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LAY ABSTRACT 

 

Over the last thirty years, childhood cancer survival rates have greatly improved. 

However, these rates decrease over the lifespan of survivors. Certain groups within the 

survivors of childhood cancer population, including survivors of childhood brain tumors 

(SCBT), are at a higher risk of obesity, heart disease and type 2 diabetes. Excess body fat 

is a major contributor to the development of these adverse health outcomes in the general 

population and may represent an entry point to prevent and treat these conditions in 

SCBT. However, measuring fat mass in the clinical setting requires specialized 

equipment that can be expensive, time-consuming and not readily available in all settings. 

Therefore, this thesis aims to explore measures of fat mass that are both feasible and 

reliable in a clinical setting in SCBT compared to the general pediatric population. 

We have identified the tri-ponderal mass index (TMI), defined as weight divided by 

height cubed (kg/m3) as a valid measure of the fat mass in both SCBT and healthy 

children. We conclude that TMI may serve as a reliable and feasible measure of adiposity 

in both SCBT and healthy children in clinical settings and assist in the early identification 

of survivors at risk of obesity and cardiometabolic outcomes to prioritize early 

interventions to improve outcomes.  
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ABSTRACT 

 

Introduction: Survivors of childhood brain tumors (SCBT) are an emerging group of 

cancer survivors that has an increased risk of cardiovascular disease, stroke, and type 2 

diabetes. SCBT have equivalent obesity rates but excess fat mass (adiposity) when 

compared to the general population. As adiposity is an important and potentially 

modifiable risk factor for cardiometabolic outcomes in the general population, its 

measurement may allow for early stratification of adverse health outcomes in SCBT so 

that they can be targeted with prevention and treatment strategies designed to improve 

outcomes.  

However, measuring adiposity often requires specialized equipment that is not always 

readily available, and a clinical measure is needed to facilitate these measurements in a 

feasible fashion. Tri-ponderal Mass Index (TMI; kg/m3) is a superior measure of 

adiposity compared to Body Mass Index (BMI) z-score in healthy children. However, it 

has not been assessed in SCBT. The aim of this thesis was to validate TMI as an adiposity 

measure in SCBT compared to non-cancer controls. 

Methods: A cross-sectional analysis was completed from a cohort study sample 

including 44 SCBT (n=20 female) and 137 (n=64 female) healthy controls between 5-17 

years of age. Total adiposity was determined by fat mass percentage (%FM) using 

bioelectrical impedance analysis and central adiposity was assessed by waist-to-hip 

(WHR) and waist-to-height (WHtR) ratios. 
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Results: TMI demonstrated equally strong correlations with total adiposity and stronger 

association with WHtR compared to BMI z-score in SCBT and healthy control children.   

Conclusions: TMI may serve as a reliable and feasible clinical measure of adiposity in 

both SCBT and healthy children. The availability of TMI may allow for early 

stratification of survivors at risk of excess adiposity to allow early targeting with 

interventions to improve health outcomes. 
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CHAPTER 1: INTRODUCTION 
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Incidence of Childhood Cancer 

 

While cancer is less common in children compared to adults, childhood cancer can 

greatly impact long term health outcomes, including both physical and mental health1, in 

this population. The worldwide age-standardized incidence rates of cancer (using the 

world standard population) in adult males and females are 218.6 and 182.6 per 100,000 

person-years, respectively2, compared to only 163.2 and 143.6 per million person-years in 

boys and girls, respectively, 0-19 years of age3. 

 

However, the incidence of cancer in children and adolescents has increased on 

average by 0.6% per year since 19754,5. During this time period, the overall incidence of 

cancer in children and adolescents 0-19 years of age has increased by approximately 

33.7%5.  Furthermore, the highest incidences of childhood cancer are seen in children 0-4 

years of age at 197.1 per million person-years and 15-19 years of age at 185.3 per million 

person-years, with a higher incidence in males (163.2 per million person-years) compared 

to females (143.6 per million person-years)3.  

 

The two most common cancers in children 0-14 years of age are Acute 

Lymphoblastic Leukemia (ALL) accounting for 26% and brain and central nervous 

system (CNS) tumors accounting for 21% of childhood cancer diagnoses, 6. This growing 

population will require special consideration throughout treatment as well as post-therapy 
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in order to mitigate the long term health effects evident in survivors of childhood cancer 

(SCC). 

 

Survival in Childhood Cancer 

 

While the incidence of childhood cancer has progressively increased over the last four 

decades, mortality rates have declined at a faster rate5. The mortality rate of children 

diagnosed with cancer has decreased by 2.7% on average annually between 1975-1998 

and 2.4% between 2002-20105, with an overall reduction in mortality rates of 66% 

between 1970-20144. 

 

Short-term survival rates 

 

Similarly, short-term survival rates in SCC have seen a significant improvement in recent 

years as cancer management techniques have evolved, with the 5-year survival rate of all 

childhood cancers rising from only 58% to 83% over the last 30 years5. However, these 

rates vary within certain groups of the SCC population. In the survivors of childhood 

brain tumors (SCBT) group, the 5-year survival rate has only increased to 75%  from 57% 

in the mid 1970s5.  

