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Abstract

Childhood obesity is a significant public health problem, affecting one in five children in the 

United States. At the crux of this issue is a dysregulation of energy intake and energy expenditure. 

This review will provide an overview on energy and nutrient balance. We discuss energy balance 

studies in children using indirect and direct measures, and focus particularly on obesity as a 

deleterious consequence in childhood survivors of cancer. Obesity affects 11–57% of children 

with acute lymphoblastic leukemia, probably due to increased energy intake and reduced energy 

expenditure secondary to reduced habitual activity caused by fatigue. However, most of the 

studies in children with leukemia are retrospective, use BMI as a measure of obesity, and are 

inconclusive about the impact of the type of treatment on the development of obesity later in life. 

To better understand the etiology of obesity in both healthy and sick children, we need to 

undertake nutrient balance studies with appropriate measures of fat mass and fat distribution while 

keeping in mind the influence of normal tissue growth and puberty on energy balance.
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THE OBESITY EPIDEMIC

In the United States, body weight and the prevalence of obesity have increased dramatically 

since 1980 [1]. Body mass index (BMI), calculated as weight in kilograms divided by height 

in meters squared is commonly used to classify normal weight and categories of obesity. A 

healthy weight range is defined by BMIs 18.5–24.9 kg/m2 while overweight and obesity are 

defined as BMIs 25–29.9 kg/m2 and BMI >30 kg/m2, respectively. Since 1960, the National 

Health and Nutrition Examination Surveys (NHANES) have collected BMI data on a 

representative sample of the US population. The first survey in 1960–1962 found that 44.9% 

of adults aged 20–74 years were overweight or obese [2]. With dramatic increases in obesity 

prevalence in the 1980s and 1990s, the latest survey in 2007–2008 showed that a staggering 

72.3% and 64.1% of men and women, respectively, were overweight or obese [1]. Even 

more alarmingly, the prevalence of obesity in children aged 2–19 years, defined as a BMI 

for age percentile at or above the 95th percentile, has tripled since 1980, and remains high at 

17% [3]. Similarly, the longitudinal Bogalusa study reported that the proportion of obese 5 

to 17 year olds increased more than fivefold from 5.6% in 1973–1974 to 30.8% in 2008–
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2009 [4]. Children with a high BMI tend to become obese adults, and obese adults are at 

increased risk for numerous chronic conditions including diabetes, cardiovascular diseases, 

and some cancers. Immediate consequences in children with a high BMI include elevated 

lipid and insulin levels and raised blood pressure.

THE “OBESOGENIC” ENVIRONMENT

The secular rises in obesity over the past three decades can be explained by both 

physiological and environmental drivers and a number of putative factors (Fig. 1). At one 

level, the obesity epidemic is a classic gene–environment interaction, where the human 

genotype is susceptible to environmental influences that affect energy intake and 

expenditure, with the “obesogenic environment” being dominant. These environmental 

factors include the two obvious explanations, that is, reduced physical activity and increased 

energy intake as high caloric food and drinks. However, other less studied factors have been 

implicated including a longer time spent awake, an increased mean age of mothers at first 

birth, the decreasing prevalence of smoking, the presence of environmental pollutants, the 

ingestion of many novel medications and a reduction of the variability in seasonal ambient 

temperature due to the presence of almost ubiquitous air conditioning [5]. Fundamentally, 

the obesity epidemic is explained by a dysregulation of energy balance in our “obesogenic 

environment.” Understanding the etiology of obesity requires the study of how genetic and 

environmental factors interact to produce a chronic positive energy balance.

ENERGY BALANCE

The balance between energy intake (calories consumed) and energy expenditure (calories 

burned) obviously determines energy stores, and thus body weight. However, the classic 

equation of energy balance (energy intake = energy expenditure) has provided some 

confusion in the understanding of energy balance in humans. Much of the confusion comes 

from inappropriate energy calculations using this classic equation in a static way [6–8]. This 

equation is only appropriate and accurate when body weight is maintained and cannot be 

used in situations of changing body weight.

