Helsinki II Declaration. The study
has been peer-reviewed and approved by the Danish National
Committee on Health Research Ethics (Approval Number: H-
20040897), and data handling is approved by the Danish Data
Protection Agency (jr. nr.: P-2021-14).

Consent to Participate
Written informed consent will be obtained before inclusion to
the study by a member of the research staff (project nurse
or physiotherapist) alongside information about the potential
risks and benefits of participating in the study. This includes
information concerning the child or adolescent’s privacy rights
and the investigator’s disclosure obligations.

Adolescents (aged 15–17.9 years) will receive oral and written
information specifically adapted to this age group. If a patient

does not wish to participate, this is respected regardless of the
parent’s acceptance.

Risks and Adverse Reactions
The project is expected to cause limited risks, side effects
and discomfort.

Integrative neuromuscular training and isometric muscle
strength tests are associated with exertion and shortness of
breath and may in some cases feel strenuous. If either the
intervention staff or the participant-assigned physician assess
that participation is unsafe, the training session or test will be
canceled. Reasons for canceling an intervention training session
or test include thrombocyte counts<10 billion/l, hemoglobin<5
mmol/l or systolic blood pressure <95 mm Hg.

Dissemination Policy
The results of this study will be presented in scientific peer-
reviewed journals and at international conferences. Authorship
eligibility follows the Vancouver Recommendation.
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Background: Children diagnosed with cancer experience muscle weakness and

impaired physical function caused by treatment and related immobility. The situation

forces them into a negative cycle of diminished participation in physical and leisure

activities and isolation from peers; inhibiting the natural development of social and gross

motor skills. This manuscript presents a protocol for a study that explores the effects of

using structured active play to maintain preschoolers’ age specific gross motor function

and social and personal skills while undertaking intensive cancer treatment.

Methods: The study is a two-arm, superiority randomized controlled trial with an

intervention and a control group designed to evaluate the effects of a structured

active play intervention on gross motor function. Gross motor subtests of the Peabody

Developmental Motor Scales, Second Edition (PDMS-2) are used for measurement;

with the primary end-point at 6 months post-treatment initiation. Eighty-four preschool

children (aged 1–5 years), newly diagnosed with cancer at the Copenhagen University

Hospital are randomly assigned to either an intervention or control group, using a 1:1

allocation. The intervention group receives a combined in-hospital and home-based

program that includes structured active play activities, while the control group receives

standard care, including physiotherapy. During hospital admission, the intervention group

undertakes 45-min structured active play group sessions three times weekly, conducted

by exercise professionals. Parents receive training and supervision to facilitate daily

individual sessions outside of group sessions. Secondary study outcomes target the

children’s overall function level in everyday life, general physical performance, and health-

related quality of life. As well, children’s and parents’ experiences within the intervention

are explored and the children’s social and personal development is observed.

Discussion: Limited evidence exists regarding the effectiveness of rehabilitation

interventions, particularly those including active play, for preschoolers diagnosed
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with cancer. This manuscript reporting on a study protocol will enhance clarity and

transparency in reporting and offer insights for others with interest in this same topic.

Once completed, findings from this study could extend knowledge about the conduct

and measurement of effectiveness in rehabilitation initiatives. If study findings suggest

that the intervention is effective, structured active play may become a standard part

of rehabilitation.

Trial Registration: ClinicalTrials.gov: NCT04672681. Registered December 17,

2020. https://clinicaltrials.gov/ct2/show/NCT04672681.

Keywords: preschool children, rehabilitation, structured active play, physical activity, gross motor function, social

skills, randomized, pediatric oncology

INTRODUCTION

Childhood cancer treatment causes multiple adverse events
including myopathy, neuropathy, and loss of gross motor
function (jumping, running, hopping, throwing and kicking,
etc.). When experienced in parallel with treatment-related
infections, inactivity and long-term bed rest this can lead to
muscle weakness and decreased cardiorespiratory fitness (1–4).
Such physical acute adverse events have been detected in cancer
patients aged 4–18 years (1, 2, 4), and studies have shown that
significantly impaired physical performance and gross motor
function start in children immediately following cancer diagnosis
(1, 5).

Findings suggest that younger children diagnosed with
cancer (aged 6 months to 3 years) are significantly more
affected by neuropathy and gross motor function impairment
compared with school aged children (3). Further, interview and
observational data suggest that younger children (under the age
of 7) diagnosed with cancer still have a need to play, however,
when visibly affected by the disease and treatment they tend
to engage in sedentary play and have difficulty participating in
physical activities with peers (6, 7). As such, there is an urgent
need for interventions that counteract consequences of cancer
treatment on gross motor function.

Previously published research indicates that physical activity
and testing physical performance during cancer treatment are
safe and feasible in children 6–18 years old (4, 8, 9). Moreover,
physical activity positively correlates with cardiorespiratory
fitness, physical function and health-related quality of life in
children diagnosed with cancer (2, 4, 8, 10, 11). However, most
of these studies focus on children with cancer, aged 4–18 years.

Physical activity is positively associated with bone and
cardiorespiratory health, development of gross motor skills
and cognition in healthy school-aged children (12–14).
Developing fundamental motor function early in life ensures
later development of finer motor skills (15, 16). Inadequate gross
motor function in healthy preschoolers causes movement

Abbreviations: PDMS-2, Peabody Developmental Motor Scales, Second Edition;
PEDI, Pediatric Evaluation of Disability Inventory; 6MWT, Six-minute walk
test; 2MWT, Two-minute walk test; HRQoL, Health-related quality of life; ITT,
Intention-to-treat; TTI, Treatment initiation; CONTROL, Childhood Oncology
Network Targeting Research, Organization & Life expectancy.

insecurity and can lead to sedentary behavior (17–20).
Collectively, researchers have found significant gross motor
function improvement in healthy preschoolers who followed a
physical activity program compared with control groups who did
not receive physical activity (16, 21–24). Yet, this has not been
explored in preschoolers facing cancer treatment.

Gross motor function must be developed and reinforced
through activity and interaction with others (15, 16, 20). Physical
activity for preschoolers takes the form of play (25). Playing
allows children to explore a world they can master, use their
imagination and confronts their fears (26). Learning essential
grossmotor skills increases self-esteem (20) and is associated with
language development, social cognition and interaction (27).
Hence, gross motor function is fundamental to engaging in social
and physical activities throughout the life span. Structured active
play with others provides an initial arena for socialization and
these peer interactions are vital to developing personal and social
skills (20, 26, 28, 29). As such, structured active play is directly
linked to the development of interdependent motor, social and
personal skills (20, 26, 29, 30).

Taken together, cancer can impede preschoolers’ fundamental
gross motor function and delaying social and personal skills
development. The RePlay study (Rehabilitation including
structured active play for preschoolers with cancer) targets these
risks in this population group. This protocol introduces the
RePlay study and offer greater transparency about the study by
reflecting the choices made and the expected challenges.

Study Aims and Hypotheses
The RePlay study investigates the effectiveness of a 6-month
structured active play intervention on gross motor function
development in children aged 1–5 years, who are diagnosed with
cancer. We hypothesize that children in the intervention group
will acquire improved gross motor function compared with the
children receiving standard care, in the control group.

Secondary study aims include investigation of the effectiveness
of the intervention on the children’s: (1) functional level in
everyday life; (2) general physical performance (2 and 6min. walk
test and handgrip strength); and (3) heath-related quality of life
of the children and their parents.

The study also qualitatively explores the experiences of the
children and their parents. Specifically, the children’s confidence
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in movement, joy of movement and social interactions will be
probed in an effort to capture social and personal development.

We hypothesize that the intervention group will have
improved gross motor function, general physical performance
and health-related quality of life post-intervention compared
with the standard care control group.

METHODS AND ANALYSES

This protocol is reported according to SPIRIT (Standard
Protocol Items: Recommendations for Interventional Trials)
guidelines (31).

Study Design
The study is a two-arm, superiority randomized controlled trial
(RCT) with an intervention and a control group. The 6-month
structured active play intervention is initiated, in parallel, with
the treatment start and ends with a follow-up session 1 year
post-treatment. Qualitative and quantitative data are collected
and will be reported independently. The study is registered at
ClinicalTrials.gov: NCT04672681.

Setting
The study is carried out in the Department for Pediatrics
and Adolescent Medicine at Copenhagen University Hospital,
Denmark. All children participating in the study are screened in
accordance with the study’s eligibility criteria.

Eligibility Criteria
Children eligible to participate in the study must be: (1) newly
diagnosed with cancer or cancer-like benign disorders; (2)
between the ages of ≥1 to <6 years at the time of diagnosis;
(3) undergoing chemotherapy and/or radiation therapy at
the Department for Pediatrics and Adolescent Medicine at
Copenhagen University Hospital; and (4) have parents able to
understand and communicate in Danish. Children considered
ineligible are those diagnosed with mental disorders that prevent
them from following instructions in relation to the intervention
and testing.

Recruitment
Recruitment started January 2021. Participants are recruited
through referral from pediatricians in the Department for
Pediatrics and Adolescent Medicine to the project nurse. Eligible
participants will receive information about the study verbally,
and their parents are given oral and written study information
by a project nurse before providing written informed consent for
their child to participate.

Randomization
Following baseline data collection, participants are randomly
placed in either the intervention or control group by means of
centrally administered computer-generated (R-studio) random
numbers and using a secure concealed allocation procedure.
The randomization procedure is stratified by age at inclusion
[respectively, <36 and ≥36 months old) and diagnostic group
(hematologic malignancy, tumors located in the central nervous

system (CNS tumor), and extracranial solid tumors]. The project
nurse who includes the children is blinded to the randomization
strategy and randomization is performed by a statistician who
is not a member of the research group and who is blinded to
baseline results. Due to the nature of the intervention, neither
the children nor parents are blinded to their group allocation.
If baseline assessment cannot be performed within two weeks
of treatment initiation, randomization is carried out first, after
which the children commence in either the intervention or
control group without a baseline assessment.

Structured Active Play Intervention
(RePlay)
Children and their parents who are allocated to the intervention
group participate in a combined in-hospital and home-based
program that comprises 45min of daily structured active play
activities targeting gross motor function. In-hospital structured
active play is conducted in group sessions at the hospital’s
pediatric physiotherapy clinic three times weekly, when the
children are either admitted or visit the out-patient clinic.
Outside of these group sessions, parents (or a parental figure)
facilitate individual sessions for their child either in the hospital
or at home. The intervention content is inspired by the Mighty
Moves intervention (21). Further, the intervention was developed
in collaboration with a parent panel comprising six families,
each with a child aged 1–5 years and diagnosed with cancer.
Different aspects of the study design were pilot tested on healthy
children and children with cancer. More specifically, pilot testing
of the primary outcome was done using four healthy children and
two children with cancer. Additionally, two children with cancer
undertook two months of the structured active play intervention
prior to the inclusion process for the randomized trial. Table 1
shows the weekly schedule for the Study’s intervention group.

Intervention Concept
The concept of “Structured Active Play” used in this study refers
specifically to instructor- or parent-led sessions of goal-oriented,
age sensitive, fun movement activities that teach preschoolers
gross motor skills while enhancing their social and personal skills
(20, 25, 26).

Group Structured Active Play Sessions
Group sessions are characterized by socialization amongst
children and their parents. However, the primary aim of the
sessions is to enhance the children’s gross motor skills as well
as social and personal skills through structured active play
(20, 26, 32). Each session is guided by three core principles:
(1) ritual practices; (2) reinforcement of movement through
repetition; and (3) development through appropriate challenge
(15, 20, 33). As such, all sessions have the same start and ending
ritual to establish recognizability and security for the children.
Many of the activities are repeated from session to session to
reinforce gross motor function development and all sessions aim
to challenge the children’s movement skill level. The exercise
professional subjectively assesses, on a daily basis, each child’s
progress and sets the appropriate challenge level that can either
be up- or down-scaled accordingly.
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TABLE 1 | Example of a weekly schedule of structured active play for preschoolers with cancer, during treatment.

Monday Tuesday Wednesday Thursday Friday Saturday Sunday

Individual structured

active play session*

Individual structured

active play session*

Individual structured

active play session*

Individual structured

active play session*

Individual structured

active play session*

Individual structured

active play session*

Individual structured

active play session*

or or or

Group structured active

play session**

Group structured active

play session**

Group structured active

play session**

*The individual sessions are conducted by the parents either at home or in the hospital room. **The group sessions are conducted by an exercise professional or a trained

pediatric physiotherapist.

The group sessions are supervised by an exercise professional
or a trained pediatric physiotherapist and take place in the
pediatric occupational and physiotherapeutic clinic of the
hospital. Respecting age-specific development, participants are
divided into two groups: children<36 months old and those≥36
months old. Families (including siblings if present) participate
when admitted to the Department for Pediatrics and Adolescent
Medicine or during appointments in the out-patient clinic. To
ensure participation, the parents receive a text message reminder
on the morning of each group session as well as being reminded
in person. Amember of the project team communicates regularly
with the family and the nurse assigned to the child regarding the
child’s treatment and care status to ensure his/her participation
in group sessions. For safety’s sake, a set of daily inclusion
criteria are applied to ensure that each child participating in a
group session on any given day can avoid risk of an adverse
event (i.e., hemoglobin >5.0 mmol/l; platelets >10 billion/l at
moderate to intense activities; no active diarrhea, coughing, or
cold; temperature <38.5◦C; no severe comorbidities that could
hinder structured active play). The treating physician and nurse
are consulted prior to each child participating in a session.
Admitted families treated in isolation or otherwise prevented
from participating in a group session are offered an individual
session with the exercise professional or pediatric physiotherapist
for 45min. These substitute sessions comprise similar activities to
those in group sessions.

Individual Structured Active Play Sessions
On days when there are no intervention group sessions or
when the children are not hospitalized, the parents facilitate
individual sessions in the ward or at home. Inspirational packs
are provided to assist them in facilitating active play with
their child while they continue to receive oral instruction and
supervision from the project team throughout the intervention.
Packs include an introductory page and cards with drawings
and explanations of the different activities (see introductory
page and sample activities—Supplementary File 1). Many of
the activities are the same as in the group sessions. Parent
participation in group sessions serves to teach and inspire
them to do new and old activities. Activities are color coded
according to the achieved gross motor skill level of the child
(34, 35). Materials are developed for two age groups: children
<36 months old and those ≥36 months old; with illustrative
drawings that engage the child in selecting activities that he/she
prefers. Activity descriptions encourage participation by siblings
and other family members.

Control Group
Children allocated to the control group receive standard care,
including physiotherapy for deficits during hospitalization.
Following hospital discharge, these patients may also undergo
rehabilitation, based on a deficits plan. For ethical reasons, post-
intervention, those randomly allocated to the control group
are offered the same inspirational material and an option to
participate in the same structured active play group sessions as
the intervention group families. However, they do not receive
instruction or supervision for any parent-led session.

Intervention Fidelity and Feasibility
Feasibility is assessed through acceptance, attrition, and
adherence (36–38). Acceptance is defined as interest and
willingness to participate in the study (i.e., the number of eligible
children entering the study). Attrition is assessed by registering
the number of children leaving prior to the study’s completion.
Adherence is measured by participation level in the intervention
(i.e., monitoring of participant compliance) (36); and for which
several strategies are used. Each child’s participation in group
sessions (including rationale for non-participation) as well as the
type and duration of his/her activities are registered on standard
forms. Parents are also provided a logbook for their child’s
individual sessions and in which they must record duration and
type of activities undertaken or reasons for not doing activities.

Outcomes
Assessments for all included children are conducted at treatment
initiation (T1, baseline), 3 months after treatment initiation (T2),
and at 6 months after treatment initiation (T3, post-intervention,
primary end-point). Long-term follow-up will occur at 12
months after treatment initiation (T4), and 1-year post-treatment
(T5). An overview of the study design, including enrollment and
assessments, is summarized in Table 2.

Participant Characteristics
Upon inclusion socio-demographic information from the
children and parents is collected through a questionnaire,
including: place of birth, place of residence, family structure,
parent admitted with the child, support from friends/relatives,
daycare/preschool attendance, physical and leisure activities of
the child and parents, and educational level of the parents.
Furthermore, the following data are extracted from the children’s
medical records: sex, age, diagnosis, date of diagnosis, date
of treatment initiation, date of relapse, possible date of
death, comorbidity, treatment (e.g., treatment protocol, medical
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TABLE 2 | Schedule of enrollment, interventions, and assessments of participants in the RePlay study that explores gross motor function in children aged 1–5 years

during intensive cancer treatment.

STUDY PERIOD

Enrolment Pre-allocation Post-allocation

Intervention Follow-up

Timepoints TTI T1

(Baseline)

T11 T2 T3

(primary end-point)

T4 T5

ENROLMENT

Eligibility screen X

Oral and written information X

Informed consent X

INTERVENTION

Structured active play

Standard care

ASSESSMENTS

Medical record info

PDMS-2 X X X X X

PEDI X X X X X

Handgrip strength X X X X X

6-min walk X X X X X

Socio-demographics X X X X

PedsQL Generic Core Scale (parent proxy report) X X X X

PedsQL Cancer (parent proxy report) X X X X

PedsQL Multidimensional Fatigue Scale (parent proxy

report)

X X X X

RAND 36-item Health Survey X X X X

INTERVENTION ASSESSMENTS

Adverse events

Adherence to structured active play intervention

Safety measures

ADDITIONAL EMPIRICAL DATA

Interview X

Observation

TTI, Treatment initiation; T1 = +1–14 days after TTI (Baseline), T11 = +1–14 days after TTI, T2 = 3 months (±14 days) after TTI, T3 = 6 months (±14 days) after TTI (post-intervention,

primary end-point), T4 = 12 months (±14 days) after TTI, and T5 = 1 year (±14 days) after ended treatment.

treatment) and medical care. In relation to daily inclusion safety
criteria, data on hemoglobin level; platelets; leukocyte levels;
temperature; infection symptoms and infections (organism,
place, cause) are gathered from the treating physician and nurse.

Primary Outcome Measure
Gross Motor Function
Gross motor function is measured using Peabody Developmental
Motor Scales, Second Edition (PDMS-2), that calculates fine and
gross motor function in children aged 0–6 years (39). Only the
gross motor function subtests of the PDMS-2 are used in this
study and consist of a total of 143 items, each scored from 0
to 2. The items are divided into three domains [i.e., stationary
(30 items), locomotion (89 items) and object manipulation (24
items)] (39). The assessment is done by a trained member of
the project team. The test is conducted by starting with a given
item in the domain, depending on the child’s age (specified in

months). The items are treated singularly until the child scores
2 in three consecutive items, after which the lower level can then
be determined. It may be necessary to revert to earlier items to
achieve three consecutive scores of 2. The remaining items are
given the score of 2. The test then proceeds with further items
until the child scores 0 in three consecutive items, determining
the ceiling level. The remaining items are then given the score
of 0. The raw score for each domain is the sum of all the
items. The test has shown acceptable psychometric properties
including Cronbach α = 0.89–0.97, test-retest r = 0.82–0.93, and
interscorer r = 0.96–0.99 (39, 40).

Secondary Outcome Measures
Level of Everyday Function
The children’s function level is determined using the Pediatric
Evaluation of Disability Inventory (PEDI). The assessment is a
structured interview with parents of children aged 6 months
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to 7 years old. PEDI is assessed by a trained member of the
project team possessing comprehensive experience with the tool
(41). The instrument measures capability and performance of
selected functional activities on three scales: functional skills,
caregiver assistance, and modifications (41, 42). In this study,
the modification scale is not used. The functional skills scale is
divided into three domains: self-care (73 items), mobility (59
items), and social function (65 items). Each item in the functional
skill scale is scored with a 0 or 1. The caregiver assistance scale
is divided into three domains: self-care (8 items), mobility (7
items) and social function (5 items). Each item in the caregiver
assistance scale is scored 0 to 5 Aggregate scores are defined as
the sum of each domain (42).

Handgrip Strength
Handgrip strength is measured using the handgrip strength test
and the KLS Martin Vigorimeter (KLS Martin group, 78532
Tuttlingen, Germany) (43, 44). The instrument is a pneumatic
dynamometer with three sizes of rubber bulbs. The smallest
bulb is recommended for smaller children and is used for all
participants in this study (43, 44). The bulb is placed with the air
tube extending outward between the thumb and index finger and
the fingers wrap around the bulb. The test is given twice per hand,
with left and right hands alternated and a 30 s break between each
trial. The children are verbally encouraged to squeeze the bulb as
hard as they can. All scores (kPa) are registered and the highest
score for each hand is used for the analysis.

Six-Minute Walk Test
The six-minute walk test (6MWT) is a general physical
performance indicator (45). The test is done in a hallway with
a 15-meter track that is clearly marked at each end. The child is
asked to walk from onemark to the other as many times as he/she
can within 6min. The assessor verbally encourages the child to
keep walking during the 6min; if needed, parents can walk beside
their child along the track and are reminded that it is the child
who sets the pace. Given that the 6MWT with younger children
whose concentration is limited can be difficult there will also be
a recording of the distance walked after the initial 2 minutes
(2MWT) in case they can’t walk all 6minutes. The 2MWT is
validated in younger children (46, 47).

Health-Related Quality of Life (HRQoL)
HRQoL of the children and parents are measured through four
standardized questionnaires. HRQoL of the children is measured
through three parent proxy-report questionnaires designed to
assess the parent’s perceptions of their child’s health-related
quality of life. The PedsQL Generic Core Scale measures quality
of life using 21 items in 4 domains; physical, emotional and social
function; and school/preschool activity (48). PedsQL Cancer
measures the effect of cancer on the child using 25 items in
8 domains: pain, nausea, procedure anxiety, treatment anxiety,
worry, cognitive issues, physical appearance and communication
(48). The PedsQL Multidimensional Fatigue Scale measures
fatigue through 18 items in 3 domains: general fatigue, sleep/rest
fatigue, and cognitive fatigue (48). The PedsQL questionnaires
use a five-point Likert scale: 0 = never a problem; 1 = almost

never a problem; 2= sometimes a problem; 3= often a problem;
4= almost always a problem.

Parental HRQoL is measured by means of a Short Form
Survey Instrument (RAND 36-item Health Survey) (49). It
consists of 36 items divided into 8 domains (Physical functioning,
limitations due to physical health, limitations due to emotional
health, energy/fatigue, emotional well-being, social functioning,
pain, and general health). All items are scored on a 5-point
Likert scale from 0 to 100, with 100 representing the highest
level of functioning possible. Aggregate scores are compiled as
a percentage of the total points possible, using the RAND scoring
table. The scores from the itemswithin each domain are averaged,
for a final score per domain (49). A physical and a mental
component summary score can be calculated but not a total
score (49).

Additional Interview and Observations
Semi-structured Interview
Interviews take place with the intervention group children and
parents within two weeks post intervention. The interview
guide is semi-structured, with open-ended questions to
help understand parents’ and children’s experiences and
perspectives (50, 51). The interview guide is attached as
Supplementary File 2. The interview guide seeks to explore
the children’s confidence in movement, joy of movement and
social interactions. The interviewer asks the child questions
such as: “What activities do you do at the hospital?”; “Can you
tell me what you think is fun to play?”; “Can you tell me what
you think is boring to play?”; or “Who do you play with?”. The
parents are asked questions within the same focus sphere, such
as: “How is your child’s gross motor function right now?”; “Have
you seen any changes over the last 6 months?”; “How do you
feel about having participated in the intervention?”; “How do
you feel challenging your child to develop his/her gross motor
functioning?”, “How do you experience your child’s belief in
his/her own abilities?”. Follow-up questions are posed to both
children and parents for deeper understanding and clarification
purposes. Darcy et al. (6, 52) inspired the interview modality
for the participants aged 3–5 years. Each child-parent dyad is
interviewed as a unit with a clear indication when the questions
are directed to the parents or to the child. Playing and toys
are used to break the ice and to facilitate responses from the
children. When a child is hesitant to participate, the interviewer
directs questions only to the parents while the child can join in at
any desired moment (6). Only the parents are interviewed when
the child is younger than 3 years old, however, those children are
encouraged to join in if they desire.

Observation
Observations are made during the active play sessions to
get an understanding of how structured active play impacts
the development of the children’s social and personal skills
and focuses on confidence in movement, joy of movement
and social interactions. Observations are made over the
first 12 months of the intervention when conducted at
the hospital. The intervention research team members are
considered participant observers during the sessions as they
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both actively participate while simultaneously observing the
children (53). This active insider-observer perspective is
selected to allow upfront observation of the children. Written
notes are consequently made directly following each session
and then reformulated into scenic descriptions, a narrative-
inspired observation method (54, 55). Scenic descriptions create
nuanced insight and understanding of what occurs during
session activities. The researcher’s voice can be present in the
descriptions, however, he/she must remain true to what is
experienced (54, 56, 57).

Sample Size
RCT
No studies have been identified in the literature that investigate
the potential effectiveness of a structured active play intervention
on gross motor function in preschool children diagnosed with
cancer. Hence, the sample size for the current study is based on
a study that investigated the effectiveness of a structured active
play intervention on gross motor function in healthy preschool
children (21). Based on the mean and standard deviation (SD)
in the intervention group = 99.31 (9.07), and a mean (SD) in
the control group = 93.24 (9.02), an Alpha = 0.05 and Power
= 80%, it is estimated that 70 children are required for the study.
However, to account for possible attrition, 20%more participants
are included. Hence, the study includes 84 children in total (42 in
each group).

Interviews
To ensure credibility and data adequacy, a minimum sample of
20 families will be interviewed at T3 (post-intervention, primary
end-point) (51, 58, 59). Broad representation will be attempted by
including all age groups, diagnostic groups and family structures
(50, 60, 61). However, a convenience sampling strategy will be
applied. Only the intervention group families are invited to
be interviewed with the project team, within two weeks post-
intervention.

Analysis
Statistical Considerations
The collected data will be analyzed based on intention-to-treat
(ITT). The treatment effect difference will be estimated through
constrained longitudinal data analysis that constrains the mean
at baseline to be equal between the arms. Constrained linear
mixed models will be applied in two scenarios. In the 1st
scenario, predictors include follow-up time points categorized
as T2 (3 months after treatment initiation) and T3 (6 months
after initiation) to account for any non-linear effect and
dummy variables representing the intervention group at T2
and T3 follow-ups, respectively. In the 2nd scenario, the time
variable will be treated as a continuous variable and interaction
between groups and the time variable will be included instead.
Baseline characteristics such as age (as a continuous variable)
and cancer type (hematologic malignancy, tumors located in
the central nervous system (CNS tumor), and extracranial
solid tumors) will be included additionally as covariates in
both scenarios. Patient identity serves as a random intercept.
Likelihood ratio tests based on maximal likelihood will be

applied for model selection of the fixed effects to determine
linear or non-linear associations. A significance level at 0.05 will
be used.

Thematic Analysis
Interviews will be transcribed verbatim and the observation
notes will be transformed into scenic descriptions. Thematic
analysis will be conducted on all data (interview and scenic
description transcripts) (62). The analysis will be inductive
and focuses on the children’s and parents’ experiences with
structured active play. The interview and scenic descriptions
will be analyzed independently. Both sets of qualitative data
will be analyzed following four flexible steps: (1) reading the
material to obtain an overall understanding; (2) identifying
meaningful units; (3) coding the units; and (4) summarizing
the codes into key themes (62, 63). Two researchers will
conduct the analysis independently and then together, and
reflect and discuss results during the process to strengthen
credibility and dependability of the data and, as such, the
trustworthiness of the study (50, 60). Credibility will be
enhanced through the use of relevant direct quotes from the
data (60).

Data Management
All data are collected in paper form and then manually entered
in a secure electronic database (REDCap) by a member of the
project team. As this process can produce data management
errors, the data will be cross-checked independently by two
members of the project team to assure their quality.

DISCUSSION

This two-arm parallel, superiority randomized controlled
trial (RCT), with an intervention group and a control group,
can potentially examine the effects of a structured active
play intervention on gross motor function in preschool
children diagnosed with cancer. Additionally, it can explore
the children’s and parents’ experiences with structured
active play and how that impacts their child’s gross motor,
social, and personal development. This protocol reflects
choices made when designing this study and considers the
expected challenges, strengths and dilemmas of exploring the
experience of preschool children undergoing intensive cancer
treatment in parallel with an intervention and securing viable
outcome measurements.

Testing children is generally difficult and testing preschool
children (1 to 5 years old) diagnosed with cancer is expected
to be even more challenging due to their burdened physical
and mental state. Testing for objective data in this age group
and the results of these tests will vary on any given day in
correlation with the child’s level of well-being (e.g., treatment-
related side effects, including pain or nausea, etc.), mood
(including mood changes related to dexamethasone treatment)
and ability to understand instructions and to cooperate. However,
as we are aware of this methodological challenge, various efforts
have been made to optimize the opportunity of obtaining
data, such as: (1) having an assessor who is an experienced
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pediatric physiotherapist assigned to the patient group and
when performing the gross motor function tests; (2) creating
an environment in which the children feel a sense of familiarity
and security; and (3) including parent proxy assessments.
To create a trusting testing environment, parents are present
during all tests as they often provide both familiarity and
security for their child. We also prioritized having experienced
physiotherapists familiar to the participant group as outcome
assessors to increase the probability of successfully obtaining
data. This outweighed having blinded outcome assessors. To
further strengthen findings from this study a secondary outcome
that measures gross motor function is selected (i.e., the PEDI).
This is a subjective parent proxy means of reporting the child’s
level of everyday function.

With regards to the intervention design, the research team
developed an intervention program targeting preschoolers’
gross motor function through structured active play. Similar to
above, conducting this type of activity intervention within the
preschooler age group is challenging given developmental
considerations and disease characteristics. The study
intervention uses a structured active play approach. Play is
fundamental for children, fun and provides an opportunity
for them to create and explore a world they can master (26).
When using play in physical activity it is possible to stimulate
imagination and have fun using gross motor skills in a way
that appeals to the child. Instead of asking a child to practice
balance and build leg strength by merely jumping, a scenario
can be created in which the child can imagine being a frog
jumping through a forest. Designing a structured active play
intervention, while allowing for individualization, also means
compromising and forgoing a strict protocol. The trade-off
is reduced reproducibility. When playing with children, it is
necessary to be open to their imagination and be prepared
to spontaneously change an activity in order to entice them.
Not all children are motivated by the same thing and this
raises the question of whether it is possible to describe exactly
what the intervention comprises. This intervention uses three
theoretical core principles, including: ritual practices, repetition
and challenge; all aiming to establish recognizability, security
and motivation for the children. These components also
ensure that all the sessions are identically structured, with
the same starting and ending rituals, repeated activities and
challenges. Exact activities performed during each session
are documented.

Gross motor function in preschoolers is developed through
interaction with others (children, parents or other adults) and
reinforced through activities. The intervention is therefore
designed to allow intervention group children and parents to
participate together in the in-hospital sessions, when possible.
Moreover, the exercise professional conducting the sessions
at the hospital as well as parents and siblings participate by
either following, supporting the child or leading in an activity.
Whether moving across the floor like an animal or balancing
through an obstacle course, each party participates. Active
participation by parents during the sessions can also reinforce
the parents’ ability to carry out the same activities with their
child at home. Participation with others in activities is not

only essential in supporting the child’s physical development
but also his/her social and personal skills. Group activities
necessitate patience, ability to take turns and to cooperate
with others.

Finally, a strength of this study is that it will collect long-
term data. Being physically active is correlated with optimal
gross motor function development and the latter is associated
with social-, cognitive-, language- and personal- development
in healthy preschool children (12–14, 27). The longitudinal
relationship between gross motor function and health shows
that reduced motor function competence during childhood is
associated with higher body fat, lower cardiorespiratory fitness
and lower physical fitness later in life (64, 65). Studies of children
diagnosed with cancer, aged 1–18 years show that gross motor
function impairments are still present two years after diagnosis
and up to seven years post-treatment (5, 66). Research in physical
activity and preschoolers diagnosed with cancer is important
to better understand how physical activity can play a role in
counteracting impairments of gross motor function and increase
the possibility of sustaining normal everyday activities during
and after treatment.

This protocol describes a study that will contribute
by providing data on differences in gross motor function
between preschoolers diagnosed with cancer who participate
in an early initiated structured active play intervention
and children diagnosed with cancer who are receiving
standard care. Findings from this study, once completed,
will also provide insights into the intervention group
children’s and parents’ experiences with structured active
play. If the trial proves the intervention to be effective,
structured active play may become a standard rehabilitation
component and findings from the study may be transferable
to children with other chronic diseases and those experiencing
long-term hospitalization.

ETHICS AND DISSEMINATION

The study complies with the ethical research principles
described in the Declaration of Helsinki II. The study has
been peer-reviewed and approved by the National Committee
on Health Ethics Research through the Regional Research
Ethics Committee in the Capital Region of Denmark (jr.nr.:
H-20023949), and data handling is approved by the Danish
Data Protection Agency (jr. nr.: P-2020-290). Written informed
consent is obtained from parents prior to inclusion in the study
and parents are informed that participation is voluntary and
that their child or themselves can drop out of the study at
any time.

Safety and Adverse Events
Previous studies have shown physical activity is found safe
for children with cancer, regardless of diagnosis (2, 4, 5, 11,
67). Nevertheless, all adverse events defined as unintended
negative consequences that are experienced during the structured
active play sessions are documented, despite the possibility
of a causal relationship between the intervention and usual
care (68).
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Future results will be presented in peer-reviewed scientific
journals and at international conferences. Authorship eligibility
will follow the Vancouver Recommendations for authorships.
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Objectives: This quasi-experimental study examined the efficacy of targeted exercise

training on gross motor performance and neuromuscular impairments in survivors of

childhood acute lymphoblastic leukemia (ALL CCS).

Materials and Methods: Ten ALL CCS (median age: 10 years; range: 6–14 years)

performed a 6-week training program three times per week (five in-person sessions),

including a warm-up, total body stretching, progressive jump rope training, and a cool

down. Gross motor performance (test of gross motor proficiency) and lower extremity

rate of muscle activation (electromyography), joint torques (motion capture and force

plate), and jump height (motion capture) weremeasured during a countermovement jump

at baseline and post-training.

Results: Post-training, ALL CCS demonstrated improvements in body coordination,

strength and agilty, bilateral coordination, running speed and agility, and strength

gross motor performance (mean change: 1.6–8.1; p < 0.05), the rate of muscle

activation of the tibialis anterior and vastus lateralis muscles (mean change: 0.58–0.75;

p < 0.05), hip and ankle joint torques (mean change: 0.07; p < 0.05), and jump height

(mean change: 0.05; p < 0.05).

Conclusion: This study demonstrated that targeted exercise training can

improve gross motor performance and neuromuscular impairments in ALL CCS

post-medical treatment.

Keywords: pediatrics, cancer, children, oncology, physical therapy, rehabilitation, survivorship, intervention

INTRODUCTION

With advances in medical treatment, 5-year survival rates for children with acute lymphoblastic
leukemia (ALL) exceed 90% (1). However, short- and long-term effects of chemotherapy agents
such as vincristine and methotrexate can cause neuromuscular impairments that affect muscle
performance (2, 3). The medical treatment of ALL can lead to neuromuscular impairments
including decreased neuromuscular activation, delayed muscle contraction initiation timing,
reduced amplitude of the muscle activity, and decreased muscle force-generating capacity (4, 5).
These treatments can also result in activity limitiations in gross motor performance including
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decreased balance, impaired coordination, and reduced
movement speed and agility (3, 6–9). Body structure and
function impairments and activity limitiations in survivors of
childhood ALL (ALL CCS) extend well beyond the completion
of medical treatment (5, 10, 11).

ALL CCS experience gross motor performance delays during
a critical period of motor development. While ALL CCS’ peers
are developing muscle strength, balance control, and gross
motor skills, many ALL CCS decline in these skills during
medical treatment (7, 8). As a result, ALL CCS have difficulty
keeping up with their peers in achieving physical activity
recommendations and maintaining an active lifestyle (12, 13).
Ultimately, ALL CCS are at an increased risk for developing
obesity, metabolic syndrome, and early frailty at an earlier
than expected age (14, 15). Thus, training programs that can
reverse neuromuscular impairments and impaired gross motor
performance are important for ALL CCS during childhood and
adolescence, a sensitive period of motor development.

Over the past 20 years, there have been a limited number
of exercise intervention programs designed for children with
cancer and, more specifically, for ALL CCS (16). Most published
programs have focused on general strengthening and aerobic
activities because the programs have been designed for children
with various types of cancer (16). To date, programs for survivors
of childhood cancers have largely focused on adventure-based
training, prospective surveillance models, health education
programs, group physical activity programs, and computer
game-based exercise programs (8, 17–19). These engaging
programs have demonstrated feasibility and improvements
in gross motor performance and physical activity with high
satisfaction levels (8, 17–19). The encouraging results from these
previous studies have offered the support for future studies
to begin developing targeted training programs for the unique
needs of specific types of childhood cancer survivors. Research
supports training programs that incorporate functional tasks that
target the neuromuscular system, such as jumping rope, improve
muscle strength and gross motor performance including balance
and speed and agility in children without health conditions
(20, 21).

The purpose of this study was to examine the efficacy
of a targeted neuromuscular training program that utilized
jumping rope. We hypothesized that after the training
program, ALL CCS would demonstrate improved gross
motor performance, improved neuromuscular performance
during a countermovement jump, measured by the rate of
muscle activation and joint torques of the lower extremity, and
jump height.

MATERIALS AND METHODS

This was a pilot quasi-experimental intervention study design.

Participants
Study participants were recruited through flyers and in-person
communication from the University of MarylandMedical Center
Pediatric Oncology Clinic and the Johns Hopkins Medical,
The Sidney Kimmel Comprehensive Cancer Center, Long-
Term Survivors Program for participation in this study at the

Department of Physical Therapy and Rehabilitation Science
in the School of Medicine at the University of Maryland,
Baltimore. Participants were included if the participants: (1) were
children 6–17 years old; (2) completed medical treatment for
ALL within the past 5 years (1–60 months); and (3) had the
ability to communicate in English. Participants were excluded if
the participants: (1) had a diagnosis of a neurological disorder
such as cerebral palsy or Down syndrome; or (2) were currently
receiving physical therapy services. This study was approved
by the University of Maryland, Baltimore, Institutional Review
Board. All participants provided informed assent and caregivers
provided informed consent.

The Bruininks-Oseretsky Test of Motor Proficiency,
2nd edition (BOT-2) subtests were used to assess bilateral
coordination, balance, running speed and agility, and strength
at baseline and post-training (22). There were two standard
composite tests calculated from these subtests, the body
coordination composite test, which included the bilateral
coordination and balance subtests, and the strength and agility
composite test, which included the strength and running
speed and agility subtests. Items were administered and scored
according to standardized procedures (22). The BOT-2 has
established interrater reliability and test-retest reliability for each
subtest and each age group (22). The established mean for each
subtest scale score is 15 with a standard deviation (SD) of 5,
and the mean for each composite standard score is 50 with a
standard deviation of 10 (22). Below average (BA) performance
and well-below average (WBA) performance on the BOT-2 is
defined as 1 SD and 2 SD below the mean, respectively, for
subtest scale scores and composite standard scores (22).

The participants performed five trials of a countermovement
jump before training (baseline) and after completing training
(post-training). At the start of each trial, the participants stood
on two adjacent force platforms (AMTI, Inc., Newton, MA, USA)
in an upright position. The participant’s arms were positioned
at the side, and both hands were slightly anterior to the hips.
The outline of the participant’s feet was traced on a paper taped
to the force platforms to ensure a similar start position for the
trials at baseline and post-training. After a demonstration trial,
participants were instructed to “jump as high as you can.” The
jump was performed with a downward movement into a squat
position followed by a push-off from force platforms into a jump.