As the 5-year survival rate rises, SCC represent an emerging population that requires 

close surveillance to manage the development of late effects and improve longevity in 

this population. 
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Long-term survival rates 

 

While long-term (15-year) survival rates have also greatly improved from 54% to 74% 

over the last three decades5, these survival rates remain lower than that of the short-term 

5-year survival rate in SCC. Specifically, in brain and CNS tumors, the 15-year survival 

rate drops to 66%6.  

With the decline in survival rates throughout the lifespan of SCC, identifying the 

underlying causes of death in this population are crucial to prevent early mortality. 

 

Comorbidities in SCC 

 

SCC are at a higher risk of developing future adverse effects that may compromise long-

term survival rates in this population7. Particularly, SCC face an increased risk of 

developing obesity8,9 and cardiometabolic disorders including hypertension10, fasting 

hyperinsulinemia8,  dyslipidemia with low high-density lipoprotein (HDL) cholesterol8,10, 

diabetes mellitus10,11, stroke12 and cardiovascular disease13.  

Geenen et al. reported approximately 75% of SCC develop one or more adverse 

events and nearly 25% have five or more events7. Of the SCC who experienced at least 

one event, 48.6% have psychosocial/cognitive problems, 40.6% orthopedic disorders, 

24.8% neurologic disorders, 23.8% endocrine disorders, 17.2% cardiovascular events and 

9.9% metabolic events7.  
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In addition, nearly 37% of SCC develop at least one severe or disabling or life-

threatening disorder; with 24% experiencing a severe event and almost 13% undergoing a 

disabling or life threatening event7. Adverse events were graded in accordance with the 

Common Terminology Criteria for Adverse Events version 3.0 (CTCAEv3.0) developed 

through the US National Cancer Institute7,14,15. Examples of life-threatening or disabling 

events include BMI >40kg/m2, acute myocardial infarction, stroke, hypothyroidism 

resulting in thyroid storm and hypertension resulting in hypertensive crisis7,14,15.   

Furthermore, approximately 3.2% of SCC will pass as a result of an adverse event 

within a median follow-up of 17 years7. Of these, the common adverse events that were 

severe, life-threatening or disabling or caused death included 14.2% orthopedic disorders, 

11.9% second tumors, 9.4% obesity and 5.3% resulting from endocrine disorders7. 

 

Furthermore, a similar study that also included a sibling control group for 

comparison16 demonstrated that only 62% of SCC reported having one or more chronic 

health conditions, slightly lower than the 75% reported by Geenen et al.7, in comparison 

to only 37% in the sibling control group16. 

 

Within the SCC group, SCBT have a higher risk of hypothyroidism17, growth 

hormone deficiency17, cardiovascular conditions17,18 and stroke12 compared to controls. 

For instance, SCBT have a 29-fold higher relative risk for stroke12 and 14.3 for 

hypothyroidism, 277.8 for growth hormone deficiency and 24.7 for osteoporosis19 

compared to non-cancer controls. 
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The development of comorbidities, such as endocrine, nutritional, respiratory and 

circulatory diseases, in the SCC population contributes to early mortality7,20. Mortality in 

SCC is attributed to 58% from recurrence or progression of primary cancer, 34.7% from 

nonexternal causes and 7.3%% from external causes20. Nonexternal causes included, but 

are not limited to, 18.5% due to subsequent neoplasm, 6.9% due to diseases of the 

circulatory system (including ischemic heart disease, cardiomyopathy, heart failure, 

cerebrovascular diseases and other cardiac diseases), 2.6% due to diseases of the 

respiratory system, 1.1% due to diseases of the digestive system, and 0.6% due to 

endocrine, nutritional, metabolic diseases and immune disorders20.   

 

However, these proportions change throughout the lifespan of SCC, with 

nonexternal causes of death surpassing recurrence or progression of primary disease as 

the major cause of death by 15-19 years after diagnosis20. Relatively early post diagnosis 

(5-9 years), the mortality rate (deaths/1,000 person-years) due to recurrence is 9.9 

compared to only 2.0 in due to nonexternal causes, whereas 15-19 years after diagnosis 

the mortality rate due to recurrence drops to only 1.5 and rises to 2.5 for nonexternal 

causes20. By 30-34 years after diagnosis, the mortality rate due to recurrence further drops 

to 0.5 and for nonexternal causes rises to 10.1; including 4.6 from second neoplasms, 1.4 

from cardiac diseases, 0.9 due to pulmonary and 3.2 due to other nonexternal causes20.  

 

As SCC advance past the 5-year survival mark and enter into long term survival, 

nonexternal causes of death exceed that of recurrence and are becoming an increasingly 
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important topic in cancer survivorship research. SCBT are one such group that is 

vulnerable to many of these future health conditions and will require close monitoring 

during and post-therapy. Therefore, developing strategies to prevent the onset of future 

adverse effects in SCBT may assist in reducing early mortality rates and improving long 

term survival. It is therefore critical to identify and target potentially modifiable risk 

factors for the development of these comorbidities to minimize the impact on health-

related quality of life in SCBT.  