In conditions of weight loss or weight gain, energy balance is, however, the result of a 

dynamic process. Unfortunately, the most common equation used during discussions and 

calculations of energy balance is still of a static nature and erroneous: (change in energy 

stores = energy intake – energy expenditure). Fortunately, Alpert [9] elegantly demonstrated 

that the above equation is inadequate for calculations on living organisms as it does not take 

into account the increasing energy expenditure that ensues as a result of increasing weight or 

the decreasing energy expenditure with weight loss [10–12]. A small increase in energy 

intake sustained over a number of years cannot lead to a large weight gain as is often 

claimed since a small weight gain is sufficient to offset the caloric intake surplus via an 

increase in energy expenditure. The more appropriate equation, referred to as the dynamic 

energy balance equation (below) includes a time dependency by calculating “rates” of 

changes, thereby allowing the effect of changing energy stores (especially fat-free mass and 

weight) on energy expenditure to enter the equation.
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This equation explains why small positive changes in energy balance cannot lead to large 

weight increases over a number of years. After short periods of positive energy balance, 

energy stores as fat mass and fat-free mass will increase and cause an increase in energy 

expenditure which will negate the increased energy intake. The individual will once again be 

in energy balance, but with a higher energy intake, higher energy expenditure, and higher 

energy stores.

Weight gain can therefore be viewed not only as the consequence of positive energy 

balance, but also depends on the mechanism(s) by which energy balance is eventually 

restored. How is intake balanced against expenditure, and how might a chronic imbalance 

occur? This can be explained by dissecting the energy balance equation into its various 

nutrient balance components.

NUTRIENT BALANCE

To determine whether positive energy balance is due to a chronic imbalance of energy 

intake and expenditure, it is essential to examine nutrient balance since each nutrient has its 

own “nutrient balance equation,” implying separate biological regulation (Fig. 2). In 

practical terms: is each nutrient oxidized or stored in its own compartment (separate 

regulation), or does it get converted into another compartment for storage.

Protein Balance

Protein intake is usually about 15–20% of ingested calories and protein stores in the body 

represent about one-third of the total stored calories in a healthy 75 kg man. Daily protein 

intake therefore amounts to a little over 1% of total protein stores [13]. Total protein stores 

increase in size in response to stimuli including growth hormone, androgens, physical 

training, and weight gain, but do not increase simply due to increased dietary protein. As 

such, protein stores are tightly controlled and on a day-to-day basis protein balance is 

achieved [14]. Therefore, protein imbalance is not implicated as a direct cause of obesity, 

although, as with the other non-fat nutrients, protein intake may affect fat balance.

Carbohydrate Balance

Carbohydrates are usually the main source of dietary calories, yet the body’s stores of 

glycogen are very limited: 200–1,000 g on average [15]. Daily carbohydrate intake 

corresponds to about 50–100% of carbohydrate stores compared to about 1% for protein and 

fat [16], and as such carbohydrate stores fluctuate markedly compared with protein and fat 

stores. However, as with protein stores, carbohydrate stores are tightly regulated, possibly 

by endocrine and/or nervous signals exchanged between the muscle, the liver, and the brain 

[17]. Dietary carbohydrate stimulates both glycogen storage and glucose oxidation and 

suppresses fat oxidation. Carbohydrate which is not stored as glycogen is oxidized, and 

carbohydrate balance is achieved [16,18]. Therefore, as with the other non-fat nutrients, a 

chronic imbalance between carbohydrate intake and oxidation cannot be the basis of weight 

Tam and Ravussin Page 3

Pediatr Blood Cancer. Author manuscript; available in PMC 2014 October 31.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



gain because storage capacity is limited and controlled. Conversion to fat only occurs under 

extreme conditions in humans and oxidation is increased to match intake [15].