Electromyography (EMG) activity was recorded using dual
electrodes with a 2-cm interelectrode distance using surface
EMG with a TeleMyoTM DTS 24-channel wireless EMG system
(Noraxon, USA Inc. Scottsdale, AZ, USA). Sensors placed
bilaterally over the muscle belly of the lateral gastrocnemius,
tibialis anterior, and vastus lateralis, muscles were according to
SENIAM recommendations (23). EMG signals were collected
with MyoResearch XP software (Noraxon, USA Inc., Scottsdale,
AZ, USA) at a sampling rate of 1,500Hz and later exported
to MATLAB for analysis. After subtracting the mean DC bias,
the EMG signals were rectified and high pass filtered at 20Hz.
The onset of the muscle activity was identified when the EMG
amplitude was greater than two standard deviations above
the baseline activity, which was calculated 500 milliseconds
preceding movement onset. The rate of muscle activation was
calculated as the EMG amplitude, from the onset to peak, and
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then was divided by the time duration from onset to peak muscle
activity. Values were normalized by dividing by the peak EMG
amplitude of eachmuscle during the task. The values for the right
and left limbs were averaged.

The lower extremity joint torques and jump height were
measured from reflective markers placed on the bilateral
acromion, lateral epicondyles, ulnar styloid processes, greater
trochanters, lateral condyles, lateral malleoli, 2nd metatarsal
heads, interaural axes, and on the top of the head. Kinematic
data were recorded with a ten-camera motion capture system
(VICON, Los Angeles, CA, USA) at 150Hz. Ground reaction
forces were measured using dual force plates at 600Hz and
resampled to 120Hz. The joint torque for the hips, knees,
and ankles was estimated by inverse dynamics as described
by Zatsiorsky (24). Peak joint torque of the hips, knees, and
ankles were identified as the maximum value during the jump
acceleration phase from the lowest point of the body center of
mass (COM) to toe-off from the force plates. Joint torques were
normalized to the height and weight of the participant. Ground
reaction forces and kinematic data were filtered using a 10Hz
low-pass 4th order Butterworth zero-lag filter (MATLAB filtfilt)
(MathWorks, Natick, MA, USA). Data were bandpass filtered
between 16–500Hz. The jump height, measured in the sagittal
plane, was calculated from the body COM and estimated using
the method described byWinter (25). Jump height was calculated
as the difference between peak COM height during the jump and
COM height at the start of the jump and then normalized by the
height of the participant.

Intervention
Over a 6-week interval, each participant performed 18 training
sessions, including five one-on-one sessions with a physical
therapist twice the first week and once the second, third, and
fifth weeks (Table 1). The first intervention occurred during the
same day as the baseline assessment and the final intervention
session occurred within a week of the post-training assessment.
The participants were also instructed to perform the training
program at home a total of three times per week (including
the in-person visits) for the duration of the study (Table 1).
The study participants were provided with an exercise diary to
track the home exercise program that was reviewed at each in-
person session. Each in-person session included: (1) discussion of
home exercise program completion and progress; (2) discussion
of session goals and short-term goals; (3) warm-up; (4) total
body stretching; (5) exercise program; and (6) cool-down. The
physical therapist provided verbal cues and feedback for proper
body position, but only provided hands-on contact to maintain
safety, not to physically assist with performing the movement.
During each in-person session, the jumping rope program
total duration, set duration, rest time, revolution count, and

the complexity of jumping task was modified based on the
participant’s individualized progress and logged.

The warm-up included walking for 5min, fast enough to
achieve an 11 on the 6–20 rate of perceived exertion scale (RPE).
Stretching was then performed for trunk flexors, trunk extensors,
trunk lateral flexors, hip flexors, hip extensors, hip internal and
external rotators, knee flexors and extensors, ankle plantarflexors,
and ankle dorsiflexors. Each stretch was performed one time
and held for 15 s. The participants then performed the jumping
rope intervention using a beaded jump rope (∼$10 USD;
BuyJumpRopes.net. Wenatchee, WA, USA). The participants
were instructed on the proper use and mechanics of jumping
the rope. The participants started with a 5-s bout of jumping
with a 10-s rest break for 10 sets. The program progression goal
was to achieve 15 s of jumping with a 30-s rest break for 15–20
sets. The session goal was to increase the number of times the
rope revolved during the 15-s jumping period. The jump roping
techniques used included: pre-traditional jumping (jumping over
a stationary rope), traditional jumping, scissor jumping, side
stradding, straddle cross, heel-toe, criss-cross, toe-touch, 360, can
can, and long-rope jumping.

Statistical Analysis
Statistical analysis was performed using SPSS version 26.0
(IBM Inc., Chicago, IL, USA). Due to the sample size and
non-normality of data, two-sided Wilcoxon signed-rank tests
were used to compare the differences between the baseline
and post-training for the BOT-2 subscale scaled scores and
composite standard scores, rate of activation of the muscles
(lateral gastrocnemius, tibialis anterior, vastus lateralis), the joint
torques (hip, knee, and ankle), and the jump height. For all
statistical analyses, the level of significance was set at an alpha
value of 0.05. Effect size (r) was calculated using the formula:
r = Z√

N
(26). Effect sizes were considered “small” if r ≥ 0.10,

“medium” if r ≥ 0.30, and “large” if r ≥ 0.60 (27).

RESULTS

The 10 participants (5 males; 5 females) had a median age
of 10 years (range: 6–14 years), and a median time from
completion of treatment 3.79 years (range 1.75–4.42 years). Of
the 10 participants successfully referred to and enrolled in this
study, 100% completed every scheduled session, including the
baseline and post-training assessments and the five training
sessions. Table 2 summarizes the elements of the jumping rope
intervention progression that were increased or decreased during
each of the in-person training sessions. Due to the COVID-19
pandemic, one child (participant 7) completed two of the five in-
person training sessions using a live synchronous telehealth video
conferencing format vs. coming to the research training facility.

TABLE 1 | Timeline of the intervention sessions.

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

In-person PT
√ √ √ √

——-
√

——-

Home-program
√ √ √ √ √ √ √ √ √ √ √ √ √
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TABLE 2 | In-person jumping rope training progression.

Participant Session 1 Session 2 Session 3 Session 4 Session 5

1 – ↑TD ↑SD, ↑C ↑SD ↑C

2 – ↑SD, ↑C ↑SD, ↑C ↑SD, ↑C ↑SD

3 – ↑SD, ↑C, ↑RC ↑SD, ↑C, ↑RC ↑SD, ↓RT ↑SD, ↑RC

4 – ↑SD, ↓C, ↑RC ↑SD, ↑C, ↑RC ↑SD, ↑C, ↑RC ↑RC

5 – ↑RC ↑RC ↓RC ↑RC

6 – ↑SD, ↑C, ↑RC ↑RC ↑SD, ↑C, ↑RC ↑RC

7 – ↑SD, ↑C, ↑RC ↑SD, ↑C, ↓RT, ↑RC ↑RC ↑SD, ↑C, ↑RC

8 – ↑TD, ↑SD ↑RC ↑C, ↑RC ↑SD, ↑C, ↑RC

9 – ↑TD, ↑SD, ↑RC ↑SD, ↑RC ↑SD, ↑C, ↑RC ↑RC

10 – ↓C, ↑RC ↑RC ↑SD, ↑RC ↑C

TD, total duration; SD, set duration; C, complexity; RT, rest time; RC, revolution count; ↑, increase; ↓, decrease.

In addition, part of this participant’s post-training assessment
was completed virtually, but the laboratory-based measures of
the countermovement jump and BOT-2 testing items requiring
the balance beam and distance running were not performed.
Therefore, complete data sets from nine participants were
analyzed for the rate of muscle activation, jump height, joint
torques, BOT-2 balance and running speed and agility subtests
scale scores, and BOT-2 body coordination and speed and agility
composite standard scores.

At the baseline assessment, seven ALL CCS presented with
below average or well-below average BOT-2 composite scores
of the body coordination and five of ALL CCS presented
with impaired strength and agility standard composite scores
(Table 3). ALL CCS demonstrated below average or well-below
average BOT-2 standard composite scores of body coordination
(n = 3), balance (n = 6), running speed and agility (n = 3),
and strength (n = 6) at the baseline assessment (Table 3). The
participants’ individual BOT-2 scaled and standard composite
scores at baseline and post-training assessments are reported in
Table 3. After training, ALL CSS improved body coordination
(mean change = 8.09; p < 0.001; r = 0.60; “large”), strength and
agility (mean change = 3.06; p = 0.039; r = 0.53; “medium”),
bilateral coordination (mean change = 3.60; p = 0.001; r =

0.63, “large”), running speed and agility (mean change = 1.60;
p = 0.015; r = 0.52; “medium”), and strength (mean change =
3.06; p = 0.037; r = 0.51; “medium”) (Table 3). Overall, ALL
CCS improved BOT-2 balance scaled scores; however, statistical
significance was not achieved (mean change = 3.06; p = 0.146; r
= 0.35; “medium”).

During the countermovement jump, there was a significant
increase in the rate of activation of the tibialis anterior (mean
change = 0.75; p = 0.008; r = 0.63; “large”) and vastus
lateralis muscles (mean change = 0.58; p = 0.038; r =

0.49; “medium”) post-training compared to baseline (Figure 1).
The rate of activation of the lateral gastrocnemius was not
statistically significantly different after training (mean change
= 0.47; p = 0.140; r = 0.35; “medium”). The joint torque
of the hip (mean change = 0.07; p = 0.038; r = 0.49;
“medium”) and ankle (mean change = 0.07; p = 0.008; r =

0.49; “medium”) significantly increased after training, along with
the jump height (mean change = 0.05; p = 0.008; r = 0.89;

“large”) (Figure 2). The knee joint torque did not significantly
increase after training (mean change = 0.07; p = 0.069;
r= 0.45; “medium”).

DISCUSSION

This targeted neuromuscular training program was feasible and
improved gross motor and neuromuscular performance in ALL
CCS post-training. In this study, these ALL CCS presented with
baseline below average or well-below average BOT-2 standard
composite scores of the body coordination (70%) and strength
and agility (50%). Post-training the proportion of participants
who performed below or well-below average decreased to 30%
for body coordination and 40% for strength and agility, thus
narrowing the gap in gross motor performance between these
ALL CCS and a large normative sample of children without
health conditions (22). Tanner & Hooke (8) reported similar
findings with gross motor deficits in a cohort of ALL CCS
and reported 47% and 73% of ALL CCS presented with body
coordination and strength and agility composite scores within
a healthy normative range, respectively (8). After this 6-week
training, the participants in our study demonstrated significant
improvements in gross motor performance, rate of tibialis
anterior and vastus lateralis muscle activation, hip and ankle joint
torque, and jump height. Previous randomized controlled trials
have explored the effects of home exercise programs, including
a standardized (28) and a progressive (29) flexibility, aerobic,
and resistance training in ALL CCS post-treatment. These
studies demonstrated improvements in gross motor performance
and physical impairments including increased lower-extremity
strength (28), decreased time to perform the Timed Up and Go
(TUG) test (28, 29), decreased time to perform the Timed Up and
Down Stairs (TUDS) test (28, 29), and increased distance on the
9-min run-walk test (28). However, Takken et al. (29, 30) found
that after a community-based training program, no significant
improvements were detected in hip, knee, ankle, or handgrip
strength or performance on the TUG and TUDS. All of these
interventions ranged from 12 weeks (28, 30) to 16 weeks (29).
Our 6-week training, including five one-on-one sessions, shows
that a shorter bout of targeted neuromuscular training using
jumping rope can yield significant improvements in gross motor
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TABLE 3 | Bruininks-Oserestrky test of motor proficiency, 2nd edition scores.

Scaled score Standard score

Bilateral coordination Balance Running speed and agility Strength Body coordination Strength and agility

Baseline Post-training Baseline Post-training Baseline Post-training Baseline Post-training Baseline Post-training Baseline Post-training

1 7 10 7 11 9 10 6 8 30 37 34 37

2 13 18 13 15 11 13 12 14 45 52 43 46

3 11 16 11 11 13 21 5 12 38 45 35 52

4 13 19 19 13 15 16 15 18 50 50 48 55

5 7 13 4 7 6 7 4 8 30 39 31 36

6 11 20 12 13 14 19 13 12 41 53 47 50

7 16 20 8 n/a 16 n/a 14 17 40 n/a 52 n/a

8 13 20 7 9 11 13 7 7 38 47 36 39

9 15 19 6 12 11 10 9 7 37 51 41 38

10 2 9 8 13 8 8 3 5 29 39 28 30

Mean 10.80 16.40* 9.50 11.56 11.40 13.00* 8.80 10.80* 37.80 45.89* 39.50 42.56*

SD 4.07 4.03 4.13 2.27 3.01 4.57 4.19 4.26 6.45 5.84 7.53 8.00

BA 20% 20% 50% 20% 30% 20% 30% 50% 40% 30% 40% 30%

WBA 10% 0% 10% 0% 0% 0% 30% 0% 30% 0% 10% 10%

Bold indicates score below average (BA); bold and underlined indicates score well-below average (WBA). n/a indicates not applicable.

*Indicates P < 0.05 for Wilcoxon signed-rank test between baseline and post-training.
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FIGURE 1 | The rate of activation of the lateral gastrocnemius (L Gast), tibialis Anterior (Tib Ant), and vastus lateralis (VL) muscles at baseline (gray bar) and

post-training (black bar). Expressed as the mean and standard error. *P < 0.05 for the Wilcoxon signed-rank test.

performance, neuromuscular activation, knee and ankle torque
during a functional task, and jump height post-training in ALL
CCS after completion of medical treatment.

We used specific targeted measurements to assess
neuromuscular activation, lower extremity joint torque,
and jump height during a countermovement jump in ALL
CCS post-treatment including EMG and a motion capture
system. These methods provide valuable information regarding
the underlying neuromuscular mechanisms and whole-
body movement that contribute to countermovement jump
performance. Similarly, Wright, Twose, and Gorter also utilized
EMG and motion capture to assess gait characteristics in ALL
CCS (4) also utilized EMG and motion capture to assess gait
characteristics in ALL CCS. In addition to impaired temporal-
spatial, kinematic, and kinetic characteristics of gait in ALL
CCS, the authors found gastrocnemius and tibialis anterior
muscles excessive co-activation and atypical timing of EMG
activation during the gait cycle (4). The use of EMG and
motion capture in our study allowed for increased sensitivity to
changes experienced by participants in response to the training.
Although laboratory-based measurements of lower extremity
joint torques during a jump and jump height in this study are
challenging to use clinically, previous studies have demonstrated

concurrent validity and reliability of 3D motion analysis with
clinically-available measurements of height using an iPhone
app in adults (31) and software paired with a traditional
commercial camera in children (32). Therefore, measurements
of jump height may be performed in clinical settings with
minimal equipment.

Despite many benefits of this study, including the sensitivity
of measurements and clinically-relevant outcome measures,
this quasi-experimental intervention study lacked a control
group; therefore, it is challenging to isolate the effects of
spontaneous gross motor and neuromuscular improvements.
Overall, ALL CCS improved gross motor and neuromuscular
performance with medium to large effect sizes, however the
small sample size may have led to type II error related to the
efficacy of the intervention on balance, rate of activation of
the lateral gastrocnemius, and knee joint torque. Due to the
small sample size of ALL CCS from a single metropolitan area,
caution should be practiced when generalizing these results. A
randomized control trial should be explored to elucidate the
effects of this training program further. Future studies should be
performed to further explore if longer duration of training can
provide additional benefit to improvements in gross motor and
neuromuscular performance.
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FIGURE 2 | The jump height (A) and peak joint torque of the hip (B), knee (C), and ankle (D) at baseline (gray bar) and post-training (black bar). Expressed as the

mean and standard error. *P < 0.05 for the Wilcoxon signed-rank test.

In conclusion, this feasible targeted neuromuscular training
using jumping rope can improve gross motor and neuromuscular
performance in ALL CCS post-medical treatment. The only
equipment needed to perform this training was a beaded jump
rope, which is a low-cost and long-lasting standard pediatric
item in clinics, homes, and schools. Therefore, this training
program has the potential to be easily implemented into current
practices. The neuromuscular performance and motion capture
methods used in this study are commonly used in research
settings to identify movement system impairments. Still, this
type of equipment is expensive and not readily available in
most pediatric clinics, however, provides additional support of
the efficiacy of this training program. However, in addition to
gross motor performance testing, a vertical jump height during
a counter movement jump can be measured and used as an
indicator of rehabilitation progress in clinical settings.
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Objectives: We aimed to compare cardiovascular disease (CVD) risk factors

in childhood cancer survivors (CCS) with age- and sex-stratified reference

material and examine the association between physical activity (PA) intensities

and CVD risk factors in CCS.

Materials and methods: Within the cross-sectional, multicenter Physical

Activity in Childhood Cancer Survivors (PACCS) study, we collected data on

CVD risk factors [VO2−peak (mL·kg−1
·min−1), body mass index (BMI, kg/m2),

systolic blood pressure (SBP, mmHg), and total-cholesterol/HDL-cholesterol

(Total/HDL)] among CCS aged 9–18 years. CVD risk factors were compared

to references with immediate t-tests. We transformed CVD risk factors into

z-scores based on international references and generated an individual CVD

risk score: [inverse ZVO2−peak + ZBMI + ZSBP + ZTotal/HDL)/4]. Multivariable

mixed linear regression models were used to analyze the associations

between device-measured PA intensities and CVD risk factors.

Results: We included 157 CCS aged on average 13.4 years at inclusion

and 8.2 years from diagnosis. Male CCS had lower VO2−peak compared to

references (45.4 vs. 49.4 mL·kg−1
·min−1, P = 0.001), higher diastolic BP (67 vs.

63 mmHg, P < 0.001), lower HDL (1.35 vs. 1.44 mmol/L, P = 0.012), as well as

a tendency to higher CVD risk score (z-score=0.14 vs. 0.00, P = .075). Female
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CCS’ CVD risk factors were comparable to references. Vigorous-intensity PA

(VPA) was associated with CVD risk factors. A 10-min increase in VPA was

associated with higher VO2−peak (β = 4.9, 95% CI, 2.1–7.7), lower Total/HDL

(β = −0.3, 95% CI, −0.6 to −0.1) and a lower CVD risk score (β = −0.4, 95%

CI, −0.6 to −0.2).

Conclusion: Male adolescent CCS had less favorable values of CVD risk

factors compared to references. VPA in adolescent CCS is associated with

clinically meaningful favorable values of CVD risk factors.

KEYWORDS

cardiovascular disease risk, cardiometabolic risk, physical activity, accelerometry,
childhood cancer survivors

Introduction

Due to major improvements in childhood cancer
management, 5-year survival rates have increased to > 80%
for children and adolescents diagnosed after the millennium
(1–3). However, survival comes at a cost; due to intensive
treatment during development and growth, childhood cancer
survivors (CCS) are at particularly high risk of developing
disease and treatment-related late effects that can interfere with
physical and mental health, social functioning, and quality of
life (4–6). Cardiovascular disease (CVD) risk factors, such as
low cardiorespiratory fitness (CRF), adiposity, and abnormal
glucose and lipid metabolism are important late effects among
CCS associated with premature mortality in adulthood (7).
Notably, CCS may face a sevenfold increased risk of cardiac
mortality 30 years after diagnosis compared to age- and
sex-matched references (8).

In children and adolescents with no history of cancer,
physical activity (PA) is favorably associated with single and
clustering of CVD risk factors (9–11). The same beneficial effects
of PA on CVD risk is seen among adult CCS, and is therefore
proposed as a strategy for secondary prevention and treatment
(12–14). However, the relationship between PA and CVD
risk in young CCS has not yet been thoroughly investigated,
and existing studies are limited by small sample sizes
and/or subjective measurement methods (15–21). Subjective
measurement methods, such as questionnaires, are prone
to measurement errors due to biases such as recognition-,
memory- and social desirability (22), and have shown to be
unreliable in pediatric populations (23). Existing studies suggest
that there is an association between PA and body composition in
adolescent CCS also. However, associations with other CVD risk
factors remain uncertain. The objectives of this study were thus
to compare CVD risk factors in adolescent CCS with age- and
sex-stratified references and examine the association between
device-measured PA intensities and CVD risk in adolescent

CCS. We hypothesized that higher volume and higher intensity
of PA are associated with a favorable CVD risk profile in CCS.

Materials and methods

Study design

This study is part of the international, cross-sectional,
multicenter study Physical Activity in Childhood Cancer
Survivors (PACCS) (24). The PACCS study consists of four
work packages (WPs). The current study is based on WP2,
which recruited CCS from WP1 from three study sites: Oslo
University Hospital, Norway; Haukeland University Hospital,
Norway; and University Children’s Hospital Basel, Switzerland.
Manuals of procedures were developed to ensure standardized
data collection across study sites. Participant recruitment
and data collection were performed from January 2019
to December 2020.

Participants

Childhood cancer survivors were recruited at their pediatric
out-patient clinics when visiting for scheduled follow-up
care. Inclusion criteria for the current study (WP2) were
participation in WP1, age between 9–18 years, ability to
perform a cardio-pulmonary exercise test (CPET), and cancer
treatment completed ≥ 1 year prior to recruitment. Participants
were excluded if they had language or cognitive difficulties,
or a CPET was considered not possible due to physical or
cognitive impairments.

We used reference values obtained by Stavnsbo et al. in
2018 as reference material (25). The material includes 5,084
females and 5,133 males aged 6–18 years and we used age- and
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sex-stratified reference values of the 9–18-year-olds (n = 5161–
9229 in females and n = 5214–9214 in males, depending on the
CVD risk factor).

Outcomes: Single cardiovascular
disease risk factors and cardiovascular
disease risk score

Cardiorespiratory fitness was measured as VO2-peak
(mL·kg−1

·min−1) by CPET. Gas exchange was determined by
breath-by-breath sampling, averaged over 30-s intervals,
through a breathing mask (Hans Rudolph Inc., 2700
series, Kansas City, MO, United States), and VO2-peak was
defined as the highest oxygen uptake during the test and was
standardized for body mass. Criteria for aborting the CPET were
decreasing systolic blood pressure (SBP) or multiple ventricular
extrasystoles during the test. The CPET equipment was volume-
and gas calibrated daily to ensure valid measurements, and
the tests were performed by a physiotherapist in Bergen
and exercise physiologists in Oslo and Basel according to
standardized procedures.

In Oslo and Bergen, the CPET was performed by walking
and running on a stationary treadmill (Rodby RL2700E, Vänge,
Sweden, in Oslo; and Woodway PPS 55 Med, Woodway GmbH,
Weil am Rhein, Germany, in Bergen). The breathing mask was
connected to a metabolic analyzer (Jaeger Oxycon Pro, Viasys
Healthcare GmbH, Hoechberg, Germany, in Oslo; and Jaeger
Vyntus CPX, Vyaire Medical GmbH, Hoechberg, Germany, in
Bergen). A modified Balke protocol for children was applied
(26). Initial workload after habituation to the treadmill was
3 km/h, 4 km/h, and additionally 4% inclination, respectively,
for the first 3 min. Thereafter, workload was increased every
minute by increasing speed by 1 km/h and inclination by
2% every other minute, respectively. The test was stopped
and considered maximal when the participant refused further
increase in workload or until subjective exhaustion.

In Basel, the Godfrey cycling protocol was performed using
an electronically braked ergometer (Ergoline 800; Pilger, St.
Gallen, Switzerland) and a Quark B2 metabolic cart (Cortex
MetaLyzer 3B, Leipzig, Germany). Work rate was increased
every minute by 15–20 W, depending on participant’s height and
physical fitness until the minimal cadence of 60 revolutions per
minute could not be maintained or subjective exhaustion (27).
The CPET protocol was different in Basel due to difference in
equipment availability.

Reference values of VO2-peak were also a combination
of treadmill and ergometer cycle tests, where a correction
factor of 1.05 was applied for children and adolescents who
performed their VO2-peak test on an ergometer cycle (28). In the
current study, VO2-peak values for participants from Basel were
adjusted accordingly.

Systolic and diastolic blood pressure (DBP, mmHg) were
measured with an electronic monitor in a seated position after a
5-min rest. Two measurements were performed, and the lowest
value was registered.

Body mass was measured non-fasted and in light clothing
to the nearest 0.1 kg by a digital scale. Height was measured
to the nearest 1 mm by a stadiometer. Body mass index (BMI,
kg/m2) was calculated.

Lipid metabolism was measured as cholesterol [Total-
c (mmol/L), high-density lipoprotein cholesterol (HDL-c,
mmol/L), ratio between Total-c and HDL-c (Total/HDL), and
low-density lipoprotein cholesterol (LDL-c, mmol/L)]. Blood
samples were collected in non-fasted state by venous sample
in Oslo and Bergen, and by venous or capillary sample in
Basel. Samples were analyzed by photometric methods at
medical laboratories.

We generated z-scores for all of the above-mentioned
single CVD risk factors based on the reference material and
followed their guideline published in their Supplementary
material (25). We first calculated age- and sex-specific
reference values based on the published intercepts and
beta-coefficients (25). Those reference values were then
used to create z-scores based on the following formula:
z-score = (meanccs–meanreference)/SDreference. Stavnsbo et al.
suggest using (natural) log-transformed values of BMI and
Total/HDL to calculate the age- and sex-specific reference
values, we thus log-transformed those two variables in our
material accordingly. The resulting z-scores were then back-
transformed to the original unit of 1 SD for meaningful
interpretation (29).

Finally, we calculated a mean continuous CVD risk
score = (inverseZVO2-peak + ZBMI + ZSBP + ZTotal/HDL)/4. The
CVD risk score was set to missing for participants with < 3
CVD risk factors (n = 1), and were thus omitted from analyses
concerning CVD risk score. We calculated a CVD risk score as
multiple CVD risk factors have shown to exert a synergetic effect
on morbidity and mortality from CVD in later life, as compared
to single risk factors (30, 31).

Exposure: Physical activity intensities

A hip-worn accelerometer (ActiGraph GT3X-BT, Pensacola,
FL, United States) was used to measure PA. Participants
were instructed to wear the monitor for 8 consecutive days
and to remove the monitor only for sleep and water-based
activities. The accelerometers were initialized at a sampling rate
of 30 Hz, and raw files were analyzed at 10-s epoch using
the KineSoft analytical software version 3.3.80 (Loughborough,
United Kingdom), restricted to hours between 06:00–23:59.
Non-wear time was defined as periods of ≥ 20 consecutive
minutes of zero counts. Minimum wear time of 8 h/day was
required for a valid day, and ≥ 3 valid days were required
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for a person to be included in the analyses (Supplementary
Figure 1). PA in the number of the participant’s valid days
was averaged to represent their daily PA. Cut-points derived
from counts per minute (cpm) were used to categorize
the accelerometry data into light-intensity PA (LPA, 100–
1999 cpm), moderate-intensity PA (MPA, 2000–5999 cpm),
vigorous-intensity PA (VPA, ≥ 6000 cpm), and moderate-to-
vigorous-intensity PA (MVPA, ≥ 2000 cpm), respectively (32–
34).

Covariates: Age, sex, puberty stage,
parental education, and cancer-related
characteristics

Puberty stage was determined by the self-reported Pubertal
Development Scale questionnaire assessing indices of pubic
hair, voice, and facial hair in males; and pubic hair, breast
development, and menstruation in females (35). Participants
were categorized as pre-pubertal if the participant reported
the lowest category for all indices, post-pubertal if the
participant reported the highest category for all indices,
whereas the remaining participants were categorized as
pubertal. Conversion of the original continuous Pubertal
Development Scale into a 3-point ordinal scale is shown to
be a reliable and valid tool in the pediatric population (36),
albeit we are not aware of any validation studies performed
in adolescent CCS.

Six categories for parent-reported parental education were
collapsed into three categories: (1) 9–10 years; (2) 11–13 years;
and (3) > 13 years.

Cancer diagnosis, and a limited number of available key
factors from cancer treatment, that were available in conjunction
with recruitment of participants, were extracted from medical
records: cumulative anthracycline dose (Doxorubicin isotoxic
equivalent dose, mg/m2) (37), cumulative radiation dose
(Gy), and high-dose steroids (yes/no) as part of the cancer
treatment protocol. Age at diagnosis and time since diagnosis
were calculated.

Statistical analyses

Characteristics of participants are expressed as mean ± SD
or frequency (proportion), overall and stratified by sex.
Comparisons between male and female CCS were made by
Welch’s t-test for unequal variances for continuous variables,
and by Chi square tests for categorical variables.

Comparison of CVD risk factors between CCS and
references was performed using immediate t-tests with unequal
variances. Associations between PA intensities and CVD risk
factors were assessed using mixed effects linear regression
models with study site as random intercept to account for

clusters in the data. To adjust for potential confounding,
we added covariates to the model (fixed effects) based
on a directed acyclic graph drawn in Dagitty version 3.01

(38) (Supplementary Figure 2). The following “minimal
sufficient adjustment set” was identified: age, sex, puberty stage,
parental education, age at diagnosis, time since diagnosis, and
cancer treatment.

In the crude model, we adjusted only for the cluster
variable study site (Model 1). In multivariable models, we
additionally adjusted for age, sex, puberty stage and parental
education (Model 2), and cancer-related variables (age at
diagnosis, cumulative anthracycline dose, cumulative radiation
dose, high-dose steroid treatment; Model 3). Time since
diagnosis was omitted in Model 3 due to collinearity with
age and age at diagnosis. We performed likelihood-ratio tests
(LRT) to compare Model 2 and 3 in order to investigate
influence of cancer-related characteristics on the PA-CVD
risk factor associations. To compare models with LRT, n
needs to be identical. Thus, missing parental education
was defined as own category in the model and missing
information on anthracycline dose (n = 9) and radiation
dose (n = 1) was set to zero, avoiding loosing participants
in analyses due to missing information on covariates. All
P-values were two-sided, and we considered P-values ≤ 0.05
as statistically significant. Analyses were conducted using Stata
statistical software release 16.0 (StataCorp LP, College Station,
TX, United States).

Ethics

Physical Activity in Childhood Cancer Survivors WP2 was
approved by the Norwegian Regional Committee for Medical
Research Ethics (project ID 2018/739), the Data protection
Officer at Oslo University Hospital, and the Ethics Committee
of North-Western and Central Switzerland (project ID 2019-
00410). Written informed consent to participate in the current
study was collected from all participants/parents.

Results

Study population

Of the 267 eligible invited CCS, 157 (59%) agreed to
participate in the study and were included in descriptive
analyses; 137 (51%) participants were included in the regression
models (Figure 1).

The participants were on average 13.4 years old at inclusion
and 8.2 years from diagnosis (Table 1). Half of the participants

1 www.dagitty.net
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FIGURE 1

Flow chart of the inclusion process in PACCS WP2.

were survivors of leukemia, 78% had received anthracyclines,
29% had received radiotherapy, and 57% had received high-
dose steroid treatment as part of their cancer treatment
protocol. Females and males were comparable with respect
to demographic and cancer-related characteristics, except
borderline differences in distribution of puberty stage (18, 73,
and 10% of the females were pre-pubertal, pubertal, and post-
pubertal, respectively, whereas 27, 70, and 2% of the males
were pre-pubertal, pubertal, and post-pubertal, respectively,
Ptrend = 0.077) and proportion experiencing relapse (4% in
females vs. 12% in males, P = 0.077).

Basic characteristics were not significantly different between
participants and non-participants in WP2 (Supplementary
Tables 1, 2), though there was a tendency that fewer participants
had experienced relapse compared to non-participants (9 vs.
17%, P = 0.10), and female participants were slightly younger
than female non-participants (12.1 vs. 12.9 years, P = 0.11).

Cardiovascular disease risk factors

Male CCS had lower VO2-peak compared to references [45.4
vs. 49.4 mL·kg−1

·min−1, P = 0.001 (Table 2)], as well as higher
DBP (67 vs. 63 mmHg, P < 0.001) and lower HDL-c (1.35 vs.
1.44 mmol/L, P = 0.012). There were no differences between
female CCS and references in any of the CVD risk factors.

Males had a z-score of −0.52 (95% CI, −0.82, −0.22,
P = 0.001) for VO2-peak and 0.14 (95% CI, −0.01, 0.30, P = 0.075)
for the CVD risk score (Figure 2). Females had a z-score of
−0.16 (95% CI, −0.45, 0.12, P = 0.26) for VO2-peak and 0.02
(95% CI, −0.14, 0.18, P = 0.81) for the CVD risk score.

TABLE 1 Demographic and cancer-related characteristics in
adolescent CCS, overall and stratified by sex.

All
(n = 157)

Females
(n = 73)

Males
(n = 84)

P

Demographic characteristics

Age at study, years 13.4 ± 2.5 13.2 ± 2.7 13.5 ± 2.4 0.53

Puberty stage 0.077

Pre-pubertal 36 (23) 13 (18) 23 (27)

Pubertal 112 (71) 53 (73) 59 (70)

Post-pubertal 9 (6) 7 (10) 2 (2)

Caucasian ethnicity 146 (93) 68 (93) 78 (93) 0.28

Parental educationa 0.40

Primary school 6 (6) 3 (8) 3 (5)

High school 32 (34) 9 (25) 23 (39)

University or college 57 (60) 24 (67) 33 (56)

Cancer-related characteristics

Age at diagnosis, years 5.2 ± 3.4 5.4 ± 3.3 5.1 ± 3.4 0.59

Time since diagnosis,
years

8.2 ± 3.6 7.9 ± 3.5 8.4 ± 3.6 0.34

Diagnoses (ICCC-3) 0.25

I Leukemias 78 (50) 39 (53) 39 (46)

II Lymphoma 16 (10) 4 (5) 12 (14)

III CNS tumors 18 (11) 7 (10) 11 (13)

IV–XII other tumors 45 (29) 23 (32) 22 (26)

Relapse 13 (8) 3 (4) 10 (12) 0.077

Anthracyclines 121 (78) 57 (79) 64 (77) 0.85

Cumulative dose
(mg/m2) (31),b (range)

161 ± 90
(45–450)

161 ± 91
(80–450)

161 ± 89
(45–410)

0.82

Radiotherapy 45 (29) 21 (29) 24 (29) 0.98

Cumulative dose (Gy)
(range)c

33 ± 18
(12–70)

34 ± 20
(12–70)

32 ± 16
(12–54)

0.98

High-dose steroidsd 90 (57) 42 (58) 48 (57) 0.96

Continuous variables are displayed as mean and standard deviation, categorical variables
as frequency and proportion. There are no missing values besides the ones stated in the
footnote below. CCS, childhood cancer survivors; CNS, central nervous system; CVD,
cardiovascular disease; ICCC-3, International Classification of Childhood Cancer –
third edition.
aMissing information on parental education for 62 participants.
bMissing cumulative anthracycline dose for nine participants.
cMissing cumulative radiation dose for one participant.
dAs part of cancer treatment protocol (yes/no).

Physical activity

In this substudy of PACCS, participants wore their
accelerometer, on average, 13 h/day for 6 days. Participants
engaged on average in 60 ± 28 min of MVPA/day (Table 3).

Associations between physical activity
and cardiovascular disease risk factors

The fully adjusted model (Model 3) showed that all PA
intensities were associated with VO2-peak, and the coefficients
increased in size with higher intensity PA (Table 4). A 10-min
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TABLE 2 Comparison of single CVD risk factors in CCS vs. references, stratified by sex.

Females Males

CVD risk factors CCS
(n = 73)a

References (25)
(n = 5161)b

P-value CCS
(n = 84)a

References (25)
(n = 5214)b

P-value

VO2-peak (mL·kg−1
·min−1) 40.1 ± 7.8 41.1 ± 6.6 0.25 45.4 ± 10.8 49.4 ± 7.7 0.001

BMI (kg/m2) 19.9 ± 3.8 20.0 ± 4.1 0.79 19.8 ± 3.6 20.0 ± 4.0 0.74

ln BMI 2.98 ± 0.18 2.98 ± 0.18 0.99 2.97 ± 0.17 2.97 ± 0.17 0.94

SBP (mmHg) 104 ± 10 105 ± 9 0.55 109 ± 9 109 ± 9 0.75

DBP (mmHg) 63 ± 9 63 ± 8 0.83 67 ± 9 63 ± 8 < 0.001

Total-c (mmol/L) 4.2 ± 0.8 4.3 ± 0.7 0.64 4.0 ± 0.8 4.1 ± 0.7 0.73

HDL-c (mmol/L) 1.47 ± 0.29 1.50 ± 0.32 0.30 1.35 ± 0.30 1.44 ± 0.32 0.012

Total/HDL 3.0 ± 0.8 3.0 ± 0.8 0.75 3.1 ± 0.9 3.0 ± 0.8 0.16

ln Total/HDL 1.06 ± 0.23 1.05 ± 0.24 0.64 1.10 ± 0.28 1.06 ± 0.25 0.15

LDL-c (mmol/L) 2.5 ± 0.8 2.4 ± 0.7 0.058 2.4 ± 0.7 2.2 ± 0.6 0.14

Variables are displayed as mean and standard deviation. BMI, body mass index; CCS, childhood cancer survivors; CVD, cardiovascular disease; DBP, diastolic blood pressure;
HDL-c, high-density lipoprotein-cholesterol; LDL-c, low-density lipoprotein-cholesterol; ln, natural logarithm; SBP, systolic blood pressure; Total-c, total-cholesterol; VO2-peak, peak
oxygen consumption.
aCVD risk factors varied from n = 72–73 in female CCS and n = 77–84 in male CCS.
bCVD risk factors varied from n = 5161–9229 in female references and n = 5214–9214 in male references.

FIGURE 2

Mean Z-scores with 95% CI for single CVD risk factors and the CVD risk score, stratified by sex. BMI, body mass index (kg/m2); CVD,
cardiovascular disease; SBP, systolic blood pressure; Total/HDL, total-cholesterol/HDL-cholesterol; VO2-peak, peak oxygen consumption.
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increase in LPA, MPA, and VPA was associated with a higher
VO2-peak of 0.5 (95% CI, 0.1–0.8, P = 0.008), 1.0 (95% CI,
0.4–1.6, P = 0.001), and 4.9 mL·kg−1

·min−1 (95% CI, 2.1–7.7,
P = 0.001), respectively. Adding cancer-related variables to the
model assessing the association between LPA and VO2-peak did
not alter the strength of the association. However, including
cancer-related variables to the model resulted in a significantly
better model fit (PLRT comparing models = 0.002). Including
cancer-related variables reduced the strength of the association
between MPA and VO2-peak from 1.3 to 1.0 mL·kg−1

·min−1;
and from 5.6 to 4.9 mL·kg−1

·min−1 for the association between
VPA and VO2-peak (PLRT comparing models = 0.011 and 0.004
for MPA and VPA, respectively).

Both MPA and VPA were associated with lower Total/HDL
(−0.1, 95% CI, −0.1 to −0.0, P = 0.022; and −0.3, 95% CI,
−0.6 to −0.1, P = 0.016, respectively), and MPA was additionally
associated with lower SBP (-0.9 mmHg, 95% CI, −1.5 to −0.3,
P = 0.005). Adding cancer-related variables to the model did not
affect the association between PA intensities and Total/HDL or
SBP. None of the PA intensities were associated with BMI and
including cancer-related variables in the model did not affect
the associations.

Also, MPA and VPA were associated with the CVD risk
score. A 10-min increase in MPA and VPA were associated
with a lower CVD risk score of −0.1 (95% CI, −0.1 to −0.0,
P < 0.001), and −0.4 (95% CI, −0.6 to −0.2, P = 0.001),
respectively. Adding cancer-related variables to the model
did not affect the association between PA intensities and
the CVD risk score.

Discussion

Main findings

We found that male adolescent CCS had lower VO2-peak
and HDL-c, and higher DBP and CVD risk score compared to
references, in contrast to female adolescent CCS where all CVD
risk factors were comparable to references. To our knowledge,

TABLE 3 Physical activity intensities in adolescent CCS, overall and
stratified by sex.

All (n = 137) Females (n = 63) Males (n = 74)

Physical activity

LPA (min/day) 175 ± 49 172 ± 41 177 ± 55

MPA (min/day) 55 ± 25 52 ± 20 57 ± 29

VPA (min/day) 5 ± 5 5 ± 5 5 ± 5

MVPA (min/day) 60 ± 28 57 ± 23 62 ± 32

Variables are displayed as mean and standard deviation. CCS, childhood cancer
survivors; LPA, low-intensity physical activity; MPA, moderate-intensity physical
activity; MVPA, moderate-to-vigorous-intensity physical activity; PA, physical activity;
VPA, vigorous-intensity physical activity.

this is the first study examining the association between device-
measured PA and CVD risk factors in adolescent CCS. We
found that PA was associated with single CVD risk factors and
the CVD risk score.