 

Risk factors for Comorbidities 

 

Risk factors include characteristics, conditions or exposures that increase an individual’s 

risk of developing a disease or outcome and include both non-modifiable and modifiable 

risk factors. While non-modifiable risk factors such as age, sex, race/ethnicity or family 

history assist in identifying and targeting individuals who are at an increased risk of 

developing a particular health condition, these factors cannot be altered.  

 Important non-modifiable risk factors for cardiometabolic outcomes in the general 

population include the above factors. For example, advancing age is associated with 

cardiovascular disease21 and stroke22,23. Furthermore, family history is an important risk 

factor for metabolic syndrome24, diabetes25, cardiovascular disease26 and stroke27,28. Non-

modifiable risk factors may be a potential screening tool for early stratification of patients 

at risk, however these factors cannot be changed to reduce future risks of these outcomes.  
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 In contrast, modifiable risk factors provide an entry point to initiate prevention 

strategies and alleviate future adverse health outcomes.  One potentially modifiable risk 

factor for the development of cardiometabolic disorders in the general population is 

obesity, and specifically excess adiposity29-37. 

 

Overweight is defined as having a body mass index (BMI) ≥25.0 and <30.0 kg/m2 

in adults38 and a BMI percentile ≥85th percentile and <95th percentile39,40 in children, and 

obesity as a BMI ≥30.0 kg/m2 in adults38 and ≥95th percentile in children39,40. In the 

general population, non-modifiable factors that may increase the risk for obesity include 

racial and ethnic differences41, parental obesity42-45, an early adiposity rebound during 

childhood42,46 and a higher birth weight47,48. Potentially modifiable risk factors for obesity 

include physical inactivity49, increased screen time50,51, dietary patterns52,53 and reduced 

sleep54.  

  

Behavioural risk factors such as diet and physical activity play a critical role in the 

development of obesity and cardiometabolic disorders. For example, fast-food 

consumption is positively associated with both weight gain and insulin resistance 55, 

whereas increased intake of fruit and vegetables can decrease the risk of cardiovascular 

disease56. Furthermore, reduced physical activity is a risk factor for obesity49, coronary 

heart disease57, diabetes58 and stroke59. Similarly, improvements in physical activity is 

associated with a reduction in the risk of type 2 diabetes60,61 and cardiovascular events62.  
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Obesity is associated with additional health complications including 

dyslipidemia30 and hypertension31,32. Furthermore, obesity, characterized by excess 

adiposity, is an important risk factor for metabolic syndrome33,  diabetes34,35, 

cardiovascular disease36 and stroke36,37 in the general population. Reductions in BMI 

standard deviation score (SDS) have been shown to reduce cardiometabolic risk, with 

greater reductions resulting in better improvements63. Since SCC, and particularly SCBT, 

are vulnerable to both obesity8,9 and its associated cardiometabolic outcomes8,10-13, 

preventing and managing excess adiposity in SCBT may improve longevity and future 

health-related quality of life in this population.  

 

Excess adiposity is a potentially modifiable risk factor for the development of 

cardiometabolic disorders in the general population and may be an important risk factor 

in the SCBT population. Targeting excess adiposity, as well as behavioural risk factors 

including diet and physical activity, may allow for early prevention strategies to be 

deployed in SCBT and reduce the risk of future adverse health effects in this population.  

 

Obesity and Adiposity in SCC 

 

Since excess adiposity is an important cardiometabolic risk factor in the general 

population, it may be able to be used in a similar fashion in SCC to identify patients at 

risk. Certain groups within the SCC population are vulnerable to becoming obese post 
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diagnosis and treatment. Managing and preventing obesity in these groups may assist in 

mitigating future adverse health effects.  

 

 However, SCBT have similar BMI compared to non-cancer controls, yet 

reportedly higher adiposity64-68. These results suggest excess adiposity may play a critical 

role in the development of the cardiometabolic disorders that are evident in SCBT, and 

that monitoring adiposity, rather than BMI, may be of greater value in this population. In 

the general population, it has been found that measures of adiposity may be superior 

compared to BMI to assess risk for cardiometabolic outcomes69, and this is likely to also 

be the case in SCBT. 

 

Specifically, the treatment that SCBT undergo may contribute to the development 

of adiposity and impact long term health outcomes. Hypothalamic damage is thought to 

be the main cause for obesity in SCBT, and may result from treatments including surgery 

and radiation, or the tumor itself70. Damage to the hypothalamus can result in 

hyperphagia, hyperinsulinemia and weight gain70-72. Furthermore, SCBT treated with a 

combination of surgery, radiation and chemotherapy have a relative risk of 3.0 for stroke 

and 3.6 for thrombi compared to those treated with only surgery and radiation, and those 

treated with surgery alone have the lowest risk (0.6 for stroke and 0.7 for thrombi 

compared to those treated with surgery and radiation)19.  
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 Furthermore, physical performance and ability may be impacted in SCC following 

diagnosis and treatment and may contribute to the development of excess adiposity. SCC 

have lower physical activity and strength compared to sibling controls73,74. In addition, 

SCC are more likely to face performance limitations and restricted participation in routine 

activities, with SCBT facing the highest risk75. Furthermore, CRT is associated with 

inactivity in SCC74. SCBT in particular have reportedly lower grip strength, knee 

extension strength and peak oxygen uptake compared to healthy controls76. Since physical 

inactivity is an important risk factor for obesity and cardiometabolic outcomes, the 

reduced physical activity in SCC may be one contributor to their increased risk of future 

adverse events.  

