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Abstract

Obesity at diagnosis is a negative prognostic indicator for several pediatric cancers including acute
leukemia and bone tumors. Incidence of obesity in children has increased three fold over the past 2
decades and causes for this include poor diet, excessive caloric intake and lack of physical activity
which collectively are referred to as energy balance related behaviors. Few energy balance
interventions have been implemented in pediatric cancer patients during treatment, and here we
will probe the rationale for pursuing such studies. The need to modify composition of calories
consumed and identify specific beneficial exercise regimens will be discussed, relative to weight
reduction or management.

Background on energy balance in the pediatric oncology setting

Energy balance, the balance between energy intake (calorie consumption) and energy
expenditure (physical activity), has gained interest in pediatric oncology in recent years.
This is largely due to the obesity epidemic in healthy children as well as children with
cancer, and to the recognition in epidemiological and retrospective studies that obesity is a
risk factor for several cancer types and for worse outcomes in some pediatric cancers. It is
also due, in part, to increased interest from clinical care providers in improving quality of
life for patients undergoing toxic anti-cancer treatments and to a growing understanding of
how changes in energy balance affect the molecular biology of a tumor. Despite the relative
ease of delivery of energy balance interventions, to date, there have been fewer than 30
clinical trials of physical activity interventions or diet/nutrition intervention studies in
pediatric cancer patients during treatment regimens. While systematic reviews for topics
related to energy balance and cancer have been and should continue to be done, there are not
enough energy balance interventions conducted in pediatric cancer patients during therapy to
conduct a systematic review. The goal of this article is to prompt consideration of specific
diet and exercise regimens that can be delivered during treatment to potentially optimize the
efficacy of therapy, and reduce risk of treatment related late effects. Many of these
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approaches may be ready for clinical implementation, such as moderate physical activity for
prevention of functional decline, however, additional gaps in knowledge exist, such as
determining the most appropriate calorie composition for patients with specific cancer types.

Over the past four decades the use of combination chemotherapy treatment strategies have
raised cure rates for children and adolescents with cancer to 80% (1). This improvement in
success of treatment has been attributed to the effectiveness of combination chemotherapy,
and improved detection, classification and diagnosis of the type of malignancy, and the
ability to identify presence of metastasis at the time of diagnosis (2). Efforts to design more
specific and selective treatment modalities are still needed, and a majority of childhood
cancer researchers are pursuing this goal in hopes of further raising cure rates. However, less
attention has been given to factors which may influence treatment outcomes that are
amenable to behavior modification.

Energy balance, or the relationship between intake of food and physical activity, is one such
factor that is within the control of cancer patients and can be altered through behavioral
interventions (3). Much of the work investigating energy balance in the context of cancer
treatment and survivorship has focused on obesity, which can be caused by poor diet and
sedentary lifestyles (4). Emerging data, primarily in adult cancers such as breast and
prostate, highlight the relevance of obesity and energy balance to treatment outcomes and
cure rates (5-7). Similar trends in pediatric oncology are developing. Recently it was shown
that obesity and the overall nutritional status of children with cancer contributes to treatment
response and patient outcome (8-13). Pediatric patients who are obese or overweight have
inferior survival rates, a higher rate of relapse and are more resistant to therapy. Molecular
explanations for this are postulated to be due to the altered pharmacokinetics of
chemotherapy in overweight/obese patients and the inflammation-promoting interactions
between adipocytes and cancer cells, which has been demonstrated in lab based studies but
not in human studies as yet. Obesity rates in pediatric cancer patients have tracked with age
matched controls globally, and have increased almost three fold in the past two decades (14).
Based on these statistics, more newly diagnosed pediatric cancer patients are likely to be
obese than ever before.

However, a key question is whether simply changing diet habits and/or exercise habits
versus managing and reducing obesity will improve outcomes for these patients. Here we
review the current knowledge of how obesity, nutritional status and PA affect the treatment
and outcome of children and adults with cancer, and highlight studies which show the
beneficial impact of implementing diet and PA regimens.