Comparison to other studies

Cardiorespiratory fitness
With respect to the single CVD risk factors, we found that

PA at any intensity was positively associated with VO2-peak, and
higher intensity PA was inversely associated with Total/HDL.
MPA was additionally inversely associated with SBP. Our results
are in line with a previous study by Jarvela et al. showing a
positive association between self-reported PA and VO2-peak in
young adult survivors of acute lymphoblastic leukemia (15).

Adiposity
Our results conflict with previous studies by Slater et al.

showing inverse associations between self-reported PA and
adiposity in adolescent and young adult CCS (18, 19).
These studies used waist circumference, body fat percentage,
subcutaneous and visceral adipose tissue as measures of
adiposity, and PA was assessed by questionnaire, which might
explain the differences in results. This claim is supported
by two other studies in CCS: Tonorezos et al. found an
inverse association between device-measured PA and body fat
percentage, but not with BMI, in young adult CCS (21); Jarvela
et al. found that an increase in PA led to reduced adiposity,
measured as waist circumference, waist-to-hip ratio, and body
fat percentage, but not with BMI (15). Thus, BMI does not seem
like an appropriate measure of adiposity in CCS to detect a
potential association with PA. BMI does not distinguish between
fat mass and fat-free mass, and studies in CCS have shown that
despite having similar BMI z-score as healthy controls, they have
deficits in fat-free mass and excesses of fat mass (39).

Blood pressure and lipid metabolism
Jarvela et al. additionally found that an increase in PA

resulted in lower SBP and higher HDL-c (15). Our results
are in line with these findings. We did not look at the
association between measures of PA and HDL-c separately.
However, we found an inverse association between PA and ratio
of Total/HDL, which might be explained by higher HDL-c.
Other cross-sectional studies in CCS have failed to detect these
associations (18, 19, 21). This might be due to methodological
differences in measuring PA.

Influence of cancer treatment on the
association between physical activity and
cardiovascular disease risk factors

A recent study by Schindera et al. found a strong
association between CRF and CVD risk factors in young adult
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TABLE 4 Associations between 10-min increase in PA intensities and CVD risk factors in adolescent CCS.

10 min LPA (n = 137) 10 min MPA (n = 137) 10 min VPA (n = 137)

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

β -coefficients with 95% CIs

VO2-peak

(mL·kg−1
·min−1)a

0.4
(0.0 to 0.7)

0.5
(0.1 to 0.8)

0.5
(0.1 to 0.8)

1.2
(0.6 to 1.8)

1.3
(0.7 to 1.9)

1.0
(0.4 to 1.6)

5.5
(2.5 to 8.6)

5.6
(2.6 to 8.5)

4.9
(2.1 to 7.7)

BMI (kg/m2) −0.2
(−0.3 to −0.1)

−0.1
(−0.2 to 0.1)

−0.0
(−0.2 to 0.1)

−0.3
(−0.5 to −0.0)

−0.1
(−0.3 to 0.1)

−0.1
(−0.3 to 0.2)

−1.1
(−2.3 to 0.2)

−0.8
(−2.0 to 0.3)

−0.8
(−2.0 to 0.3)

SBP (mmHg)a
−0.5

(−0.8 to −0.1)
−0.1

(−0.5 to 0.3)
−0.1

(−0.5 to 0.2)
−1.0

(−1.6 to −0.3)
−0.8

(−1.4 to −0.2)
−0.9

(−1.5 to −0.3)
−2.2

(−5.7 to 1.2)
−1.8

(−5.0 to 1.3)
−2.0

(−5.1 to 1.2)

Total/HDLb
−0.0

(−0.1 to 0.0)
−0.0

(−0.0 to 0.0)
−0.0

(−0.0 to 0.0)
−0.1

(−0.1 to −0.0)
−0.1

(−0.1 to −0.0)
−0.1

(−0.1 to −0.0)
−0.4

(−0.7 to −0.1)
−0.3

(−0.6 to −0.1)
−0.3

(−0.6 to −0.1)

CVD risk scorec
−0.0

(−0.0 to 0.0)
−0.0

(−0.1 to 0.0)
−0.0

(−0.1 to 0.0)
−0.1

(−0.1 to −0.0)
−0.1

(−0.1 to −0.0)
−0.1

(−0.1 to −0.0)
−0.4

(−0.6 to −0.1)
−0.4

(−0.6 to −0.2)
−0.4

(−0.6 to −0.2)

BMI, body mass index; CCS, childhood cancer survivors; CVD, cardiovascular disease; LPA, low-intensity physical activity; MPA, moderate-intensity physical activity; PA, physical
activity; SBP, systolic blood pressure; Total/HDL, ratio of total-cholesterol and high-density lipoprotein-cholesterol; VO2-peak: peak oxygen consumption; VPA, vigorous-intensity
physical activity. Adjustments: Model 1 is adjusted for site; Model 2 is additionally adjusted for age, sex, puberty stage, and parental education; Model 3 is additionally adjusted for
age at diagnosis, cumulative anthracycline dose, radiation dose, and high-dose steroid treatment (yes/no).
aMissing information on VO2-peak (unknown reason) and SBP in two participants.
bMissing information on Total/HDL in six participants.
cCVD risk score was set to missing for one participant due to < 3 CVD risk factors.

CCS (40). They report that the associations did not change
noticeably when adjusting the analyses for cancer treatment.
They suggested that survivors may have modified their CVD
risk through CRF. Our statistical models were similar, where
we compared the associations with- and without including
treatment variables as confounders. We found that cancer-
related variables reduced the strength of the association between
PA and VO2−peak, which might indicate that CCS have smaller
increase in VO2-peak in response to PA than adolescents with
no history of cancer. Some potential mechanisms induced by
cancer treatment, may be that cardiovascular diseases limit
performance during exercise through impairments in systolic
and diastolic function, or heart rate response; pulmonary
limitations may cause impairments in ventilation and gas
exchange; and arterial stiffness and endothelial dysfunction may
limit the vascular system (41). We found no impact of cancer-
related variables on the association between PA and the other
CVD risk factors, suggesting that PA is associated with SBP and
Total/HDL independently of former cancer treatment.

Strengths and limitations

The strengths of this study are the inclusion of adolescent
CCS, and the use of reliable and valid measurement methods,
including device-measured PA and directly measured VO2-peak.
We also had access to some key cancer-related characteristics,
enabling us to adjust for them in the analyses. Moreover, we
recruited participants with a history of various childhood cancer
diagnoses. Most previous studies have included participants
with a history of acute lymphoblastic leukemia, only. This study

has also limitations to be considered. Our analyses assume
directional associations, however, associations of cross-sectional
data have no real direction. We were thus unable to draw any
causal inference due to the cross-sectional design. We did not
have fasted blood sample values as the references did. However,
Total-c and HDL-c are mainly unaffected by fasted state (42).
Moreover, the use of BMI as a measure of adiposity might have
reduced the possibility to find an association between PA and
adiposity. Self-reporting of puberty stage might be prone to bias,
however, a recent study found substantial agreement between
Pubertal Development Scale and Tanner stage when each scale
was combined into three categories (36), as we did. We failed in
finding reference material for HbA1c, and we were thus unable
to compare a measure of glucose metabolism, which is a central
CVD risk factor, in CCS to references. Lastly, the relatively
low inclusion rate (59%) might reflect that an invitation to
participate in a study with physical performance testing might
appeal more to those who are regularly physically active and
may thus have led to selection bias. Even though of no statistical
difference, our analysis of non-participants showed that those
who had experienced relapse, and females of higher age, were
less likely to participate in the current study (WP2).

Conclusion

We found that male adolescent CCS had less favorable
values of CVD risk factors compared to references. Moreover,
we found higher levels of PA to be associated with a more
favorable CVD risk profile in adolescent CCS. This highlights
the need to encourage and help adolescent CCS to increase or
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maintain their PA level. Whether higher CVD risk is due to
lower PA level is yet to be determined. Randomized controlled
trials or cohort studies are needed to explore whether increased
PA can reduce CVD risk in adolescent CCS.
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Background: Improved survival rates for children with solid tumors presents an

ongoing challenge of how to maximize quality of survivorship and e�ectively

manage the short- and long-term complications of disease and treatment.

To gain an understanding of the extent and nature of research pertaining to

therapeutic exercise interventions and identify knowledge gaps, we conducted

a scoping review of exercise training studies conducted in pediatric survivors

of brain cancer and other solid tumors.

Method: A systematic literature search was performed across four electronic

databases. Papers were selected for full-text review if they included

participants treated for brain cancer or other solid tumors, with at least 50%

of participants aged ≤21 years, evaluated an exercise intervention ≥2-weeks

in duration, and were published in an English, peer-reviewed journal. We

included the following quantitative study designs; randomized controlled trials,

non-randomized trials, and single-arm pre-test-post-test.

Results: Of the 7,482 citations identified, 17 papers met the inclusion criteria

(presenting findings from eleven studies). Two studies were randomized

controlled trials, five studies were non-randomized controlled trials, and four

studieswere a single-armpre-test post-test design. Average age of participants

ranged from 7.3–15.5 years, and time since diagnosis ranged from 3 to

70 months. Five studies included participants with brain tumors exclusively,

three studies included other solid tumors, and three studies included a mixed

sample (brain and other solid tumors). A wide range of exercise modalities

were employed, including cycle ergometry, resistance training, sport, yoga,

and active gaming. The length of the exercise program ranged from 3–40

weeks and frequency from 3–11 sessions per week. Exercise session duration

ranged from 15–180min, with most studies reporting 30–90-min sessions.

Frontiers in Pediatrics 01 frontiersin.org

48

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://doi.org/10.3389/fped.2022.979292
http://crossmark.crossref.org/dialog/?doi=10.3389/fped.2022.979292&domain=pdf&date_stamp=2022-09-16
mailto:s.trost@uq.edu.au
https://doi.org/10.3389/fped.2022.979292
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fped.2022.979292/full
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org


Kohler et al. 10.3389/fped.2022.979292

Adherence ranged from 77 to 100%, with none of the studies reporting adverse

events. Studies reported improvements in cardiorespiratory fitness, functional

strength, physical activity, and quality of life.

Conclusions: A small number of mostly low methodological quality studies

have examined the e�ects of therapeutic exercise in pediatric survivors of solid

tumors. Although limited, the extant literature supports the feasibility and safety

of therapeutic exercise interventions for pediatric survivors of brain cancer and

other solid tumors.
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children, pediatrics, oncology, solid tumor, physical activity, therapy, survivorship

Introduction

Solid tumors account for approximately 40–60% of cancer

diagnoses in children and adolescents (aged 0–21 years)

worldwide (1–3). Solid tumor types include tumors of the

central nervous system, neuroblastomas, Wilms tumor, Ewing’s

tumor, rhabdomyosarcoma, soft tissue sarcomas, germ cell

tumor and melanomas, and unlike adult cancers, childhood

cancers are characterized by their cell of origin, not by

their location (4). With advances in surgical intervention,

radiotherapy, chemotherapy, and stem cell transplantation, the

survival rates of children with solid tumors have increased

dramatically over the past several decades, with the current

overall 5-year survival rates ranging from 74 to 99% (2,

3). Improved survival rates present an ongoing challenge in

survivorship of how to effectively manage the short- and long-

term complications acquired from the disease and treatment.

Further, the prevention of disabling secondary chronic health

conditions, such as cardiovascular disease, metabolic disorders

and secondary malignancies is an important factor of care

post treatment. In this review, a “survivor” is considered any

individual diagnosed and treated for cancer (5).

Pediatric survivors of solid tumors experience a myriad

of short- and long-term complications following treatment,

as well as late effects following treatment. Common late

effects include reduced strength, poor cardiorespiratory fitness,

increased fatigue, lowered executive function, and increased

pain, consequently making home, school, and recreation

activities more challenging (6–11). Quality of life in survivorship

is a major concern for patients, families, and clinicians, with

survivors of childhood solid tumors reporting a more severe

impact of cancer and treatment into adulthood, compared

to other cancers (12, 13). With more children than ever

surviving solid tumors and living with late effects from the

disease and its treatment, there is an urgent need for effective

therapies to improve patient outcomes. Physical activity is

beneficial for outcomes in both healthy and disease-burdened

populations (14). Previous reviews have summarized the

research literature on exercise training for mixed pediatric

cancer diagnoses (15–18), the combination of adolescent and

young adult cancer groups (19, 20), and exercise interventions

during the treatment phase (21–23). The results indicate that

therapeutic exercise training of sufficient frequency, intensity,

and duration can improve cardiorespiratory fitness, muscular

strength, fatigue and cognitive functioning (15–17). Additional

benefits include improved immune function, reduced days of

hospitalization and reduced risk of infection (22). However, the

bulk of studies included in these reviews have been conducted

in survivors of blood cancers and there is a dearth of research

evidence on the efficacy of therapeutic exercise training among

pediatric survivors of solid tumors (16, 24). Children with solid

tumors differ in their clinical presentation, can receive more

intensive treatment combinations of surgery, radiotherapy, and

chemotherapy, and thus are likely to respond differently to

therapeutic exercise (25–27). To gain a better understanding

of the extent and nature of research pertaining to therapeutic

exercise programs we conducted a scoping review of exercise

training studies conducted in pediatric survivors of brain cancer

and other solid tumors.

Methods

Search strategy

A systematic literature search was performed across

four electronic databases: Embase, CINAHL, PubMed and

Scopus in June 2020, and updated in April 2022. Search

terms were developed in consultation with a librarian

and based on previously conducted systematic reviews

(18, 20, 28). Search terms were deliberately kept broad

to ensure the full scope of the research was identified.

No limits on publication date were applied. The search

strategy contained four key topics: (1) pediatrics and

adolescents, (2) solid tumors, (3) physical activity or

exercise, and (4) study design (e.g., randomized controlled

trials). Details of the search strategies can be found in
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the Supplementary material 1. The review is reported in

accordance with the Preferred Reporting Items for Systematic

reviews and Meta-Analyses extension for Scoping Reviews

(PRISMA-ScR) (29).

Inclusion and exclusion criteria

Papers were selected for full text review based on the

following criteria: (1) included participants were treated for a

solid tumor including tumors of the central nervous system,

neuroblastomas, retinoblastomas, renal tumors, hepatic tumors,

malignant bone tumors, soft tissue sarcomas, germ cell tumor

and/or melanomas; (2) results were reported separately for solid

tumors where studies included blood cancers; (3) at least 50%

of participants were aged ≤21 years; (4) evaluated the effects

of a physical activity or exercise intervention with a minimum

duration of 2 weeks; and (5) published in an English-language,

peer-reviewed journal. Papers were excluded if they evaluated

an exercise program which was delivered in combination with

other therapies (e.g., cognitive behavioral therapy, diet, and

nutrition interventions) or if the record was a conference

abstract, unpublished theses, commentary, newsletter, protocol,

or case study.

Selection of included papers

Search results were exported into EndNote (Version X9),

duplicates were removed, and citations (title and abstract)

uploaded to online systematic review software (Covidence).

Each citation was screened against the inclusion and exclusion

criteria by at least two independent reviewers (BK, and either

EB or CS) in two stages: (1) title and abstract screening and

(2) full-text screening. Discrepancies were resolved by a third

reviewer (EB or CS). In addition, a hand search of references lists

of included papers was undertaken.

Data extraction

A data extraction table was developed by all authors to

collate relevant information about the study design, sample

size, tumor type(s), exercise training (location, supervision,

frequency, intensity, duration and modes), and reported

outcomes. Data extraction for one paper were completed

collectively by all authors before one author (BK) completed data

extraction for all remaining studies. Methodological quality was

assessed independently by two authors (BK, and either EB or

CS) using the Physiotherapy Evidence Database Scale (PEDro)

(30). Any discrepancies were resolved through consensus. Scores

of < 4 were considered “poor”, 4 to 5 were considered “fair”,

6 to 8 were considered “good” and 9 to 10 were considered

“excellent” (31).

Results

Search results

After removal of duplicates, the search identified a total

of 7,482 papers. Following title and abstract screening, 212

were selected for full-text review. Of this number, 17 papers

presenting findings from 11 studies met the eligibility criteria

and were included for data extraction (see Figure 1).

Study characteristics

Supplementary material 2 provides a detailed summary of

the 17 papers. All papers were published between 2014 and 2021.

Five of the eleven studies were conducted in North America

(32–39), five conducted in Europe (40–47), and one conducted

in Asia (48). Two studies were randomized controlled trials

(40–42, 47), five studies were non-randomized trials with a

control condition (32–36, 39, 45, 46), and four studies were

single-arm pre-test post-test studies (37, 38, 43, 44, 48). Five

studies conducted assessments immediately post-intervention

only (37, 38, 44, 46, 48), five studies conducted follow-ups

at 2–6-months post-intervention (32–36, 39–42, 47), and one

study conducted follow-up assessments at 12-months post-

intervention (43, 45). In single-arm pre-test post-test studies,

the sample size ranged between nine (38) and 88 participants

(44). In studies with a control group, total sample size ranged

between 13 (41, 42) and 57 (39), with control group sample

sizes ranging between seven (41, 42) and 35 (32). The average

participant age ranged from 7.3 years (38) to 15.5 years (45).

Time since diagnosis ranged from 3 months (45) to 70 months

(33–36). Five studies included participants with brain cancer

exclusively (33–38, 41, 42, 48), three studies included other solid

tumors (32, 39, 40, 47), and three studies included mixed sample

with brain cancer and other solid tumors (43–46). Specific tumor

types included astrocytoma, medulloblastoma, ependymoma,

juvenile pilocytic astrocytoma, craniopharyngioma, germ cell

tumor, retinoblastoma, choroid plexus carcinoma, glioma,

osteosarcoma, Ewing’s sarcoma, chondroblastoma, soft tissue

sarcomas, neuroblastoma, and Wilms tumor. Based on the

PEDro scoring, four papers were rated as “poor” (37, 39, 43, 44),

eight papers as “fair” (33–36, 38, 45, 46, 48), four papers as

“good” (32, 41, 42, 47), and one paper as “excellent” (40).

Exercise interventions

Five studies evaluated exercise programs post-treatment

(33–38, 41–44) and six studies evaluated exercise programs
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FIGURE 1

Flow chart of included and excluded papers.

during treatment (32, 39, 40, 45–48). Six studies examined

the effects of a hospital inpatient program (39, 40, 43–48),

two examined combined outpatient and home-based programs

(33–36, 38), two examined home-based programs (37, 41, 42),

and one study examined the effects of a combined hospital

inpatient and outpatient program (32). Nine studies evaluated

individual exercise programs delivered one-on-one (32, 37–42,

45–48), with the remaining two studies evaluating programs that

combined individual and group-based exercise (33–36, 43, 44).

In all eleven studies, the exercise program was supervised or

remotely coached by a trained health professional (e.g., nurse,

physiotherapist, exercise physiologist or trained exercise leader).

Multiple modes or types of exercise were reported across

the eleven studies, including aerobic exercise (cycle ergometry,

sports, active games) (32–36, 40, 45–47), resistance training

(32, 40, 45–47), stretching (32, 45), yoga (48), and active

video gaming (41, 42). One study evaluated the efficacy of

physical activity goal setting and self-monitoring with an

activity tracker (37). One study employed constraint-induced

movement therapy (CIMT), which required participants to wear

a removable cast on the unaffected arm and engage in task-

specific training using the affected arm (38). One study utilized a

staged coaching program during routine clinic visits to identify

barriers to physical activity and prescribe physical activity and

resources accordingly (39). Seven studies reported utilizing

adult-like exercise programs (e.g., treadmills, cycle ergometry,

resistance training) and/or competitive games/sports (e.g.,

basketball, relay running, dodgeball) (32–36, 39, 40, 45–48).

The length of the exercise program ranged from 3 weeks

(38) to 40 weeks (45), with four studies opting for 10–12 week

intervention periods (32–37, 41, 42). Exercise frequency ranged

from three (32–36, 40, 45–48) to 11 (43, 44) sessions per week.

Two studies did not report frequency (37, 39). The duration

of the exercise program ranged from 15min (45) to 180min

(38), with most studies reporting 30- to 90-min sessions (32–

36, 40–48). Seven studies did not report exercise intensity (37–

39, 41–44, 46, 48). Studies that reported intensity prescribed

moderate-to-high intensity exercise determined by percentage

of peak heart rate (33–36), age-predicted heart rate maximum

(32, 40, 47), or Borg ratings of perceived exertion (RPE) (45).

Resistance training comprised 1–3 sets of 6–15 repetitions for

major muscle groups (32, 40, 45).

Adherence was operationally defined differently across

studies. Six studies defined adherence as the number of sessions

attended divided by the number prescribed, adherence ranged

from 77 to 100% (32–36, 38, 41, 42, 45, 48). One study defined
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adherence as the number of prescribed exercises completed,

where 68% of participants completed >90% of prescribed

exercises (40, 47). One study defined adherence as the number

of weeks the participant met or exceeded their goal, reported to

be 69% (37). Three studies did not report adherence (43, 44, 46).

Six of the eleven studies monitored adverse events (32–37, 40,

45, 48), with no adverse events reported.

Outcomes

A total of nine different outcomes were measured across

the 17 papers. The most commonly measured outcomes were

physical activity (n = 6) (37, 39–41, 43, 45), QoL (n = 6)

(37–40, 43, 46), motor performance (n = 5) (35, 38, 41,

42, 44), cardiorespiratory fitness (n = 4) (34, 35, 37, 40),

and brain structure and function (n = 4) (33, 34, 36, 42).

There were multiple measures used for each outcome. Physical

activity was measured by wearable devices, including step

counters (37) and accelerometers (39, 40, 43–45, 47); and/or

by self-report questionnaires, including the Godin-Leisure-

Time Exercise Questionnaire (37, 39). Motor performance

was measured by the Bruininks-Osterestsky Test of Motor

Performance (35, 41), the Assessment of Motor and Process

Skills (42), gait analysis (44), balance (44), and three upper limb

function measures (38). Cardiorespiratory fitness was measured

by the Six-MinuteWalk Test (34, 37) and/or by a graded exercise

test with spirometry (35, 40). According to the International

Classification of Functioning, Disability and Health (ICF),

studies assessed impairment- or activity-related outcomes; no

specific participation-related outcomes were reported, except for

QoL (49, 50).

Exercise programs that involved a combination of aerobic

and resistance training (n = 5) (32, 40, 43–47) resulted in

improvements in strength (40), functional mobility (32, 40),

physical activity (43, 45), QoL (43), balance (44), immune

function (47) and bone mass (45). Exercise programs that

involved aerobic training only (n = 1) (33–36) resulted

in improvements in cardiorespiratory fitness (34, 35), brain

structure and function (33, 34, 36), and motor performance (35,

41). Active gaming (n = 1) (41, 42) resulted in improvements

in physical activity (41), cognitive function (42), coordination

(41), and activities of daily living to a score above the cut-off

for independent living (42). Goal setting and self-monitoring

daily step counts (n = 1) (37) resulted in improvements in

cardiorespiratory fitness, QoL and fatigue. CIMT (n = 1)

(38) resulted in improvements in the amount and quality of

hemiplegic arm use, general fatigue, and sleep/rest fatigue sub-

domain scores. Yoga (n = 1) (48) resulted in improvement

in parent-reported child symptoms (appetite, pain, headache,

sleep, physical activity, fatigue). A staged nurse-led coaching

program resulted in no changes to physical activity, and results

showed a significant increase in fatigue at 6 months (39).

Discussion

Compared to other cancer types, only a small number

of studies have examined the effects of therapeutic exercise

in pediatric survivors of solid tumors. Studies conducted to

date vary considerably in methodological quality, exercise

modalities, program duration, and clinical endpoints. The

available evidence, although limited, supports the feasibility and

safety of therapeutic exercise in this patient group, but well-

designed trials are needed to assess the efficacy of such programs.

This review identified a small number of studies of mostly

low methodological quality. Over a third (36%) of studies did

not have a control group, and only five papers (29%) scored

good-excellent quality on the PEDro Scale. Furthermore, over

half of the studies (55%) evaluated small samples (n = <30),

thus limiting statistical power. Brain cancer and other solid

tumor diagnoses are relatively rare and the recruitment process

is time- and resource-intensive, making it difficult to recruit

the sample sizes required for adequately powered studies (51).

Most studies did not include extended follow-up periods (>3

months) thus, the long-term effectiveness of the interventions,

remains unclear. To address these methodological limitations,

adequately powered multi-site studies employing rigorous study

designs and long-term follow-up are needed. Alternative study

design and analytic approaches also need to be explored to

address limitations of small sample sizes (i.e., single-subject

study designs) (52, 53).

The age of participants, tumor type, and time since diagnosis

varied considerably across studies. Participants were, however,

mostly “school-aged” (i.e., 5–18 years), highlighting an absence

of studies involving young children aged 0 to 5 years. This is

despite almost half (47%) of all childhood cancers diagnosed

between the ages of 0 to 4 years (2). Early childhood is a

crucial period of growth and development, where minimizing

the impact of impairments, optimizing neuroplasticity, and

enhancing rehabilitation is critical (54, 55). More research is

needed to investigate the effects of therapeutic exercise in
children with solid tumors during early childhood.

Children with brain cancer (e.g., medulloblastoma) were
more frequently studied than other solid tumors, likely due

the higher prevalence rates and high levels of treatment

complications and long-term impairments (13). Challenges in

crossing the blood-brain barrier mean that treatment for CNS

tumors differ to that of other solid tumors, with brain cancer

treated with more surgery and radiation-focused treatments

compared to other solid tumors, which are more often treated

with a rigorous regimen of surgery and chemotherapy (56, 57).

Children with bone tumors in particular, (e.g., osteosarcoma)

have their own unique experiences and needs, often effected

by amputations, disability and poorer QoL (7, 58). Currently

there is a near-absence of evidence investigating the role exercise

may play in the survivorship phase of these children. As this

group of children present different clinically, and undergo
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different treatment regimes, they may also respond differently

to exercise. Regardless of the diagnoses, providing supportive

care throughout the course of a child’s acute treatment and

survivorship is critical in achieving optimal outcomes.

The exercise programs varied by setting, level of supervision,

length, and exercise modalities. Most studies delivered the

exercise program in hospital-based settings, with few utilizing

home-based programs. No studies delivered the exercise

program in a community-based setting such as recreational

halls, and parks. Whilst hospitals may be rich in resources (e.g.,

qualified staff, specific equipment), they also place additional

challenges on children and their families. Hospitals can be

inconvenient and expensive for travel, and for those children in

the post-treatment phase, returning to hospital can induce fear

and anxiety (59). The appropriate exercise setting is therefore

crucial and may influence adherence, enjoyment, and long-term

participation. To better meet the needs of children with solid

tumors and their families, future research should investigate the

effectiveness of patient-centered therapeutic exercise programs

delivered in community-based settings.

Most programs included in this review involved face-

to-face supervision by a trained exercise professional. Some

patients and their families prefer flexible and convenient

modes of intervention delivery (e.g., face-to-face at home,

telehealth, mobile-health apps), which may enhance exercise

adherence and long-term sustainability of program outcomes

(59, 60). While supervised exercise may be initially required

for monitoring safety and ensuring program fidelity, these

remote delivery modes warrant investigation to delineate what

is the most feasible and effective for children and their families

who desire alternative delivery modes (e.g., children living in

remote communities).

Studies in this review predominantly used adult-based

exercise modalities and prescription closely aligned with generic

American College of Sports Medicine guidelines (61). Few

studies employed play- or game-based exercise, which is more

likely to be engaging and motivating for children (62). Children

are not little adults, and exercise programs for young children

should be designed and implemented in a developmentally

appropriate manner. Exercise interventions will likely be more

effective and result in sustainable improvements in habitual

physical activity, movement competence, and functional

capacity if they are play- or game-based. Evaluations of

developmentally appropriate play-based exercise programs in

pediatric survivors of brain and other solid tumors are urgently

needed to determine its effectiveness in this clinically unique

patient group.

There was a notable lack of studies evaluating patient-

centered, personalized exercise programs (63, 64), with multiple

programs (n = 5) assessing traditional ‘impairment-based’

exercise interventions (32–36, 40, 45–47, 50). Programs of

this type are based on the expectation that remediating

impairments will lead to improved participation in their

activities of choice. However, such interventions typically report

poor participation outcomes in pediatric cohorts (65, 66).

Intrinsically-motivated behavior (e.g., regular physical activity)

is theorized to be influenced by three basic psychological

needs; autonomy, perceived competence, and relatedness (67,

68). Autonomy-supportive environments encourage intrinsic

motivation for sustainable behavior change through fulfillment

of these basic psychological needs (69, 70). An example of

fostering an autonomy-supportive environment is goal setting,

whereby goals are set collaboratively by the patients and their

families to be meaningful, individualized, and sensitive to the

patient’s clinical presentation and preferences. There is evidence

supporting the effectiveness of goal-directed interventions to

improve motor performance, physical activity and QoL in other

pediatric groups (e.g., children with cerebral palsy, muscular

dystrophy, or intellectual disability), which may be more

conducive to long-term improvements (71–73). There are a

small number of published study protocols advocating for the

use of goal-directed interventions (74–76).

Although some outcomes were assessed in multiple studies,

the measures used to assess these outcomes varied considerably.

This finding is consistent with the conclusions of recent reviews

on assessment of physical function in pediatric cancer patients

(77–79). Outcomes measures were predominantly impairment-

focused and lacked participation-level outcomes, based on the

ICF framework. To improve the consistency, comparability,

and transparency of study findings, future studies should

adopt a more standardized approach to outcome selection and

reporting. Future studies should also include participation-

based outcomes such as the Participation and Environment

Measure for Children and Youth (80) or participation-focused

goal-directed measures, including the Canadian Occupational

Performance Measure (81) or the Goal Attainment Scale (82).

Considering the relatively small number of studies and the

wide range of outcomes and measures utilized across studies,

it was not feasible to conduct a quantitative synthesis of

the results. Nevertheless, across studies, therapeutic exercise

was associated with improvements in cardiorespiratory fitness,

habitual physical activity, muscle strength, functional mobility,

motor performance, body composition and QoL. There were

no reported adverse events from participation in therapeutic

exercise. This suggests that therapeutic exercise is a potentially

safe and feasible intervention for improving the QoL and

wellbeing in pediatric survivors of brain cancer and other solid

tumors; however, higher grade evidence is needed to make firm

conclusions about the effectiveness of therapeutic exercise in this

patient group and formal clinical recommendations.

This review has several strengths. It is the first scoping

review of exercise training studies conducted in pediatric

survivors of brain cancer and other solid tumors. The review

was completed according to the PRISMA_ScR guidelines. An

extensive search for articles was conducted across four databases,

with no limitation on publication date. To supplement this
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search, an extensive manual search of all included articles was

conducted. The review and extraction processes were rigorous.

Titles and abstracts and full -text citations were reviewed by

two independent authors and all citations were independently

checked for accuracy after extraction. Opposing these strengths

were some limitations. It is possible that not all relevant

publications were identified through the systematic search and

cross-reference searches. For example, papers published in

languages other than English or in the gray literature were not

included in the review. Despite most participants being “school-

aged”, a small of number of studies included participants who

were 18 years or over.

Conclusion

This scoping review provides the first synthesis on the

extent and nature of research pertaining to therapeutic exercise

programs conducted in pediatric survivors of brain cancer

and other solid tumors. Compared to blood cancer types,

a small number of studies have examined the effects of

therapeutic exercise in pediatric survivors of solid tumors.

The methodological quality of studies conducted to date has

been low (i.e., non-randomized study designs, no control

group, small sample sizes) and have limited follow-up (e.g.,

greater than 6 months). Most of the research has been

conducted in brain cancer survivors, with the bulk of studies

evaluating highly structured supervised exercise programs

delivered in hospital settings. The role of therapeutic exercise

in children with other solid tumors, such as osteosarcoma

and Ewing’s sarcomas, has received limited research attention,

particularly in relation to QoL in survivorship. Few studies

employed play- or game-based exercise programs, instead

utilizing adult-based modalities and prescription. There were

multiple measures used for each outcome, with a paucity of

standardized outcomes measures administered across papers.

Although limited, the extant research supports the feasibility

and safety of therapeutic exercise for children with solid

tumors before, during and after treatment. Nonetheless,

significant knowledge gaps were identified. Future research

should address the major gaps in the literature, including

the evaluation of developmentally appropriate play-based

physical activity interventions for children aged 5 years and

under; the feasibility, acceptability, and potential efficacy of

exercise programs delivered in of different settings (e.g., home

and community-based settings) and delivery channels (e.g.,

telehealth and apps). To improve the quality of evidence,

collaborative, multi-site studies are needed to ensure that trials

are adequately powered to detect clinically meaningful changes

in outcomes.
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Anti-cancer treatments, as well as cancer itself, reduce children’s

cardiorespiratory fitness, muscle strength, and gross motor functions.

Early rehabilitation programs, including physical activity for childhood

cancer patients, can counteract these adverse effects. Previous studies

of school-aged children (6–18 years old) indicate that physical activity,

including aerobic and resistance training, is safe, feasible, and effective.

The goal of structured physical activity rehabilitation for preschool children

(1–5 years old) is to support gross motor development and opportunities

to move freely in various ways. Specific rehabilitation for preschoolers

diagnosed with cancer is needed to promote physical-, social-, and

personal development. This paper introduces a conceptual model—

The RePlay (Rehabilitation including structured active play) Model—for

organizing physical rehabilitation sessions based on structured active

play for preschoolers with cancer. The theory and empirically based

model combine knowledge of early childhood development, play, physical

activity and rehabilitation for children with cancer, and cancer treatment.

With this model, we propose how to structure rehabilitation sessions,

including goal-oriented, age-sensitive, fun movement activities that facilitate

preschoolers to develop gross motor skills while enhancing their social

and personal skills, through four core principles: (1) ritual practices, (2)

reinforcement of movement through repetition, (3) development through

appropriate challenge, and (4) adjusting activities to accommodate
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treatment-related side effects. This model holds promise for use with

preschoolers diagnosed with cancer, as it is scalable and pragmatic and

accounts for the children’s fluctuating physical capacity and daily wellbeing

during cancer treatment.

KEYWORDS

pediatric oncology, preschoolers, rehabilitation, structured active play, physical
activity, gross motor skills, social skills, personal skills

Introduction

The combination of anti-cancer treatments, infections,
long-term bed rest, and cancer itself reduces the
cardiorespiratory fitness, muscle strength, and gross motor
functions (e.g., jumping, running, throwing) of children with
cancer (1–4). These impairments become evident early in
treatment, leading to physical inactivity and increasing the risk
of delaying important gross motor development milestones in
early childhood (5). Moreover, these impairments affect long-
term physical health (6, 7). Thus, early initiated rehabilitation
programs are warranted for children with cancer to ameliorate
the physical consequences of cancer itself and of anti-cancer
treatments. Accordingly, The International Pediatric Oncology
Exercise Guidelines (iPOEG) recommend children with cancer
to be physically active and do what they can, when they can (8).
Rehabilitation programs focusing on cardiorespiratory fitness
and muscle strength have been tested for children with cancer
from 4 years of age (3, 9–12). Of these studies including children
with cancer, the most structured exercise interventions followed
well-established guidelines for aerobic- and resistance training
sessions developed for healthy populations (13, 14). These
sessions included 30–40 min of aerobic/endurance training
followed by ∼30 min of resistance training, including one to
three sets of 6–15 repetitions for major muscle groups, with
progressive exercise volume over time (10, 12). Rehabilitation
programs for older children and adolescents with cancer are
unsuitable for preschool children, as preschoolers are motivated
to be physically active because of their need to play, learn
new skills, express themselves, and interact with others (15).
Furthermore, health benefits are seldom a motivating factor
for children with cancer (16). Instead, they underline the
social aspect of physical activity as motivating (17). A new
approach involving physical activity programs based on
different principles and guidelines is warranted for preschoolers
with cancer (age 1–5 years).

Physical activity in early childhood is positively associated
with gross motor development, and there is a positive
relationship between the development of gross motor skills,
social cognition, language, and social interactions (18, 19).
Accordingly, a rehabilitation program for preschoolers should
include gross motor skills-, social-, and personal development,
as these are interdependent (15, 20, 21). Children explore their

capabilities, themselves, and others, through movement and
play. They discover their movement possibilities, forming their
confidence in movement and an “I can” mentality (22). Play
is the children’s arena for engaging and interacting with the
world around them. It allows children to develop physically,
socially, and personally within a world they can master with
creativity and imagination (15, 23). They realize the ability to
make something happen, and a distinction between instinctive
movement and willful movement occurs (22).

Sufficient development of gross motor skills through
movement is fundamental for: (a) engaging in social
and physical activity during childhood, (b) ensuring the
development of more complex movement skills, and (c)
participation in physical activities throughout life (18, 24,
25). A way to achieve this is for the children to participate in
structured physical activity facilitated by adults (e.g., parents,
healthcare professionals, exercise professionals, teachers) and in
the form of structured active play (15, 26).

In this paper, we introduce a conceptual model—The RePlay
(Rehabilitation including structured active play) Model—for
organizing physical rehabilitation sessions based on structured
active play for preschoolers with cancer.

Development of the rehabilitation
including structured active play
(RePlay) model

The RePlay Model is based on knowledge of early childhood
development (25–31), physical activity-based rehabilitation
interventions for children with cancer during treatment (2, 3, 17,
32–36), and empirically based experience with structured active
play with healthy preschoolers and their parents.

The concept of structured active play used in this paper
refers specifically to instructor-led (e.g., parents, healthcare
professionals, exercise professionals, teachers) sessions of goal-
oriented, age-sensitive, fun movement activities that facilitate
preschoolers to develop gross motor skills while enhancing
their social and personal skills (20, 23, 37). Structured
active play allows children to develop positive attitudes to
physical activity, which is essential for: (1) gross motor
development (e.g., learning to jump, run, and throw), ensuring
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movement possibilities and participation in physical activity,
(2) social development (e.g., learning to take turns, being
patient, working together) ensuring good relationships and
participation in activities with others, and (3) personal
development (e.g., self-esteem, realizing abilities, confidence
in movement) ensuring motivation for being physically active
and taking on new challenges (37, 38). To ensure all three
aspects in structured active play for children with cancer,
we decided on four core principles for the model: (1) ritual
practices, (2) reinforcement of movement through repetition,
(3) development through appropriate challenge, and (4)
adjusting activities to accommodate treatment-related side
effects. The principles were defined from literature about
childhood development. The principles were discussed among
the author group with backgrounds in human physiology,
humanities and social sport sciences, physiotherapy, sociology,
and several years of experience within the field of exercise and
childhood oncology. In the following, the four core principles
is elaborated and why they are important to the rehabilitation
of preschool children with cancer. A summary of the four core
principle is presented in Table 1.

Ritual practices

In early childhood, rituals help to guide behavior and
support development. They contribute to a predictable
structure and a secure environment in everyday life
(27, 28). Children with cancer and their families

experience disruptions to their daily activities and
routines, as the treatment is characterized by lack of
continuity, and they experience constant adjustment of
old routines and the establishment of new ones (39, 40).
Accordingly, creating routines around physical activity
and a predictable structure is important, especially for
preschoolers with cancer.

Intentional rituals ease the approach to the routine of
structured active play. This is achieved by including a repeated
beginning and ending ritual, hereby creating the frame
around the sessions and creating certainty and familiarity
for the children. The rituals thus symbolize the transition
into and out of the structured active play sessions. The
rituals have a social (rather than physical) purpose. They
are done in a circle, whereby the participants (i.e., children,
parents, instructors) can all see each other and feel seen.
This creates an inclusive environment in which we start
and end together. A starting and ending ritual could be a
song which is performed with added movements. Following
the starting ritual and preceding the ending rituals should
be a known activity—a familiar, active play activity. This
known activity is one with which the children are familiar
and that everyone can master independently. The known
activity ensures that every child feels they can participate,
even if functional levels vary from child to child. These
activities are core elements that will ensure that physical activity
becomes a routine with recognizable and repeated elements and
where all sessions begin and end with a successful experience
for all children.