 

Certain groups within the SCC population, including SCBT, are more adipose and 

physically inactive compared to healthy controls. Both excess adiposity and physical 

inactivity are potentially modifiable risk factors for cardiometabolic outcomes in the 

general population. Managing the development of adiposity and improving physical 

activity in SCC may offer an entry point for prevention strategies to be initiated to reduce 

the risk of cardiometabolic disorders in this population.  

 

Obesity Prevention and Management Strategies 

 

 In the general population, various obesity management strategies have been 

implemented77-82. Several studies have demonstrated improvements in weight and 
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adiposity outcomes as well as cardiovascular risk factors77-82, however whether these 

same improvements are seen with similar interventions in the SCC population is unclear. 

As previously stated, certain groups within the SCC population face an increased risk of 

obesity and cardiometabolic outcomes and require special consideration for obesity 

management strategies due to treatment-related adverse effects. For example, SCBT are 

susceptible to hypothalamic dysfunction due to radiation therapy70 that can make 

managing obesity in this population a challenge. Furthermore, SCBT encounter various 

physical challenges, including obesity, sensory loss, muscle weakness, poor exercise 

tolerance and inability to live independently, due to treatment and late effects75,76 that 

may pose limitations to the design, type and frequency of an obesity intervention in this 

population. Therefore, obesity management strategies in SCBT, as well as SCC in 

general, must be tailored to the patients’ needs.   

 

Obesity Interventions in SCBT 

 

In SCBT, Wang et al. conducted a systematic review summarizing the existing lifestyle 

interventions, pharmacotherapy and bariatric surgery obesity treatment strategies in 

SCBT83. Two lifestyle-based interventions were identified, six pharmacotherapy studies 

and three studies assessing bariatric surgery in SCBT83. Overall, the existing evidence 

base on obesity management strategies in SCBT was determined to be of low quality with 

only some studies demonstrating effective results but with the small sample sizes and 

short follow-up duration, none were recommended 83. Wang et al. concluded that further 
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studies with sufficient sample size and long-term follow-up are urgently needed83. Future 

studies are needed to create interventions to treat and prevent cardiometabolic disorders in 

this population. 

 

Adiposity Measurement Tools 

 

Excess adiposity is an important risk factor for cardiometabolic outcomes, including 

cardiovascular disease and type 2 diabetes29,84,85. However, regular measurements of 

adiposity in the clinical setting can be both time consuming and require specialized 

equipment.  

 

 While Dual-energy X-ray absorptiometry (DXA) scans are the gold standard for 

measuring adiposity86,87, it may not be feasible for routine use in clinical practice as it 

requires specialized equipment that can be expensive and may not be readily available in 

all settings88. Therefore, BMI, weight over height squared (kg/m2), is commonly used as 

an alternate measure of adiposity. BMI uses easily accessible routine clinical 

measurements; height and weight. However, BMI has limitations within certain 

populations. Particularly, BMI can misclassify obesity in children89,90. Tri-ponderal mass 

index (TMI), defined as weight over height cubed (kg/m3),  uses the same measurements 

as BMI, however is a more accurate predictor of adiposity, as measured by DXA, in 

healthy children compared to BMI and BMI z-score91. Therefore, TMI may also serve as 
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a feasible clinical measure of adiposity in SCBT. However, the validation of TMI as a 

measure of adiposity in SCBT is required.  

 

Canadian Study of Determinants of Endometabolic Health in ChIlDrEn 

(CanDECIDE Study) 

 

The Canadian Study of Determinants of Endometabolic Health in ChIlDrEn 

(CanDECIDE Study) is a prospective cohort study recruiting lean and obese cancer 

survivors including SCBT and healthy non-cancer controls92.  The aim of this study is to 

identify the determinants of endometabolic health, including obesity and cardiometabolic 

outcomes, in children who survive cancer and compare them to the general pediatric 

population.  

 

Published data from the CanDECIDE study show that SCBT have increased total and 

central adiposity, yet similar BMI compared to non-cancer controls65. Furthermore, while 

supratentorial tumors and radiotherapy were both associated with total adiposity in SCBT, 

lifestyle factors, including diet, physical activity, screen time and sleep duration were 

not65.  

 

 These initial findings confirm adiposity as an important potential determinant of 

endometabolic health in SCBT and reveals that BMI may not be an adequate marker of 

adiposity in this population. A clinical measure of adiposity that is feasible and does not 
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require specialized equipment is urgently needed in this population to monitor adiposity 

and stratify patients who may be at an increased risk for cardiometabolic outcomes. The 

early prevention of these health outcomes may improve premature mortality due to 

nonexternal causes in SCBT.  
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Research Questions 

 

This thesis project will address the following research question: 

 

Does the tri-ponderal mass index associate with total and central adiposity in SCBT and 

non-cancer control children?  

 

This research question will be addressed through the following aims: 

 

Research Aims 

 

1. Determine the correlation of TMI with total and central adiposity in SCBT and 

non-cancer control children. 