Fat Balance

In stark contrast to the other nutrients, body fat stores are large and fat intake has no 

immediate influence on fat oxidation [13]. As with protein, the daily fat intake represents 

<1% of the total energy stored as fat, but the fat stores contain about six times the energy of 

the protein stores. Fat stores are the energy buffer for the body and a deficit of 200 kcal of 

energy over 24 hours means 200 kcal comes from the fat stores, and the same holds true for 

an excess of 200 kcal of energy which ends up in the fat stores [14]. Even during periods of 

spontaneous overfeeding, the entire excess fat intake is stored as body fat [17].

Ingestion of a mixed meal is followed by an increase in carbohydrate consumption and a 

decrease in fat oxidation, and the addition of extra fat does not alter that mix of nutrient 

oxidation [18]. Indeed, the amount of total body fat exerts a small, but significant effect on 

fat oxidation and this promotion of fat oxidation at higher body fat levels may be a 

mechanism for attenuating the rate of weight gain [19]. Energy balance is the driving force 

for fat oxidation: when it is negative (energy expenditure exceeding intake), fat oxidation 

increases [20]. Although after a few days, some individuals increase their fat oxidation in 

response to an increase in dietary fat under eucaloric conditions [20,21]. In summary, fat is 

the only nutrient capable of maintaining a chronic imbalance and oxidation thus contributing 

directly to the expansion in adipose tissue.

Alcohol Balance

There is an inconsistent relationship between reported alcohol intake and BMI [22,23]. 

Although it has been shown in healthy individuals that the fate of consumed alcohol is 

oxidation and not storage (as fat), and therefore perfect alcohol balance is achieved [24]. In 

the same manner as dietary carbohydrate and protein, alcohol diverts dietary fat away from 

oxidation and towards storage and inhibits lipolysis. Therefore, a chronic imbalance between 

alcohol intake and oxidation cannot be a direct cause of obesity, although by contributing to 

overall energy balance, it my directly influence fat balance [25].

ENERGY BALANCE IN CHILDREN

Given the dramatic increases in the prevalence of childhood obesity over the past decades 

[3], it is obvious there is a chronic imbalance in energy intake and/or expenditure, far 

exceeding the normal requirements for linear growth and tissue development in growing 

children. Energy balance studies in children are complex and need to consider energy 

partitioning into both fat and lean tissue during growth, energetic efficiency for tissue 

synthesis, and higher basal energy expenditure in children [26].

Indirect estimates to examine the effects of energy balance on changes in body weight have 

been determined from BMI distributions in populations of children and adolescents, with 

results varying between 46 and 360 kcal/day [6–8,27,28]. The approach taken by Swinburn 

et al. [8] to explain the increasing prevalence of childhood obesity was to use the concept of 

“settling points” (i.e., the point of dynamic balance where energy expenditure equals energy 
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intake), reporting that an 8% increase (3.6 kg) in median body weight in 10- to 15-year-old 

children was explained by 19% increase in energy intake, equating to approximately 360 

kcal/day. In three longitudinal studies (average follow-up of 3.4 years) this equation 

predicted the mean follow-up weight to within 0.5% [29–31]. Similar energy gaps have been 

reported using data from NHANES, with a decrease of 350 kcal/day required for reversal to 

the mean body weights of the 1970s [6]. Interestingly, Swinburn et al. estimated energy gaps 

[6–8] that are several-fold higher than originally proposed by Hill et al. (50–100 kcal/day) in 

2003 [27]. Hill et al. analyzed the energy gap based on two assumptions: an energy content 

of weight change of 3,500 kcal/lb and a 50% efficiency of new substrate synthesis. 

Significantly, their study did not include children and adolescents [32].