TABLE 1 A summary of the four core principles.

A summary of four core principles

Principle 1
Ritual practices

2
Reinforcement of

movement through
repetition

3
Development through
appropriate challenge

4
Adjusting activities to

accommodate
treatment-related side

effects

Reasoning Creating a routine around the
structured active play with a

ritual creates familiarity.

Gross motor development and
gross motor skills need to be

sustained through repetition, also
to maintain an “I can”-mentality

around movement.

The child must be challenged in
new activities and gross motor

functions to develop new
movement skills. However, the
challenge must be appropriate

Anti-cancer treatment leads to
substantial variation in the

children’s daily physical capacity
and motivation.

What it does Familiar rituals create
certainty for the children, as

well as an inclusive
environment in which we

start and end together.

Repetition–both through activity
and movement type–will

reinforce movement possibilities
and ensure confidence in and
sustainability of movement.

Too many activities that are too
simple can promote boredom,

where too many activities that are
too challenging become

frustrating and create the “I can’t”
feeling. Activities with

appropriate challenges will evoke
motivation and development.

Adjusting known or new
activities from session to session

can be necessary to ensure
participation and that the

challenge is still appropriate.

How it is done Including a starting and
ending ritual which is the

same every session.

Performing known activities and
repetition of movement patterns,
including known and new gross

motor skills.

Most of the main active play
activities within a session should
be appropriately challenging (i.e.,

in the zone of proximal
development.)

It can be duration adjustments,
but also regressing or progressing

activities to a suitable motor
development level.
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Reinforcement of movement through
repetition

The repeated rituals and known activities create familiar
routines for the children. However, repetitions also reinforce
movement. Gross motor functions are developed through
guidance (verbal or physical), encouragement, and practice (25,
37). Children discover movement possibilities and corporeal
powers through movement. This forms confidence in moving
and creates an “I can”-mentality (22). If gross motor
development is not sustained, early movement failures can
result, leading to physical inactivity (37). This affects the child’s
self-esteem, feeling of mastery, and movement possibilities—
leading to an “I can’t”-mentality (22, 25, 37). Mastery
experiences are essential for our belief in our abilities and
self-efficacy, and continued success reinforces this belief (29,
30). Repetition of movement patterns, including known and
new gross motor skills, will reinforce movement possibilities
and sustain known gross motor skills and develop new ones.
Children with cancer experience changes in their physical
capabilities, movement possibilities, and associated self-esteem
(41). They may experience their body letting them down and
consequently find themselves being unable to do what they
did before cancer and what other children can do (41). The
children’s changes in experiences from movement possibilities
to movement impossibilities can change their “I can” to “I can’t”
(22). Hence, repeated activities through routines and repeated
movement patterns ensure confidence in- and sustainability of
movement. This can be exemplified with the obstacle course
as an activity that is repeated from session to session, where it
is possible for the child to practice and advance their abilities
on the course. It can also be e repeated movement pattern like
throwing several balls again and again in the same activity.
When an activity or movement pattern is repeated it creates

an opportunity for the child to gain continued successes in
a known activity.

Development through appropriate
challenge

Repetition and mastery experiences are closely linked
to the third principle of development through appropriate
challenge. Appropriately challenging a child’s current level of
gross motor function elicits physical adaptations, also known
as progressive overload (42). The child must be challenged
in new activities and gross motor functions to develop new
movement skills and avoid monotonous activities, leading to
demotivation. If the current level of gross motor function is
not disrupted by progressive overload, adaptations will not
occur (42). Appropriate challenges require encouragement and
guidance to support the child in mastering the challenge (25,
29–31, 37). “Appropriate challenge” refers to Lev Vygotsky’s
concept of the zone of proximal development (31). Figure 1
depicts a model based on already existing interpretations of
the zone of proximal development (31, 43, 44). Too many
activities that are too simple and already within mastery
(green zone) can promote boredom. In contrast, excessively
complex and challenging activities become frustrating and
create the “I can’t” feeling (red zone). Ultimately, this
leads to mastery inexperience and no development of new
skills (31). Activities with appropriate challenges will evoke
motivation and development. An appropriate challenge is
placed in the zone of proximal development (yellow zone),
where the activity or skill is too complex for the child to
master independently but manageable with guidance from a
knowledgeable other (i.e., parent, healthcare professional, or
peer) (31).

FIGURE 1

Zone of proximal development. This figure, including the colors, is based on already existing interpretations of the theory “Zone of proximal
development” (31, 43, 44). In the zone of proximal development, there is a spectrum of level of guidance needed for the child to be able to do
the activity (i.e., instructions, verbal/physical guidance, and physical assistance).
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In the zone of proximal development, there is a spectrum of
how much guidance is needed for the child to master the activity:
instructions, verbal/physical guidance, or physical assistance.
The social interactions are essential to learn new gross motor
skills, as participating in the same activities and seeing others
participate in the same activity can increase the feeling of
mastery and an “if they can do it, I can do it”-mentality (22,
29, 30).

Main active play activities are the core of structured
active play sessions. Here, the children’s gross motor functions
are challenged to either sustain or develop new movement
skills. Main active play activities with repetition and guidance
support the child to master experiences in known activities
and new challenges. It is possible to adjust a known activity
to challenge the child further, but still be within the zone of
proximal development and with a sense of mastery through
familiarity. For example, the child might have mastered an
obstacle course with low obstacles. To challenge the child further
an adjustment of the known activity is done by adding a
balancing beam lifted from the ground. However, the child
might now require instructions or physical guidance by showing
the child how to balance over the beam, or physical assistance
by holding the child’s hand. In activities within the zone of
proximal development with more than one child, the relative
challenge can vary from child to child in the same activity;
where one child needs instructions, another needs physical
guidance. However, all children can participate with different
level of guidance. Furthermore, the social interactions reinforce
social development, as the knowledgeable peers must show
patience, wait their turn, or even offer their support to children
requiring guidance.

Adjusting activities to accommodate
treatment-related side effects

The fourth principle is fundamental in childhood
oncology. Anti-cancer treatment leads to substantial variation
in the children’s daily physical capacity and motivation.
Corticosteroids are commonly used to treat several childhood
cancers—causing an altered body composition (i.e., increased
fat mass, myopathy and reduced muscle mass), reduced
muscle strength and adverse psychological side effects (45–
47), which affects the children’s motivation and possibility
to engage in structured active play. Moreover, the children
can also experience dizziness, fatigue, and nausea affecting
their daily physical capacity (48). This variation in physical
capacity is also associated with severe neuropathic pain
and peripheral neurotoxicity (i.e., a burning or prickling
sensation in the peripheral limbs, sensory loss, numbness,
muscle weakness, and pain) caused by chemotherapeutic
agents, such as vincristine (49, 50). The severity of these
symptoms can vary within hours, and they often limit the
children’s physical capabilities and motivation daily. Thus,

daily considerations of safety parameters (i.e., hemoglobin
>5.0 mmol/l; platelets >10 billion/l at moderate to intense
activities; no active diarrhea, coughing, or cold; temperature
<38.0◦C; no severe comorbidities) along with physician
clearing the patient for physical activity, to ensure that the
children can participate in exercise and to ensure to proper
adjustments are warranted. Adjusting known or new activities
can then be necessary from session to session (and even within
sessions) to ensure that the challenge remains within the zone
of proximal development. Additionally, adjusting the duration
of the entire session and/or the duration or number of main
active play activities can become necessary. Consequently,
the length of time of the active play session and main active
play activities are proportional to the daily wellbeing of the
participating children. Due to the nature of cancer treatment,
this means regressing activities to a lower (but suitable)
motor development level or level of energy expenditure in
periods with restricting side effects and progressing activities in
periods with fewer side effects. Practically, this is done by: (1)
decreasing/increasing the demands of the activity (fewer/more
limbs involved, execution with decreased/increased range of
motion, or more extensive/minor base of support), (2) use
of/no use of external support (e.g., from parents, instructor),
(3) use of/no use of a more static execution of activities, and
(4) decrease/increase of time spent in the structured active
play activities.

For example, a child who is already familiar with the obstacle
course as an activity but experiences an acute worsening of
their physical capacity in the following session can still obtain
a feeling of mastery and the will to complete a course. This
can be done by adjusting the activity with: (a) more accessible
(e.g., smaller, less movable) elements, (b) added assistance from
parents, such as holding their hands, or (c) both. With these
adjustments, the child can participate in the same activity and
maintain the “I can”-mentality.

The rehabilitation including
structured active play (RePlay)
model

With The RePlay Model (Figure 2), we propose how to
structure rehabilitation sessions, including goal-oriented, age-
sensitive, fun movement activities that facilitate preschoolers
to develop gross motor skills while enhancing their social and
personal skills through the four core principles described above:
(1) ritual practices, (2) reinforcement of movement through
repetition, (3) development through appropriate challenge, and
(4) adjusting activities to accommodate treatment-related side
effects. The model was designed to depict how the level of
challenge is relative, and the time used in each section of
the session is proportional and can vary from day to day,
depending on the child’s daily physical capacity and wellbeing.
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FIGURE 2

The RePlay model.

In Supplementary File 1, a version of the model can be found
with practical examples of activities.

Discussion and future directions

The RePlay Model was developed to provide a framework
to organize a rehabilitation session aimed at supporting
gross motor-, social-, and personal development in preschool
children with cancer (aged 1–5 years) during treatment. These
children experience impaired gross motor function (1, 4)
during treatment and are at risk of delaying or missing
important developmental milestones in early childhood (5).
Consequently, they require early initiated and continuous
rehabilitation throughout their treatment trajectory. Following
the principles of disrupting the child’s current level of gross
motor function through appropriate challenges and progressive
overload (i.e., to elicit physical adaptations and gross motor
function development) (42) is complex due to the side effects
connected to the toxic nature of anti-cancer treatment. Safety
parameters must be verified daily to determine participation
in the rehabilitation sessions and activities must be adjusted to
the child’s fluctuating wellbeing. Instead of viewing appropriate
challenge of activities as a linear progress, we present a model
that considers adjustments of activities to the child’s daily
physical capabilities. The RePlay Model can be carried out
by adults who have received instruction in it. The model is
also applicable for children with all levels of gross motor
function, for planning both individual- and group sessions,
and can be integrated into most settings (e.g., hospital settings,
home settings, school settings, outdoor settings). However, the

model is not designed to monitor feasibility, adherence, and
progression to physical activity interventions. Development of
gross motor skills is central for preschool children and occurs
through play. Consequently, well-established approaches for
monitoring feasibility, adherence, and progression in physical
activity interventions (e.g., heart rate, repetitions, resistance,
rate of perceived exhaustion) is not suitable. We propose that
registering time spent in each structured active play session,
time spent in each activity, and percentage of overall time
spent in main active play activities are suitable outcomes for
evaluating feasibility and adherence within The RePlay Model.
It is recommended that younger children (aged 1–5 years) are
physically active at least 60 min each day, but preferably up to
several hours (15, 51). Of this, 30–60 min should be structured
physical activity facilitated by an adult (15). This also applies
for children with cancer, however, iPOEG states that day-to-
day differences must be taken into account and children should
move when they can, as much as they can (8, 51). We propose a
suitable timeframe for the model is between the 30 and 60 min
with 75% of the time spent in main active play activities where
the children are appropriately challenged on their current level.
Progression can be monitored by registering and describing
the change in the complexity of the main active play activities.
This can be done by differentiating the activities in categories
of levels of gross motor skills where activities are color-coded
according to the child’s achieved gross motor skill level (34, 52,
53). This description can help define the intensity and difficulty
of each section of the session which cannot be described with
usual parameters used for older children, adolescents, or adults.
The RePlay model then might be used to track progression in
an intervention as an addition to the validated gross motor
assessment tools.
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Children develop while they play, and all children want
to play, even when undergoing anti-cancer treatment. An
observational study showed that preschool children with cancer
still play when they are negatively affected by anti-cancer
treatment, but unstructured play becomes sedentary with
the increasing severity of side effects (54). Thus, families of
preschool children with cancer need support to engage in
physical activity as structured active play during treatment
to maintain gross motor-, social, and personal development.
With preschool children, structured physical activity can be
challenging. The RePlay Model is based on the world of the
children and their approach to movement. Here, play, social
interactions, rituals, repetition, and appropriate challenges are
key components to being physically active. This approach helps
to keep the children motivated to engage in active play. It is
unlikely that you can motivate every child with the same play
activities every session, as children are curious and driven by
curiosity and imagination (23, 26). The possibility to improvise
is therefore necessary within a structured frame to maintain
motivation. To achieve this flexibility, however, researchers risk
reducing the reproducibility of a physical activity intervention.
In our opinion, The RePlay Model provides a structured
framework for organizing and describing rehabilitation for
preschool children with cancer in a reproducible manner, but
still with the flexibility needed for this patient group. However,
this remains to be investigated.

Already known structured exercise programs for children
with cancer are designed using progressive exercise regimes
including both aerobic- and resistance exercises (3, 9, 10, 12). In
most studies of exercise programs for children and adolescents
with cancer, the researchers modify the exercises according to
the physical capacity of the child based on daily variability
(3, 9, 10, 12), showing how, despite the intent, exercise with
children and adolescents with cancer is difficult to structure
similarly for each session. The RePlay Model therefore gives
healthcare professionals and parents a structure for organizing
a rehabilitation session that can help to sustain and stimulate
the child’s gross motor-, social- and personal development, even
during hospitalization and active anti-cancer treatment.

The fundamental principles of The RePlay Model can
theoretically be transferred to other groups of children, as play,
rituals, repetition, and appropriate challenges are principles of
general early childhood development. This also includes settings
where gross motor, social, and personal development are the
target in general (e.g., daycare, physical education classes).
However, future research is needed to investigate the feasibility
in these settings.
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Background: Increasing participation in physical activity has the potential to

improve outcomes for children and adolescents with cancer during treatment

and into survivorship. The aim of this study is to outline the theoretical process

behind development of CanMOVE, a behavior change intervention designed

to increase physical activity for children and adolescents with cancer.

Study design: This study followed a theoretical design process consistent with

the Behavior Change Wheel to inform the design of a complex intervention.

Materials and methods: The three stages of the Behavior Change Wheel

intervention design process include: (1) understanding physical activity

behavior within the pediatric cancer setting, (2) identifying potential

intervention functions, and (3) identifying appropriate behavior change and

implementation strategies. Qualitative and behavior change literature relevant

to the pediatric cancer treatment setting were used to inform each stage.

Results: An individualized and flexible approach to physical activity promotion

that considers intrinsic factors specific to the child/adolescent and their

environment is required. Fifteen behavioral change strategies were identified

to form the intervention components of CanMOVE. Implementation strategies

were identified to build motivation, opportunity and capacity toward

increasing physical activity behaviors. Key intervention components of

CanMOVE include standardized assessment and monitoring (physical activity,

physical function, and health-related quality of life), provision of an activity
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monitor to both child/adolescent and parent, and one-on-one capacity

building sessions with a healthcare professional. Capacity building sessions

include education, goal setting, an active supervised physical activity session,

barrier identification and problem solving, and action planning.

Conclusion: CanMOVE is a novel approach to physical activity promotion in

the pediatric cancer treatment setting. The use of a theoretical intervention

design process will aid evaluation and replication of CanMOVE when it is

assessed for feasibility in a clinical setting. The design process utilized here

can be used as a guide for future intervention development.

KEYWORDS

cancer, child, adolescent, physical activity, Behavior Change Wheel, complex
intervention development

Introduction

Childhood cancer and its treatment can cause adverse
physical effects (1–5), evident from as early as one week
following diagnosis (6). Muscle loss, reduced fitness, fatigue,
and motor impairment are prevalent among children and
adolescents undergoing acute cancer therapy. These adverse
effects are not limited to the acute treatment phase. Adults
who have undergone childhood cancer treatment display
high levels of sedentary behavior, can experience lifelong
disability and impairment, and are at an increased risk of
chronic disease and premature mortality (7–9). A growing
number of childhood cancer survivors are reaching adulthood,
which increases the burden of these adverse outcomes (10).
Intervening early could work to mitigate these negative effects
and promote improved physical function and wellbeing in the
immediate and long-term.

Physical activity is vital to health and development (11, 12),
yet, children and adolescents undergoing acute cancer treatment
are less active than their age-matched peers (13, 14). Children
and adolescents can receive intensive cancer treatments over the
course of many months (15). Over this time, adverse treatment
effects can compromise a child’s ability to be physically active
and functionally independent. For this population, physical
activity has a role to play in managing treatment-related
effects, preventing (or minimizing) declines in physical function
and mental health, maintaining physical literacy skills and
promoting active lifestyles (16, 17). Managing these negative
factors through proactive physical activity promotion could
help to maximize their physical function and participation
during cancer treatment. This could in turn have a positive
impact on long term health outcomes, such as reducing
the risk of physical impairment, metabolic syndrome and
cardiovascular morbidity (18, 19). There is growing evidence
to support the benefits of physical activity for children with

cancer (20–22), yet the barriers to physical activity in this
setting are complex, and there is little consensus regarding how
to implement feasible, equitable and sustainable interventions
(23, 24).

Physical activity encompasses any bodily movement
resulting in energy expenditure (25). As a sub-section of
physical activity, literature supports the benefits of supervised
exercise (26–30). Supervised exercise interventions have
strong attendance and adherence rates, and numerous
systematic reviews report its safety and benefits (20, 24, 31–
33). However, supervised exercise often target impairments
alone, and tie physical activity engagement to the presence of
a trained professional. They are also costly. In treatment
centers with a high volume of annual cases it can be
challenging, from a funding perspective, to provide such
services to all families throughout treatment. Promoting
physical activity in its broadest sense, from a behavior
change perspective, could help families to independently
incorporate more physical activity into their daily routine
(34–36). This has the potential to alleviate reliance on
supervised exercise sessions alone, allowing a more nuanced
and targeted approach to service delivery; whereby, more
intensive support is provided to children/adolescents if, and
when, it is needed.

Complex interventions comprise several interacting and
flexible components, have a number of varying outcomes and
involve complex behaviors (37). Physical activity is a complex
behavior (38); for positive change, complex interventions that
consider individual and environmental factors are required
(38–40). Implementing strategies that target physical activity
behavior using complex intervention design strategies are yet
to be thoroughly explored in the acute pediatric cancer setting.
There are examples of complex physical activity interventions
within the acute cancer treatment setting (41–44), yet these
examples either lack a clear theoretical underpinning or fail to
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incorporate strategies that target the child/adolescent and their
social and physical environment.

The UK’s Medical Research Council approach to complex
intervention design requires a transparent, and systematic
process that articulates the theoretical basis for the intervention
(45). Interventions are commonly designed without formal
analysis of the behavior to be targeted, nor the theorized
mechanism of action. The theoretical underpinning of a
complex intervention describes how the intervention is expected
to work through outlining the expected causal pathways
between the intervention components, the expected outcomes
and how contextual factors might influence these (46).
Defining and undertaking a theoretical approach to intervention
design has many benefits. It helps researchers analyze the
problem, understand how an intervention can work, assess
effectiveness and ultimately improves replicability and clinical
implementation of results (47). Interventions designed via a
theoretical process are considered to be more effective in leading
to lasting change (48).

The Behavior Change Wheel is a framework that integrates
19 existing behavior change frameworks into one model. The
components of the Behavior Change Wheel can be used to
explain physical activity behavior (49), and to guide intervention
design. This framework can be applied across any type of
behavior and setting (50), and has been used in various health
contexts to design complex physical activity interventions (51–
54). The Behavior Change Wheel necessitates consideration
of what internal conditions specific to the individual, and
their social and physical environment need to be in place
for the target behavior to be achieved (50). The COM-
B component of the Behavior Change Wheel provides the
method for understanding the behavior theoretically. Other
theoretical frameworks such as The Transtheoretical Model
of Behavior Change, Health Promoting Behavior, Theory of
Planned Behavior, and Health Belief Model are commonly
cited in the context of complex intervention design. These
models can be helpful to predict, explain or describe behavior,
yet have limitations for intervention design as they do not
require in-depth analysis of the target behavior, nor link
theoretical constructs to mechanisms of change (50). The
Behavior Change Wheel helps researchers design interventions
through linking potential intervention components with the
target behavior, population and environment in which they will
be delivered (48).

The Behavior Change Wheel was used here to design a
complex intervention to promote positive changes in physical
activity behavior specifically for children and adolescents
receiving acute cancer treatment. This paper outlines the
theoretical process undertaken. The decision-making process
that led to the resultant intervention “CanMOVE” will be
described in terms of the behavior change techniques selected
and their mode of delivery. CanMOVE will subsequently be
piloted for feasibility.

Materials and methods

The Behavior Change Wheel was the theoretical framework
used to inform the design of CanMOVE (50). This intervention
aimed to target school aged children (5–16 years) who
were undergoing acute cancer treatment. The definition
of acute cancer treatment includes hematopoietic stem
cell transplantation and all treatment phases except the
‘maintenance phase’ of leukemia therapy. The research team
members worked collaboratively through the three stages of this
design process outlined below (Figure 1).

Stage 1: Understand the behavior
(steps 1–4)

Steps 1–3 define the problem and identify a specific
behavior to change. Steps 1–3 were pre-determined prior
to undergoing this design process. As described in the
introduction, CanMOVE aims to proactively attenuate the
negative physical health and participation restrictions observed
for children with cancer. The target behavior, physical activity,
was determined based on available evidence outlining that
children and adolescents undergoing cancer treatment are less
physically active than age-matched peers, and the potential
positive effects of improved physical engagement (7, 8, 13, 14).

Step 4 analyzed what needs to change in a person, and
their environment to facilitate change in the target behavior.
The central components of the Behavior Change Wheel, the
COM-B model, guided analysis within this step. The COM-
B model proposes that for someone to undertake a particular
behavior they need to be physically and psychologically capable,
process the want or need to undertake the behavior (motivation),
and have the social and physical opportunity to engage in the
behavior (50). Each of these components were evaluated on their
potential contribution to physical activity behavior specifically
for children and adolescents in the acute cancer setting. Data
from our qualitative study were used to inform this evaluative
process (55). Data were analyzed thematically, first via an
inductive process to identify emergent themes, and second via
a deductive process whereby the resultant themes were mapped
to each of the COM-B components. Results from additional
relevant qualitative literature that included insights from child
and adolescent perspectives were also used (56–58). Based on
the identified reasons for reduced levels of physical activity, a
list of potential pathways to create change was generated.

Stage 2: Identify intervention options
(steps 5 and 6)

Stage 2 determines the types of intervention functions and
policy categories that could be applied to bring about change in

Frontiers in Pediatrics 03 frontiersin.org

69

https://doi.org/10.3389/fped.2022.980890
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


fped-10-980890 October 12, 2022 Time: 10:30 # 4

Grimshaw et al. 10.3389/fped.2022.980890

FIGURE 1

Behavior Change Wheel stages of intervention design.

the target behavior. Intervention functions represent the type
of intervention to be implemented and policy categories are
decisions made by authorities concerning those interventions
(50). Factors identified in stage 1 as contributing to physical
activity behavior were mapped to potential intervention
functions. This process ensures intervention techniques target
the specific population and their environment. For example,
skills training may be appropriate where there is a lack
of skill but will be less helpful if a lack of motivation to
perform the skill is the underlying reason for the behavior (48).
Identifying potential policy category strategies was beyond the
scope of this study.

Stage 3: Identify content and
implementation options (steps 7 and 8)

Using the intervention functions identified in stage 2, stage 3
involved selecting behavioral change techniques that could form
the different components of the intervention. Behavior change
techniques are the “active ingredients” selected to comprise
the intervention and facilitate a change in behavior. Clear
identification and definition of the behavioral change techniques
selected is key to the analysis of how an intervention works;
it allows the researcher to accurately describe the intervention,
and aids identification of the specific techniques effective in
altering behavior (59). The CALO-RE (Coventry, Aberdeen, and
London – Refined) taxonomy was used to define the selected
behavior change techniques as it was specifically designed to
describe physical activity and healthy eating interventions (59).

For each of the selected behavior change strategies, it was
then decided how they will be delivered to the target population.
Selection of behavior change techniques and their delivery mode
was informed through evidence-based analysis of literature

relevant to physical activity in the acute cancer treatment setting
and physical activity behavior change theory. It was through this
decision-making process – identifying which behavior change
techniques to use, and the most effective mode of delivery – that
the components of CanMOVE were determined.

Results

Stage 1: Understand the behavior
(steps 1–4)

A summary of how each of the COM-B components
(capability, motivation, opportunity) contribute to physical
activity behavior within the acute pediatric cancer setting can
be viewed in Table 1. Results from Stage 1 highlight the
diverse nature of the barriers and facilitators to physical activity
that exist.

Challenges to physical activity can vary from one child to
another depending on their environment, cancer type, support
network, treatment regimen, emotional and physical states.
In addition, barriers to physical activity can change for each
individual child over the course of their acute treatment phase,
which can span many months (55). A child/adolescent’s capacity
to engage in physical activity can be limited by physical
impairments caused by treatment side effects but also through a
lack of knowledge, fear, and impaired mental health. Motivation
can be impacted through spending large amounts of time
in the hospital environment (both in-patient and out-patient
setting), reduced physical ability, a loss of independence and
freedom, and a lack of joy with movement. Opportunities to
be physically active can be restricted through experiencing
isolation from friends and family, residing in unstimulating
environments, restricted participation in daily routines and not
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TABLE 1 Behavior Change Wheel stage 1 and 2.

Stage 1 Stage 2

COM-B behavioral
determinants

Reasons for inactivity (55–58) What can be changed? Intervention
functions*

Capability Psychological Lack of knowledge: why and how to be
physically active, potential benefits and risks
Reduced mental capacity and stamina
Mental health issues: lost confidence,
embarrassment, fear, anger

Provide education regarding benefits of physical
activity
Practical demonstration about safe physical
activity
Identify mental health issues and initiate prompt
referral for management services for support

Education,
modeling, training,
enablement

Physical Reduced physical ability and function: strength,
balance, co-ordination, physical impairment
Treatment side effects: medically unwell, fatigue,
nausea, pain

Identify declines in function and initiate prompt
referral to physiotherapy for assessment and
treatment
Identify unwanted treatment side effects and
initiate prompt referral to medical team for
review for management

Enablement

Motivation Reflective Foreign hospital environment
No routine or access to independent ADLs
No desire to be physically active
Loss of independence and choice
Lack of joy with movement
Unaware of current level of physical activity
(possibly reduced)
Unaware of current level of function (possibly
reduced)

Facilitate changes to the physical environment to
promote physical activity
Provide feedback on activity and sedentary
behavior
Provide feedback on physical function
Provide support, encouragement and positive
feedback
Provide incentive to be physically active

Training, persuasion,
incentivization,
environmental
restructuring

Automatic Negative values and beliefs toward physical
activity during cancer treatment
Perceived risk
No perceived benefit
Conflicting priorities
Reduced self-efficacy toward physical activity

Education regarding potential benefits of
physical activity
Dispel fears regarding risks of physical activity
Education and demonstration on how to safely
be physically active

Education, modeling

Opportunity Physical Medically imposed physical restriction to
movement
Medical attachments
Need for mobility aid use
Lack of environmental cues
Unstimulating environment
Lack of engaging equipment
Lack of space
Restrictive hospital rules and policy
Lack of access to previous sporting activities and
environments

Facilitate changes to the physical environment to
promote physical activity: access to other
environments, access to toys and equipment,
time detached from medical equipment, restrict
sedentary activities
Provision of appropriate mobility aids

Training,
environmental
restructuring,
restriction

Social Lack of positive modeling and social cues
Lack of social interaction
Lack of availability of specialized services and
staff
Negative parental values and beliefs toward
physical activity
Reduced parental capacity – mentally and
physically
Values of treatment team not aligned with
physical activity

Education provided to other oncology HCP
about the importance of physical activity
Facilitate social interactions on the ward,
attendance to groups
Increase social support: friends, family, staff
Provide education parents and treating team
about the benefits of physical activity and how to
facilitate it
Engage parents and treating staff in strategies to
overcome physical activity

Education, training,
environmental
restructuring,

ALDs, activities of daily living; HCP, healthcare professional.
*Behavior Change Wheel intervention functions (50): Education, increasing knowledge or understanding. Persuasion, using communication to induce positive or negative feelings or
stimulate action; Incentivization, creating expectation of reward; Coercion, creating an expectation of punishment or cost; Training, imparting skills; Restriction, using rules to reduce the
opportunity to engage in the target reducing the behavior; Environmental restructuring, changing the physical or social context; Modeling, providing an example for people to aspire to
or imitate; Enablement, increasing means/reducing barriers to increase capability or opportunity.
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having access to sports equipment or toys (55–58). To address
the unique characteristics of each child/adolescent and their
context, multi-layered, individualized and flexible solutions are
needed. Solutions need to acknowledge the heterogeneity of this
population. They also need to consider the variability that exists
for a child as they move through different treatment phases and
have varying medical and support needs.

Many factors identified in the COM-B model are not
immediately modifiable. For example, the physical layout
of a ward or day oncology unit, the necessity of medical
treatments, intravenous lines, resource availability, infection
risks and hospital policies. In identifying potential pathways to
create behavior change, focus was given to identifying ways to
maximize physical activity within these constraints.

Stage 2: Identify intervention options
(steps 5 and 6)

A summary of the identified intervention functions can be
viewed in Table 1. Education, modeling, training, enablement,
providing incentives and environmental restructuring (50)
were identified as approaches that could affect physical
activity behavior.

Stage 3: Identify content and
implementation options (steps 7 and 8)

Based on stage 1 and 2, 15 behavioral change strategies
to implement within CanMOVE were identified. Table 2
outlines CanMOVE’s intervention components, how they will
be delivered, and the behavior change techniques selected. Also
depicted are how each component is linked to the previously
identified intervention functions.

“Goal setting” and “self-monitoring” were identified as key
strategies. Reduced motivation and self-efficacy are commonly
reported barriers to physical activity (60). Giving children and
adolescents the means to set goals and monitor progress in real
time creates a sense of control that is rarely afforded in other
aspects of their care (61). For delivery, activity monitors were
selected. Activity monitors can also be used to apply a variety
of behavior change techniques (62, 63). They are increasingly
used within the pediatric settings (42, 64–67) and literature
supports their use in motivating physical activity behavior,
especially as part of a broader intervention plan (68). Using
activity monitors to quantify physical activity via daily steps
provides children/adolescents with a means to approximate the
amount of physical activity they undertake in real-time. It is
acknowledged that daily steps are one representation of physical
activity, not taking account of other parameters such as intensity
and frequency. However, daily steps are an accessible means by
which to set and monitor physical activity goals (69). Rather

than offering support that relies upon extrinsic motivation
and staff supervision, activity monitors can facilitate intrinsic
motivation through providing a means to self-manage behavior.

“Demonstration” was another key behavioral change
strategy identified. For children and adolescents with cancer, an
experience of physical impairment and reduced opportunity for
activity has the potential to lead to a belief they are unable, or it
is unsafe, to engage in physical activity. Through education and
participating in an active demonstration session with a trained
healthcare professional, opportunities for positive movement
experiences can be identified. This builds confidence in a
child/adolescent’s own ability to move.

“Planned social support,” “barrier identification and
problem solving,” and “action planning” were also identified
(70–73). Parental support is a key determinant of physical
activity behavior in children and adolescents (74, 75). In the
cancer treatment setting, negative perceptions toward physical
activity can be reinforced by parents leading to perpetuating
the sick role of the child/adolescent and a belief physical
activity is unsafe (76). Parents can play a strong protective and
advocacy role in the care of their child with cancer (77). In
order to utilize this influential role, involvement of the family
unit was identified as important. Facilitating opportunity for
families to collaborate with their child/adolescent as a team
gives control over how they engage with physical activity,
enabling formulation of self-determined solutions specific to
their interests and family context.

Through “environmental restructuring,” CanMOVE aims
to encourage members of the medical multidisciplinary team
to engage in a child/adolescent’s physical activity goals. The
priorities that exist within an organization can impact a
child/adolescent’s physical activity (78). Providing a means for
other members of the treatment team to engage could result
in additional motivation and opportunity for physical activity
through facilitating changes in work practices and routines.

The intervention: CanMOVE

The name “CanMOVE” was selected to promote the
idea that even in the context of acute cancer treatment,
children and adolescents can be physically active. It is
a flexible, individualized intervention tailored to suit the
unique, and often changing, context of each child/adolescent.
The intervention includes three phases run over 10 weeks:
Assessment, Monitoring and Feedback (4 weeks), Capacity
Building (2 weeks) and Consolidation (4 weeks) (Figure 2).
The program is designed to be implemented by a healthcare
professional, termed the “CanMOVE HCP.” This professional
will have specific training in exercise and rehabilitation for
children with cancer, such as an exercise physiologist or
physiotherapist. The intent is for CanMOVE to run parallel to
existing hospital or community-based therapy services. Where
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TABLE 2 Behavior Change Wheel stage 3.

Intervention component Mode of delivery COM-B
behavioral
determinant

Intervention
function*

CALO-RE BCT (59)

Phase 1
Assessment, monitoring and feedback

Standardized assessment of physical function,
physical activity and HRQOL

Complete standardized assessments at two
time points

Motivation Education,
persuasion

Provide feedback on
performance

Provide feedback on performance on
standardized assessments

One-on-one session with participant/parent
and trial CanMOVE HCP

Motivation Persuasion Provide feedback on
performance

Refer to specialized services as indicated ± Referral to services Plan social support

Phase 2
Capacity building: Theme 1

“Let’s find a reason for you to be physically active”
Provide written and verbal education regarding
physical activity definition, benefits,
evidence-based standards and recommendations

One-on-one session with participant/parent
and CanMOVE HCP

Capability,
motivation

Education,
training,

persuasion

Provide information about
health consequences of
behavior in general
Provide information about
health consequences of
behavior to the individual

Set a steps per day goal Provide activity monitor to participant: set
steps/day target on device and visually
display goal in environment

Motivation Persuasion,
incentivization

Goal setting (behavior)
Environmental restructure
Teach to use prompts

Provide capability to self-monitor steps/day Child/adolescent to wear activity monitor at
wrist
Set prompts on activity monitor to indicate
progress toward goal (50, 75, and 100%
celebrations)

Motivation Persuasion,
incentivization

Prompt self-monitoring of
behavior
Provide feedback on
performance

Engage family in goal attainment Provide activity monitor to parent to wear
and work together with child/adolescent to
achieve steps/day goal

Motivation Persuasion Plan social support

Engage treating team in goal attainment Visually display steps/day goal in
environment
Record steps/days goal in medical record

Motivation Persuasion Plan social support

Capacity building: Theme 2
“Let’s explore how you can be more physically active”

Brainstorming of possible ways to be physically
active in current setting

One-on-one session with participant/parent
and CanMOVE HCP

Capability,
motivation

Enablement Provide information on where
and when to perform the
behavior

Supervised participation in physical activity Capability,
motivation,
opportunity

Training,
enablement

Model/demonstrate the
behavior

Capacity building: Theme 3
“Let’s make a physical activity plan”

Review steps/day data and provide positive
reinforcement

One-on-one session with participant/parent
and CanMOVE HCP

Motivation Persuasion,
incentivization

Prompting focus on past
success
Prompt rewards contingent on
effort or progress toward
behavior
Prompt review of behavioral
goals

Identify individual barriers to physical activity
and discuss possible solutions

Motivation,
opportunity

Persuasion,
incentivization

Barrier identification and
problem solving

Set a new steps per day goal based on prior results Motivation Persuasion,
incentivization

Goal setting (behavior)

Create an action plan to achieve steps/day goal
(see Table 3 for example action plan items)

Motivation,
opportunity

Motivation,
opportunity

Action planning

Provide support to carry out action plan CanMOVE HCP allocated 1 h/week to assist
implementation of action plan items

Motivation,
opportunity

Motivation,
opportunity

Action planning

Phase 3
Consolidation sessions 1–4
(Repeat Theme 3 weekly)

BCT, behavior change technique; CALO-RE, Coventry, Aberdeen, and London – Refined; HCP; healthcare professional, HRQOL, health-related quality of life.
*Behavior Change Wheel intervention functions (50): Education, increasing knowledge or understanding; Persuasion, using communication to induce positive or negative feelings or
stimulate action; Incentivization, creating expectation of reward; Coercion, creating an expectation of punishment or cost; Training, imparting skills; Restriction, using rules to reduce the
opportunity to engage in the target reducing the behavior; Environmental restructuring, changing the physical or social context; Modeling, providing an example for people to aspire to
or imitate; Enablement, increasing means/reducing barriers to increase capability or opportunity.
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FIGURE 2

CanMOVE intervention model.

appropriate CanMOVE sessions can be conducted remotely to
accommodate both the home and hospital environment, and
overcome any isolation restrictions.

Phase 1: Assessment, monitoring, and feedback
This phase occurs at the beginning (2 weeks) and the end

of the intervention (2 weeks). It includes objective assessment

of physical activity, physical function (e.g., gross motor skills,
cardiovascular function, functional tasks) and health-related
quality of life (HRQOL). Each assessment outcome is discussed
with the child/adolescent and their parent to build self-
awareness of their current level of physical activity and learn
about factors contributing to it (i.e., physical function and
mental health). Assessing across two time points provides
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an opportunity to highlight and celebrate any improvements
overtime. The assessment of physical function also provides
opportunity to identify impairments requiring more intensive
therapeutic input. In this phase, referrals can be made to
additional services, for instance in the case of a vincristine
neuropathy. There is insufficient evidence to support the
selection of outcome measures to assess physical function in
this population (79). Further psychometric analysis is required
to inform the selection of assessment tools that may be
utilized in this phase.

Phase 2: Capacity building
Theme 1: “Let’s find a reason for you to be physically
active”

Theme 1 explores self-identified motivations toward
physical activity. Education is individually tailored to identify
motivating factors for them, and their parent/s. Here the
CanMOVE HCP seeks to define the broad nature of physical
activity, re-framing it as something that is achievable, fun,
and part of the everyday routine. The benefits of physical
activity are also discussed, specifically in the context of
cancer treatment. A booklet specifically about physical activity
and cancer treatment is provided (80). At the conclusion
of the session, the child/adolescent is asked to identify
1–3 reasons why being physically active is important and
beneficial for them.

The child/adolescent and one parent are provided with an
activity monitor which is used to set an individualized daily step
target. The daily steps target will act to broadly represent their
participation in physical activity throughout the day. Together
the child/adolescent and parent work toward their daily target.
The initial daily step goal is formulated collaboratively taking
into consideration results from the baseline assessment and
current medical management. Progress toward their goal can
be monitored continuously in real-time via the activity monitor.
The daily step goal will be displayed in their hospital room (or at
home) and communicated to the treating team via their medical
record and multi-disciplinary team meetings.

Theme 2: “Let’s explore how you can be more
physically active”

Theme 2 involves collaboratively brainstorming how the
child/adolescent can be more physically active in their
environment, whether that be at home or in the hospital setting.
Within this session children will be encouraged to reflect upon
what physical activity is, what they currently do, what they are
able to do, and what they would like to do. In doing so, the
child/adolescent is supported to identify new ways they can
introduce physical activity opportunities into their daily routine.
Identified strategies will aim to reflect the broad nature of
‘physical activity’ (25). For example, this may include activities
of daily living, play, a structured exercise routine, sports skills,

walking, and/or planned social interactions and hobbies that can
incorporate incidental physical activity.

The child/adolescent will then participate in a physical
activity session with the CanMOVE HCP. Activities
completed will be tailored to the child/adolescent’s interests,
treatment, abilities, and safety restrictions. Only activities
the child/adolescent can carry out independently (or with
the assistance of their parent) will be incorporated. If
equipment, toys, technology, or active gaming are used,
they must be readily available to the child/adolescent for
independent use. This session aims to offer a positive
movement experience that is fun and build confidence in
their ability to move.