2. Determine the determinants of TMI in SCBT and non-cancer control children. 

 

Chapter 2 will outline clinical measures of total adiposity and their respective limitations. 

This chapter will introduce TMI as a potential clinical measure of adiposity in children. 

Chapter 3 will focus on the use of TMI as clinically feasible measure of adiposity in the 

SCBT population to address the research question through a cross-sectional analysis 

using the data collected in the CanDECIDE Study. 
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CHAPTER 2: CLINICAL MEASURES OF ADIPOSITY 
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Background 

 

Survivors of childhood cancer are at an increased risk of excess adiposity8,9,93,94 and its 

associated cardiometabolic outcomes8,10-13. To monitor adiposity in this population, a 

reliable and simple tool is required that can easily be used in clinical practice. A clinical 

measure of adiposity must be cost-effective, reliable, accurate and easy to implement for 

frequent use in clinical practice.  

 

Dual-energy X-ray Absorptiometry (DXA) 

 

Dual-energy X-ray Absorptiometry (DXA) is a bone densitometry scan that uses ionizing 

radiation95. It is a non-invasive method that can provide measurements of both total and 

regional body composition96,97. DXA can be used to evaluate bone mineral content and 

density as well as body, bone, muscle and fat mass. It is an accurate and reliable 

method87,98 and maintains a low radiation exposure99. Furthermore, DXA is widely used 

for diagnosing osteoporosis and predicting fracture risk100 and is used to determine 

adiposity86,87,101. Alternate measures of adiposity are often compared against DXA scans 

to test for validity and accuracy. 

 

However, while DXA is an accurate and reliable measure of adiposity, it may not be 

practical for routine measures of adiposity in clinical practice. DXA requires specialized 

equipment that may not be readily available in different settings as well as in low-income 
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countries102,103. Furthermore, routine DXA scans may not be cost-effective with the 

equipment itself costing upwards of $100,000104 and individual scans roughly between 

$80-$100105. DXA is not portable and slightly more time-consuming compared to 

anthropometry106. While the radiation exposure from DXA is relatively low, it is unsafe 

for use in pregnant women99,107. These limitations suggest DXA may not be suitable for 

routine use to monitor adiposity at every patient visit.  

  

Bioelectrical Impedance Analysis (BIA) 

 

Bioelectrical Impedance Analysis (BIA) is an alternate measure of adiposity that has been 

validated against DXA in both adults108,109 and children110,111. BIA estimates total 

adiposity through measurement of the percentage of body fat. The main advantages of 

BIA compared to DXA is its portability, simplicity and low cost112.   

 

However, BIA is also limited in some respects. While BIA scales are less expensive, 

it still requires specialized equipment that is not routinely used or readily available in all 

settings. Furthermore, BIA may underestimate percent body fat in obese individuals and 

overestimate in lean individuals109. Similar to DXA, BIA can not be used in pregnant 

women112,113 or in subjects with pacemakers112,113. Significant alterations in hydration 

status may result in a change to the resistance to the electrical current, and BIA may not 

be accurate in these circumstances113,114.  
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Body Mass Index (BMI) 

 

Unlike DXA and BIA, body mass index (BMI) is a measure of body fat that only relies on 

routine anthropometric measurements including height and weight and is defined as 

weight over height squared (kg/m2). BMI is an affordable tool that can be determined 

using only routine clinical measurements. Furthermore, BMI has been validated115 and is 

widely used to classify obesity in adults38.  

 

However, BMI changes do not always accurately reflect changes in adiposity116. 

Furthermore, BMI is limited in its ability to measure body fat within certain populations. 

For example, increased muscle mass can result in a higher BMI that may misclassify 

muscular individuals as overweight or obese116,117. Another such population is children 

and adolescents. While in adults weight scales over height to the power of two, in 

children it scales with height powers between 2.5-3.590,91,118-120. Throughout puberty, 

children undergo growth and development changes that can result in higher values of 

BMI and consequently misclassify overweight and obese status91,119,121,122. 

 

Body Mass Index Z-score 

 

Since weight and height changes with age throughout childhood123, BMI z-score, which is 

adjusted for age and sex, is often used instead in children124. BMI z-scores are determined 

relative to an external reference124 and can be converted to BMI-for-age percentiles124. 
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BMI z-score relies on the same clinical measurements, height and weight, as BMI and 

also requires age and sex. The BMI-for-age growth charts are available in clinical 

settings124. 

 

 While BMI z-score offers an age-adjusted measure suitable in the pediatric 

population, there are a few weaknesses. BMI z-score may be suitable for assessing 

adiposity in children, however it is not necessarily an optimal measure to determine 

changes in adiposity125,126. Furthermore, despite the relatively easy use of BMI z-score in 

clinical practice, BMI z-score requires up-to-date growth charts, however some clinical 

offices continue to use old growth charts116,127.  