Diet — calories versus composition

Diet is certainly a component of the obesity problem and much data supports the notion that
food habits of pediatric cancer patients and survivors are sub-optimal (15-17). This may be
exacerbated with the use of steroid containing chemotherapy regimens (18). Weight
trajectories in childhood ALL patients show that preschool children have a rapid rate of
increase in overweight/obesity following diagnosis and this frequently persists after therapy
is complete (19). A meta-analysis of over 1500 pediatric ALL patients in 16 studies
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concluded that BMI z-score increased early in treatment and in maintenance phase, and
persisted beyond treatment into survivorship (20). These trends are seen in pediatric solid
tumor and brain tumor patients as well, but the data on weight gain during treatment appears
to be somewhat tumor type specific. A cohort of 133 newly diagnosed patients including
brain and solid tumor patients showed increased BMI and fat mass within three months of
and doubled by 12 months post diagnosis (21). In contrast, weight loss occurred in 37% of
468 patients with intermediate rhabdomyosarcoma, and low baseline BMI correlated with
borderline inferior survival (22). Collectively, these data indicate that weight management
early during cancer treatment is an opportunity for interventions, and to be successful, a
nutritional program needs to be integrated into the clinical care model and must be sustained
throughout treatment (23). However, research remains to be done to define precisely what
“obesity management” or “good nutrition” means for these patients. Calorie reduction with
no focus on the calorie composition or which foods the calories are coming from may not be
adequate to improve outcomes. For example it is unclear whether reduced intake of sugars,
carbohydrates, or fat versus increased protein intake or increased consumption of fruits and
vegetables will be beneficial.

A recent study examining diet in 640 newly diagnosed pediatric acute lymphocytic leukemia
patients found that caloric consumption was in excess of daily recommended intake, and that
consumption of vitamin E and D was below recommended daily allowance(24). These
nutritional deficiencies appear to extend beyond treatment since in pediatric cancer survivors
spanning diagnoses and age groups, fruit and vegetable consumption is low (25). ALL
survivors consumed less vitamin D, calcium, fiber and potassium than recommended
guidelines, but exceed saturated fat and sodium intake guidelines (17). In an effort to
improve bone mineral density in childhood ALL survivors which is compromised due to
corticosteroids and methotrexate treatment regimens, a randomized supplementation trial
using calcium and vitamin D or placebo was carried out in 275 participants over a two year
span(26). Although bone density did not improve in the intervention group, the dosing of
Vitamin D, and the timing of supplementation relative to chemotherapy exposure are
variables that require consideration before drawing negative conclusions regarding the
potential benefits of supplementation. Also, rather than using supplements, whole foods that
are nutrient dense across food groups per the 2015-2020 Dietary Guidelines for Americans,
could be employed during delivery of steroid or methotrexate intensive treatment regimens
for pediatric cancer patients.

The obesity problem has been attributed in part to increased consumption of sugar and fat
(27). Whether intake of sugar and fat contributes to poor outcomes in cancer patients
independent of obesity is unclear. For example, epidemiological data shows that sugar intake
correlates with increased cancer incidence, and mouse models for breast and liver cancer
indicate that sucrose-rich diets promote tumor progression and metastasis in normal weight
non-obese mice (28-32). Molecular explanations for sugar’s impact on tumor progression
have been put forth from patient data and mouse models. Specific metabolites associated
with the lipoxygenase pathway have also been correlated with sugar consumption. The
lipoxygenase pathway, as well as activation of the IGF pathway, are linked to increased
levels of intracellular and extracellular reactive oxygen species (ROS). Similarly, high levels
of protein and fat consumption generate oxidative stress, which can promote cancer
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progression (33). A series of studies have documented that elevated serum levels of IGFBP2
are predictive of increased risk of recurrence in pediatric leukemia patients (34-36). Little is
known about dietary influences on IGFBP2, however, a cross-sectional analysis of 4,731
men and women enrolled in the European Prospective Investigation into Cancer and
Nutrition study showed an association between dairy protein consumption and circulating
IGFBP2 concentrations (37). These data suggest that for patients on therapy, high sugar diets
should be avoided and protein and fat consumption needs to be monitored. In stark contrast
to this concept, recent data shows that obese melanoma patients or those with a high BMI
had a better response to kinase inhibitor therapy (38) and that in mouse models, a ketogenic,
high fat, low carbohydrate diet inhibited the growth and progression of glioblastoma (39).
Therefore tailoring of diet recommendations to tumor type and therapy type is critical and
suggests that perhaps the calorie composition rather than the total calories or the patient’s
BMI should be the focus of behavioral interventions aimed at changing diet.