Theme 3: “Let’s make a physical activity plan”

Theme 3 aims to devise a physical activity plan in
partnership with the child/adolescent and parent/s. Within this
session, progress toward their daily step goal is reviewed.
Positive reinforcement is provided in response to the
child/adolescent making attempts to achieve the daily step
goal. A list of barriers and facilitators to goal attainment are
formulated. Factors that are within their realm of control
are identified and potential solutions brainstormed. Here the
daily step goal can be altered to make it more achievable or to
motivate a challenge, a decision to be made in the context of
upcoming treatment plans. An action plan will be formulated
to work toward the daily steps target. Action plan items will
comprise individualized strategies to assist in overcoming
identified barriers. Tasks will be agreed upon and implemented
by the child/adolescent and parent. The aim here is to support
families to make independent choices regarding how the
child/adolescent chooses to move, and motivate a shift toward a
more physically active daily routine.

In addition, the CanMOVE HCP will allocate one hour to
assist implementation of action plan items over the course of
the following week. Action plan items will involve the broader
treating medical and nursing team where able. An example
of a barrier identification and action plan can be viewed in
Table 3. In cases where psychological or physical impairments
are identified and cannot be addressed adequately within the
scope of the CanMOVE program, the CanMOVE HCP will
collaborate with specialized therapy services and referrals made
as indicated.

Phase 3: Consolidation
Four “consolidation” sessions will be conducted to evaluate

and modify intervention strategies based on their success in
bringing about behavior change. Each week the daily steps data
for the previous week will be discussed and a new goal set
for the coming week. The daily step goal will aim to increase
each week. However, to ensure goals are achievable, it may be
maintained or decreased based on individual circumstances,
such as upcoming hospital admissions/discharges, medical
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TABLE 3 Example barriers and action plan items.

Barriers Potential action plan items Carried out by

Admitted on hospital ward – unsure how
to be physically active, nothing to do

Loan equipment/games/toys to encourage
physical activity in line with interests
Facilitate a plan for regular time outdoors/off
ward with medical team
Develop a plan to restrict screen time
Plan social visits with friends and family

Child/adolescent, parent, CanMOVE HCP
CanMOVE HCP/medical and nursing
team
Child/adolescent, parent
Child/adolescent, parent

Attend team meetings and facilitate
opportunities to be physically active through
existing services, i.e., play therapy
Carry out additional supervised physical
activity sessions to increase confidence and
promote independence

CanMOVE HCP
CanMOVE HCP

Plan ADLs to participate in (etc. dressing,
showering, making own snacks)
Facilitate interaction with other children on
the ward
Develop and schedule independent exercise
program based on needs and interests
Start a physical activity routine, e.g., ADLs,
walking, independent exercises, sport
activities/games

Child/adolescent, parent
CanMOVE HCP, nursing team, parent
Child/adolescent, parent, CanMOVE HCP
Child/adolescent, parent, CanMOVE HCP

Fatigue and nausea with current treatment Plan rest time
Education on pacing

Child/adolescent, parent, CanMOVE HCP
Child/adolescent, parent, CanMOVE HCP

Tripping when walking Discus with medical team need for
physiotherapy referral for additional
assessment and management

CanMOVE HCP, medical team, hospital
physiotherapists

Lack of motivation to get up and move Display prompts and cues to encourage
physical activity
Discuss goal with nursing staff and encourage
their involvement in supporting their goal
attainment

CanMOVE HCP
CanMOVE HCP, medical and nursing
team

Long periods of time on intravenous line Schedule line-free time with nursing staff CanMOVE HCP, medical and nursing
team

ADLs, activities of daily living; HCP, healthcare professional.

treatments and/or setbacks. Any new barriers and facilitators
identified will be discussed. Success of action plan strategies
will be reviewed, and items removed or added as indicated. An
additional one hour of CanMOVE HCP time can be used to
assist in carrying out action plan items each week.

Outcomes

The primary outcome of the CanMOVE intervention is
to facilitate change in physical activity behavior in children
undergoing acute cancer treatment. There may be additional
potential benefits if CanMOVE is implemented in a clinical
setting. The potential short- and long-term outcomes, along
with their theorized mechanisms of action can be found in
Figure 3. Prior to clinical implementation, CanMOVE must first
be piloted for feasibility and undergo further development to
ensure safety, acceptability, and optimum efficacy.

Discussion

CanMOVE is a complex intervention that takes a novel
and proactive approach to physical activity promotion. With a
focus on behavior change, CanMOVE aims to promote positive
movement experiences and maximize the family’s capacity
toward physical activity. The design process was transparent,
theory-driven and informed by qualitative data. The Behavior
Change Wheel process necessitated a deep understanding
of the target behavior, population and environment (50).
Although time consuming, developing a clear behavioral
diagnosis specific to the desired population ensured all
subsequent design decisions were relevant to the population.
The result is an intervention that targets specific physical activity
challenges faced by children and adolescents within the acute
cancer treatment setting. Intervention strategies identified for
CanMOVE promote physical activity as necessary, enjoyable,
and achievable in the acute cancer treatment setting. This
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FIGURE 3

Outcomes.

perspective is in-line with recently released physical activity
guidelines for children with cancer (81). Given the complex
determinants of physical activity behavior for children with

cancer, it is important to acknowledge that CanMOVE is
only one element within a multi-system approach required to
promote physical activity for this population.
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CanMOVE seeks to complement, rather than replace
specialized therapy services that provide physical assessment,
intervention, and rehabilitation. Without the availability of
therapists to address treatment related physical impairments
(for example post-surgical impairments, myopathy and
neuropathy), children and adolescents with compromised
physical function will find it challenging to be physically
active. CanMOVE incorporates a mechanism whereby physical
function is monitored, with referrals made on a need basis.
This approach ensures physical impairments are identified and
treated promptly, while maximizing the efficiency of specialized
service provision. Success, however, relies upon the selection of
psychometrically robust outcome measures (79), and adequate
services in place to provide additional therapy as needed. Given
the protracted nature of acute cancer treatment, the provision of
monitoring and follow up after the completion of CanMOVE is
another consideration. The Stoplight program is an example of
a clinical service that utilizes monitoring and targeted exercise
provision with positive results (82).

Treating organizations have a role to play to ensure
hospital environments, professional services and staff values are
conducive to physical activity engagement. The social-ecological
model provides a framework to describe the multiple levels of
influence to be considered in working toward the promotion of
positive health behaviors (83). In addition to addressing factors
on an individual and interpersonal level, there is a need for
change at the organizational level. CanMOVE invites treating
teams to participate in a child/adolescent’s physical activity
promotion, yet there are other positive changes an organization
could make to support physical activity. These changes fall
within the policy categories of the Behavior Change Wheel,
such as environmental planning, service provision and a review
of hospital guidelines (50). For example, often equipment and
spaces that promote physical activity are not readily available
to families. Altering treatment environments to allow space and
independent access to equipment is a positive change that could
promote physical activity. Other examples include education
programs for nursing staff on physical activity promotion,
including physical activity goals into medical treatment plans,
and a review of hospital polies that restrict physical activity.

Feasibility evaluation is a vital step in the complex
intervention design process (37). Prior to implementation,
CanMOVE will be assessed for feasibility in a non-randomized
pilot study (84) against criteria designed by Bowen et al. (85).
The undertaking of a theoretical approach to intervention
design will aid this evaluation. Without clearly defined “active
ingredients” of the intervention, understanding what worked,
and how, can be difficult to isolate. A comprehensive analysis
of feasibility, utilizing qualitative and quantitative data (86),
enables a deeper understanding of intervention elements such
as: which were implemented successfully, which were effective,
and the potential mechanisms underlying any observed changes
in behavior. It also works to answer questions such as how

well an intervention fits within a clinical setting and how
acceptable it is. Addressing these questions is essential to
inform future intervention development decisions and clinical
implementation strategies. In depth analysis of the barriers and
facilitators to physical activity reported by participants during
the pilot study will also help the inform future intervention
development decisions, and guide potential changes to the
environment and services. Future design considerations for
CanMOVE will include when to time the intervention,
which outcome measures to use, how to engage the multi-
disciplinary team, and how changes of behavior changes may be
maintained over the entire length of acute treatment and into
survivorship (87).

CanMOVE endeavors to promote positive physical activity
experiences through maximizing a child/adolescent’s capacity,
motivation and opportunities for movement. It aims to change
how parents, children and adolescents think about physical
activity. Results will ultimately inform the implementation
of services within the pediatric cancer setting. This type of
intervention, however, cannot stand alone. Meaningful change
relies upon organizations providing specialized services and
environments that promote and facilitate participation in
physical activity. The theoretical design process underpinning
the design of CanMOVE is an important stepping-stone toward
understanding how to improve physical activity participation
for children and adolescents in this setting. It also has potential
application to other pediatric chronic health populations
where physical activity participation is challenged in the
hospital setting.
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Introduction

Chemotherapy-related cardiotoxicity is well understood and recognized in oncology

(1, 2). Randomized controlled trials have shown that exercise has the potential to prevent

chemotherapy-induced cardiotoxicity in adults diagnosed with cancer (3–6).

Nevertheless, the pediatric oncology exercise field is in emergence comparatively to

the adult oncology exercise field and has also the potential to adequately respond to

the chemotherapy-related cardiotoxicity burden that several childhood cancer

survivors face. Chemotherapy-related cardiotoxicity causes multiple late comorbidities

and is the most common cause of late-onset post-treatment morbidity and mortality

in childhood cancer survivors (7). In fact, childhood cancer survivors experience a 2-

to 10-fold increased risk of cardiovascular diseases relative to the general population

(8) and are seven times more likely to die from cardiovascular complications (e.g.,

high-grade ectopy, impaired left ventricular contractility, late congestive heart failure,

and sudden death) (9, 10). Through the recently published international pediatric

oncology exercise guidelines, clinical and research experts in pediatric oncology have

highlighted that “cardiotoxicity” is a specific condition that needs to be considered in

the field of pediatric oncology exercise (11). Hence, in a recent scoping review

discussing the benefits of exercise at different intensities to prevent and manage

cancer treatment-related cardiac dysfunction in childhood and adolescent cancer

survivors, authors pointed out the necessity to do clinical research to consolidate

current findings (12). This opinion paper discusses the potential of exercise for

childhood cancer survivors to prevent chemotherapy-related cardiotoxicity and

associated cardiovascular risk factors. It also presents the primary key challenges

encountered in cardio-oncology and exercise settings.
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Cardiac health and exercise capacity
in childhood cancer survivors

Every year, almost 10,500 children receive a diagnosis of

cancer in the United-States. Among them, approximately 85%

live at least 5 years post-diagnosis. As of 2019, the National

Cancer Institute has reported that there are 483,000 childhood

cancer survivors in the United-States (13). Several childhood

cancer survivors are facing chronic health problem related to

their cancer treatments. A study combining the Childhood

Cancer Survivor Study (CCSS) and the Surveillance

Epidemiology and End Results (SEER) data reported that

∼70% of childhood cancer survivors face mild to moderate

chronic condition, and 32% of them face a severe, disabling

or life-threatening chronic condition (14). The authors also

showed that chronic health problems increase with age no

later than 5 years post-diagnosis (14).

Although medical research and progress have allowed to

reach better survival rates, children’s exposure to

chemotherapeutic agents causes several long-term adverse

effects, such as cardiovascular diseases (15). Studies have

observed that survivors exposed to anthracycline drugs may

face subclinical dysfunctions and cardiac abnormalities (16–

21). Indeed, some childhood cancer survivors have a reduced

ejection fraction and impaired left ventricular contractility.

Moreover, they are at high risk of developing cardiomyopathy

and researchers have shown that some childhood cancer

survivors are at an early stage of heart failure a few years after

the end of their treatment (20, 22). Chemotherapy-related

cardiotoxicity is a leading cause of morbidity and mortality by

late congestive heart failure and sudden death (9, 10).

Findings from the CCSS have shown that they are seven times

more likely to die from late cardiovascular complications than

their healthy peers (23).

As a result of the treatment, they received during their

cancer, childhood cancer survivors have a lower exercise

capacity and cardiorespiratory fitness than their healthy peers

(24–26). A study performed as part of the St Jude Lifetime

Cohort Study (1,041 people who had survived cancer ≥10
years) showed that exercise intolerance [defined by the

authors as the inability to perform as expected on a measure

of exercise capacity (<85% of predicted VO2 peak and

maximal aerobic capacity <7.9 metabolic equivalents)] was

associated with mortality (HR = 3.9; 95% CI = 1.09–14.14),

global longitudinal strain (OR = 1.71; 95% CI = 1.11–2.63) and

chronotropic incompetence (OR = 3.58; 95% CI = 1.75–7.31)

(25). Global longitudinal strain is a sensitive measure to

detect subclinical left ventricular dysfunction in patients at

high risk for heart failure (25, 27). Chronotropic

incompetence, however, is a predictor of mortality in cardiac

patients and has been associated with cardiac autonomic

nervous system dysfunction (28–31). Evidence from
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observational studies shows that these parameters can be

improved by exercise in those who are physically active

compared to those who are inactive (32, 33). Indeed, in

15,450 adult survivors of childhood cancer, a multicenter

cohort analysis observed that exercise exposure was

significantly associated with a reduction in the cumulative

incidence of all-cause mortality, relapse and health-related

mortality (34). A large case-control study showed that

exercising less than 3 days per week was associated with an

increased risk for all-cause mortality, compared to childhood

cancer survivors who exercised more than 3 days per week (35).
Healthy lifestyle in childhood cancer
survivors

Over the past decade, clinical and research experts in

pediatric oncology have demonstrated that exercise is

beneficial and safe for childhood cancer survivors. A state-of-

the-art review recently highlighted the importance of exercise

in childhood cancer survivors and its key role in preventing

chemotherapy-related cardiotoxicity (15). Indeed,

chemotherapy-related cardiotoxicity leads to cardiac

dysfunctions (e.g., decline in left ventricular ejection fraction),

because of mitochondrial biogenesis impairment (36), whereas

exercise stimulates mitochondrial biogenesis (37). Moreover,

observational studies have reported that exercise in childhood

cancer survivors improves left ventricular ejection fraction (38,

39) and markers of cardiovascular health (33, 40). Several

other pathways also need to be taken into consideration as

potential mechanisms of chemotherapy-induced

cardiotoxicity, such as inhibition of topoisomerase 2B,

oxidative stress, DNA damage and Ca2+ release and

myocardial fibrosis (41–44). Nevertheless, research on the

impact of exercise on theses parameters needs to be pursued

in human and animal models to strengthen the evidence (45,

46). Studies have shown, however, that chemotherapy-induced

cardiotoxicity may not be reversible in animal models and

observational human studies biopsies (47–49) which

reinforces the importance of exercising during cancer

treatments.

Nevertheless, few childhood cancer survivors are physically

active. The American Association for Cancer Research (AACR)

has reported that almost one in two survivors are not following

the physical activity guidelines and that >70% are less likely to

be physically active than their healthy peers (50). In an

observational cohort study of childhood acute lymphoblastic

leukemia survivors, it has been reported that survivors and

healthy people had a clinically equivalent level of moderate to

vigorous physical activity per week, despite a substantially

lower cardiorespiratory fitness level in survivors (24). Long-

term follow-up of childhood cancer survivors has shown that

their physical activity level worsens significantly until they
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ultimately reach a sedentary behavior state (51). These findings

are worrying because a low physical activity level is associated

with lower cardiac health (33, 35) and an inactive lifestyle has

been associated with cardiovascular disease in childhood

cancer survivors (52). To enhance cardiac health prognoses

and favor health-related benefits in cancer survivors, the

American College of Sports Medicine (ACSM) guidelines

recommend achieving at least 30 min per day of aerobic

exercise training, in addition to doing resistance training (53).

Evidence has shown promising results on cardiac function,

while requiring further studies to explore the preventative

effects of exercise on cardiotoxicity (41, 53, 54).

Considering the current literature, it is important to note

that in several childhood cancer survivors, chemotherapy-

related cardiotoxicity is reinforced by their lifestyle and

behavioral risk factors adopted during and after their

treatment (55, 56). It has been well demonstrated that

physical inactivity and sedentary behavior favor cardiovascular

diseases (57). As an example, physical inactivity has been

described as the fourth cardiovascular risk factor and was

pointed out to be responsible for over 5 million deaths (58,

59). Cardiovascular diseases are also associated with other risk

factors, such as depressive symptoms, metabolic syndrome,

weight status (abdominal obesity, overweight, obesity),

dyslipidemia, diabetes, hypertension and smoking (60). These

cardiovascular risk factors are commonly reported in

childhood cancer survivors (61, 62). Thus, addressing

childhood cancer survivors’ cardiovascular risk factors could

be a powerful way to prevent chemotherapy-related

cardiotoxicity, in addition to adopting a preventative approach

initiated at cancer diagnosis (63, 64).
Primary key challenges

In a recent scoping review, Wogksch et al. described the

associations between physical activity and chronic diseases

and reported that childhood cancer survivors who engage in

physical activity decrease their risk of cardiovascular diseases,

in addition to improving markers of cardiovascular diseases

and their risk of mortality, compared to childhood cancer

survivors who do not engage in physical activity (33). These

findings confirm those of Slater et al., who reported in a

cross-sectional study that childhood cancer survivors (n = 319)

with a high physical activity level had lower percent fat mass,

abdominal subcutaneous and visceral fat, and greater lean

body mass and insulin sensitivity than survivors who reported

having a low physical activity level (65). Considering the

current literature in cardiology, physical activity has a

prophylactic effect on cardiovascular risk factors and does not

require for patients to engage in several hours per day of

exercise (66). Several studies share the important message that

physical inactivity always needs to be avoided in childhood
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cancer survivors, which can be achieved by engaging in

regular physical activity. This also joins the international

pediatric oncology exercise guidelines global message that

moving is important for all pediatric patients with cancer and

survivors (11).

Exercise can be a useful approach to address chemotherapy-

related cardiotoxicity in pediatric patients considering that the

probability to develop a cardiovascular disease is

approximately 3% in childhood cancer survivors who are 30

years old, a number that increases to about 10% at 45 years

old (67). The literature highlights that exercise can be an even

more powerful approach when addressing cardiovascular risk

factors that may have an impact on chemotherapy-related

cardiotoxicity observed in childhood cancer survivors.

Managing risk factors in cardio-oncology can be challenging

considering that most of childhood cancer survivors are under

several cardiac parameter thresholds. It is also important to

remind that the cardiac challenges they face are different than

those in adult patients with cancer or cardiac patients. During

the first year of their follow-up, childhood cancer survivors do

not have more cardiovascular risk factors than their healthy

counterparts (68). While the clinical observations could be

encouraging at first glance, long-term follow-ups have shown

that the prevalence of cardiovascular risk factors increases

with time, as well as the risk of cardiovascular diseases (67,

69). For example, an observational study showed that the

impact of chemotherapy treatment was subclinical and that

childhood acute lymphoblastic leukemia survivors were in the

first stage of heart failure (20). The authors hypothesized that

these survivors were compensating for subclinical cardiac

remodeling. These findings emphasize the importance of

providing cardio-oncology follow-ups to survivors exposed to

chemotherapy treatments even if they are not at risk of

cardiac diseases at the time of their follow-up appointment.

Therefore, ongoing studies are being conducted to enhance

our understanding of the effect of exercise on cardiotoxicity

in childhood cancer survivors, such as the HIMALAYAS Trial

(NCT05023785). The HIMALAYAS trial aims to evaluate the

impact of exercise on cardiovascular health in childhood,

adolescent and young adult cancer survivors, and is a good

example to understand how the research field of pediatric

oncology exercise is evolving.

Another challenge is the diagnosis of cardiac dysfunction

in childhood cancer survivors. There is no broad consensus

on how cardiotoxicity should be measured in childhood

cancer survivors, leading to heterogeneity between studies

(70–74). Indeed, cardiotoxicity can be measured by a

combination of different parameters, such as reduced

resting systolic function, reduced resting diastolic

dysfunction, impaired hemodynamics and systolic

functional reserve measured during exercise or reduced

exercise capacity or cardiopulmonary fitness (VO2 peak). In

this sense, clinicians and researchers need to be cautious
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when interpreting the reported data and findings on the

associations between exercise and cardiotoxicity.

While cardiac dysfunctions can be observed at rest, research

experts and clinicians have started recommending an exercise

stress test coupled with cardiac imaging techniques to unmask

cardiac impairments that are not observable at rest in cancer

survivors (75–77). It has been demonstrated that survivors can

achieve a safe maximal cardiopulmonary exercise test without

being limited by symptoms, potential overprotection, or

musculoskeletal issues (78). Nevertheless, in clinical settings,

performing a maximal cardiopulmonary exercise test can be a

challenge since it requires human and financial resources. And

although there are other exercise testing procedures that can be

used (79), a maximal cardiopulmonary exercise test remains the

gold standard in exercise physiology to measure the maximal

oxygen consumption of childhood cancer survivors and their

cardiorespiratory fitness, which is associated to their cardiac

health. It is also important to note that not all exercise

physiologists or healthcare providers are trained to perform a

maximal cardiopulmonary exercise test and that not all countries

authorize an exercise physiologist to perform this type of

maximal exercise test, even under the supervision of a cardiologist.

Finally, to strengthen the pediatric oncology exercise field to

address the cardiac health of children with cancer and

childhood cancer survivors, exercise professionals should be

trained to be experts in oncology and more specifically in

cardio-oncology, as recommended (80–82). Having expertise

in these two major fields can be a real challenge since a

number of factors have to be taken into consideration. For

example, evidence-based medicine in pediatric cardio-

oncology is different than in adult cardio-oncology. In both

cases, it is important to consider patients’ health status,

treatment trajectory and adopt a multidisciplinary approach.
Conclusion

The pediatric oncology exercise field is in its early stages and

future studies are required to explore the benefits of exercise on

the cardiovascular health of childhood cancer survivors. As

discussed, the evidence regarding chemotherapy-related
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cardiotoxicity is limited and looking at the big picture by

addressing cardiovascular risk factors would be a research

path to follow in order to improve our knowledge. It is also

important to take into consideration that childhood cancer

survivors are children, adolescents and adult patients with

different needs and who are at different stages of their

physiological and cardiac development. Addressing

chemotherapy-related cardiotoxicity is a great challenge and

we hope that this paper will generate interest and ideas.
Author contributions

MC designed and wrote the manuscript, and DC revised

and contributed to the writing of the manuscript. All authors

contributed to the article and approved the submitted version.
Acknowledgments

We appreciate the assistance of Ariane Levesque
(Department of Psychology, University of Montreal) for her
review and edit of the article in the English language.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their

affiliated organizations, or those of the publisher, the editors

and the reviewers. Any product that may be evaluated in this

article, or claim that may be made by its manufacturer, is not

guaranteed or endorsed by the publisher.
References
1. Lipshultz SE, Diamond MB, Franco VI, Aggarwal S, Leger K, Santos MV,
et al. Managing chemotherapy-related cardiotoxicity in survivors of childhood
cancers. Paediatr Drugs. (2014) 16(5):373–89. doi: 10.1007/s40272-014-0085-1

2. Avila MS, Siqueira SRR, Ferreira SMA, Bocchi EA. Prevention and treatment
of chemotherapy-induced cardiotoxicity. Methodist Debakey Cardiovasc J. (2019)
15(4):267–73. doi: 10.14797/mdcj-15-4-267

3. Tranchita E, Murri A, Grazioli E, Cerulli C, Emerenziani GP, Ceci R, et al.
The beneficial role of physical exercise on anthracyclines induced cardiotoxicity
in breast cancer patients. Cancers. (2022) 14(9):2288. doi: 10.3390/
cancers14092288
4. Scott JM, Nilsen TS, Gupta D, Jones LW. Exercise therapy and cardiovascular
toxicity in cancer. Circulation. (2018) 137(11):1176–91. doi: 10.1161/
CIRCULATIONAHA.117.024671

5. Kirkham AA, Eves ND, Shave RE, Bland KA, Bovard J, Gelmon KA, et al. The
effect of an aerobic exercise bout 24 h prior to each doxorubicin treatment
for breast cancer on markers of cardiotoxicity and treatment symptoms: a
RCT. Breast Cancer Res Treat. (2018) 167(3):719–29. doi: 10.1007/s10549-017-
4554-4

6. Howden EJ, Bigaran A, Beaudry R, Fraser S, Selig S, Foulkes S, et al. Exercise
as a diagnostic and therapeutic tool for the prevention of cardiovascular
frontiersin.org

https://doi.org/10.1007/s40272-014-0085-1
https://doi.org/10.14797/mdcj-15-4-267
https://doi.org/10.3390/cancers14092288
https://doi.org/10.3390/cancers14092288
https://doi.org/10.1161/CIRCULATIONAHA.117.024671
https://doi.org/10.1161/CIRCULATIONAHA.117.024671
https://doi.org/10.1007/s10549-017-4554-4
https://doi.org/10.1007/s10549-017-4554-4
https://doi.org/10.3389/fped.2022.998337
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Caru and Curnier 10.3389/fped.2022.998337
dysfunction in breast cancer patients. Eur J Prev Cardiol. (2019) 26(3):305–15.
doi: 10.1177/2047487318811181

7. Lipshultz SE, Adams MJ, Colan SD, Constine LS, Herman EH, Hsu DT, et al.
Long-term cardiovascular toxicity in children, adolescents, and young adults who
receive cancer therapy: pathophysiology, course, monitoring, management,
prevention, and research directions: a scientific statement from the American
heart association. Circulation. (2013) 128(17):1927–95. doi: 10.1161/CIR.
0b013e3182a88099

8. Khanna A, Pequeno P, Gupta S, Thavendiranathan P, Lee DS, Abdel-Qadir H,
et al. Increased risk of all cardiovascular disease subtypes among childhood cancer
survivors. Circulation. (2019) 140(12):1041–3. doi: 10.1161/CIRCULATIONAHA.
119.041403

9. Grenier MA, Lipshultz SE. Epidemiology of anthracycline cardiotoxicity in
children and adults. Semin Oncol. (1998) 25(4 Suppl 10):72–85. doi: 10.1053/j.
seminoncol.2006.04.019

10. Kremer LC, van Dalen EC, Offringa M, Ottenkamp J, Voute PA.
Anthracycline-induced clinical heart failure in a cohort of 607 children: long-
term follow-up study. J Clin Oncol. (2001) 19(1):191–6. doi: 10.1200/JCO.2001.
19.1.191

11. Wurz A, McLaughlin E, Lategan C, Chamorro Viña C, Grimshaw SL,
Hamari L, et al. The international pediatric oncology exercise guidelines
(iPOEG). Transl Behav Med. (2021) 11(10):1915–22. doi: 10.1093/tbm/ibab028

12. Kendall SJ, Langley JE, Aghdam M, Crooks BN, Giacomantonio N, Heinze-
Milne S, et al. The impact of exercise on cardiotoxicity in pediatric and adolescent
cancer survivors: a scoping review. Curr Oncol. (2022) 29(9):6350–63. doi: 10.
3390/curroncol29090500

13. National cancer Institute. Childhood cancer survivor study: An overview
United-States. Bethesda, Maryland: U.S. Department of Health and Human
Services (2021). Available from: https://www.cancer.gov/types/childhood-
cancers/ccss.

14. Phillips SM, Padgett LS, Leisenring WM, Stratton KK, Bishop K, Krull KR,
et al. Survivors of childhood cancer in the United States: prevalence and burden of
morbidity. Cancer Epidemiol, Biomarkers Prev. (2015) 24(4):653–63. doi: 10.1158/
1055-9965.EPI-14-1418

15. Leerink JM, de Baat EC, Feijen EA, Bellersen L, van Dalen EC, Grotenhuis
HB, et al. Cardiac disease in childhood cancer survivors: risk prediction,
prevention, and surveillance: JACC cardiooncology state-of-the-art review.
Cardio Oncol. (2020) 2(3):363–78. doi: 10.1016/j.jaccao.2020.08.006

16. Armstrong GT, Plana JC, Zhang N, Srivastava D, Green DM, Ness KK, et al.
Screening adult survivors of childhood cancer for cardiomyopathy: comparison of
echocardiography and cardiac magnetic resonance imaging. J Clin Oncol. (2012)
30(23):2876–84. doi: 10.1200/JCO.2011.40.3584

17. Lipshultz SE, Colan SD, Gelber RD, Perez-Atayde AR, Sallan SE, Sanders SP.
Late cardiac effects of doxorubicin therapy for acute lymphoblastic leukemia in
childhood. N Engl J Med. (1991) 324(12):808–15. doi: 10.1056/
NEJM199103213241205

18. Lipshultz SE, Lipsitz SR, Sallan SE, Dalton VM, Mone SM, Gelber RD, et al.
Chronic progressive cardiac dysfunction years after doxorubicin therapy for
childhood acute lymphoblastic leukemia. J Clin Oncol. (2005) 23(12):2629–36.
doi: 10.1200/JCO.2005.12.121

19. Ylänen K, Poutanen T, Savikurki-Heikkilä P, Rinta-Kiikka I, Eerola A,
Vettenranta K. Cardiac magnetic resonance imaging in the evaluation of the
late effects of anthracyclines among long-term survivors of childhood cancer.
J Am Coll Cardiol. (2013) 61(14):1539–47. doi: 10.1016/j.jacc.2013.01.019

20. Caru M, Corbin D, Perie D, Lemay V, Delfrate J, Drouin S, et al.
Doxorubicin treatments induce significant changes on the cardiac autonomic
nervous system in childhood acute lymphoblastic leukemia long-term survivors.
Clin Res Cardiol. (2019) 108(9):1000–8. doi: 10.1007/s00392-019-01427-9

21. De Caro E, Smeraldi A, Trocchio G, Calevo M, Hanau G, Pongiglione G.
Subclinical cardiac dysfunction and exercise performance in childhood cancer
survivors. Pediatr Blood Cancer. (2011) 56(1):122–6. doi: 10.1002/pbc.22606

22. Lipshultz SE, Franco VI, Miller TL, Colan SD, Sallan SE. Cardiovascular
disease in adult survivors of childhood cancer. Annu Rev Med. (2015)
66:161–76. doi: 10.1146/annurev-med-070213-054849

23. Armstrong GT, Liu Q, Yasui Y, Neglia JP, Leisenring W, Robison LL, et al.
Late mortality among 5-year survivors of childhood cancer: a summary from the
childhood cancer survivor study. J Clin Oncol. (2009) 27(14):2328–38. doi: 10.
1200/JCO.2008.21.1425

24. Caru M, Samoilenko M, Drouin S, Lemay V, Kern L, Romo L, et al.
Childhood acute lymphoblastic leukemia survivors have a substantially lower
cardiorespiratory fitness level than healthy Canadians despite a clinically
equivalent level of physical activity. J Adolesc Young Adult Oncol. (2019) 8
(6):674–83. doi: 10.1089/jayao.2019.0024
Frontiers in Pediatrics 05

86
25. Ness KK, Plana JC, Joshi VM, Luepker RV, Durand JB, Green DM, et al.
Exercise intolerance, mortality, and organ system impairment in adult survivors
of childhood cancer. J Clin Oncol. (2020) 38(1):29. doi: 10.1200/JCO.19.01661

26. Miller AM, Lopez-Mitnik G, Somarriba G, Lipsitz SR, Hinkle AS, Constine
LS, et al. Exercise capacity in long-term survivors of pediatric cancer: an analysis
from the cardiac risk factors in childhood cancer survivors study. Pediatr Blood
Cancer. (2013) 60(4):663–8. doi: 10.1002/pbc.24410

27. Plana JC, Galderisi M, Barac A, Ewer MS, Ky B, Scherrer-Crosbie M, et al.
Expert consensus for multimodality imaging evaluation of adult patients during
and after cancer therapy: a report from the American society of
echocardiography and the European association of cardiovascular imaging.
J Am Soc Echocardiogr. (2014) 27(9):911–39. doi: 10.1016/j.echo.2014.07.012

28. Fei L, Keeling PJ, Sadoul N, Copie X, Malik M, McKenna WJ, et al.
Decreased heart rate variability in patients with congestive heart failure and
chronotropic incompetence. Pacing Clin Electrophysiol. (1996) 19(4 Pt
1):477–83. doi: 10.1111/j.1540-8159.1996.tb06519.x

29. Kawasaki T, Kaimoto S, Sakatani T, Miki S, Kamitani T, Kuribayashi T, et al.
Chronotropic incompetence and autonomic dysfunction in patients without
structural heart disease. Europace. (2010) 12(4):561–6. doi: 10.1093/europace/eup433

30. Paolillo S, Agostoni P, De Martino F, Ferrazzano F, Marsico F, Gargiulo P,
et al. Heart rate during exercise: mechanisms, behavior, and therapeutic and
prognostic implications in heart failure patients with reduced ejection fraction.
Heart Fail Rev. (2018) 23(4):537–45. doi: 10.1007/s10741-018-9712-1

31. Bertrand É, Caru M, Lemay V, Andelfinger G, Laverdiere C, Krajinovic M,
et al. Heart rate response and chronotropic incompetence during cardiopulmonary
exercise testing in childhood acute lymphoblastic leukemia survivors. Pediatr
Hematol Oncol. (2021) 38(6):564–80. doi: 10.1080/08880018.2021.1894279

32. Naaktgeboren WR, Groen WG, Jacobse JN, Steggink LC, Walenkamp AM,
van Harten WH, et al. Physical activity and cardiac function in long-term breast
cancer survivors: a cross-sectional study. JACC CardioOncol. (2022) 4(2):183–91.
doi: 10.1016/j.jaccao.2022.02.007.

33. Wogksch MD, Goodenough CG, Finch ER, Partin RE, Ness KK. Physical
activity and fitness in childhood cancer survivors: a scoping review. Aging and
Cancer. (2021) 2(4):112–28. doi: 10.1002/aac2.12042

34. Scott JM, Li N, Liu Q, Yasui Y, Leisenring W, Nathan PC, et al. Association
of exercise with mortality in adult survivors of childhood cancer. JAMA Oncol.
(2018) 4(10):1352–8. doi: 10.1001/jamaoncol.2018.2254

35. Cox CL, Nolan VG, Leisenring W, Yasui Y, Ogg SW, Mertens AC, et al.
Noncancer-related mortality risks in adult survivors of pediatric malignancies:
the childhood cancer survivor study. J Cancer Surviv. (2014) 8(3):460–71.
doi: 10.1007/s11764-014-0353-7

36. Kang DW, Wilson RL, Christopher CN, Normann AJ, Barnes O, Lesansee
JD, et al. Exercise cardio-oncology: exercise as a potential therapeutic modality
in the management of anthracycline-induced cardiotoxicity. Front Cardiovasc
Med. (2021) 8:805735. doi: 10.3389/fcvm.2021.805735

37. Freyssenet D, Berthon P, Denis C. Mitochondrial biogenesis in skeletal
muscle in response to endurance exercises. Arch Physiol Biochem. (1996) 104
(2):129–41. doi: 10.1076/apab.104.2.129.12878

38. Smith WA, Ness KK, Joshi V, Hudson MM, Robison LL, Green DM.
Exercise training in childhood cancer survivors with subclinical cardiomyopathy
who were treated with anthracyclines. Pediatr Blood Cancer. (2013) 61(5):
942–5. doi: 10.1002/pbc.24850

39. Järvelä LS, Saraste M, Niinikoski H, Hannukainen JC, Heinonen OJ,
Lähteenmäki PM, et al. Home-based exercise training improves left ventricle
diastolic function in survivors of childhood ALL: a tissue Doppler and velocity
vector imaging study. Pediatr Blood Cancer. (2016) 63(9):1629–35. doi: 10.1002/
pbc.26051

40. Morales JS, Valenzuela PL, Herrera-Olivares AM, Baño-Rodrigo A, Castillo-
García A, Rincón-Castanedo C, et al. Exercise interventions and cardiovascular
health in childhood cancer: a meta-analysis. Int J Sports Med. (2020) 41
(3):141–53. doi: 10.1055/a-1073-8104

41. Chen JJ, Wu PT, Middlekauff HR, Nguyen KL. Aerobic exercise in
anthracycline-induced cardiotoxicity: a systematic review of current evidence
and future directions. Am J Physiol Heart Circ Physiol. (2017) 312(2):H213–h22.
doi: 10.1152/ajpheart.00646.2016

42. Carrasco R, Castillo RL, Gormaz JG, Carrillo M, Thavendiranathan P. Role
of oxidative stress in the mechanisms of anthracycline-induced cardiotoxicity:
effects of preventive strategies. Oxid Med Cell Longev. (2021) 2021:8863789.
doi: 10.1155/2021/8863789

43. Bhatia S. Genetics of anthracycline cardiomyopathy in cancer survivors:
JACC: cardioOncology state-of-the-art review. JACC CardioOncol. (2020) 2
(4):539–52. doi: 10.1016/j.jaccao.2020.09.006
frontiersin.org

https://doi.org/10.1177/2047487318811181
https://doi.org/10.1161/CIR.0b013e3182a88099
https://doi.org/10.1161/CIR.0b013e3182a88099
https://doi.org/10.1161/CIRCULATIONAHA.119.041403
https://doi.org/10.1161/CIRCULATIONAHA.119.041403
https://doi.org/10.1053/j.seminoncol.2006.04.019
https://doi.org/10.1053/j.seminoncol.2006.04.019
https://doi.org/10.1200/JCO.2001.19.1.191
https://doi.org/10.1200/JCO.2001.19.1.191
https://doi.org/10.1093/tbm/ibab028
https://doi.org/10.3390/curroncol29090500
https://doi.org/10.3390/curroncol29090500
https://www.cancer.gov/types/childhood-cancers/ccss
https://www.cancer.gov/types/childhood-cancers/ccss
https://doi.org/10.1158/1055-9965.EPI-14-1418
https://doi.org/10.1158/1055-9965.EPI-14-1418
https://doi.org/10.1016/j.jaccao.2020.08.006
https://doi.org/10.1200/JCO.2011.40.3584
https://doi.org/10.1056/NEJM199103213241205
https://doi.org/10.1056/NEJM199103213241205
https://doi.org/10.1200/JCO.2005.12.121
https://doi.org/10.1016/j.jacc.2013.01.019
https://doi.org/10.1007/s00392-019-01427-9
https://doi.org/10.1002/pbc.22606
https://doi.org/10.1146/annurev-med-070213-054849
https://doi.org/10.1200/JCO.2008.21.1425
https://doi.org/10.1200/JCO.2008.21.1425
https://doi.org/10.1089/jayao.2019.0024
https://doi.org/10.1200/JCO.19.01661
https://doi.org/10.1002/pbc.24410
https://doi.org/10.1016/j.echo.2014.07.012
https://doi.org/10.1111/j.1540-8159.1996.tb06519.x
https://doi.org/10.1093/europace/eup433
https://doi.org/10.1007/s10741-018-9712-1
https://doi.org/10.1080/08880018.2021.1894279
https://doi.org/10.1016/j.jaccao.2022.02.007
https://doi.org/10.1002/aac2.12042
https://doi.org/10.1001/jamaoncol.2018.2254
https://doi.org/10.1007/s11764-014-0353-7
https://doi.org/10.3389/fcvm.2021.805735
https://doi.org/10.1076/apab.104.2.129.12878
https://doi.org/10.1002/pbc.24850
https://doi.org/10.1002/pbc.26051
https://doi.org/10.1002/pbc.26051
https://doi.org/10.1055/a-1073-8104
https://doi.org/10.1152/ajpheart.00646.2016
https://doi.org/10.1155/2021/8863789
https://doi.org/10.1016/j.jaccao.2020.09.006
https://doi.org/10.3389/fped.2022.998337
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Caru and Curnier 10.3389/fped.2022.998337
44. Murabito A, Hirsch E, Ghigo A. Mechanisms of anthracycline-induced
cardiotoxicity: is mitochondrial dysfunction the answer? Front Cardiovasc Med.
(2020) 7:35. doi: 10.3389/fcvm.2020.00035

45. Yen CJ, Hung CH, Tsai WM, Cheng HC, Yang HL, Lu YJ, et al. Effect of
exercise training on exercise tolerance and level of oxidative stress for head and
neck cancer patients following chemotherapy. Front Oncol. (2020) 10:1536.
doi: 10.3389/fonc.2020.01536

46. Hahn VS, Lenihan DJ, Ky B. Cancer therapy–induced cardiotoxicity: basic
mechanisms and potential cardioprotective therapies. J Am Heart Assoc. (2014)
3(2):e000665. doi: 10.1161/JAHA.113.000665

47. Mackay B, Ewer MS, Carrasco CH, Benjamin RS. Assessment of
anthracycline cardiomyopathy by endomyocardial biopsy. Ultrastruct Pathol.
(1994) 18(1-2):203–11. doi: 10.3109/01913129409016291

48. Jensen BV, Skovsgaard T, Nielsen SL. Functional monitoring of
anthracycline cardiotoxicity: a prospective, blinded, long-term observational
study of outcome in 120 patients. Ann Oncol. (2002) 13(5):699–709. doi: 10.
1093/annonc/mdf132

49. Timm KN, Perera C, Ball V, Henry JA, Miller JJ, Kerr M, et al. Early
detection of doxorubicin-induced cardiotoxicity in rats by its cardiac metabolic
signature assessed with hyperpolarized MRI. Commun Biol. (2020) 3(1):1–10.
doi: 10.1038/s42003-019-0734-6

50. Florin TA, Fryer GE, Miyoshi T, Weitzman M, Mertens AC, Hudson MM,
et al. Physical inactivity in adult survivors of childhood acute lymphoblastic
leukemia: a report from the childhood cancer survivor study. Cancer Epidemiol
Biomarkers Prev. (2007) 16(7):1356–63. doi: 10.1158/1055-9965.EPI-07-0048

51. Smith WA, Nolan VG, Robison LL, Hudson MM, Ness KK. Physical activity
among cancer survivors and those with no history of cancer- a report from the
national health and nutrition examination survey 2003–2006. Am J Transl Res.
(2011) 3(4):342–50.