 

Tri-ponderal Mass Index (TMI) 

 

Tri-ponderal mass index (TMI) is an alternate measure of adiposity that uses the same 

measures as BMI, height and weight. However, TMI is defined as weight over height 

cubed (kg/m3) and is a better estimator of adiposity compared to BMI z-score when 

validated against DXA scans in adolescents91.  Similar to BMI, TMI only requires routine 

clinical measurements, is easy to calculate and affordable. However, in contrast, TMI 

offers sex-specific obesity classification points and is approximately constant throughout 

adolescence making it an age-independent measure of adiposity91. Furthermore, TMI 

tracks adiposity more reliably with higher fat mass91. 
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 However, TMI is only suitable for use in children and adolescents where weight 

scales over height powers between 2.5-3.590,91,118-120. Following puberty, changes in body 

composition stabilize and weight scales over height to the power two119,128. Therefore, 

BMI correlates stronger with adiposity compared to TMI in adulthood115.  

 

 While it has been shown that TMI is a better predictor of adiposity in comparison 

to BMI z-score and that weight/height3 (TMI) has the optimal power to use in healthy 

adolescents, this has not yet been confirmed in SCC. Therefore, our aim was to determine 

the association of TMI with adiposity and the determinants of TMI in SCBT compared to 

non-cancer control children. This will be addressed in Chapter 3.  
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CHAPTER 3: TRI-PONDERAL MASS INDEX IN SURVIVORS OF 

CHILDHOOD BRAIN TUMORS: A CROSS SECTIONAL STUDY 

 

Appendix 1 includes the published version of this paper. 
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Abstract 

 

Survivors of childhood brain tumors (SCBT) face a higher risk of cardiometabolic 

disorders and premature mortality compared to the general population. Excess adiposity is 

a known risk factor for these comorbidities. However, while SCBT have higher adiposity 

compared to healthy controls, measuring adiposity in clinical practice involves access to 

specialized equipment and may impact busy clinical services.  

Tri-ponderal Mass Index (TMI; kg/m3) may be a superior measure of adiposity in 

adolescents when compared to Body Mass Index (BMI; kg/m2). However, its use in 

determining adiposity in SCBT has not been assessed. This study aims to validate TMI as 

a clinical measure of adiposity in SCBT.  

This was a cross-sectional study including 44 SCBT (n=20 female) and 137 (n=64 

female) non-cancer control children, 5-17 years of age. BMI and TMI were calculated 

from height and weight measurements. Fat mass percentage was assessed using 

bioelectrical impedance analysis and waist to hip and waist to height ratios were used to 

assess central adiposity. Regression analyses were adjusted for age, sex, puberty and 

treatment. TMI demonstrated strong correlations to measures of total and central 

adiposity and predicted adiposity in SCBT and non-cancer controls. TMI may serve as a 

reliable clinical measure of adiposity in both SCBT and healthy children. 

 

 

 



M.Sc. Thesis – E.D. Sims; McMaster University – Medical Sciences 

 

27 

 

Introduction 

 

 Obesity has contributed to the rise of cardiovascular diseases and type 2 diabetes, 

making them some of the most significant and costly healthcare challenges of the 21st 

century129-134, accounting for an estimated 5% of deaths and two trillion dollars 

worldwide caused by obesity-driven cardiometabolic disorders134. One group that is 

especially impacted by these chronic diseases include childhood cancer 

survivors10,16,135.Within this population, survivors of childhood brain tumors (SCBT) 

represent an emerging group that has been recently reported to develop stroke and type 2 

diabetes at higher rates than those seen in the general population11,12,19. Obesity leads to 

increased cardiovascular mortality at a relatively young age in SCBT6,11,136-144.  

Excess adiposity, especially visceral adiposity, has been linked to cardiovascular disease 

and type 2 diabetes in the general population, and SCBT have more adiposity compared 

to healthy controls29,64,84,85,145. 

 

While adiposity is a potentially modifiable risk factor for cardiometabolic risk, measuring 

adiposity in clinical practice can be time consuming in the clinical setting, and requires 

the specialized equipment including bioelectrical impedance scales or Dual-energy X-ray 

Absorptiometry (DXA) scans 86-88.  The availability of feasible and reliable clinical 

measures of adiposity will circumvent these limitations and help prioritize SCBT for 

closer monitoring and targeting them in interventions in an attempt to improve outcomes. 
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The tri-ponderal mass index, defined as weight over height to the power of three (TMI, 

kg/m3), is an alternate measure of adiposity in children based off of the Ponderal Index 

and Rohrer Index91. TMI is reported as a more accurate predictor of adiposity compared 

to Body Mass Index (BMI, kg/m2) and BMI z-score when validated against DXA scans in 

adolescents91. An important advantage of TMI is that it uses the same height and weight 

measurements used to calculate BMI. Thus, TMI may offer a feasible clinical measure to 

assess adiposity. However, TMI has not been validated as a measure of adiposity in 

SCBT. Our aim is to validate TMI as a clinical measure of adiposity in SCBT and 

compare this group to non-cancer controls. 

 

Methods 

 

Participants:  

 

Participants were consecutively recruited from McMaster Children's Hospital (Hamilton), 

Ontario, Canada from November 2012 to November 2017 to partake in the Canadian 

Study of Determinants of Endometabolic Health in Children (CanDECIDE study)92,146.  

Children between 5-17 years of age were included. Parental informed consent was 

obtained for participants less than 7 years of age, and parental consent and participant 

assent were obtained for those 7-15 years of age. Participants provided written informed 

consent if they were 16 years or older. This is a secondary analysis of the CanDECIDE 

cohort study data and this analysis has been approved by the Hamilton Integrated 
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Research Ethics Board. Study procedures were performed in accordance with the relevant 

guidelines and legal regulations. 