Mouse modeling of energy balance interventions using pediatric models will yield data
necessary to optimize a diet regimen with the potential to improve treatment outcomes, but
delivery in patients poses additional challenges. Few dietary interventions have been
implemented in pediatric cancer patients and survivors and emphasis has primarily been on
healthy lifestyles and nutrition education rather than use of a specific or prescribed diet (40—
42). Surprisingly, the strongest data in this field has come from ketogenic diets(43). Long
used for epilepsy patients, ketogenic diet improves therapy efficacy for brain tumors in
mouse models (39). Only one small case study of two pediatric patients with astrocytoma
tumors has been published to date and demonstrated decreased glucose uptake and improved
mood in one patient using ketogenic diets(44,45). However, the feasibility of delivery of
these diets to children is questionable, as is the drastic caloric restriction diets that show
increased efficacy in mouse models for prostate, breast and ovarian cancers(46). Limited
data in adult glioma patients(47)indicates the safety and feasibility of the ketogenic diet,
caloric restriction, as well as minor modifications of these regimens and encourages its use
as an adjunctive therapy. As described above, high sugar and high fat diets are being
documented to negatively impact treatment outcomes while enrichment for other macro or
micronutrients could have beneficial effects. In children, a major determinant of diet
interventions involves parental practices. While short term diet interventions in a hospital
setting could be controlled through collaboration between physicians and dieticians, diet
change in an outpatient setting requires education and perhaps even interventions designed
for parents (48). These types of interventions must be matched culturally, socio-
economically, and with attention to time required for food preparation and unique palates of
children with cancer, which may be changed due to side effects of treatment such as nausea
and altered senses of taste and smell. Despite these challenges, a recent systematic review
found that adherence to lifestyle interventions improves when a parental component is
included(49).

Exercise — feasibility and timing

While diet modification can play a role in controlling obesity and BMI, there can be adverse
effects of diet-induced weight loss on muscle strength (50). There can be a significant loss of
fat-free mass depending on the diet modification and the calorie reduction. Strategies such as
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weight training or aerobic exercise can combat the loss of muscle mass and strength (50).
Physical activity (PA) can also play a role in controlling BMI and obesity as energy balance
is defined as calories consumed — energy expended. Therefore, it is important for a
nutritional program for cancer patients to also include a PA component to increase the
number of calories burned and prevent loss of muscle mass. Exercise has been shown to be
both feasible and safe in Pediatric cancer patients undergoing chemotherapy (51). Exercise
has also been shown to improve quality of life of cancer patients and reduce the risk of
cardiovascular disease in cancer survivors (52,53). However, there is still hesitancy by
clinicians to use PA in the cancer care setting, largely due to uncertainties about how to
appropriately prescribe it. First, it is unclear when PA is most beneficial. Most
epidemiological studies have been used to support exercise as part of a healthy lifestyle for
cancer prevention, while most clinical studies have used PA/exercise in the survivorship
setting as part of obesity management. One growing field of research focuses on the use of
exercise during active therapy for a cancer patient, the topic of this review. Additionally, it is
unclear whether exercise quantity, quality or both is most important. Due to the large
variability in experimental design in published studies in terms of type of exercise,
frequency, and duration of the intervention program, identifying the “best” exercise program
is challenging. Finally, the relationship between obesity and exercise efficacy is not well-
defined. It remains unknown whether exercise can have beneficial effects even in the
absence of weight control.