52. Shankar SM, Marina N, Hudson MM, Hodgson DC, Adams MJ, Landier W,
et al. Monitoring for cardiovascular disease in survivors of childhood cancer:
report from the cardiovascular disease task force of the Children’s oncology
group. Pediatrics. (2008) 121(2):e387–96. doi: 10.1542/peds.2007-0575

53. Campbell KL, Winters-Stone KM, Wiskemann J, May AM, Schwartz AL,
Courneya KS, et al. Exercise guidelines for cancer survivors: consensus
statement from international multidisciplinary roundtable. Med Sci Sports
Exercise. (2019) 51(11):2375–90. doi: 10.1249/MSS.0000000000002116

54. Costello BT, Roberts TJ, Howden EJ, Bigaran A, Foulkes SJ, Beaudry RI,
et al. Exercise attenuates cardiotoxicity of anthracycline chemotherapy measured
by global longitudinal strain. JACC CardioOncol. (2019) 1(2):298–301. doi: 10.
1016/j.jaccao.2019.09.002

55. Cardinale D, Iacopo F, Cipolla CM. Cardiotoxicity of anthracyclines. Front
Cardiovasc Med. (2020) 7:26. doi: 10.3389/fcvm.2020.00026

56. Zamorano JL, Lancellotti P, Rodriguez Muñoz D, Aboyans V, Asteggiano R,
Galderisi M, et al. 2016 ESC position paper on cancer treatments and
cardiovascular toxicity developed under the auspices of the ESC committee for
practice guidelines: the task force for cancer treatments and cardiovascular
toxicity of the European society of cardiology (ESC). Eur Heart J. (2016) 37
(36):2768–801. doi: 10.1093/eurheartj/ehw211

57. Chomistek AK, Manson JE, Stefanick ML, Lu B, Sands-Lincoln M, Going
SB, et al. Relationship of sedentary behavior and physical activity to incident
cardiovascular disease: results from the Women’s health initiative. J Am Coll
Cardiol. (2013) 61(23):2346–54. doi: 10.1016/j.jacc.2013.03.031

58. Wen CP, Wu X. Stressing harms of physical inactivity to promote exercise.
Lancet. (2012) 380(9838):192–3. doi: 10.1016/S0140-6736(12)60954-4

59. Yusuf S, Hawken S, Ounpuu S, Dans T, Avezum A, Lanas F, et al. Effect of
potentially modifiable risk factors associated with myocardial infarction in 52
countries (the INTERHEART study): case-control study. Lancet. (2004) 364
(9438):937–52. doi: 10.1016/S0140-6736(04)17018-9

60. World Health Organization. Cardiovascular diseases (CVDs): World Health
Organization (2021). Available at: http://www.who.int/mediacentre/factsheets/
fs317/en/.

61. Lemay V, Caru M, Samoilenko M, Drouin S, Alos N, Lefebvre G, et al.
Prevention of long-term adverse health outcomes with cardiorespiratory fitness and
physical activity in childhood acute lymphoblastic leukemia survivors. J Pediatr
Hematol Oncol. (2019) 41(7):e450–e8. doi: 10.1097/MPH.0000000000001426

62. Luongo C, Randazzo E, Iughetti L, DI Iorgi N, Loche S, Maghnie M, et al.
Cardiometabolic risk in childhood cancer survivors. Minerva Pediatr. (2021) 73
(6):588–605. doi: 10.23736/S2724-5276.21.06544-7

63. Caru M, Duhamel G, Marcil V, Sultan S, Meloche C, Bouchard I, et al. The
VIE study: feasibility of a physical activity intervention in a multidisciplinary
program in children with cancer. Support Care Cancer. (2020) 28(6):2627–36.
doi: 10.1007/s00520-019-05085-5
Frontiers in Pediatrics 06

87
64. Bélanger V, Delorme J, Napartuk M, Bouchard I, Meloche C, Curnier D, et al.
Early nutritional intervention to promote healthy eating habits in pediatric oncology:
a feasibility study. Nutrients. (2022) 14(5):1024–45. doi: 10.3390/nu14051024

65. Slater ME, Ross JA, Kelly AS, Dengel DR, Hodges JS, Sinaiko AR, et al.
Physical activity and cardiovascular risk factors in childhood cancer survivors.
Pediatr Blood Cancer. (2015) 62(2):305–10. doi: 10.1002/pbc.25276

66. Caru M, Kern L, Bousquet M, Curnier D. Preventive fraction of physical
fitness on risk factors in cardiac patients: retrospective epidemiological study.
World J Cardiol. (2018) 10(4):26–34. doi: 10.4330/wjc.v10.i4.26

67. Faber J, Wingerter A, Neu MA, Henninger N, Eckerle S, Münzel T, et al.
Burden of cardiovascular risk factors and cardiovascular disease in childhood
cancer survivors: data from the German CVSS-study. Eur Heart J. (2018) 39
(17):1555–62. doi: 10.1093/eurheartj/ehy026

68. Lipshultz ER, Chow EJ, Doody DR, Armenian SH, Asselin BL, Baker KS,
et al. Cardiometabolic risk in childhood cancer survivors: a report from the
Children’s oncology group. Cancer Epidemiol Biomarkers Prev. (2022) 31
(3):536–42. doi: 10.1158/1055-9965.EPI-21-0360

69. Armstrong GT, Oeffinger KC, Chen Y, Kawashima T, Yasui Y, Leisenring
W, et al. Modifiable risk factors and major cardiac events among adult
survivors of childhood cancer. J Clin Oncol. (2013) 31(29):3673–80. doi: 10.
1200/JCO.2013.49.3205

70. Harake D, Franco VI, Henkel JM, Miller TL, Lipshultz SE. Cardiotoxicity in
childhood cancer survivors: strategies for prevention and management. Future
Cardiol. (2012) 8(4):647–70. doi: 10.2217/fca.12.44

71. Stone JR, Kanneganti R, Abbasi M, Akhtari M. Monitoring for
chemotherapy-related cardiotoxicity in the form of left ventricular systolic
dysfunction: a review of current recommendations. JCO Oncol Prac. (2021) 17
(5):228–36. doi: 10.1200/OP.20.00924

72. Wolf CM, Reiner B, Kühn A, Hager A, Müller J, Meierhofer C, et al. Subclinical
cardiac dysfunction in childhood cancer survivors on 10-years follow-up correlates
with cumulative anthracycline dose and is best detected by cardiopulmonary
exercise testing, circulating serum biomarker, speckle tracking echocardiography,
and tissue Doppler imaging. Front Pediatr. (2020) 8:123. doi: 10.3389/fped.2020.00123

73. Sofia R, Melita V, De Vita A, Ruggiero A, Romano A, Attinà G, et al. Cardiac
surveillance for early detection of late subclinical cardiac dysfunction in childhood
cancer survivors after anthracycline therapy. Front Oncol. (2021) 11:1649. doi: 10.
3389/fonc.2021.624057

74. Ryerson AB, Border WL, Wasilewski-Masker K, Goodman M, Meacham L,
Austin H, et al. Assessing anthracycline-treated childhood cancer survivors with
advanced stress echocardiography. Pediatr Blood Cancer. (2015) 62(3):502–8.
doi: 10.1002/pbc.25328

75. Kirkham AA, Virani SA, Campbell KL. The utility of cardiac stress testing
for detection of cardiovascular disease in breast cancer survivors: a systematic
review. Int J Womens Health. (2015) 7:127–40. doi: 10.2147/IJWH.S68745

76. Kearney MC, Gallop-Evans E, Cockcroft JR, Stöhr EJ, Lee E, Backx K, et al.
Cardiac dysfunction in cancer survivors unmasked during exercise. Eur J Clin
Invest. (2017) 47(3):213–20. doi: 10.1111/eci.12720

77. Foulkes S, Costello BT, Howden EJ, Janssens K, Dillon H, Toro C, et al.
Exercise cardiovascular magnetic resonance reveals reduced cardiac reserve in
pediatric cancer survivors with impaired cardiopulmonary fitness. J Cardiovasc
Magn Reson. (2020) 22(1):64. doi: 10.1186/s12968-020-00658-4

78. Caru M, Laverdière C, Lemay V, Drouin S, Bertout L, Krajinovic M, et al.
Maximal cardiopulmonary exercise testing in childhood acute lymphoblastic
leukemia survivors exposed to chemotherapy. Support Care Cancer. (2021) 29
(2):987–96. doi: 10.1007/s00520-020-05582-y

79. Mizrahi D, Fardell JE, Cohn RJ, Partin RE, Howell CR, Hudson MM, et al.
The 6-minute walk test is a good predictor of cardiorespiratory fitness in
childhood cancer survivors when access to comprehensive testing is limited. Int
J Cancer. (2019) 47(3):847–55. doi: 10.1002/ijc.32819

80. Gevaert SA, Halvorsen S, Sinnaeve PR, Sambola A, Gulati G, Lancellotti P,
et al. Evaluation and management of cancer patients presenting with acute
cardiovascular disease: a consensus document of the Acute CardioVascular Care
(ACVC) association and the ESC council of cardio-oncology-part 1: acute
coronary syndromes and acute pericardial diseases. Eur Heart J Acute
Cardiovasc Care. (2021) 10(8):947–59. doi: 10.1093/ehjacc/zuab056

81. Cuomo A, Mercurio V, Varricchi G, Galdiero MR, Rossi FW, Carannante A,
et al. Impact of a cardio-oncology unit on prevention of cardiovascular events in
cancer patients. ESC Heart Fail. (2022) 9(3):1666–76. doi: 10.1002/ehf2.13879

82. Hamm LF, Sanderson BK, Ades PA, Berra K, Kaminsky LA, Roitman JL,
et al. Core competencies for cardiac rehabilitation/secondary prevention
professionals: 2010 update: position statement of the American association of
cardiovascular and pulmonary rehabilitation. J Cardiopulm Rehabil Prev. (2011)
31(1):2–10. doi: 10.1097/HCR.0b013e318203999d
frontiersin.org

https://doi.org/10.3389/fcvm.2020.00035
https://doi.org/10.3389/fonc.2020.01536
https://doi.org/10.1161/JAHA.113.000665
https://doi.org/10.3109/01913129409016291
https://doi.org/10.1093/annonc/mdf132
https://doi.org/10.1093/annonc/mdf132
https://doi.org/10.1038/s42003-019-0734-6
https://doi.org/10.1158/1055-9965.EPI-07-0048
https://doi.org/10.1542/peds.2007-0575
https://doi.org/10.1249/MSS.0000000000002116
https://doi.org/10.1016/j.jaccao.2019.09.002
https://doi.org/10.1016/j.jaccao.2019.09.002
https://doi.org/10.3389/fcvm.2020.00026
https://doi.org/10.1093/eurheartj/ehw211
https://doi.org/10.1016/j.jacc.2013.03.031
https://doi.org/10.1016/S0140-6736(12)60954-4
https://doi.org/10.1016/S0140-6736(04)17018-9
http://www.who.int/mediacentre/factsheets/fs317/en/
http://www.who.int/mediacentre/factsheets/fs317/en/
https://doi.org/10.1097/MPH.0000000000001426
https://doi.org/10.23736/S2724-5276.21.06544-7
https://doi.org/10.1007/s00520-019-05085-5
https://doi.org/10.3390/nu14051024
https://doi.org/10.1002/pbc.25276
https://doi.org/10.4330/wjc.v10.i4.26
https://doi.org/10.1093/eurheartj/ehy026
https://doi.org/10.1158/1055-9965.EPI-21-0360
https://doi.org/10.1200/JCO.2013.49.3205
https://doi.org/10.1200/JCO.2013.49.3205
https://doi.org/10.2217/fca.12.44
https://doi.org/10.1200/OP.20.00924
https://doi.org/10.3389/fped.2020.00123
https://doi.org/10.3389/fonc.2021.624057
https://doi.org/10.3389/fonc.2021.624057
https://doi.org/10.1002/pbc.25328
https://doi.org/10.2147/IJWH.S68745
https://doi.org/10.1111/eci.12720
https://doi.org/10.1186/s12968-020-00658-4
https://doi.org/10.1007/s00520-020-05582-y
https://doi.org/10.1002/ijc.32819
https://doi.org/10.1093/ehjacc/zuab056
https://doi.org/10.1002/ehf2.13879
https://doi.org/10.1097/HCR.0b013e318203999d
https://doi.org/10.3389/fped.2022.998337
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


TYPE Original Research
PUBLISHED 28 October 2022| DOI 10.3389/fped.2022.976012
EDITED BY

Amanda Wurz,

University of the Fraser Valley, Canada

REVIEWED BY

Sabine Marie Pierre Verschueren,

KU Leuven, Belgium

Vesile Yildiz Kabak,

Hacettepe University, Turkey

*CORRESPONDENCE

Kirsten K. Ness

Kiri.Ness@stjude.org

SPECIALTY SECTION

This article was submitted to Pediatric

Oncology, a section of the journal Frontiers in

Pediatrics

RECEIVED 22 June 2022

ACCEPTED 10 October 2022

PUBLISHED 28 October 2022

CITATION

Wogksch MD, Finch ER, Nolan VG, Smeltzer MP,

Mzayek F, Goodenough CG, Pui C-H, Inaba H,

Mulrooney DA, Kaste SC, Brinkman TM,

Lanctot JQ, Srivastava DK, Jefferies JL,

Armstrong GT, Robison LL, Hudson MM and

Ness KK (2022) Energy cost of walking in obese

survivors of acute lymphoblastic leukemia: A

report from the St. Jude Lifetime Cohort.

Front. Pediatr. 10:976012.

doi: 10.3389/fped.2022.976012

COPYRIGHT

© 2022 Wogksch, Finch, Nolan, Smeltzer,
Mzayek, Goodenough, Pui, Inaba, Mulrooney,
Kaste, Brinkman, Lanctot, Srivastava, Jefferies,
Armstrong, Robison, Hudson and Ness. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.
Frontiers in Pediatrics
Energy cost of walking in obese
survivors of acute lymphoblastic
leukemia: A report from the
St. Jude Lifetime Cohort
Matthew D. Wogksch1, Emily R. Finch1, Vikki G. Nolan2,
Matthew P. Smeltzer2, Fawaz Mzayek2, Chelsea
G. Goodenough1, Ching-Hon Pui3, Hiroto Inaba3,
Daniel A. Mulrooney1,3, Sue C. Kaste3,4,5, Tara M. Brinkman1,6,
Jennifer Q. Lanctot1, Deo Kumar Srivastava7, John L. Jefferies8,
Gregory T. Armstrong1,3, Leslie L. Robison1, Melissa M. Hudson1,3

and Kirsten K. Ness1*
1Department of Epidemiology and Cancer Control, St. Jude Children’s Research Hospital, Memphis,
TN, United States, 2Division of Epidemiology, Biostatistics, and Environmental Health, School of
Public Health, University of Memphis, Memphis, TN, United States, 3Department of Oncology,
St. Jude Children’s Research Hospital, Memphis, TN, United States, 4Department of Diagnostic
Imaging, St. Jude Children’s Research Hospital, Memphis, TN, United States, 5Department of
Radiology, University of Tennessee Health Science Center, Memphis, TN, United States, 6Department
of Psychology, St. Jude Children’s Research Hospital, Memphis, TN, United States, 7Department of
Biostatistics, St. Jude Children’s Research Hospital, Memphis, TN, United States, 8Division of
Cardiovascular Diseases, Institute for Cardiovascular Science, University of Tennessee Health Science
Center, Memphis, TN, United States

Purpose: Adult survivors of childhood acute lymphoblastic leukemia (ALL) have
impaired adaptive physical function and poor health-related quality of life
(HRQoL). Obesity may contribute to these impairments by increasing the
physiological cost of walking. Due to treatment exposures during ALL
therapy, survivors’ cost of walking may be more impacted by obesity than
the general population. Therefore, we examined associations between
obesity, persistent motor neuropathy, and energy cost of walking; and
examined associations between energy cost of walking, adaptive physical
function, and HRQoL, in adult survivors of childhood ALL vs. community
controls.
Methods: Obesity was measured via body mass index (BMI) and body fat
percentage. The physiological cost index (PCI) was calculated from the six-
minute walk test. Adaptive physical functioning was measured using two
tests: the timed up and go (TUG) test and the physical performance test.
Persistent motor neuropathy was measured using the modified total
neuropathy score; HRQoL was measured using the Short-Form-36
questionnaire. The associations between obesity and PCI were evaluated
using multivariable linear regressions in adult survivors of childhood ALL
(n= 1,166) and community controls (n= 491). Then, the associations
Abbreviations

ALL, Acute lymphoblastic leukemia; 6 MWT, six-minute walk test; BMI, body mass index; HRQoL,
Health-related quality of life; MCS, mental component summary score; PA, physical activity; PCI,
physiological cost index; PCS, physical component summary score; SF-36, Medical Outcomes Survey
Short-Form-36; PPT, physical performance test; TUG, timed up and go.
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between PCI, adaptive physical functioning and peripheral neuropathy were examined
using multivariable linear regressions. Finally, to determine the association between
obesity, and neuropathy on PCI, while accounting for potential lifestyle and treatment
confounders, a three model, sequential linear regression was used.
Results: Obese individuals (BMI > 40 kg/m2 and excess body fat percentage [males:
>25%; females: >33%]) had higher PCI compared to those with normal BMI and body
fat percentage (0.56 ± 0.01 vs. 0.49 ± 0.009 beats/meter p < .01; and 0.51 ± 0.007 vs.
0.48 ± .0006 beats/meter p < .01, respectively). Treatment exposures did not attenuate
this association. Increased PCI was associated with longer TUG time in survivors, but
not community controls (6.14 ± 0.02 s vs. 5.19 ± 0.03 s, p < .01). Survivors with PCI
impairment >95th percentile of community controls had lower HRQoL compared to
un-impaired ALL survivors: 46.9 ± 0.56 vs. 50.4 ± 1.08, respectively (p < .01).
Conclusion: Obesity was associated with increased PCI. Survivors with high PCI had
disproportionately worse adaptive physical function and HRQoL compared to
controls. Survivors with increased energy costs of walking may benefit from weight
loss interventions.

KEYWORDS

childhood cancer, fitness, obesity, quality of life, acute lymphoblastic leukemia
Introduction

Due to advances in cancer therapy and supportive care, the

5-year survival rate of childhood acute lymphoblastic leukemia

(ALL) now exceeds 90%, with ALL representing 19% of all long-

term childhood cancer survivors (1). Over the past six decades,

therapy for ALL has not only improved survival, but has also

been refined to minimize long-term morbidities and optimize

health for survivors (2). Nevertheless, survivors of childhood

ALL, when compared to their peers, remain at increased risk

for chronic health conditions, including obesity, that interfere

with activities of daily living (3).

Obesity is a prevalent public health problem associated with

chronic disease, including metabolic disease, cardiovascular

disease, secondary cancers, and type II diabetes (4–6). It is

particularly concerning in ALL survivors, as past treatment

exposures confer risk for comorbidities, including diabetes

and cardiovascular disease. Obesity perpetuates these chronic

health conditions. Although obesity may be a modifiable

condition, it may be difficult to manage in adult survivors of

childhood ALL, particularly in ALL survivors with

neuromusculoskeletal problems (i.e., persistent motor

neuropathy) that interfere with health optimizing behaviors,

including engagement in physical activity (PA) (7).

Additionally, ALL survivors have increased sedentary behavior

compared to peers, which may independently increase risk for

these chronic health conditions (8).

Energy cost is the relative oxygen cost required to perform

an activity or to move the body through space (9). In the general

population, adults with obesity have a higher energy cost of

performing activities compared to those without obesity (10).

Higher energy cost of activity changes the perception of
02

89
exertion while moving, increases fatiguability, and reduces

time spent in PA (11). This results in a reciprocal association

between PA and obesity: obesity contributes to reduced PA

because movement is difficult; less movement reduces overall

energy expenditure and, if not countered by reduced energy

intake, results in weight gain (12, 13). Excess body weight

taxes the body’s systems. Initially, among overweight persons,

only vigorous activity may seem difficult. however, this

impairment may interfere if job demands, or leisure activities,

require vigorous organ system responses. Subsequently, as

body weight increases, less intensive activities, e.g., walking,

housework, grocery shopping, or getting out of a chair,

become difficult, limiting participation in important life roles,

and eventually interfering with quality of life (14).

When compared to peers, adult survivors of childhood ALL

spend significantly less time in moderate to vigorous PA (15).

They are also at an increased risk for difficulties with

performing activities of daily living that require negotiating

the environment outside of the home, and have a lower

physical component summary score (PCS), a measure of

physical health-related quality of life (HRQoL) (16).

Peripheral neuropathy is a prevalent outcome in ALL

survivors, and is related to cancer therapy (13). Associations

between peripheral neuropathy, activities of daily living, and

HRQoL are well known (17–20). However, the impact of

obesity, and peripheral neuropathy, on the energy costs of

daily activity, adaptive physical function, and HRQoL, have

not been explored in this population. Understanding these

associations have the potential to provide information to help

tailor interventions designed to increase PA and/or promote

weight loss, which have previously produced inconsistent

results (21). Thus, the aims of this study were to examine
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associations between obesity, persistent motor neuropathy and

energy cost of walking, and to examine associations between

energy cost of walking, adaptive physical function, and

HRQoL in adult survivors of childhood ALL.
Materials and methods

Study population

Participants included members of the St. Jude Lifetime

Cohort (22), assembled to assess health outcomes in aging

survivors of childhood malignancies. For these analyses, we

included any adult survivors (≥18 years of age) of childhood

ALL treated at St. Jude Children’s Research Hospital (since it’s

opening) that were at least 10 years from their original

diagnosis (1962–2012). Participants also must have completed

an on-campus assessment [e.g., self-reported questionnaires

and a functional assessment (n = 1,166, age range 18.0–65.5

years)]. A comparison group (community controls) was also

recruited from parents/relatives of current pediatric patients,

and adult friends of survivors. Controls were not first-degree

relatives of St. Jude Lifetime Cohort participants, had no

history of childhood cancer, but did not have to be free of

other chronic disease (n = 491, age range 18.2–70.2 years).

The St. Jude Children’s Research Hospital Institutional Review

Board approved all procedures. Written informed consent was

obtained on all participants prior to testing.
Anthropometrics

Height in centimeters (cm) and weight in kilograms (kg) were

measured using a wall-mounted stadiometer and electronic scale

(Model 5002, ScaleTronix, Inc., Wheaton, IL). Body mass index

(BMI) was calculated and categorized as underweight (<18.5 kg/

m2), normal weight (18.5–24.9 kg/m2), overweight (25.0–29.9 kg/

m2), obese grade I (30.0–34.9 kg/m2), obese grade II (35.0–39.9 kg/

m2), and obese grade III (≥40.0 kg/m2). Percent body fat was

measured via the three site technique (males: pectoral, abdominal,

and thigh; females: triceps, suprailiac, and thigh) by trained

exercise physiologists, using the Harpenden skinfold caliper (Baty,

West Sussex, United Kingdom) (23). The three site skinfold

technique is a valid alternative to dual energy x-ray absorptiometry

in childhood cancer survivors (24). Survivors and controls were

categorized as having normal body fat (males: <27.5%; females:

<39.9%) or excess body fat (males: ≥27.5%; females: ≥39.9%) (25).
Outcomes

To measure the energy cost of walking, the physiological

cost index (PCI) was calculated (maximal heart rate while
Frontiers in Pediatrics 03
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walking—resting heart rate)/(meters walked) (beats per meter)

from the six-minute walk test (6 MWT). While the PCI

calculation from the 6 MWT is not been specifically validated

in adult survivors of childhood cancer, it is a valid measure of

walking efficiency in children with cystic fibrosis (26), persons

with traumatic brain injury (27) or stroke (28), non-disabled

older adults (29), persons with amputation (30), and survivors

of polio (31). Before the test, participants were asked to sit

quietly for five minutes to acquire resting heart rate.

Participants were then instructed to walk as fast as they could

around a 41-meter track. Heart rate (measured using the

Masimo Rad-5 handheld pulse oximeter, Irvine, CA) was

taken at two-, four-, and six-minutes. To meet the assumption

that the participants’ heart rate was in steady state, maximal

heart rate was defined as the highest heart rate at the four-

minute or six-minute measurement.

To assess HRQoL, participants completed the Medical

Outcomes Survey Short-Form-36 (SF-36), which has been

previously validated in adult survivors of childhood cancer

(32). The SF-36 contains eight subscales: physical function,

role physical, vitality, bodily pain, general health, social

functioning, role emotional and mental health; and two

summary scores: PCS and mental component summary

(MCS). For these analyses, we included subscale scores and

summary scores. Raw scores were calculated and converted

into T-scores: with the general population mean 50 and

standard deviation 10. Higher scores indicated better HRQoL.

Adaptive physical functioning was assessed using a 7-item

physical performance test (PPT) and a timed up-and-go

(TUG) test. The PPT is an examination of fine and gross

motor skills designed to simulate activities of daily living.

More specifically, the examiner evaluates the participant on

how fast they can write a sentence, simulate eating by moving

five beans into an empty bowl with a spoon, lift an object

onto a shelf, put on and remove a jacket, pick up a coin from

the floor, and turn 360 degrees and walk 50 feet. The PPT is

more sensitive than traditional self-reports in detecting loss of

function (33). The TUG test evaluates balance and mobility,

measured as the time required to stand up from a seated

position, walk three meters, turn around, walk back three

meters, and sit down again. The TUG has excellent reliability

(intraclass correlation coefficient: 0.93) and good discriminate

validity (area under the curve: 0.65) (34).
Other measures

Diagnosis and treatment information were obtained from

medical records by trained abstractors and included type of

individual chemotherapeutic agents and if survivors received

cranial radiation therapy. Demographic information such as

smoking status and educational attainment were obtained
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https://doi.org/10.3389/fped.2022.976012
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Wogksch et al. 10.3389/fped.2022.976012
from questionnaires that the participants complete during their

St. Jude Lifetime Cohort evaluation.

Physical activity levels were determined using six self-report

items from the National Health and Nutrition Examination

Survey (35). The questions asked if the participant spent at

least ten minutes doing vigorous PA, on how many days per

week they did these activities, and for how many total

minutes per day; identical questions were asked for moderate

physical activities. Weekly minutes of vigorous activity were

multiplied by six; weekly minutes of moderate activities were

multiplied by three and summed to get metabolic equivalent

minutes per week. For analysis, PA was dichotomized into

meeting (≥450 metabolic equivalent minutes per week) or not

meeting the 2018 Centers for Disease Control and Prevention

(CDC) guidelines (36).

Peripheral nervous system integrity was evaluated with the

modified Total Neuropathy Scale (37) consisting of self-

reported sensory and motor symptoms, and quantitative

testing. Protective sensation was evaluated with a 4.17 log

force Semmes Weinstein Monofilament. Vibration was

measured using a Bioesthesiometer with a threshold of 9.0

volts (Bio-Medical Instrument Company, Newbury, OH).

Manual muscle testing was performed on the fingers, ankles,

and wrists (37). Reflex testing was performed in the ankles,

knees, brachioradialis, biceps, and triceps tendons. A total

score of 24 was possible: having fewer or no symptoms or

measured deficits equated to having lower scores (37).
Statistical analysis

Descriptive statistics of participants vs. non-participants

characteristics and survivors vs. community controls were

calculated and compared using chi-squared tests or Fischer’s

exact test for categorical variables, and two sample t-tests for

continuous variables. Multivariable linear regressions were

used to examine the associations of BMI and percent body fat

with PCI in survivors and community controls. The models

were adjusted for potential confounders (age, sex, race, and

smoking status) that changed the beta estimate for the

association between BMI or body fat percentage and PCI by

more than ten percent. Initial models included interaction

terms (BMI × group and percent body fat × group) which were

not significant. Due to the changing trends in PA over the

decades, as well as the marked increase in 5-year survival

starting in the 1980s for ALL, a supplemental analysis limited

survivors to those treated after 1980 to see if results differed

when those treated in the 1960s and 1970s were not included

(38, 39). To determine the effects of neuropathy and obesity

on the energy cost of walking among survivors, while

accounting for potential confounders of these associations,

three sequential regression models were used (40). The first

model regressed past treatment exposures and prevalent
Frontiers in Pediatrics 04

91
neuropathy on PCI; the second regressed past treatment

exposures, BMI, and prevalent neuropathy on PCI, and the

third model regressed treatment exposures, BMI, prevalent

neuropathy, and lifestyle factors on PCI (40). Multivariable

linear models, adjusted for potential confounders (age, sex,

race, smoking status, and PA), and that included a PCI by

group (survivor vs. control) interaction term were used to

determine associations between PCI (as both a continuous

measure and as two separate dichotomies (>90th percentile

(impaired) vs. ≤90th percentile (not impaired); >95th

percentile (severely impaired) vs. ≤95th percentile (not

severely impaired), adaptive physical functioning and HRQoL.

Variables that modified associations between PCI and either

adaptive physical functioning or HRQoL were retained (41).

Data were analyzed with SAS version 9.4 (SAS Institute, Cary,

NC).
Results

Characteristics of participants

Among 1,521 adult ALL survivors potentially eligible for

analysis, 1,166 (76.7%) participants completed an on campus

visit and a functional assessment that included the 6 WMT,

while the remaining 355 eligible survivors refused to

participate, could not be contacted, completed a survey only,

or did not complete the 6 MWT (Supplementary Figure S1).

Compared to non-participants, participants were older, more

likely to have received glucocorticoids, 6-mercaptopurine,

cytarabine, doxorubicin, daunorubicin, and etoposide, but less

likely to have received cranial irradiation (Supplementary

Table S1).

Compared to community controls, survivors were older and

more likely to be male, more likely to report current smoking,

and less likely to report adequate PA, and had lower

educational attainment. Survivors were also more likely to be

categorized as obese grade I, obese grade II, and were more

likely to have excess body fat vs. community controls (Table 1).
Physiological cost index

Means (±SE) of the PCI in survivors and community

controls, categorized by BMI and body fat percentage, are

shown in Table 2. After removing nine survivors and seven

community controls who could not complete the 6 MWT (see

Table 2 footnote for reasons), the PCI was significantly higher

in individuals classified by BMI with grade III obesity

compared to those with normal weight; and those with excess

body fat percentage, compared to those who were normal.

The PCI was also significantly higher in survivors compared

to community controls in the model with BMI as an
frontiersin.org
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TABLE 1 Demographic characteristics of acute lymphoblastic
leukemia survivors and the community controls.

Survivors
(n = 1,166)

Controls
(n = 491)

p

Age at evaluation in years,
mean (SD)

37.3 (9.9) 34.8 (10.1) 0.001

Age at diagnosis in years,
mean (SD)

6.8 (4.5) N/A
N/A

N/A

Sex, n (%)

Male 607 (52.0) 221 (44.5) 0.001

Female 559 (48.0) 275 (55.4)

Race,a n (%)

White 1,036 (88.8) 432 (88.0) 0.15

Black 104 (8.9) 40 (8.1)

Other 26 (2.2) 19 (3.9)

Body mass index, n (%)

Normal weight 292 (25.1) 174 (35.4) 0.001

Overweight 323 (27.7) 133 (27.1)

Obese grade I 266 (22.8) 77 (15.7)

Obese grade II 153 (13.1) 52 (13.1)

Obese grade III 111 (9.5) 43 (8.8)

Underweight 21 (1.8) 12 (2.4)

Body fat percentage, n (%)

Normal 518 (44.4) 336 (67.7) 0.001

Excess 648 (55.6) 160 (32.3)

Smoking status, n (%)

Past 130 (11.2) 73 (14.7) 0.04

Current 229 (19.6) 79 (15.9)

Never 807 (69.3) 344 (69.3)

Met physical activity guidelines, n (%)

Yes 571 (49.0) 297 (60.0) 0.001

No 595 (51.0) 199 (40.0)

College degree, n (%)

Yes 417 (35.8) 271 (54.6) 0.001

No 733 (62.9) 217 (43.8)

Not reported 16 (1.3) 8 (1.6)

Body mass index (BMI) classifications: normal weight (BMI 18.5–24.9 kg/m2);

overweight (BMI 25.0–29.9 kg/m2); obese grade I (BMI 30.0–34.9 kg/m2);

obese II (BMI 35.0–39.9 kg/m2); obese III (BMI≥ 40.0 kg/m2); underweight

(BMI < 18.5 kg/m2).

Normal body fat percentage (males: <27.5%; females: <39.9%); excess body fat

percentage (males: ≥27.5%; females: ≥39.9%).
Physical activity guidelines based on the 2018 CDC recommendations of 450

metabolic equivalent minutes per week.

BMI, body mass index; CDC, Centers for Disease Control and Prevention; kg/

m2, kilogram per square meter; <, less than; ≥, more than or equal to; n,

number; %, percent; p, probability; SD, standard deviation; N/A, not applicable.
aFisher exact test used for analysis.

TABLE 2 Associations between physiological cost index and body
mass index or body fat percentage in adult survivors of childhood
acute lymphoblastic leukemia vs. community controls.

n Physiological cost
index (BMI
model)

Physiological cost
index (Body fat

percentage model)

mean SE p mean SE p

Group

Community
control

484 0.49 0.009 REF 0.50 0.008 REF

ALL survivors 1,157 0.51 0.008 0.03 0.51 0.006 0.06

Body mass index

Normal weight 462 0.49 0.008 REF N/A N/A N/A

Overweight 454 0.49 0.008 0.62 N/A N/A N/A

Obese grade I 340 0.49 0.009 0.43 N/A N/A N/A

Obese grade II 203 0.50 0.01 0.28 N/A N/A N/A

Obese grade III 150 0.55 0.01 <0.01 N/A N/A N/a

Underweight 32 0.45 0.03 0.32 N/A N/A N/A

Body fat percentage

Normal 843 N/A N/A N/A 0.48 0.006 REF

Excess 798 N/A N/A N/A 0.51 0.007 <0.01

Body mass index (BMI) classifications: normal weight (BMI 18.5–24.9 kg/m2);

overweight (BMI 25.0–29.9 kg/m2); obese grade I (BMI 30.0–34.9 kg/m2);

obese II (BMI 35.0–39.9 kg/m2); obese III (BMI≥ 40.0 kg/m2); underweight

(BMI < 18.5 kg/m2).

Normal body fat percentage (males: <27.5%; females: <39.9%); excess body fat

percentage (males: ≥27.5%; females: ≥39.9%).
Models were adjusted for sex, age at evaluation, physical activity, height, and

smoking status.

Nine survivors did not complete the six-minute walk and were removed from

analysis due to uncontrolled asthma (1), paralysis (2), painful swelling in legs (2),

acute neurological symptoms (1), chronic low back pain (2), and a recent triple

bypass surgery (1).

Seven community controls were removed from analysis due to a recently

placed pacemaker (1), acute angina (1), technical error (2), severe COPD (1),

unable to ambulate without assistance (1), and severe shortness of breath (1).

BMI, body mass index; <, less than; n, number; N/A, not applicable; %, percent;

p, probability; SE, standard error; REF, reference.

Wogksch et al. 10.3389/fped.2022.976012
independent predictor of PCI, but not in the model when body

fat percentage was used as the independent variable. There was

no interaction between survivor status and either BMI or body

fat percentage; interaction terms were not included in final

models. Limiting the models to survivors treated after 1980
Frontiers in Pediatrics 05
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did not significantly change the results (Supplementary

Table S2).
Treatment exposures, persistent motor
neuropathy, body composition, and
physiological cost index

Table 3 summarizes associations between persistent motor

neuropathy, and PCI in three sequential multivariable models

(A, B, and C) in survivors. After adjustment for treatment

exposures age at analysis, age at diagnosis, and sex, survivors

with persistent motor neuropathy had a higher energy cost of

walking than those without persistent motor neuropathy

(0.57 ± 0.04 vs. 0.52 ± 0.03 beats/meter) (Model A). With

additional adjustment for the BMI categories, the association

between persistent motor neuropathy and PCI was attenuated
frontiersin.org
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TABLE 3 Sequential linear regressions examining associations between treatment exposures, BMI, prevalent neuropathy, and lifestyle factors on
physiological cost index in adult survivors of childhood acute lymphoblastic leukemia.

n Physiological cost index

Model A (R2 = 0.08) Model B (R2 = 0.10) Model C (R2 = 0.11)a

mean SE p mean SE p mean SE p

Cranial Radiation

Yes 549 0.54 0.04 0.73 0.53 0.04 0.19 0.53 0.03 0.21

No 608 0.55 0.03 REF 0.54 0.03 REF 0.51 0.04 REF

Anthracyclines

Yes 890 0.56 0.03 0.08 0.55 0.03 0.05 0.53 0.04 0.07

No 267 0.53 0.03 REF 0.52 0.03 REF 0.51 0.04 REF

Corticosteroids

Yes 1,150 0.53 0.01 0.64 0.52 0.01 0.64 0.51 0.01 0.78

No 7 0.55 0.06 REF 0.55 0.07 REF 0.53 0.06 REF

Neuropathy

Yes 89 0.57 0.04 0.03 0.55 0.04 0.07 0.54 0.04 0.05

No 1,068 0.52 0.03 REF 0.52 0.03 REF 0.50 0.03 REF

Body mass index

Normal weight 289 N/A N/A N/A 0.53 0.03 REF 0.52 0.04 REF

Overweight 322 N/A N/A N/A 0.54 0.04 0.69 0.53 0.04 0.68

Obese grade I 235 N/A N/A N/A 0.54 0.04 0.48 0.52 0.03 0.74

Obese grade II 151 N/A N/A N/A 0.54 0.03 0.56 0.53 0.04 0.72

Obese grade III 109 N/A N/A N/A 0.61 0.04 <0.01 0.59 0.03 <0.01

Underweight 21 N/A N/A N/A 0.46 0.05 0.05 0.44 0.05 0.05

BMI classifications: normal weight (BMI 18.5–24.9 kg/m2); overweight (BMI 25.0–29.9 kg/m2); obese grade I (BMI 30.0–34.9 kg/m2); obese II (BMI 35.0–39.9 kg/m2);

obese III (BMI≥ 40.0 kg/m2); underweight (BMI < 18.5 kg/m2).