Similar to Hill et al. [27], the longitudinal Kiel Obesity Prevention Study (KOPS) reported 

similar energy gap values in 2,057 normal weight children, aged 6–10 years (group A) and 

10–14 years (group B) at baseline and 4 years later. The 90% percentile of energy gap in 

normal weight children that became overweight 4 years later was 46–58 kcal/day (group A) 

and 53–72 kcal/day (group B), showing that, theoretically, to prevent overweight in 

children, the energy gap should not exceed 46–72 kcal/day [28]. However, energy gap 

estimates were approximately10-fold higher in the KOPS population when the equations of 

Swinburn et al. were used [28]. Significantly, only one of these studies adjusted their energy 

gap analyses for age, sex, and pubertal status [28]. Variable levels of positive energy balance 

are present throughout the growth period with critical periods being the prenatal period, 

adiposity rebound (5–7 years), and adolescence [33,34]. Normal linear growth and tissue 

development must be accounted for when estimating the imbalance leading to overweight 

and obesity in children.

Direct assessments of energy intake and expenditure have been performed in a number of 

well-controlled studies in children [35,36]. The Pima Indians of Arizona are a population 

uniquely prone to the development of obesity and as a result, have the highest reported 

prevalence of type 2 diabetes in the world [37]. In longitudinal studies of Pima Indian 

children, anthropometric and metabolic variables track strongly (r > 0.9) from 5 to 10 years 

of age [38]. In these studies, we could not identify either reduced energy expenditure (RMR, 

TEE, or AEE) or low rates of fat oxidation measured at 5 years of age as predictors of the 

development of adiposity at 10 years of age [30]. Cross-sectionally, % body fat and body 

weight were inversely related with sports participation, suggesting that children who did not 

increase their physical activity as their weight increased had greater risk of developing 

obesity [30]. The family environment is particularly important as physical activity in 

childhood is explained predominantly by the shared environment [39].

LESSONS FROM CHILDHOOD CANCER

Developing and maturing organ and endocrine systems in growing children are often 

vulnerable to radiation therapy, chemotherapy, and surgery, leading to subsequent 

deleterious effects. In pediatric oncology, obesity is a well-known late effect, with studies 

mostly focused on acute lymphoblastic leukemia (ALL) and brain tumors. Obesity 

prevalence estimates in childhood ALL survivors range from 11% to 57% [40]. 

Consequently, children cancer survivors also have increased metabolic and cardiovascular 
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risk factors in the long-term [41–44]. In the Childhood Cancer Survivor study of 8,599 

survivors and 2,936 control siblings, survivors were 1.9, 1.6, and 1.8 times more likely than 

siblings to take medications for hypertension [45] and dyslipidemia [45] and have diabetes 

[46], respectively, 5 years after childhood cancer diagnosis. Furthermore, children who are 

obese at diagnosis of ALL (BMI ≥95th percentile), are 1.9 times less likely to survive and 

3.5 times more likely to have treatment-related mortality [47]. How the energy balance 

dynamic is influenced in pediatric oncology patients at diagnosis, during treatment and after 

treatment is largely unknown. Most studies that have assessed obesity in cancer survivors 

are retrospective and relied upon BMI [40].

Reilly et al. [48–51] provided the first and only investigations of energy balance 

abnormalities in children treated for ALL. The authors recruited 20 children (mean age 10.9 

years) with ALL who had excess weight gain and 20 controls matched for age, sex, fat-free 

mass, and tanner stage. Importantly, these children had not been treated with cranial 

radiation therapy, minimizing any possible acute effects of chemotherapy on energy balance. 

Using doubly labeled water, they found that children with ALL had reduced energy 

expenditure largely due to decreased habitual physical activity [51]. Energy intake was also 

lower in ALL patients by 238 kcal/day compared to controls [51]. Apart from one study 

[51], most studies have shown no effect of ALL on resting energy expenditure [48,52–54]. 

The major contributor to excess weight, with a premature adiposity rebound occurring in 

81% of ALL patients by 4 years of age [49], is therefore probably due to increased energy 

intake, possibly related to corticosteroid use [50]. Furthermore, it is not fully elucidated 

whether ALL therapy that does not include cranial radiation therapy is associated with 

obesity [44,55–58]. Together, these observations show that children treated for ALL are 

predisposed to weight gain by increased energy intake and reduced energy expenditure 

secondary to reduced habitual activity, caused by fatigue [48,50,59,60].