 

Anthropometric and clinical measurements: 

 

Standardized questionnaires were used to collect data on age, sex, puberty, and 

ethnicity146,147. Medical records were consulted to verify and collect data regarding tumor 

type, location, sidedness and treatment modalities for SCBT.  

 

Anthropometric measurements included weight measured to the nearest 0.1 kg 

using an electronic weighing scale (Seca, USA) and height using a stadiometer measured 

to the nearest 0.1 cm. BMI (kg/m2) and TMI (kg/m3) were determined using height and 

weight measurements from all participants. BMI percentile was determined from the 

Children’s BMI Tool for Schools148 . BMI z-scores were determined from the Centers for 

Disease Control and Prevention (CDC) growth chart149.  

 

Fat mass percentage (%FM) was used to determine adiposity in the participants 

that was measured with the Tanita body fat monitor (Tanita Corporation, Illinois, USA)65. 

Furthermore, BMI z-scores were obtained from the Centers for Disease Control and 

Prevention (CDC) growth chart149. 
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Statistical Analysis: 

  

Statistical analyses were performed using PASW version 18 statistical package 150. Data 

are presented as counts with percentages for categorical variables and means with 

standard deviation for continuous variables. Only participants with complete datasets 

were included. Box plots and visual inspection were used to identify any outliers for 

removal from the analysis. Normality of the data distribution was assessed using the 

Shapiro-Wilk test151. In the case that variables had non-normal distributions, data were 

log-transformed. Sample size was calculated using the method proposed by Norman and 

Streiner. We calculated that we need eight subjects per variable to detect significant 

differences between groups152.  

 

Spearman’s correlations were used to assess the relationship between TMI, BMI 

z-score, %FM, WHR and WHtR. To assess this relationship adjusted for age, sex and 

puberty, we ran a Partial Correlations test. Multivariable linear regression analyses were 

performed to determine the association between TMI with BMI z-score and adiposity 

measures, %FM, WHR and WHtR in SCBT and controls. The dependent variable was set 

as %FM, WHtR, WHR or BMI z-score and the independent variables included TMI, age, 

sex, puberty and treatment. Results were reported as standardized β coefficients and 

associated p-values, with statistical significance set to alpha of 0.05. A model summary, 

including the adjusted R Square and the Standard Error of the Estimate, were also 

reported. 
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In order to validate that age and puberty differences did not affect the results, 

analyses were also repeated using an age- and sex-matched control group. Control 

participants were matched in terms of sex distribution to SCBT participants on a one-to-

one ratio and age was matched to closest value, within three years of the SCBT 

participants.   

 

Results 

 

Population characteristics: 

 

The characteristics of participants are reported in Table 1. We included 44 SCBT (n=20 

female, 45.50%), and 137 non-cancer controls (n=64 female, 46.70%). 

The SCBT and control groups had similar sex (p= 0.88) and ethnic distribution 

(Caucasian SCBT: n= 34 (77.30%); controls: n= 91 (66.40%), p= 0.18). SCBT were 

younger than the non-cancer controls (SCBT: 11.16±4.29; controls: 14.03±2.56, 

p<0.001), and fewer survivors were pubertal compared to controls (SCBT: n=23 

(52.30%); controls: n=121 (88.30%), p<0.001). Survivors had lower weight (p< 0.001) 

and were shorter (p< 0.001) compared to controls. 

In relation to body mass measures, we confirmed previous similar trends in both survivors 

and controls of BMI z-score (SCBT:0.57±0.94; controls: 0.45±1.12, p= 0.51) and BMI 

percentile (SCBT: 67.60±26.30 %; controls: 62.20±29.30 %, p= 0.33).  
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Adiposity levels were similar between groups including fat mass percentage (%FM; 

SCBT: 24.10±9.30 %; controls: 22.20±9.40%, p= 0.16) and waist-to-height ratio (WHtR) 

(SCBT: 0.46±0.06; controls: 0.45±0.07, p= 0.17). However, waist to hip ratio (WHR) was 

higher in SCBT when compared to non-cancer controls (SCBT: 0.87±0.07; controls: 

0.82±0.07, p< 0.001).  

Due to the age and pubertal staging differences noted, we validated the results of the 

analysis of the full cohort by performing a subgroup analysis that included age- and sex-

matched controls. In the latter analysis age, sex, and puberty adjusted analyses revealed 

identical trends to those reported for the full study cohort. The data for the matched 

subgroup analyses are reported in Supplementary Tables S1-S3. 

 

Tumor characteristics and treatments: 

 

A summary of tumor characteristics and treatment methods are reported in Table 2.  

The most common tumors in survivors were low-grade gliomas (n=29 (65.90%)). Brain 

tumors were equally localized to supratentorial and infratentorial regions. The most 

common treatments include surgery (n=29 (65.90%)), radiotherapy (n=13 (29.50%)) and 

chemotherapy (n=20 (45.50%)). Eight (18.20%) participants were being managed with a 

wait and see approach at the time of inclusion in the study. 
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The association of TMI with body mass and adiposity: 

 

To assess if TMI correlates with body mass measures and adiposity, we used Spearman’s 

correlation test. We conducted unadjusted and age, sex, and puberty-adjusted analyses 

(Table 3). 