All models were adjusted for sex, age at assessment, and age at diagnosis.

Nine survivors did not complete the six-minute walk and were removed from analysis due to uncontrolled asthma (1), paralysis (2), painful swelling in legs (2), acute

neurological symptoms (1), chronic low back pain (2), and a recent triple bypass surgery (1).

Seven community controls were removed from analysis due to a recently placed pacemaker (1), acute angina (1), technical error (2), severe COPD (1), unable to

ambulate without assistance (1), severe shortness of breath (1).

BMI, body mass index; <, less than; n, number; N/A, not applicable; R2, Coefficient of determination; REF, reference.
aAdditionally adjusted for smoking status and physical activity status.
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(Model B). After adjustment for all variables in models A and B

and for lifestyle factors (smoking, PA), both grade III obesity and

neuropathy were associated with the PCI (Model C).
Quality of life and adaptive physical
function

Table 4 shows associations between the PCI, group

(survivors or community controls), PA status, and the PCS

and MCS of the SF-36. Survivors had significantly lower MCS

and PCS scores than community controls. However, scores

were not impacted by the energy cost of walking, in models

with or without interaction terms (PCI by group status).

Participants who met CDC PA guidelines had higher scores

on the MCS and PCS. Results were similar for the other SF-

36 subscales. Adaptive physical function was measured with

PPT and TUG time (Table 4). Compared to community
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controls, survivors scored lower on the PPT. There was no

association between the PCI, PPT, or SF-36 scores. Survivors

with higher PCI scores had significantly longer TUG times

compared to community controls with higher PCI scores.
Associations between PCI, quality of life,
and adaptive physical function

To further assess HRQoL, participants were categorized by

PCI as impaired (>90th percentile) and not impaired (<90th

percentile), as well as severely impaired (>95th percentile) and

not severely impaired (<95th percentile). Impairment was

associated with lower PCS scores in survivors but not

community controls (Figure 1A). Severe impairment was also

associated with lower PCS in survivors but not community

controls (Figure 1B).
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TABLE 4 Associations between the physiological cost index, SF-36 component summaries, and adaptive physical function in adult survivors of acute
lymphoblastic leukemia vs. community controls.

SF-36 Adaptive physical function

PCSa MCSb PPTc Timed up and goa

mean SE p mean SE p mean SE p mean SE p

PCI 51.70 0.09 0.26 48.41 0.07 0.94 26.91 0.11 0.78 5.86 0.02 0.11

Group

Community controls 53.47 0.43 REF 48.83 0.53 REF 27.46 0.06 REF 5.36 0.12 REF

Survivors 50.20 0.31 <0.01 46.80 0.38 <0.01 26.59 0.09 <0.01 6.26 0.14 0.82

PA

Inactive 50.29 0.35 REF 46.78 0.46 REF 26.68 0.07 REF 6.18 0.13 REF

Active 53.43 0.34 <0.01 48.86 0.43 <0.01 27.37 0.08 <0.01 5.43 0.13 <0.01

PCI*group, control 54.71 0.14 REF 49.94 0.12 REF 27.60 0.02 REF 5.19 0.03 REF

PCI*group, survivor 50.46 0.09 0.18 47.62 0.08 0.39 26.63 0.01 0.19 6.14 0.02 <0.01

Physical activity guidelines based on the 2018 CDC recommendations of 450 metabolic equivalent minutes per week.

Interaction term was removed from the model when not significant.

Nine survivors did not complete the six-minute walk and were removed from analysis due to uncontrolled asthma (1), paralysis (2), painful swelling in legs (2), acute

neurological symptoms (1), chronic low back pain (2), and a recent triple bypass surgery (1).

Seven community controls were removed from analysis due to a recently placed pacemaker (1), acute angina (1), technical error (2), severe COPD (1), unable to

ambulate without assistance (1), severe shortness of breath (1).

42 (sixteen community controls, 26 survivors) did not complete their SF-36 questionnaire.

One survivor did not complete their physical performance test due to cognitive limitations.

Three survivors did not complete timed up and go due to patient refusal (1) and tester error (2).

SF-36, Medical Outcomes Survey Short-Form-36; MCS, mental component summary; PCI, physiological cost index; PCS, physical component summary; PPT, physical

performance test.
aModel additionally adjusted for age, sex, physical activity, smoking status, and race.
bModel additionally adjusted for age, sex, physical activity, and smoking status.
cModel additionally adjusted for physical activity, sex, and smoking status.

FIGURE 1

Associations between impaired vs. not impaired physiological cost index and physical component summary score (A), severely impaired vs. not
impaired physiological cost index, physical component summary score (B).
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Discussion

Adult survivors of childhood ALL who are morbidly obese

(BMI≥ 40 kg/m2) have an increased energy cost of walking.

This association persists after accounting for treatment

exposures and other host factors, including persistent

symptoms of motor neuropathy. Moreover, impaired waking
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efficiency impacts activities of daily life, as survivors who have

increased energy cost of walking take longer to complete the

TUG, an indicator of general mobility and future functional

decline (42). Decreased walking efficiency also impacts

perceived well-being among survivors as evident by the lower

physical HRQoL reported by survivors with the most

impaired energy cost of walking (>90th percentile and >95th
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percentile) compared to survivors not impaired. Community

controls whose energy cost of walking is the most impaired

do not report impaired HRQoL, suggesting that survivors,

compared to persons without a history of childhood ALL,

have more difficulty compensating for obesity during day-to-

day activities. Because obesity is potentially modifiable, these

data support the need for tailored weight loss interventions

that consider the specific energy costs of adult survivors of

childhood ALL.

Our finding of increased energy cost of walking among

young adult survivors of childhood ALL, compared to

community controls, is supported by a study that examined

energy cost of walking in younger ALL survivors, but that did

not consider obesity or neuropathy as risk factors. Warner

et al. compared differences in heart rate at rest and during a

treadmill walking test [set speed of 2 kilometers/hour (km/h)]

in children and adolescents after treatment for ALL (median

age 12.3 years; range 7.2–18.2 years) and sibling controls (43).

In their study, heart rate differences were greater among ALL

survivors [mean: 112 beats per min (bpm) range: 85–134 bpm]

than siblings (mean: 101 bpm; range 75–128 bpm, p < 0.01). As

stated, the impact of obesity on this association was not

examined, however, survivors had higher BMI values [1.27

standard deviation score (SDS)] than siblings (0.62 SDS). Our

additional findings that both obesity and peripheral

neuropathy are independently associated with energy cost of

walking are supported by studies in populations with

neuromuscular disease, that identified associations between

gait patterns and energy cost of walking, and by studies in the

general population, that observed independent effects of

obesity and gait kinematics, on energy cost of walking.

Abnormal gait mechanics, predicted by degree of

neuromuscular impairment, are associated with the energy

cost of walking in studies that include persons with multiple

sclerosis (n = 33, mean age 41 ± 1.7 years) and those with

Charcot Marie Tooth Disease (n = 8, median age 34 ± 9.7

years; 37.5% male) (44, 45). Obesity was not included as a

risk factor in either of these studies. In studies of the general

population, obesity increases the energy cost of walking by

10%–33% (10, 46), independent of abnormal gait

biomechanics (47). Adult survivors of childhood ALL are at

an increased risk for obesity (3), which confers increased

demand, and peripheral motor neuropathy (48, 49), which

appears to limit their ability to respond to increased demand

(48, 49). Thus, to promote PA in adult survivors of childhood

ALL, those who are obese, or have peripheral neuropathy, will

need an intervention that addresses both impairments.

In our analysis, when obesity is measured by body fat

percentage, rather than BMI, the impact of excess mass on

the energy cost of walking is similar between adult ALL

survivors and community controls. This suggests that BMI is

a measure that does not adequately characterize obesity in

adult ALL survivors. As we have previously shown, BMI
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misclassifies a large proportion of childhood cancer survivors

(47% males; 53% females) as obese, when compared to the

gold standard (body fat percentage) (24). Alternatively, it may

be that body composition is less impactful on energy costs of

walking than actual body size among survivors, whose muscle

quality may be impaired (50), resulting in altered gait

dynamics and reduced gait efficiency. The latter hypothesis is

supported by Browning et al. who examined the effects of

both excess weight measured by BMI and body composition,

measured by dual energy x-ray absorptiometry, on the energy

cost of walking at set speeds (0.5, 0.75, 1.00, 1.25, 1.50, or

1.75 m/s) in 39 otherwise healthy persons, some of whom

who were obese (mean age 24.5 ± 5.1 years; 48.7% obese;

51.2% male) (51). Participants with obesity (BMI > 30 kg/m2)

had 10% higher energy cost of walking, whereas body

composition only explained a small part of the increase (r2 =

0.15). In another study, Griffin et al. evaluated the impact of

adding lead weights to a waist band (0, 10, 20, or 30% of

body weight) on energy cost of walking in eight healthy

individuals (mean weight 68.7 ± 12.5 kg; mean age 26.0 ± 5.0

years; 50% male) (52). Adding 30% of body weight increased

cost of walking by 47 ± 17%. Survivors of childhood ALL also

have impaired lower body strength compared to their peers

(50), which could further limit their capacity to compensate

for excess weight. Hunter et al. reported a significant

association between isometric quadriceps strength and energy

cost of walking in 66 overweight premenopausal women

(mean age 34.6 ± 6.2 years). They showed an increase of 36

newtons of quadriceps force was associated with a lower peak

oxygen uptake requirement [VO2 (mL/kg/min) β −0.37; p <
0.01] at a set walking speed of 4.84 km/h (53). Thus, in

addition to addressing obesity and neuropathy to increase

ease of movement and promote PA in adult survivors of

childhood ALL, increasing muscle strength should be further

researched as another component to raise walking efficiency.

Although our study is not the first to report lower adaptive

physical function (slower TUG time) or lower scores on

measures of HRQoL among ALL survivors compared to

community controls (50, 54), our data adds to existing

literature by documenting that deficits in adaptive physical

function and HRQoL are associated with the energy cost of

movement in this vulnerable population. Deficits in adaptive

physical function and HRQoL are problematic and relevant.

In the general adult population (n = 200, age range 20–50

years, 44.5% male), slower TUG time is associated with higher

scores on the cumulative illness rating scale and with lower

scores on the PCS SF-36 Summary Scale (55). Among older

adults, increasing time on the TUG is associated with risk of

future falls, hospitalizations, and functional decline (56–58).

When dichotomized, a decline below 50 on the PCS SF-36

Summary Scale is associated with a 58% (95% CI, 30%–91%)

increased risk of mortality in women; (59) and when

evaluated as a continuous measure, every three point
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decrement on the PCS increased risk for mortality by 27% (60).

Thus, because increased energy cost of walking from obesity is

associated both adaptive physical function and HRQoL, early

weight management strategies in survivors of childhood ALL,

if successful, are likely to have a significant impact on long

term health.

Our study has some important strengths. First, we have a

large, well characterized study population with not only

detailed clinical data, but also detailed disease, treatment, and

lifestyle information. This allows for robust analysis and

control of confounders of our estimates. Second, our study

has a control group, which allows for direct comparisons to a

representative sample of the general population, as well as

relevant categorizations of impaired energy cost using control

percentile scores. Third, objective measures of predictors (BMI

and body fat percentage) and outcomes (adaptive physical

functioning) limit measurement bias associated with non-

objective measures and self-report.

Our study is, however, not without limitations. These data are

cross-sectional: temporal associations between obesity, energy

cost of walking, adaptive physical function and HRQoL cannot

be definitively determined. For example, in an older

population, poor physical function is associated with increasing

energy costs performing submaximal activities, and survivors

can develop functional deficits during treatment that persist

through their childhood. More research should be done to

exam the temporality between function and energy costs. In

addition, our sample was treated at one institution (St. Jude

Children’s Research Hospital) between 1962 and 2012; our data

may not be generalizable to adult survivors of ALL treated

more recently, or at other institutions with different treatment

regimens. Furthermore, not every eligible participant agreed to

take part in the study. This may bias our estimates of the

association between obesity and energy cost of walking. For

example, if non-participants were healthier, and less obese, the

direction of the association between obesity and the energy cost

of walking would be away from the null. Conversely, if the

non-participants were less healthy and more obese, the

direction of the association would be towards the null. In our

study, while we used a self-report questionnaire widely used in

population cohorts to characterize PA (35), these data are

prone to error when compared to data collected by doubly

labelled water or accelerometry (61, 62). Additionally, using

calipers to ascertain body fat percentage increases measurement

error, thus increase the risk of misclassification bias. Finally,

our study looked at the associations between obesity,

neuropathy, and energy costs of walking, however, other factors

could be impacting energy costs of walking in our survivors.

Some examples include muscle weakness, balance, and

compensation for chronic pain (63, 64). Future studies should

examine these exposures impact on energy costs of walking.

However, using calipers for body fat percentage is valid

replacement for the dual energy x-ray absorptiometry in both
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the general population and childhood cancer survivors (24,

65). Finally, while the PCI is a valid measure of the energy

cost of walking, and easy to do across clinical settings, it is

not the gold standard, which would include evaluating energy

consumption during walking using a portable metabolic cart.

Nevertheless, this study provides important information

about the impact of obesity on daily function in adult

survivors of childhood ALL. Among survivors, but not among

community controls, obesity increased the energy cost of

walking, suggesting that the survivors have difficulty

compensating for excess weight. Unfortunately, due to their

increased energy cost of walking, survivors have

disproportionally worse adaptive physical function and

HRQoL, compared to community controls. Tailored

interventions, accessible to those with increased energy cost of

walking, with a focus on weight loss and decreasing the

burden of peripheral neuropathy, are needed for this

vulnerable population. Providing adaptive equipment or

exercise modifications to help manage neuropathy,

accompanied by behavioral strategies that promote weight loss

and encourage physical activity, should be considered.
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Effects of strength exercise
interventions on activities of
daily living, motor performance,
and physical activity in children
and adolescents with leukemia
or non-Hodgkin lymphoma:
Results from the randomized
controlled ActiveADL Study
Dominik Gaser1,2,3*, Christiane Peters2, Renate Oberhoffer-Fritz2,
Miriam Götte4, Tobias Feuchtinger3,5, Irene Schmid3,5,
Bernhard Haller6, Irene von Luettichau1,3 and Sabine Kesting1,2,3

1Kinderklinik München Schwabing, Department of Pediatrics and Children’s Cancer Research Centre,
TUM School of Medicine, Technical University of Munich, Munich, Germany, 2Chair of Preventive
Pediatrics, Department of Sport and Health Sciences, Technical University of Munich, Munich,
Germany, 3Pediatric Oncology Network, KIONET Bavaria, Erlangen, Germany, 4Clinic of Pediatrics III,
Department of Hematology and Oncology, West German Cancer Centre Essen, University Hospital,
Essen, Germany, 5Dr. von Hauner Children’s Hospital, Pediatric Hematology and Oncology,
Ludwig-Maximilians-University Munich, Munich, Germany, 6Institute of AI and Informatics in
Medicine, TUM School of Medicine, Technical University of Munich, Munich, Germany

Objectives: Pediatric patients with cancer experience impairments in muscle
strength and physical activity (PA) that may reduce autonomy during
hospitalization. To determine the effects of strength exercise interventions
on the accomplishment of activities of daily living (ADLs), motor
performance, and PA in children with leukemia or non-Hodgkin lymphoma,
we randomly allocated patients (4–18 years) immediately after diagnosis into
two exercise groups.
Methods: The intervention group (IG; n= 21) received a specific strength
training combined with a standard care exercise program, whereas the
control group (CG; n= 20) was provided standard care exercise program
without any targeted muscle strengthening. After the baseline visit,
participants were followed-up three times until intensive treatment cessation.
We assessed physical function limitations using the Activities Scale for Kids©
(ASK) and Functional ADL Screen. Secondary outcomes were PA levels using
accelerometer and motor performance as measured by MOON-test (motor
performance in pediatric oncology-test).
Abbreviations

ADLs, activities of daily living; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; ASK,
Activities Scale for Kids©; ASKp, Activities Scale for Kids© performance version; BMI, body mass index;
HSCT, hematopoietic stem cell transplantation; MET, metabolic equivalents; MOON-test, motor
performance in pediatric oncology-test; MVPA, moderate-to-vigorous physical activity; NHL, non-
Hodgkin lymphoma; PA, physical activity; V, visit; WHO, World Health Organization
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Results: In both groups, ADL accomplishment had significantly increased (p < 0.05).
However, no significant between-group differences for ASK outcome were noted.
Motor performance was reduced in all motor abilities.
Conclusions: Both exercise interventions were effective to maintain ADLs and motor
performance during intensive treatment. In comparison, regular strength exercise
interventions in the course of therapy tended to be more beneficial with regards to
muscular explosive and endurance strength.

KEYWORDS

supervised exercise program, strength training, physical function, motor skills, accelerometry,

childhood cancer, intensive treatment
Introduction

Regular exercise for children with cancer is strongly

recommended by international guidelines (1, 2). However,

professional exercise programs are not implemented

nationwide in pediatric oncology departments so far in

Germany (3) and are rarely distributed worldwide (4).

Disease- and treatment-related implications throughout

intensive treatment can cause restrictions in the patients’

activity level (5), which can be further associated with decline

in cardiorespiratory fitness (6) and motor performance (7).

Patients with leukemia reduce their daily step counts by 70%

compared with healthy peers during inpatient stays (8). As a

consequence, the amount of physical activity (PA) is reduced

through treatment by up to 91% (9). In a large number of

patients, impairments persist well beyond therapy cessation

and into adulthood (10–12). Recently, the number of

published studies increased regarding exercise intervention

among pediatric patients with cancer and consequently

provided growing evidence concerning PA during intensive

treatment (13). Thus, positive effects of exercise interventions

on exercise capacity (14), cardiorespiratory fitness (15), fatigue

(16), muscle strength (17), and PA levels (18) have been

shown in pediatric cohorts with mixed cancer entities.

Furthermore, data increasingly identified the potential of PA

and exercise during follow-up care to reduce disease- and

therapy-related late effects, including fatigue (19), obesity (20),

or cardiovascular diseases (21), as well as all-cause mortality

among childhood cancer survivors (22).

Strength ability assumes a central role in general locomotion

and the execution of everyday tasks. Muscle strength is needed

for all levels of physical activity. In older adults, low muscle

mass and reduced muscle strength are associated with

activities of daily living (ADLs) dependency (23). Reduced

strength ability is evident in children with acute lymphoblastic

leukemia (ALL) during acute therapy (24). As previously

described, patients with other pediatric diseases showed

reduced muscle strength, which may have an impact on their

autonomous coping with ADLs (25, 26). However, little is

known about the functional impairments affecting ADLs
02

100
induced by cancer and the therapy duration, or about

potential benefits of strength training for ADL

accomplishment throughout the intensive treatment period.

From a clinical perspective, ADL impairments typically

become obvious as an additional burden upon the disease for

these patients, especially for adolescents, considering the need

for assistance and dependency on parents or caregivers.

Therefore, even essential human needs (e.g., getting up,

putting on clothes, using the toilet) can become

insurmountable hurdles in clinical routine and may affect

children’s autonomy and mobility. In our recent publication,

patients have shown multifunctional impairments in self-

reported ADLs immediately after the diagnosis of leukemia or

non-Hodgkin lymphoma (NHL) (27). Furthermore, long-term

childhood cancer survivors experienced limitations in physical

function (28) and ADL accomplishment, including personal

care, routine activities, or attending work, compared with

their siblings (29). Accordingly, tailored exercise interventions

during intensive treatment could promote children’s

autonomy and strengthen both physical and mental well-being.

This randomized controlled trial (RCT) aimed to determine

the effects of regular supervised strength exercise interventions

on self-reported ADLs, motor performance, and PA among

pediatric patients with cancer with ALL or acute myeloid

leukemia (AML) or NHL during acute treatment. We

hypothesized that a specific strength training would be a more

appropriate method than our standard care exercise program

without targeted strengthening interventions to improve the

primary outcome of ADL accomplishment until intensive

treatment cessation. Secondary outcomes were exercise effects

on motor performance (including functional strength, speed,

coordination, flexibility) and PA levels in the course of treatment.
Materials and methods

Participants and study design

The exploratory bicentric ActiveADL Study

(ClinicalTrials.gov: NCT03934060) followed a randomized
frontiersin.org
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controlled design in adherence to the ethical guidelines of the

Declaration of Helsinki. This study was approved by the

Ethics Committees of TUM School of Medicine, Technical

University of Munich (TUM; 25/17 S) and University of

Munich (18-323). The study content was communicated

orally and in written form to the eligible patients. The

children’s legal guardians and all participants aged ≥16
years provided written informed consent to participate in

this study. The ActiveADL Study was conducted at the

Children’s Hospital Schwabing and Dr. von Hauner

Children’s Hospital in Munich between September 2017 and

February 2021 (last patient-in: June 2020). Eligibility

criteria included those aged 4–18 years, with primary or

secondary diagnosis (5 years post-primary tumor) of ALL,

AML, or NHL. The exclusion criteria were as follows:

patients with medical contraindications for PA post-

diagnosis (i.e., thrombosis, high risk of bleedings, or

fractures), those with the absence of German or English

language abilities, and those who communicated a change

of hospital during the first weeks of treatment. The lower

age limit was selected to realize the exercise methods,

particularly strength training for children, and allow the

comparison of outcome measures with normative data,

respectively. Allocation to the control (CG) and

intervention group (IG) was based on a predefined block

randomization schedule (with a block size of four).
Sample size

Prior to the ActiveADL Study, power analysis to estimate

the intervention effect was not feasible due to the lack of

reliable data from previous studies. All patients who met the

inclusion criteria were asked to participate since the case

numbers are small per se owing to the low incidences in

pediatric oncology. Considering the potential initial diagnosis

at both study sites, the case number estimation over a 2-year

recruitment period resulted in a total number of 20

participants in the IG and CG, respectively. A possible 10%

dropout (participation decline or death) was considered.
Exercise interventions

All participants followed an in-hospital tailored exercise

program that occurred during the entire acute treatment

period. The program included 2–3 exercise sessions per week.

All exercise sessions were supervised and documented by

exercise physiologists; the training load was oriented toward

the participants’ physical capacity, current health status, and

age. Participants individually performed the exercise sessions

inside their rooms, on the corridor, or outdoor in the hospital

area. Despite isolation and contact reduction during the
Frontiers in Pediatrics 03

101
COVID-19 pandemic (05/2020–01/2021), exercise intervention

continuation was constantly ensured. To ensure the amount

of training during this period, supervised web-based exercise

sessions were additionally offered using the video

conferencing platform Zoom (Zoom Video Communications,

Inc., San Jose, CA, United States), if necessary. Before each

session, the physiologists screened the participants’ general

health condition together with physicians. The following were

the potential contraindications for exercise: fever combined

with fatigue or vertigo, vomiting, diarrhea, lumbar puncture

procedure, pneumonia, sepsis, severe pain, and intensive care

periods. The IG received a specific strength training combined

with a standard care exercise program, whereas the CG was

provided standard care without any targeted muscle

strengthening to the same extent. Standard care exercise

program included sportive games, aerobic or coordination

exercises. Group-specific contents of exercise interventions are

outlined in Table 1. Due to the heterogeneous cohort

according to common age distribution in pediatric oncology,

two strength training modules were developed and adapted to

the age of the participants (4–8 and 9–18 years). Both

modules contained four identical exercise emphases with 40–

45 child-friendly and playful exercises on core stability,

complex full-body strengthening, and upper and lower body

strengthening. Each specific strength training consisted of

four exercises and included one exercise from each emphasis.

For each exercise, 2–3 sets were performed with a 60 s rest

period between sets and a 90 s break between exercises.

With the selection of exercises, all body regions and large

muscle groups were explicitly trained. Additional warm-up

and cool-down exercises aimed to achieve the 30-min

training duration. Exercise intensity was not defined on the

basis of physiological parameters—for example, one-

repetition maximum for resistance exercise or heart rate

peak for aerobic exercise—although was determined and

increased individually depending on the physiologists’

discretion. The IG focused on strength endurance exercise.

According to hygiene standards, solely disinfectable and

mobile training devices—including kettlebells/dumbbells,

swinging bars, resistance bands, balance pads/boards, bicycle

ergometers, or aerobic steppers—were used. Additionally, the

IG exercised against the resistance of their body weight.

Exercise interventions of both groups started after baseline

visit immediately after diagnosis. All participants had access

to standard care physiotherapy during the intensive

treatment. Particularly, participants with severe functional

limitations received regular physiotherapy. Physiotherapeutic

measures did not provide targeted exercise interventions;

however, the measures included were as follows: respiratory

therapy, massages for pain relief, mobilization after

catheter surgery or intensive care treatment, muscle

stretching, medical brace fitting, lymphatic drainage, and fall

prevention.
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TABLE 1 Contents of exercise interventions by group.

Intervention group Control group

Training
method

Specific strength training combined
with standard care exercise program

Standard care exercise
program

Training
emphases

Strength
AND
Endurance/coordination
Sportive games
Flexibility/relaxation

Endurance/
coordination
Sportive games
Flexibility/relaxation

Exercise session example

Warm-up
(5 min)

Bicycle ergometer, joint mobilization Walking

Main part
(20 min)

Elbow planks, squats combined with
shoulder press, biceps curls, sidewalks
with resistance band

Coordination with
juggling balls, table
tennis

Cool-down
(5 min)

Muscle relaxation Fantasy relaxation

Min, minutes.

The amount of training for both groups was identical with 30 min per exercise

session and 2–3 sessions per week.
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Data collection and assessments

All participants were assessed at four inpatient visits: at

baseline (V0), after the induction phase (V1), after the

consolidation phase (V2), and at intensive treatment cessation

before the transition to maintenance therapy or follow-up

care (V3). A combination of participation/activity-based and

impairment-based measures was used to evaluate functional

limitations of ADL accomplishment and individual motor

skills: ADL accomplishment was investigated using the

Activities Scale for Kids© (ASK), performance version

(ASKp), a self-report measure of childhood physical function

(30). Furthermore, the self-developed Functional ADL Screen

was used to objectively verify functional limitations in ADL

performance (27). Motor performance (including functional

strength, speed, coordination, flexibility) was assessed using

the MOON-test (motor performance in pediatric oncology), a

standardized motor performance diagnostic tool in clinical

routine among pediatric patients with cancer (31). Functional

motor performance measures are feasible in pediatric

oncology (32, 33). Compared to isolated strength testing,

functional measures provide immediate conclusions regarding

the ability to perform everyday tasks. Based on the testing

results, the exercise interventions were controlled and

adjusted. PA was measured using the accelerometer Move 3

(movisens GmbH, Karlsruhe, Germany) at outpatient periods

for seven consecutive days. While the primary outcome—ADL

accomplishment based on the ASK and Functional ADL

Screen—was collected at all visits, secondary outcomes—

MOON-test and PA—were conducted at V0 and V2. Medical

data were collected from patients’ records. Anthropometric

data were measured using the scale seca 701 and stadiometer
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seca 216 (seca GmbH & Co., Hamburg, Germany). We

calculated the PA level, step count, and wear time using the

DataAnalyser software (version 1.13.16). The exercise

physiologists documented participants’ adherence to the

exercise sessions. Adverse events concerning exercise

interventions or assessments were recorded with regard to the

study of Gauß et al. (34). For a detailed description of the

measurement methods, we refer to the publication of the

baseline data (27).
Statistical analysis

Participants with valid recordings of at least 8 h/day for 4

days were included in the analysis. For all outcomes, between-

group differences were assessed using two-sample t tests

(normally distributed data) or Mann–Whitney U tests for

non-normally distributed data. Longitudinal within-group

differences between visits were assessed using paired t tests or

the Wilcoxon signed-rank tests. For the MOON-test,

comparisons with a healthy population were made using age-

and gender-matched reference values. Differences from these

reference values were analyzed using one-sample t test or the

Wilcoxon signed-rank test as a non-parametric alternative.

Statistical analysis was performed using SPSS version 25.

Graphs were created using GraphPad Prism version 9. Data

analyses were performed following the intention-to-treat

principle; for one participant who did not complete the study

data, prior elimination was included. Data are presented as

mean ± standard deviation for continuous variables and as

absolute and relative frequencies for categorical variables. For

continuous data, median and range are also presented to

assess the skewness of the distribution. Due to the exploratory

nature of the study, a level of significance of α = 0.10 was

used and 90% confidence intervals were estimated. All

statistical tests were performed two-sided.
Results

Participant recruitment and visits

A flow diagram of the study participants is shown in

Figure 1. From September 2017, a total of 70 children were

screened eligible. Of them, 41 met all inclusion criteria and

entered the study until June 2020. They were randomized in

the IG (n = 21) or CG (n = 20). All participants completed the

baseline assessment at V0. To achieve the recruitment goal, a

41st participant was included because one participant of the

IG died after V0 3.3 months after recruitment without

completing the follow-up visits. Thirty-six patients performed

the assessments at V1 and V2 due to the different treatment

protocols and individual capacity during the course of
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FIGURE 1

Participant flow following CONSORT 2010 (35). Medical contraindications were pneumonia/sepsis with long-term ventilation and intussusception
with biliary colic.
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treatment. The final assessment (V3) was completed by 40

participants.

Participants’ characteristics, including disease- and treatment-

related information divided by group, are shown in Table 2. Male

participants were in the majority in both groups. The age

distribution was nearly balanced. Overall, participants with ALL

(n = 25) were the predominant number. One participant in the

IG underwent allogeneic stem cell transplantation 104 days after

V1. Four participants were fitted with a brace owing to vertebral

compression fractures. The brace was worn during the exercise

interventions and assessments.

Intervals between study inclusion and each visit are

presented in Table 3. Assessments of the two groups were

performed at similar measurement points during treatment.
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Exercise interventions, adverse events,
and adherence

Exercise characteristics are shown in Table 4. Over a mean
exercise intervention period of 7.1 ± 3.1 months, the IG
completed 33.0 ± 20.0 exercise sessions (range, 10–84
sessions). In comparison, the CG performed 40.9 ± 20.6
sessions (range, 15–79 sessions) over a period of 7.7 ± 1.5
months. The IG rejected an average of 18.1 ± 12.8 exercise
sessions over the intervention period compared with 18.9 ± 9.4
sessions in the CG. Adherence to the exercise sessions
throughout the intervention period in relation to all exercise
sessions offered was 65% and 68% in the IG and CG,
respectively. Among all participants, the average exercise
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TABLE 2 Participants’ anthropometric and clinical baseline characteristics by group.

Characteristics Intervention group (n = 21) Control group (n = 20)

N (%) M ± SD Median Range N (%) M ± SD Median Range

Recruitment

Age at recruitment (years) 21 (100) 10.2 ± 4.2 10.1 4.4–17.1 20 (100) 9.7 ± 3.9 9.2 4.3–17.5

Days post-diagnosis 21 (100) 14.7 ± 9.1 13.0 3–49 20 (100) 15.6 ± 11.4 11.5 4–52

Gender and age (years)

Male 15 (71) 10.4 ± 4.0 10.8 4.4–16.1 12 (60) 9.6 ± 3.8 9.2 5.2–17.5

Female 6 (29) 9.6 ± 5.0 7.2 4.4–17.1 8 (40) 9.9 ± 4.2 9.7 4.3–15.7

BMI (kg/m2) 21 (100) 17.2 ± 3.3 15.8 13.3–23.9 20 (100) 17.0 ± 4.8 16.0 12.1–35.1

BMI z-scorea 21 (100) −0.3 ± 0.9 −0.3 −2.2 to 1.4 20 (100) 0.5 ± 1.5 −0.4 −3.5 to 3.1

Tumor type and age (years)

ALL 11 (52) 9.5 ± 4.6 8.5 4.4–17.1 14 (70) 8.5 ± 3.3 8.0 4.3–15.7

AML 1 (5) 16.1 16.1 16.1 3 (15) 12.4 ± 2.5 11.1 10.8–15.3

NHL 9 (43) 10.3 ± 3.5 12.0 6.1–15.4 3 (15) 13.1 ± 5.2 14.5 7.3–17.5

Second primary cancerb 1 (5) 1 (5)

Treatmentc

Chemotherapy 21 (100) 20 (100)

Radiation therapy 1 (5) 2 (10)

Allogeneic HSCT 1 (5) 0 (0)

Medical braced 0 (0) 4 (20)

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; HSCT, hematopoietic stem cell transplantation; NHL, non-Hodgkin lymphoma; M, mean; SD,

standard deviation; N, number; BMI, body mass index; kg, kilogram; m2, square meter; mg, milligram. Gender-, age-, and disease-related information were

determined from hospital records.
aBMI z-score was calculated using gender- and age-adjusted reference values (36).
bParticipants who were diagnosed with a second primary cancer >5 years after the first treatment: n= 1 ALL→NHL after 15 years; n= 1 NHL→ different NHL type after

8 years. The participants had completely recovered and had no limitations or long-term effects of the primary tumor.
cCharacteristics on treatment methods refer to the entire study course.
dMedical brace in the course of treatment was necessary in cases of osteoporotic vertebral compression fractures in four participants. This limited the upper body

mobility during the assessment. The exercise intervention implementation was not restricted.

TABLE 3 Intervals between study recruitment and follow-up visits by group.

Characteristics Intervention group Control group

N M± SD Median Range N M± SD Median Range

From recruitment to V0 (days) 21 4.9 ± 9.0 1.0 0–36 20 3.2 ± 3.8 1.5 0–14

From recruitment to V1 (days) 18 65.7 ± 25.3 62.0 26–106 18 60.2 ± 15.6 60.0 38–98

From recruitment to V2 (days) 18 141.7 ± 47.0 141.0 53–216 18 143.3 ± 35.9 142.5 57–190

From recruitment to V3 (days) 20 223.7 ± 92.4 224.5 76–449 20 235.0 ± 44.9 247.5 120–322

M, mean; N, number; SD, standard deviation; V, visit.
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session duration was 29.7 ± 4.7 (range, 22–44) min. No serious
adverse events (grades 2–5) or injuries associated with 1,539
exercise interventions, including 29 supervised web-based
sessions (distributed among five participants of the IG) and
153 assessments, were recorded. One minor treatment-related
event (vomiting) led to exercise session termination. One
participant stumbled during balance training without any
consequences and was able to continue the exercise session.
For another participant, the MOON-test was discontinued
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due to treatment-related nausea and vertigo and continued
the following day. No participants were lost to follow-up due
to personal or exercise-related reasons.
Activities of daily living

The analysis of self-reported ADLs (Table 5) revealed no

between-group differences at V3. The CG significantly
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TABLE 4 Exercise characteristics by group.

Characteristics Intervention group (n = 21) Control group (n = 20)

M ± SD Median Range M ± SD Median Range

Total exercise intervention duration (months) 7.1 ± 3.1 7.3 2.5–14.7 7.7 ± 1.5 8.1 3.9–10.6

Exercise sessions 33.0 ± 20.0 28.0 10–84 40.9 ± 20.6 37.5 15.0–79.0

Exercise sessions rejected 18.1 ± 12.8 13.0 2–57 18.9 ± 9.4 16.5 5.0–39.0

Mean number of exercise sessions/week 1.0 ± 0.4 1.1 0.4–2.1 1.2 ± 0.5 1.2 0.5–2.2

Mean number of potential exercise sessions/weeka 1.6 ± 0.6 1.6 0.6–2.7 1.8 ± 0.6 2.0 1.0–2.8

Mean exercise session duration (min) 30.6 ± 4.2 30.0 23.5–42.0 28.9 ± 5.2 27.5 22.2–43.6

M, mean; min, minutes; N, number; SD, standard deviation.
aThe quotient of the number of completed exercise sessions and the total number of potential exercise sessions, considering the rejected sessions.

TABLE 5 Effects of exercise interventions on activities of daily living by group and visits.

Outcome Group M ± SD (90%
CI); N at V0

Δ from V0 to
V1 (90% CI); N

Δ from V0 to
V2 (90% CI); N

M± SD (90%
CI); N at V3

P within
groups (V0–

V3)

P between
groups at V3

Self-reported ADL

ASKp scorea,b

(range, 0–100)
CG 69.4 ± 19.8

(60–79); 14
8.7 (−2 to 20); 12 13.2 (3–23); 12 86.7 ± 12.2

(74–86); 19
0.005 0.822

IG 62.6 ± 18.8
(52–73); 11

8.0 (−6 to 22); 9 17.8 (10–31); 10 84.7 ± 12.5
(80–90); 20

0.010

ASK total scoreb

(range, 0–100)
CG 66.8 ± 17.7

(60–74); 20
9.1 (0–18); 18 14.7 (6–23); 18 84.8 ± 14.4

(79–90); 20
<0.001 0.978

IG 60.1 ± 19.5
(53–67); 21

20.1 (10–30); 18 23.2 (16–30); 18 84.7 ± 12.5
(80–90); 20

<0.001

Functional ADL Screen

Total scorec

(range, 0–28)
CG 27.0 ± 3.7

(25–28); 19
0 (−2 to 2); 17 −0.6 (−3 to 2); 17 26.9 ± 3.8

(25–28); 20
0.916 0.043

IG 26.1 ± 4.2
(25–28); 21

0.8 (−1 to 3); 18 1.0 (0–2); 17 28.0 ± 0.2
(28); 19

0.034

ASK/ASKp, Activities Scale for Kids©/Activities Scale for Kids© performance version; CI, confidence interval of differences; CG, control group; IG, intervention group;

M, mean; N, number; P, p-value; SD, standard deviation; V, visit.