To date, there have been no nutrient balance studies in children with ALL in comparison to 

healthy children. Prevention of obesity in ALL should focus on active monitoring of body 

weight and modest increases in physical activity, particularly during maintenance therapy 

[58]. Indeed, Moyer-Mileur et al. [61] have shown in a small randomized control trial that 

children (4–10 years) with ALL who underwent a 12-month home-based exercise and 

nutrition program had greater improvement in physical activity and cardiovascular fitness 

between 6 and 12 months than control children.

CONCLUSIONS AND FURTHER DIRECTIONS

The balance between energy intake and expenditure is a dynamic process. Obesity, a well-

known state of positive energy imbalance, is a significant and common late effect of 

childhood cancer. Thus, it is imperative to understand the mechanisms of energy balance to 

successfully limit excess weight gain in these children. Such weight gain is associated with 

deleterious metabolic and cardiovascular consequences in not only survivors of childhood 

cancer but in all children. In order to do this, we need to learn more about carbohydrate, 

protein, and fat balance in children. In addition, energy balance studies in children with 

cancer need to be extended to other pediatric cancer groups including sarcomas, lymphomas, 

neuroblastomas, and Wilms tumors. All of the above have been shown to relate to future 

Tam and Ravussin Page 6

Pediatr Blood Cancer. Author manuscript; available in PMC 2014 October 31.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



obesity and it is absolutely necessary to understand associated treatment-related 

complications. Future research is necessary to develop safe and effective exercise 

prescriptions in these patients. At the same time, making changes in the “obesogenic 

environment” at a society level will assist in addressing the overall obesity prevalence in the 

population and decrease the prevalence of obesity at cancer diagnosis.
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Fig. 1. 
Gene–environment interactions in the development of obesity. This figure shows the 

interactions between genes and the obesogenic environment on adiposity assessed by body 

mass index (BMI). Over the past century, our environment has evolved from a traditional 

“leptogenic” environment to a westernized “obesogenic” environment, mainly characterized 

by increased energy intake and reduced physical activity. Other less studied environmental 

factors include radiation/chemotherapy treatment for cancer, longer time spent awake, 

increased age of mothers at first birth, reduced variability in seasonal ambient temperature 

and the prevalence of smoking [5]. On the left part of the figure is the long lasting 

“traditional” environment in which food is rather scarce and energy expenditure is high 

mostly due to occupational physical activity. Such an environment leads to leptogenic 

behaviors in which the variability of BMI is dependent on an individuals’ genetic 

predisposition to weight gain. On the right part of the figure, is the more recent modern 

social and built environment in which the variability of BMI also depends on genetic 

predisposition, but the obesogenic environment exerts a much stronger influence. Compared 

to the leptogenic environment, the mean BMI will be much higher and there will be more 

variation in the obesogenic environment. [Color figure can be seen in the online version of 

this article, available at http://wileyonlinelibrary.com/journal/pbc]
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Fig. 2. 
The daily energy and nutrient balance of a 70 kg man (20% body fat) in relation to 

macronutrient body stores, intake, and oxidation. Each macronutrient intake and oxidation 

on a 2,500 kcal standard American diet (composition 40% fat, 40% carbohydrate, and 20% 

protein) is shown on the left as absolute intake in kilocalories and on the right as a 

percentage of its respective nutrient store. Because carbohydrate and protein intake and 

oxidation rates are tightly regulated on a daily basis, any inherent differences between 

energy intake and energy expenditure therefore predominantly impact body fat stores. 

During overfeeding, carbohydrate and protein oxidation is increased to compensate for the 

increased intake at the expense of fat intake. However, the increase in oxidation is not 

equally coupled with intake. Thus, if sustained kilocalories are stored, fat stores expand, and 

body weight is gained. [Color figure can be seen in the online version of this article, 

available at http://wileyonlinelibrary.com/journal/pbc]
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