Exercise or PA during cancer treatment can be used for three main purposes: to improve the
quality of life of a cancer patient (psychosocial benefits), to prevent decline of physical
functioning and secondary medical complications (obesity prevention, atrophy prevention),
and to improve the efficacy of chemotherapy. The data for each of these broad categories is
described below, with an emphasis on data specific to pediatric patients. Studies in adults
have unequivocally demonstrated improved quality of life (QOL) for cancer patients who are
physically active, reporting decreased fatigue, increased mobility, and decreased
depression(54,55). The pediatric literature is much less robust, as fewer studies using PA/
exercise have been performed in pediatric cancer patients. Those that have been performed
support a positive effect of PA on QOL, with varying levels of significance, and have been
well reviewed (56,57). Importantly, a reduction in pain and perceived procedure anxiety was
achieved by a combined PA and psychosocial intervention for patients within one year of
therapy (58). Similarly, a 6-month group exercise program for outpatients of mixed
diagnoses was shown to significantly improve overall motor performance, activity level, and
emotional well-being (59). While improved QOL is an accepted benefit of PA/exercise for
cancer patients, other benefits are also supported by research. The six randomized,
prospective clinical trials that have been performed in pediatric patients undergoing
treatment for Acute Lymphoblastic Leukemia (ALL) have recently been summarized (60).
In all studies, cardiorespiratory fitness was significantly improved by exercise, as measured
by the 9-minute walk test, despite heterogeneity in exercise programs. Similarly, in a small
study of 27 ALL participants receiving maintenance therapy in their first remission, a home
based exercise program was shown to achieve significant improvement in 6 minute walk test
performance for 75% of participants. The mean BMI change for participants in this study
was a decrease of 4.2%, indicating that a physical activity plan performed while on
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chemotherapy can reduce obesity (61). It’s unclear, however, whether a reduction in obesity
is necessary to achieve the numerous other benefits associated with PA. In a study of 60
children with any type of malignancy, either actively on therapy or within a year of
completion, PA was again demonstrated to be significantly correlated to cardiorespiratory
fitness. This randomized controlled trial consisted of a 12-week exercise and psychosocial
program. Each additional activity count per minute correlated with an increase of 0.05
ml/kg/min in VOgpeak. Conversely, each sedentary minute reduced VOzpeqx by 0.06 ml/kg/
min. This study also confirmed that pediatric cancer patients are less physically fit than their
age-matched healthy counterparts, with significantly lower VOypeqk (62). These studies
demonstrate that exercise for pediatric cancer patients is feasible. However, the most
effective type of exercise (aerobic vs resistance) has not been compared in pediatric
populations.

In a recent study comparing aerobic exercise (motorized wheel running) to resistance
training (weighted ladder climbing) as a means of preventing cancer associated cachexia
using the C26 mouse colon cancer model, Khamoui et al. demonstrated that aerobic exercise
preserved relative grip strength, sensorimotor function and muscle mass while resistance
training did not. In fact, 25% of mice undergoing resistance training became moribund
before the end of the study while none of the mice performing aerobic exercise became
moribund. However, all mice lost total mass, suggesting that these exercise regimens alone
are not sufficient to protect against cachexia (63). In stark contrast to the findings in mice, a
recent study in breast cancer patients undergoing chemotherapy compared three times
weekly aerobic exercise to three times weekly resistance training. In this study, resistance
exercise training improved sarcopenia and dynapenia significantly more than aerobic
exercise (64). These nearly opposite findings accentuate the need for more controlled
clinical trials comparing exercise types, intensities, and frequencies, as each of these
variables is likely to cause different outcomes.

Exercise during therapy is feasible and safe for pediatric cancer patients, and improves
physical fitness (56). PA or exercise may also improve therapeutic efficacy. To date, no
clinical trials in humans have examined the effect of PA on treatment efficacy. Animal
studies using tumor-bearing mice inform our understanding of the usefulness of exercise as
an adjuvant to chemotherapy. Unfortunately, the majority of animal studies have been done
using models of adult cancers, but these may have relevance to pediatric oncology. The
effect of exercise on tumor growth in the absence of other therapies appears to be tumor-type
dependent. For example, wheel running inhibited growth of A549 lung tumors and ET1
mammary tumors in mice, but had no effect on growth of orthotopic prostate tumors (65—
67). Wheel running and treadmill exercise both promoted the growth of tumors in

P53~ MM TV-Wht-1 transgenic mice (68). While exercise alone appears to affect different
tumor types differently, exercise has consistently been demonstrated to improve
chemotherapy efficacy. Five days per week of high intensity treadmill running alone had no
effect on tumor growth in mice bearing orthotopic glioblastoma tumors, but increased
survival and decreased tumor growth when combined with temozolomide (TMZ) compared
to TMZ alone (69). Similarly, treadmill running at a more moderate intensity increased the
efficacy of gemcitabine against pancreatic ductal adenocarcinoma and of doxorubicin
against melanoma in mice (70). Voluntary wheel running also significantly increased the
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efficacy of chemotherapy in multiple models. Wheel running significantly increased the anti-
tumor effect of cyclophosphamide against mammary tumors and of celecoxib against
prostate tumors in mice (65,71). The heterogeneity in exercise prescriptions between these
studies suggests that there may be a wide range of aerobic exercise that is beneficial to
improve outcome during chemotherapy. No weight loss due to exercise was reported for
mice in any of these studies, indicating that exercise may be efficacious as a therapeutic
adjuvant regardless of changes in weight. However, it must be noted that these studies did
not use obese mice, and therefore the importance of reducing obesity cannot be evaluated
with current data.