Score changes (mean) from the baseline (V0) to V3 within the groups were assessed using paired t tests (ASKp/ASK total score in the IG; ASK total score in the CG), and

Wilcoxon singed-rank tests for all other longitudinal comparisons, respectively. Between-group differences were assessed using two-sample t tests for ASK total score

or Mann–Whitney U tests for ASKp score and Functional ADL Screen. Positive Δ-values represent score improvements.
aCase number differences between ASKp score and ASK total score based on the different calculation methods. The prerequisite to calculate the ASKp score was 23

out of 30 valid responses (30).
bA total score of 100 indicates no functional limitations.
cA total score of 28 indicates no functional limitations.
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increased the ASK total score (18.0 ± 20.5; p < 0.001) in the

course of treatment (V0–V3). Within-group analysis of the IG

revealed a significant ASK total score improvement (24.7 ±

20.3; p < 0.001) between V0 and V3 (Figure 2). The analysis

of the Functional ADL Screen showed an improvement of the

total score from V0 to V3 in the IG compared with the CG

(1.9 ± 4.4; p = 0.034 vs. −0.1 ± 5.4; p = 0.916). In the IG, seven

participants required locomotion support indoor and/or

outdoor in the study course, compared with eight participants

in the CG. Reported aids for locomotion were wheelchairs,

crutches, hands and knees, and carried by parents.
Frontiers in Pediatrics 07
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Motor performance

The MOON-test results are presented in Table 6. The

number of tested participants varies within test items due to

published age-specific reference values and limited individual

capacity. Except for muscular explosive strength at V2 (IG:

−20.3 ± 8.0 vs. CG: −34.5 ± 12.8; p = 0.012), no significant

between-group differences were noted. In the IG, we observed

improved mean values for eye-hand coordination (p = 0.177),

static balance (p = 0.325), speed (p = 0.016), muscular

explosive strength (p = 0.214), and muscular endurance for
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FIGURE 2

Within-participant development from the baseline (Visit 0) to Visit 3
for the activities scale for Kids© total score in the intervention (IG, n
= 20) and control group (CG, n= 20). Blue lines represent within-
group mean development.
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the legs (p = 0.011) at V2 than at V0. Moreover, in the CG,

mean value changes in eye-hand coordination (p = 0.983),

static balance (p = 0.221), speed (p = 0.158), upper extremity

coordination (p = 0.465), and muscular endurance for the legs

(p = 0.407) were observed between V0 and V2. The

intergroup comparison of means provided results that were

below the age- and gender-matched reference values in almost

all eight motor abilities.
Physical activity

Overall, 72 accelerometer measurements were conducted

across both groups, including 61 valid recordings at V0 and

V2. The mean wear time of valid recordings was 5.9 ± 1.0

days (maximum of 7 days). Reasons for invalid measurements

were the lack of compliance and unscheduled inpatient

hospitalizations. Both the CG (V0: 17 ± 21 min, range 0–102

min, n = 13; V2: 25 ± 29 min, range 2–103 min, n = 11) and

IG (V0: 18 ± 18 min, range 2–60 min, n = 13; V2: 49 ± 51

min, range 5–186 min, n = 11) increased their level of

moderate-to-vigorous PA (MVPA, ≥3 METs) in the course of

therapy (Figure 3). The mean number of steps per day

increased between V0 and V2 within CG (+37%) and IG

(+44%). At V2, five participants from the IG achieved a step

count of >10,000 steps on individual days throughout the

investigated week, whereas two participants from the control

group achieved >10,000 steps. In the IG, the accelerometer

acceptability, presented as mean relative off-ratio, was 56% at

V0, and 52% at V2, respectively, compared with the CG (49%

at V0; 52% at V2). No significant between-group differences

were observed.
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Discussion

To our knowledge, the ActiveADL Study is the first

randomized controlled clinical trial investigating the effects of

a specific strength training on the ADL accomplishment in a

pediatric cancer cohort during intensive treatment. Only a few

studies among pediatric patients with cancer included regular

tailored in-hospital exercise interventions throughout the

entire acute therapy period (21, 39). Thus, our study provides

further insights into the effects of supervised exercise

interventions, which are still limited according to published

literature due to moderate evidence, study bias or small

sample sizes (40, 41). Nevertheless, the potential benefits of

exercise on psychosocial and physical parameters have been

shown in various intervention studies among children with

cancer in recent years (13, 39, 42). Positive effects of exercise

interventions during pediatric cancer treatment have been

demonstrated regarding increased functional mobility (40),

muscle strength (16), health-related quality of life (43), and

decreased cancer-related fatigue level (44). Childhood cancer

survivors and their parents also reported the importance of

being physically active during hospitalization through a

combined intervention of physical and social activities and

with the motivation of peers (45). However, it is not clearly

investigated from which training content patients benefit the

most to ensure functionality and autonomy in everyday acute

therapy. In particular, for the intensive treatment phase,

advantages of supervised exercise interventions over non-

supervised independently conducted training protocols

became apparent (46). As a minimum level of strength is the

basic requirement for locomotion, infantile play and the

accomplishment of everyday tasks, the IG received a specific

training to maintain their strength abilities. To present

differences between both groups as transparently as possible,

the CG did not receive any specific exercises to target strength

abilities. To answer the research question regarding ADL

accomplishment, participants experienced changes in daily

living skills and functional impairments were intentionally

assessed both, subjectively with the Functional ADL Screen

and objectively with the ASK.

The longitudinal analysis has shown that the ASK total

score of both groups increased during the course of therapy

and only slightly differed from healthy children (mean age,

11.0 ± 2.9 years; n = 209; IG: −4.4%; CG: −2.4%) at the end of

the intensive treatment (47). Compared with a cohort of

patients with bone tumors (n = 21, mean 14.9 years of age,

mean 2.1 years after tumor surgery), our intervention groups

achieved similar ASKp scores at the intensive treatment

cessation (48). The data suggest that a specific strength

training does not consistently increase the ability to perform

better ADL accomplishment. The results of a study in a

population of elderly people showed that sarcopenia, defined
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FIGURE 3

Between-group differences at the baseline (V0) and Visit 2 regarding the outcome (A) moderate-to-vigorous physical activity; (B) physical activity
amplitude, and (C) accelerometer acceptability. The dashed line at 81% off-ratio represents the minimum accelerometer wearing time of 4 days
with 8 h/day. Note: Whiskers represent the minimum and maximum of the cases.
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by physical performance, muscle mass and muscle strength, is

associated with impairment of higher-level functional capacity

in daily living (49). In a cohort of adult cancer patients, a

combined in-hospital physical therapy with resistance, aerobic,

and stretching exercises improved muscle strength and

functional independence regarding ADLs (50). Also a

retrospective analysis among pediatric cancer patients

identified that functional limitations in ADLs could be

reduced through an inpatient rehabilitation program,

including strength training during treatment (51).

Both immediately after diagnosis and after the consolidation

phase, our cohort shows impairments in all dimensions of

motor performance compared with healthy children and

adolescents. These results confirm the findings of a pediatric

study population with different cancer entities at the end of

acute therapy (7) and those of a cohort of patients with

leukemia and lymphoma in the maintenance therapy and

follow-up care, respectively (52). The MOON-test results

suggest motor skills preservation in both groups in the course

of treatment. In comparison, the strength training

intervention seems to be slightly superior with regards to

muscular explosive and endurance strength.

The accelerometer data show limited PA during outpatient

treatment periods in almost all participants. The WHO PA

recommendations for children and adolescents of at least

60 min of daily MVPA are only met by a few participants

(53). However, our cohort was similarly physically active

compared with their healthy peers (54). Both groups increased

the amount of PA over the course of the study.

The data on adherence illustrate that, in principle, both—

sessions of general exercise promotion and specific strength

training interventions—can be implemented throughout the

acute therapy period. Based on published exercise studies in

pediatric oncology, exercise content, frequency, duration, and

adverse events were standardized documented in the

ActiveADL Study. Regarding study enrollment, none of the
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screened 70 patients had to be excluded due to the absence of

personal/parental consent. The most common reason for

exclusion was the patients’ age. This mainly includes children

with ALL aged <4 years old. None of the participants

prematurely terminated the intervention on their personal

initiative, underlining the fact that potentially occurring

physical limitations in the course of treatment are manageable

by training adjustment.

Our interventions proofed safe and feasible in all age groups

(55). No adverse events with consequences that occurred during

supervised exercise sessions have been reported. Three Grade 1

adverse events among our participants represent a 0.002%

relative frequency. In Germany, fewer adverse events occurred

in our cohort than those with other acute cancer clinics with

an exercise program (34). After consultation with physicians

and based on published literature, one participant continued

to exercise after stem cell transplantation and successfully

completed the intervention (56, 57).

Due to the lack of practicability, exercise control via

physiological parameters was dispensed with. Accordingly,

following the recommendation of Coombs et al. (39), the

training content, dose, and intensity were adapted to the

individual’s state of health and adjusted to the therapy phase

(i.e., outpatient or inpatient) and the children’s interests.

Furthermore, therapy-related performance changes could be

considered, making it possible to provide training stimuli even

for participants with low exercise capacity (i.e., sitting or lying

in bed). With weekly 1.7 ± 0.6 (range, 0.6–2.8) training

opportunities in the cohort, not all participants achieved the

intended number of 2–3 exercise sessions per week.

Deviations in exercise frequency or duration in relation to the

defined training parameters have also been described in other

RCTs with shorter intervention periods (17, 56). During the

mean intergroup intervention period of 7.4 ± 2.4 (range, 2.5–

14.7) months, several factors—for example, therapy-related

side effects, limited physical capacity, or outpatient treatment
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phases—have influenced the exercise frequency. Reasons for

exercise session rejections included sobriety prior to invasive

procedures, time constraints in clinical routine, and, in rare

cases, a lack of motivation. The higher number of exercise

sessions in the CG compared with the IG (40.9 ± 20.6 vs.

33.0 ± 20.0 sessions) could be related to the intervention

period that was on average 3.5 weeks longer. Variations in

treatment regimen led to individual variability in the number

of exercise sessions. In conclusion, 2–3 weekly exercise

sessions during the intensive treatment are a realistic goal,

which should be re-evaluated and, if necessary, adjusted

weekly due to the different courses of the disease and

individual activity levels.

Considering the findings of our baseline analysis that

children and adolescents revealed multifunctional

impairments in ADLs, PA and motor performance

immediately after diagnosis of ALL, AML or NHL, patients

may benefit from early exercise interventions immediately

after diagnosis to reduce ADL impairments and maintain

motor performance and activity levels until treatment

cessation (27). Consequently, the exercise behavior of patients

could be positively influenced in the long term to improve

coping skills for everyday tasks even in the follow-up care in

order to decrease the risk of physical performance limitations

among childhood cancer survivors (58).

It is worth mentioning that the COVID-19 pandemic had

no serious consequences for exercise interventions and data

collection. Exercise interventions could continue while

adhering to strict hygiene measures. In particular, at the

beginning of the pandemic, which is equivalent to the last

third of the study, contact times at outpatient follow-up visits

were reduced to a minimum. Following a COVID-19

diagnosis, one participant of the CG was isolated over 14

days. The disease was asymptomatic, and the interventions

could be continued after isolation period without any

restrictions.

Our hypothesis of the superiority of strength training as the

more appropriate exercise method compared with standard care

for accomplishing daily tasks was not confirmed in the

ActiveADL study. In our cohort, it became clear that the

training content may play a subordinate role. Instead, regular

exercise sessions to maintain the PA during treatment, as well

as individual adaptation of low-to-moderate exercise intensity

to the patient’s performance and health status, could be

essential to support the ability to continue ADL

accomplishment. Our results demonstrate that a population of

patients with ALL, AML, and NHL can benefit from

supervised exercise interventions in the course of acute

therapy in general.

With regard to recruitment- and assessment-related

limitations, we refer to the publication of the baseline data

(27). In the following, we present exercise-specific limitations.

Due to the small number of initial diagnoses of childhood,
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cancer at single sites and combined with the self-

determination of children in the treatment process, the

definition of a homogeneous study cohort for an RCT is a

challenging task. Conclusions regarding intervention effects

for other cancer types cannot be made. The small number of

participants in each group as well as the skewed gender and

age distribution limit further subgroup analysis and

generalizability of the results. The findings suggest that a

larger sample size is needed to clarify the exercise efficiency of

specific training methods. To avoid additional burden on

participants due to the number of assessments and activity

measurements during the intensive treatment, secondary

outcomes were collected at only two visits. To provide

stronger conclusions about the effects of exercise on motor

performance and PA, the MOON-test and accelerometer

should have been used at V3. Strict adherence to visits

coupled with the defined therapy phases of treatment

protocols could not be consistently maintained. Individual

measurement time points were adjusted to ensure the

participants’ regeneration episodes. Associated with a high

total score at V0 and the low possibility of improvement in

the course of treatment, Functional ADL Screen results

suggest a ceiling effect. According to the three exercise

physiologists distributed over two study sites, a standardized

training over a 3.5-year study duration was possible only to a

limited extent. However, clear documentation, predefinition of

a strength training manual and regular agreements,

contributed to interventions as standardized as possible

during the long study period.
Conclusion

Our results indicate the relevance of a regular, supervised

exercise program throughout the acute anticancer treatment

to maintain the children’s autonomy and participation in

clinical routine and potentially counteract physical inactivity

and motor performance impairments. In this context, a

specific strength training could not be shown to be the

method of first choice, as the outcome parameters of the CG

with standard care exercise program have also been stabilized

in the course of therapy. However, the ActiveADL Study

illustrates that patients should have access to a structured and

holistic exercise program early after diagnosis. Considering the

complex interplay of neuromotor, musculoskeletal, and

cognitive mechanisms involved in locomotion and

performance of everyday tasks, patients could potentially

benefit from a combination of exercise interventions and

skilled physical therapy to address the individual needs. For

example, physical therapists could provide supporting

intervention sessions that cover neuromotor reeducation and

mobility training for vincristine peripheral neuropathy or pain

due to osteonecrosis. The present findings may be useful for
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future multicenter studies in defining standardized training

content, duration, and intensity of exercise interventions

within a homogeneous pediatric cancer cohort. To verify the

suspected exercise effects, we are investigating a control

cohort at a study site without an implemented exercise

program, who did not receive any exercise interventions, at

the cessation of intensive.
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Associations between exercise
capacity, p16INK4a expression
and inflammation among adult
survivors of childhood cancer

Chelsea G. Goodenough1, Matthew D. Wogksch1,
Mondira Kundu2, Matthew Lear3, Paul G. Thomas4,
Deo Kumar Srivastava5, Zhaoming Wang1,
Gregory T. Armstrong1, Melissa M. Hudson1,6,
Leslie L. Robison1 and Kirsten K. Ness1*

1Department of Epidemiology and Cancer Control, St. Jude Children’s Research Hospital, Memphis,
TN, United States, 2Department of Cell and Molecular Biology, St. Jude Children’s Research Hospital,
Memphis, TN, United States, 3Department of Pathology, St. Jude Children’s Research Hospital, Memphis,
TN, United States, 4Department of Immunology, St. Jude Children’s Research Hospital, Memphis,
TN, United States, 5Department of Biostatistics, St. Jude Children’s Research Hospital, Memphis, TN,
United States, 6Department of Oncology, St. Jude Children’s Research Hospital, Memphis, TN, United States
Background:Over 50% of childhood cancer survivors are exercise intolerant, with

maximal aerobic capacities comparable to individuals decades older, suggesting

early physiologic ageing. In addition, 36% of survivors are obese. Optimal exercise

capacity provides a foundation to support daily function and healthy body habitus

and is associated with benefits to cognition, cardiovascular health, and longevity.

Cellular senescence and inflammation are key mechanisms that drive age-related

disease, quantifiable as biomarkers in peripheral blood.

Aims: This study aimed to evaluate associations between p16INKa, a biomarker

of cellular senescence, and inflammation and exercise capacity among adult

survivors of childhood cancer.

Materials and methods: Eligible survivors were recruited from the St. Jude

Lifetime (SJLIFE) Cohort Study. Exercise capacity was assessed by maximal

oxygen uptake (VO2, ml/kg/min) obtained via cardiopulmonary exercise testing

using amodified Bruce protocol. Body fat (%) was determined from dual energy x-

ray absorptiometry (DEXA). Peripheral blood samples were used to evaluate log2
p16INK4a mRNA expression, a biomarker of cellular senescence, and inflammation

with high sensitivity C-reactive protein (hs-CRP) levels. Multivariable regression

evaluated associations between p16INK4a, hs-CRP, body fat, and exercise capacity.

Results: Participants included 185 five-year childhood cancer survivors (mean

age 36.6 [range 20.1 - 55.7] years, 44% male, 77% non-Hispanic white, 53%

leukemia/lymphoma). Compared tomales, females had lower peak VO2 (mean

± SD, 22.5 ± 8.2 vs. 28.8 ± 7.7 ml/kg/min, p<0.01), higher p16INK4a expression

(9.6 ± 1.2 vs. 9.2 ± 1.2 fold, p=0.02), and hs-CRP concentration (5.9 ± 8.4 vs. 3.3

± 3.9 mg/L, p=0.01). Among females (n=103), hs-CRP concentration (b -0.2,
frontiersin.org01
113

https://www.frontiersin.org/articles/10.3389/fonc.2022.1014661/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1014661/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1014661/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1014661/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1014661/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.1014661&domain=pdf&date_stamp=2022-11-08
mailto:kiri.ness@stjude.org
https://doi.org/10.3389/fonc.2022.1014661
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.1014661
https://www.frontiersin.org/journals/oncology


Goodenough et al. 10.3389/fonc.2022.1014661

Frontiers in Oncology
95% CI -0.34 to -0.05, p=0.01) and p16INK4a expression (b-5.32, 95% CI 10.42 to

-0.22, p=0.04) were inversely associated and statistically significant with peak

exercise capacity, with a significant interaction between p16INK4a expression

and body fat (b 0.15, 95% CI 0.02 to 0.28, p=0.03). Among males (n=82),

p16INK4a expression (b -1.01, 95% CI -2.14 to 0.12, p=0.08), and body fat (b
-0.54, 95% CI -0.70 to -0.38, p<0.01) were inversely associated with peak

exercise capacity.

Conclusion: Inflammation and p16INK4a expression, a biomarker of cellular

senescence, are associated with lower exercise capacity in childhood cancer

survivors, suggesting potential targets or outcome measures for interventions

designed to prevent or remediate accelerated physiologic ageing in this

population.
KEYWORDS

cellular senescence, p16, inflammation, childhood cancer surivor, exercise capacity
Introduction

Significant advances in treatment of childhood cancers have

contributed to five-year survival exceeding 85% (1, 2). However,

childhood cancer survivors are at risk for adverse health

outcomes associated with cancer treatment, including exercise

intolerance. Exercise intolerance is the result of impairment of or

poor integration of cardiovascular, autonomic, pulmonary,

muscular, and neurosensory system function. Over 56% of

survivors are exercise intolerant (VO2 peak <85% predicted)

(3), with exercise capacities comparable to individuals’ decades

older (4). Young adult survivors of childhood cancer with

exercise intolerance have a 3.9-fold increased risk of mortality

(3). Within this population, risk for exercise intolerance is

highest among those exposed to cardiotoxic therapy such as

anthracyclines and chest radiation (3). However, survivors not

exposed are also at risk, suggesting that either the disease process

or other systemic alteration such as inflammation or cellular

damage also contribute to decline in exercise capacity.

Cellular senescence is the functional consequence of serious

DNA damage (5), resulting in accumulation of cells unresponsive to

growth stimuli. Although these cells appear to remain in a stable

state of proliferation arrest, they are not benign. Senescent cells

accumulate with age (6–10), secrete high levels of inflammatory

cytokines, immune modulators, growth factors, and proteases, and

are associated with an increased prevalence of age-related health

conditions, including both subclinical inflammation and high fat

and/or low lean bodymass (11). Although senescent cells are largely

undetectable in younger populations, p16INK4a expression (mRNA),

a biomarker of biologic ageing and indicator of senescent cells in

older adults, is elevated in skin biopsies of young survivors of

childhood cancer exposed to radiation (12).
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p16INK4a is an important tumor suppressor gene that prevents

cells with damaged DNA from growing and dividing too rapidly

(13). When expressed, p16INK4a binds to and inactivates cyclin-

dependent kinases (CDK4, CDK6), preventing the phosphorylation

of retinoblastoma protein (pRB), halting cell cycle progression and

initiating cellular senescence (14–16). Expression of p16INK4a occurs

in response to stress, such as DNA damaging radiation and

chemotherapy, and is highly expressed in senescent cells (15).

Thus, it is an excellent biomarker for cellular senescence (17).

Given that children with cancer are exposed to cancer therapies

capable of inducing DNA damage, and that accelerated physiologic

ageing is evident in this population (18–20), it is possible that

senescent cells, with their secretory properties, may contribute to

the pathobiology of exercise intolerance.

Further, cellular senescence is also associated with abnormal

body composition; senescent cells accumulate in white adipose

tissue (21), increasing the release and circulation of senescence-

associated secretory phenotype (SASP) (10, 22, 23).

Unfortunately, children with cancer experience significant

changes in body composition during treatment (24–28), with

increased risk for both obesity and underweight that can persist

into survivorship (28–30). Childhood cancer survivors also have

poor dietary habits (31, 32), which may further influence adipose

tissue senescence (33). Early accumulation of adipose tissue may

be a reservoir for senescent cells and a source of inflammation

(34), underlining the pathobiology of early onset of age-related

chronic conditions in this population. Recent evidence from

murine and human studies suggest that interventions resulting

in clearance of cells expressing the p16INK4a gene are capable of

delaying the onset of, and attenuate existing, metabolic

abnormalities (33) and age-related conditions (11, 35), perhaps

defining a potential targets for intervention among survivors.
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In this study, we measured p16INK4a expression, a biomarker

of biologic age and cellular senescence, and high sensitivity C-

reactive protein (hs-CRP), a biomarker of inflammation, in

young adult survivors of childhood cancer and evaluated the

cross-sectional associations with body fat percent and exercise

capacity. We hypothesized that p16INK4a expression and hs-CRP

levels would be higher among survivors with high body fat and

low exercise capacity.
Materials and methods

Study population

Participants for this study were St. Jude Lifetime Cohort

(SJLIFE) members, a retrospective cohort with prospective

follow-up designed to evaluate childhood cancer survivors as

they age. The study design and characteristics of the study

population have been previously described (36–38). Briefly,

cohort members were diagnosed with childhood cancer

between 1962 and 2012 and treated at St. Jude Children’s

Research Hospital. For these analyses, participants were at

least 18 years old, 10 years from their primary diagnosis, had

no evidence of cancer recurrence, and had previous

chemotherapy exposure. Potentially eligible participants

returning for a second clinical visit to evaluate frail health

(including measures of exercise intolerance and body

composition) were randomly recruited to provide a blood

sample until we reached a powered sample size of 196

participants. Pregnant women or those with a current cancer

diagnosis were excluded. Medical records were abstracted by

trained personnel to collect demographic information, including

age at assessment, sex, height (m), and weight (kg).
Biomarkers

Cellular Senescence Expression of p16INK4a mRNA was

determined from CD3 T-lymphocytes processed from peripheral

blood samples. Cells were isolated and enriched to >90% purity

using RosetteSep™ Human T Cell Enrichment Cocktail

(STEMCELL Technologies, Cambridge, MA). Total RNA was

isolated from T-lymphocytes (ZR-96 Quick-RNA kit, Zymo

Research, Irvine, CA), and reverse transcribed into cDNA using

ImProm-II reverse transcription system (Promega Corp., Madison,

WI). cDNA was reversed transcribed using Taqman® quantitative

reverse-transcription PCR (ThermoFisher Scientific, Waltham,

MA) to determine p16INK4a mRNA expression levels. Expression

of p16INK4a mRNA transcript was normalized to 18s ribosomal

RNA (HS03003631, Applied Biosystems, ThermoFisher Scientific -

US, Waltham, MA) as previously described (39, 40). Data were log

transformed for analysis (log2).
Frontiers in Oncology 03
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Inflammation High sensitivity C-reactive protein (hs-CRP)

concentration (mg/L) was determined from serum samples

isolated from peripheral blood. Blood samples of 2ml were

collected in serum preparation tubes and allowed to clot

completely at room temperature. Samples were centrifuged at

1,000-2,000 x g for 10 minutes in a refrigerated centrifuge.

Serum supernatant was separated from samples in 1ml

aliquots into ARUP standard Transport Tubes and refrigerated

until processed on a Quantitative Immunoturbidimetry assay

(reference value ≤3.0 mg/L) (41).
Outcomes

Exercise capacity
Exercise capacity was determined via cardiopulmonary

exercise testing (CPET) on a treadmill using a modified Bruce

protocol (42). A leg (n=4) or arm (n=7) cycle ergometer was

substituted using a ramp protocol if a participant was unable to

walk on a treadmill (lower extremity paralysis, amputations

without prostheses, or poor balance). Continuous breath by

breath analysis, using a metabolic cart (Ultima CardioO2;

MCG Diagnostics, St. Paul, MN), was used to estimate

attainment of VO2 peak. Blood pressure was measured during

each stage of the protocol, and a continuous 12-lead

electrocardiogram (ECG) monitored cardiac symptoms (43).

Cardiopulmonary exercise testing (CPET) was terminated for

safety before maximal exertion for signs of ischemia (>2 mm ST

depression), frequent arrhythmias (bigeminy and trigeminy),

hypertensive blood pressure (BP) response (250/115 mm Hg),

symptoms (e.g. angina, shortness of breath, wheezing), or failure

of heart rate (HR) to increase with increased exercise intensity.

Immediately at test termination, participants were asked for

peak rating of perceived exertion (44).

Body fat
Body fat (percent [%]) was determined with dual x-ray

absorptiometry (DEXA) using a total body scanning mode

(QDR 4500, software version 13.3:3; Hologic, Bedford, MA)

(45, 46).
Covariates

Smoking history
Participants self-reported their smoking history, and were

classified as current, former, or never smokers.
Statistical analyses

Descriptive statistics characterized demographic and

diagnosis related variables (Table 1). Given that exercise
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capacity and body composition are influenced by sex, we

stratified analysis by sex. Comparisons between male and

female participants were made using c2 statistics or two

sample t tests as appropriate. Associations between smoking

history, hs-CRP concentration, and p16INK4a expression were

evaluated using linear regression models. Smoking history was

not associated with either hs-CRP concentration or p16INK4a

expression, and was not retained in final multivariate models.

Separate multivariable linear regression models were used to

evaluate associations between p16INK4a expression or hs-CRP

concentration, and exercise capacity (ml/kg/min). Smoking

status was evaluated as a potential covariate. Models were

stratified by sex and adjusted for body fat % and age at

assessment. Two-way interactions between either p16INK4a

expression or hs-CRP concentration and body fat % were
Frontiers in Oncology 04
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evaluated in each model. All statistical analyses were

performed using SAS 9.4 (SAS Institute, Inc., Cary, NC).
Results

Characteristics of study population

Among 2,823 potentially eligible survivors, 234 were

contacted to provide a blood sample. Among these, 30 (12.8%)

declined participation. Of 204 samples collected, 15 (7.4%) did

not pass quality control (low RNA yield), and 4 (2.0%) samples

were not shipped, resulting in 185 participants with complete

phenotype and biomarker data (Figure 1). Demographics of

study participants are displayed in Table 1. On average,
TABLE 1 Demographic and primary cancer characteristics of survivors of childhood cancer.

Characteristic All Participants (n=185) Males (n=82) Females (n=103)

Race/Ethnicity, N (%)

Black 39 (21.1) 13 (15.6) 26 (25.2)

Hispanic 3 (1.6) 2 (2.4) 1 (1.0)

White 143 (77.3) 67 (81.7) 76 (73.8)

Mean Diagnosis Age, years (SD) 8.0 (5.8) 7.5 (5.3) 8.4 (6.1)

Mean Age at Evaluation, years (SD) 36.9 (8.0) 34.9 (8.4) 37.9 (7.7)

Mean Survival Time, years (SD) 28.7 (9.0) 27.8 (8.6) 29.9 (9.2)

Smoking Status, N (%)

Current 21 (11.3) 9 (11.0) 12 (11.7)

Former 25 (13.5) 12 (14.6) 13 (12.6)

Never 139 (75.1) 61 (74.4) 78 (75.7)

Primary Cancer Diagnosis, N (%)

Leukemia 80 (43.2) 49 (49.0) 31 (37.8)

Lymphoma 34 (18.4) 17 (17.0) 17 (20.7)

Sarcoma 18 (9.7) 10 (10.0) 8 (9.8)

Neuroblastoma 15 (8.1) 10 (10.0) 5 (6.1)

Wilms Tumor 13 (7.0) 8 (8.0) 5 (6.1)

Central Nervous System 10 (5.4) 4 (4.0) 6 (7.3)

Retinoblastoma 5 (2.7) 1 (1.0) 4 (4.9)

Other 10 (5.4) 4 (4.0) 6 (7.3)

Treatment Type, N (%)

Chemotherapy only 89 (48.1) 36 (43.9) 53 (51.5)

Chemotherapy + Radiation 96 (51.9) 46 (56.1) 50 (48.5)

Treatment Duration, mean (SD)

Chemotherapy (years) 1.6 (1.3) 1.5 (1.1) 1.7 (1.4)

Radiation (days) 14.5 (18.1) 16.4 (19.1) 13.0 (17.1)

Chemotherapy Agent, N (%)

Vinca Alkaloids 141 (76.2) 66 (80.5) 75 (72.8)

Anthracyclines 136 (73.5) 61 (73.4) 75 (72.8)

Alkylating Agents 131 (70.8) 62 (75.6) 69 (67.0)

Corticosteroids 101 (54.6) 44 (53.7) 57 (55.3)

Methotrexate 96 (51.9) 41 (50.0) 55 (53.4)

Epipodophyllotoxins 91 (49.2) 42 (51.2) 49 (47.6)

Platinum Agents 39 (21.1) 19 (23.2) 20 (19.4)
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survivors were 36.6 years old (range 20.1 to 55.7 years) and 28.7

(± 9.01) years from diagnosis. Forty-four percent were male,

77% were non-Hispanic white, and 44% had a primary diagnosis

of Acute Lymphoblastic or Myeloid Leukemia. Females were

older than males at time of assessment (p<0.01).
Exercise capacity and body fat

Female survivors had lower peak VO2 (mean (SD), 22.5 (8.2) vs.

28.8 (7.7) ml/kg/min, p<0.01) and higher body fat (39.2 (7.9) vs.

27.2 (8.2) %, p<0.01) compared to males (Supplemental Figure 1).
Association between inflammation and
exercise capacity

Female survivors had higher hs-CRP concentrations (5.9

(8.4) vs. 3.3 (3.9) mg/L, p=0.01) than males (Figure 2A). The

results of multivariable linear regression, stratified by sex, and

adjusted for age (years), and body fat (%) are shown in Figure 3.

Among the 103 female survivors, hs-CRP concentration (b -0.2,

95% CI -0.34 to -0.05, p=0.01), body fat (b -0.54, 95% CI -0.70 to

-0.37, p<0.01), and age (b -0.25, 95% CI -0.41 to -0.10, p<0.01)

were inversely associated with peak VO2 (ml/kg/min). Among

the 82 male survivors, hs-CRP concentration (b -0.31, 95% CI

-0.65 to 0.03, p=0.07), body fat (b -0.55, 95% CI -0.71 to -0.39,
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p<0.01), and age (b -0.32, 95% CI -0.39 to -0.07, p<0.01), were

inversely associated with peak VO2 (ml/kg/min), though hs-CRP

concentration did not achieve statistical significance.
Association between p16INK4a expression
and exercise capacity

Female survivors had higher p16INK4a expression (9.6 (1.2)

vs. 9.2 (1.2) fold, p=0.02) compared to male survivors

(Figure 2B). Multivariable linear regression models, stratified

by sex, were used to evaluate the association between p16INK4a

expression and peak VO2 (ml/kg/min), adjusted for age (years)

and body fat (%) (Figure 3). Among the 103 female survivors,

p16INK4a expression (b -5.32, 95% CI -10.42 to -0.22, p=0.04),

body fat (b -2.02, 95% CI -3.26 to -0.78, p<0.01), age (b -0.28,

95% CI -0.43 to -0.11, p<0.01), and the interaction between

p16INK4a expression and body fat (b 0.15, 95% CI 0.02 to 0.28,

p=0.03), were associated with peak VO2 (ml/kg/min). Among

the 82 male survivors, p16INK4a expression (b -1.01, 95% CI -2.14

to 0.12, p=0.08), body fat (b -0.54, 95% CI -0.70 to -0.38,

p<0.01), and age (b -0.22, 95% CI -0.38 to -0.06, p=0.01)

were inversely associated with peak VO2 (ml/kg/min),

though p16INK4a expression concentration did not achieve

statistical significance.

To explore the interaction effect of p16INK4a expression and

body fat on exercise capacity in females, data were sliced by
FIGURE 1

Participant flow.
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progressing levels of body fat percent (Figure 4). Expression of

p16INK4a was inversely associated with exercise capacity at body

fat percentages less than 35%.
Discussion

Adult survivors of childhood cancer are at risk for exercise

intolerance, a predictor of all-cause mortality (3). In this study,

we found increased p16INK4a and low-grade inflammation was

associated with reduced exercise capacity. Among females, this

association was only present among survivors with body fat

percentages less than 35%. To our knowledge, this is the first

study to demonstrate an association between a biomarker of

cellular senescence, low-grade inflammation, and exercise

capacity in childhood cancer survivors.

Expression of p16INK4a is generally undetectable in children

and younger adults (39). However, it is detectable in peripheral

blood T-lymphocytes among older adults and among young

survivors of childhood cancer exposed to radiation (12). More

recently, Smitherman et al (47) showed evidence of p16INK4a

expression in young survivors of childhood, adolescent, and

young adult cancers. They found elevated levels of p16INK4a to be

associated with frailty, an age-associated phenotype indicating

reduced physiological reserve. These data and our findings

support the hypothesis that p16INK4a expression is present in

other tissues (i.e. organs), and thus cellular senescence is
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potential mediator of physiologic deregulation in childhood

cancer survivors.

Further, not only was elevated p16INK4a expression and hs-

CRP concentration associated with lower peak VO2 and exercise

intolerance, but the mean VO2 peak among our survivors was

similar to values in persons several decades their senior (4). This

is concerning as poor exercise capacity is associated with early

mortality (48, 49), future cardiovascular events (50), and

reduced cognitive reserve (51). Early impairments in exercise

capacity concomitant with a hallmarks of ageing suggest that

VO2 may be a new biomarker capable of identifying survivors at

greatest risk of early onset of chronic conditions and mortality.

The detection of these ageing biomarkers is not surprising

given recent work that identified other hallmarks of ageing,

including reduced physiologic reserve (19, 52), telomere attrition

(53), altered DNA methylation patterns (54), and mitochondrial

dysfunction (55). Cellular senescence is an important biological

mechanism, and is a part of normal ageing. Inherently designed

to guard against proliferation of damaged cells, senescent cells

lose the capacity to replicate. As a result of cell cycle arrest,

senescent cells secrete proteins, including growth factors and

proteases that alter tissue structure and function, and cytokines

and chemokines with pro-inflammatory properties. The SASP

promote a state of subclinical inflammation, which results in

tissue fibrosis and deterioration (56). A similar mechanism may

be responsible for the early onset of reduced exercise capacity

seen among young adult survivors of childhood cancer. Early
BA

FIGURE 2

Distribution of biomarkers of inflammation and cellular senescence by sex. (A) hs-CRP concentration (mg/L) (B) p16 INK4A expression. * denotes
statistical significance at p<0.05
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exposure to DNA damaging agents may trigger early

accumulation of senescent cells that is not completely reversible.

Senescent cells also accumulate dysfunctional mitochondria,

capable of influencing SASP production (57). Our recent work

found association between decreased mitochondrial copy

number (mtDNAcn) and increased odds for sarcopenia (55).

Impaired skeletal muscle oxidative phosphorylation is

implicated in exercise intolerance among induvial with

mitochondrial myopathies (58). It is possible that

mitochondrial dysfunction is the pathobiological mediator

between elevated p16INK4a and hs-CRP levels in survivors with

low exercise capacity.

Our data demonstrating elevated p16INK4a expression and

hs-CRP concentration in survivors with impaired exercise
Frontiers in Oncology 07
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capacity indicates a potential intervention target, given

evidence that p16INK4a levels are modifiable, potentially with

exercise (59, 60). In an animal model, Schafer et al (59)

demonstrated an improvement in exercise capacity and a

concomitant reduction in diet-induced p16INK4a mRNA

expression in rodents who exercised. Resistance training,

although primarily associated with muscle mass and strength

gains, also has the potential to clear accumulated senescent cells.

Yang et al. noted significant gains in muscle mass and an

associated rapid clearance of senescent cells from skeletal

muscle tissue in young men following a bout of resistance

training (60). Given that childhood cancer survivors respond

to both aerobic and resistance training, with improved exercise

tolerance (61–63) and strength and mass gains (64), following
B

C D

A

FIGURE 3

Results of sex-stratified multivariable models. (A, B) hs-CRP concentration (mg/L), (C, D) p16 INK4A expression. Regression lines represent the
linear associations between individual biomarkers and exercise capacity, adjusted for covariates
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exercise, it is possible that either aerobic training and/or

resistance training may contribute senescent cells clearance.

Additional research to determine if exercise, including type,

frequency, intensity, and duration of activity, can clear senescent

cells and either prevent or delay the cellular ageing in survivors.

Further, cellular senescence is targetable through nutraceuticals

(65). Agents such as Dasatinib and flavonoids (Quercetin;

Fisetin, available as nutritional supplements) interfere with the

senescent pathway, with evidence of safety, tolerability, and

ability to alleviate physical dysfunction in adults with chronic

disease (66). Currently, we have an open-label intervention trial

(NCT04733534) which aims to establish preliminary evidence of

efficacy, safety, and tolerability of two senolytic regimens to

reduce markers of cellular senescence and improve frailty in

adult survivors of childhood cancer. Survivors with reduced

exercise capacity may also benefit from senolytic agents either

alone or in combination with lifestyle modifications.

In general population, overweight and obese individual have

higher proinflammatory plasma profiles, specifically higher hs-

CRP, than non-overweight or obese individuals (67). In our

study, female survivors had significantly higher levels of body fat,

concomitant with higher p16INK4A expression, hs-CRP

concentration, and lower peak VO2 (ml/kg/min) compared to

males. Further, we noted a significant interaction between

p16INK4a expression and body fat among female survivors,

suggesting that the effect of cellular senescence on exercise

capacity may be masked in females who have excess body fat.

In our study, at body fat % values less than 35%, p16INK4a

expression had a strong inverse association with exercise

capacity. This association was not seen in females who had
Frontiers in Oncology 08
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body fat % greater than 35% (68–70). Because adipose tissue is a

harbor for senescent cells, is associated with reduced physical

function, and is redistributed with ageing (71–73), it is possible

that an evaluation of senescent cell expression in adipose tissue

may have yielded different results. It is also possible that the

burden of excess body fat is the primary driver of exercise

capacity in females who are overweight or obese. Regardless,

the influence of an interaction between body fat and biomarkers

of ageing on exercise capacity are compelling and deserve

further investigation.

The results of this analysis should be interpreted in the context

of study limitations. Our population was small, and childhood

cancer diagnoses were not evenly represented in the sample;

almost half of the survivors had a history of childhood

leukemia, followed by less than 20% with a history of

lymphoma. While our study is limited by the use of a single

biomarker of cellular senescence, our findings of detectable

p16INK4a mRNA expression levels higher in young adult

childhood cancer survivors than in persons of similar age in the

general population (39), combined with the presence of low grade

inflammation in our population, signifies that cellular senescence

is a potential pathobiological mechanism for premature

physiologic ageing in survivors of childhood cancer,

contributing to exercise capacities comparable to adults decades

older. Further, we did not compare p16INK4a and hs-CRP levels to

individuals without a history of cancer. However, our mean hs-

CRP value was higher than seen in a general population (41),

suggesting a potential ongoing inflammatory milieu in this

population. Liu et al (39) evaluated p16INK4a expression in

peripheral blood T-cells in healthy adults, much older than our
FIGURE 4

Association of p16INK4A expression and exercise capacity by body fat percent in female survivors.
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participants (age [years], median [range], 47 [18-76] vs. 36.3

[20.1-55.7]), who were also overweight (body mass index (BMI)

[kg/m2], median [range], 26.5 [9.4-55.1] vs. 29.6 [16.5-57.4] kg/

m2). However, our participants had higher expression of p16INK4a

than healthy persons in the paper by Liu et al (39) (Figure 2B)

(mean log2 p16
INK4a mRNA expression 9.4 vs. 5.5). We suscept

that individuals without a history of cancer would have lower

levels of both biomarkers given their lack exposure to radiation

and chemotherapeutic agents capable of inducing DNA damage.

Additionally, our analysis was cross-sectional, and thus we are

limited in the ability to determine the direction of causality

between p16INK4a and exercise intolerance, and other participant

characteristics, such as body composition. However, expression of

p16INK4a was not independently associated with BMI (p=0.08) or

body fat (p=0.07), which is consistent with findings by Liu et al.

(39) Further, we previously showed that over 50% of childhood

cancer survivors are exercise intolerant, at BMIs comparable to

healthy community controls (3), thus challenging that high

adiposity is the true etiology of senescence in our survivors.

More likely, adiposity and the accumulation of senescent cells in

adipose tissue is additive to the pathobiology of exercise

intolerance in this population. However, adiposity is a potential

source of senescence etiology and further investigations into its

interplay with biologic ageing, cellular senescence, and

inflammation is warranted in the survivor population.
Impact statement

Cellular senescence is implicated with advancing age and the

onset of chronic condition and disease. Over 50% of young

childhood cancer survivors are exercise intolerant, with maximal

aerobic capacities comparable to individuals decades older,

suggesting early physiologic ageing. In our study, biomarkers

of cellular senescence and inflammation were associated with

lower exercise capacity, which was further mediated by body fat

in female survivors. To our knowledge, this is the first study to

demonstrate an association between p16INK4a expression, low-

grade inflammation, and exercise capacity in childhood cancer

survivors. Our study contributes to growing body of evidence of

accelerated ageing among childhood cancer survivors. Further, it

highlights that interventions designed to improve exercise

capacity and/or body composition have potential to remediate

the accelerating ageing phenotype and early onset of chronic

conditions seen among adult survivors of childhood cancer.
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