Conclusions

In summary, the studies cited above suggest that diet quality and/or specific exercise
parameters, which can contribute to obesity prevention and management, are important
factors for improving outcomes for pediatric cancer patients. These studies provide impetus
for investigation of focused nutritional and PA programs which manage or prevent obesity
and promote healthy lifestyles in the context of the treatment of pediatric cancer patients.
Patients with genetic predisposition to obesity will likely require different approaches. For
example, mutations in the leptin gene (which encodes a hormone synthesized primarily by
adipocytes that acts on its receptor in the hypothalamus and conveys feelings of satiety), in
mice and in humans are associated with mild to severe forms of obesity(72,73). Experiments
using mice bearing mutations in the leptin-melanocortin pathway showed that caloric
restriction and exercise were non-identical to strain matched lean mice in terms of body fat
composition, gene expression and blood lipid levels(74). These data suggest that screening
patients for monogenic or polygenic obesity could be useful in determining whether energy
balance interventions alone will exert beneficial effects or whether pharmacological
approaches would be required to target these pathways.

Collectively, answering questions raised in this review will require concerted efforts of
clinicians, researchers and behavioral scientists, but has potential to improve chemotherapy
efficacy without raising the dose and accompanying toxicities/late effects, and represents a
relatively inexpensive supportive care intervention. Cooperative groups and consortiums are
an ideal setting for carrying out these trials, however, require that a consensus be reached
regarding exactly what exercise and/or diet modification would be implemented during
standard of care regimens for the most common pediatric cancers in order to determine
whether improved outcomes are seen. With regard to exercise this may be easier, given the
many reports of feasibility of moderate exercise regimens in pediatric cancer patients and the
proliferation of activity trackers which can be used to monitor compliance to prescribed PA.
For diet, challenges to implementation of a specific nutritional regimen during treatment
includes a lack of consensus regarding how to assess adequate nutrition, and a lack of
measures for diet compliance. Self-report of diet is inherently flawed, and further
complicated in pediatric populations, and reliable biomarkers of diet modification (such as
inflammation or oxidative stress related biomarkers) are confounded by factors related to
cancer type, modality of treatment and patient to patient variability. These challenges
provide impetus for future work in this area to clarify exactly how energy balance can
leveraged in the treatment setting for pediatric oncology patients. ....
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Pediatric ALL patients have a rapid increase in BMI following
diagnosis which persists into survivorship.*®

Newly diagnosed pediatric cancer patients double their BMI and
fat mass by 12 months post diagnosis. 2*

Calorie consumption in newly diagnosed pediatric ALL patients is in
excess of daily recommended intake. %

Permissive Diet

Low carbohydrate (ketogenic or modified ketogenic) diet improves
efficacy of brain tumor therapy in mice. 37

High fat diet promotes tumor progression in multiple mouse
models for pancreatic and breast. 34

Breast cancer bearing mice fed a high sucrose diet have higher
rates of metastasis. 7

Prescribed Diet

Without exercise, cancer patients lose muscle strength during

[T 1 Unstructured/Sedentary treatment. %5
o | * For pediatric cancer patients, each sedentary minute correlates
E— with reduced VO, *7
. * Exercise improves QOL in pediatric cancer patients undergoing
treatment. 5354

Prescribed Exercise

Resistance vs aerobic exercise: unclear which is better and
benefits may be tumor type dependent. 58 59

Aerobic exercise improves chemotherapy efficacy in mice in
multiple tumor models, 60.64-66

Figure 1. Rationale for structured energy balance interventionsin pediatric cancer patients
Permissive diets are associated with rapidly increased BMI and excess calorie consumption

in pediatric cancer patients undergoing treatment. In contrast, prescribed diet in mouse
models of brain, breast and pancreatic cancer may improve therapy outcomes. Sedentary
behaviors during cancer treatment are associated with loss of muscle strength and reduced
cardiorespiratory endurance. In contrast, prescribed exercise enhances chemotherapy
efficacy in mouse models, and improves quality of life in patients.
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