TMI levels were similar between the groups (SCBT: 14.12±2.54 kg/m3; controls: 

13.46±2.86 kg/m3, p= 0.10). TMI correlated with BMI z-score in both groups 

(Unadjusted, SCBT: ρ= 0.87; p<0.001; controls: ρ= 0.95; p<0.001; Adjusted, SCBT: r= 

0.86; p<0.001; controls: r= 0.94; p<0.001).  

 

We next assessed whether TMI correlates with measures of adiposity. TMI correlated 

significantly with total adiposity (%FM) (Unadjusted, SCBT: ρ= 0.73; p<0.001; controls: 

ρ= 0.85; p<0.001; Adjusted, SCBT: r= 0.73; p<0.001; controls: r= 0.88; p<0.01). In 

addition, TMI correlated with measures of central adiposity, including WHR correlated 

with TMI (Unadjusted, SCBT: ρ= 0.56; p<0.001; controls: ρ= 0.38; p<0.001; Adjusted, 

SCBT: r= 0.44; p<0.01; controls: r=0.46; p<0.001) and WHtR correlated more strongly 

with TMI when compared to WHR (Unadjusted, SCBT: ρ= 0.69; p<0.001; controls: ρ= 

0.83; p<0.001; Adjusted, SCBT: r= 0.82; p<0.001; controls: r= 0.87; p<0.001). There 

were similar correlations of TMI and BMI z-score with measures of central adiposity 

(Table 3). Taken together, the above data indicate that TMI is a stronger predictor of total 

adiposity than BMI z-score and is equivalent to BMI z-score in predicting central 
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adiposity. The correlation between TMI and BMI z-score tended to be stronger in non-

cancer controls compared to SCBT. 

 

To assess whether TMI is a predictor of body mass and adiposity in SCBT, 

multivariable linear regression analyses were conducted adjusting for age, sex and 

puberty. As radiotherapy was a significant predictor of %FM (p =0.002) in SCBT, it was 

also adjusted for in the regression analyses.  

 

We calculated unstandardized (B) and standardized (β) coefficients, and both 

trended in the same direction. Moving forward, we report on the latter coefficient (Table 

4). 

TMI was a strong predictor of BMI z-scores in both SCBT and controls, with a stronger 

trend in the latter (SCBT: β = 0.867; p<0.001; controls: β = 0.935; p<0.001). TMI was an 

equally strong predictor of total adiposity (%FM) in both SCBT and controls (SCBT: β = 

0.604; p<0.001; controls: β= 0.819; p<0.001).  While it had lower correlation with WHR, 

TMI was associated strongly with WHtR, and the strength of this association was higher 

in controls compared to SCBT (SCBT: β= 0.793; p<0.001; controls: β= 0.880; p<0.001).   

 

The above threads of data indicate that TMI is a strong predictor of total adiposity and 

WHtR. The association between TMI and adiposity appears to be stronger in controls 

compared to SCBT for BMI z-score, %FM and WHtR.   

 



M.Sc. Thesis – E.D. Sims; McMaster University – Medical Sciences 

 

35 

 

Discussion 

 

Survivors of childhood brain tumors are facing multiple comorbidities including 

cardiovascular disease and type 2 diabetes, which can impact their quality of life and 

lifespan64,70,136-138,153-156. The identification of potential markers of cardiometabolic risk 

may offer a path to stratify those in need of close observation and early intervention. In 

this study, we identified TMI as one such measure. TMI was an equally strong predictor 

as BMI z-score of total adiposity and WHtR, a stronger predictor of cardiometabolic risk 

compared to WHR157-159. As central adiposity is associated with adverse cardiometabolic 

outcomes157-160, the latter finding is of great clinical significance, as it allows the 

stratification of children with higher central adiposity to a care stream with closer 

cardiometabolic health monitoring and early interventions.  

 

TMI has been validated against DXA scan-measured adiposity in the general pediatric 

population 91.  Our data adds to the value of TMI in the general pediatric population and 

in a population with chronic health needs that has not been studied previously. TMI is a 

promising marker of adiposity that is clinically feasible and informative. The most widely 

used clinical measure of body mass, BMI, is a useful population-based measure to report 

the presence of obesity, and is used interchangeably to report adiposity115. However, one 

of the limitations of BMI is that it may not be adequate to diagnose obesity in certain 

populations, including adolescents89,90. In addition, BMI misclassifies muscular 

individuals as being overweight or obese, which does not necessarily reflect their future 
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risk of cardiometabolic disorders.161. Furthermore, BMI has a weaker association with 

cardiovascular risk when compared to waist circumference and WHtR157,162,163. 

 

Children require special consideration in using BMI to classify obesity and 

adiposity. Ratios of weight over height to various  powers of rho, ρ, (weight/height ρ) 

have been explored to account for the effects of children’s growth during puberty, and the 

adjustment for ρ is critical because incorrect values misclassify tall or physically 

advanced children as overweight119,128. A ρ value equal to two as used in BMI is 

sufficient when height is constant, however during puberty changes in height increase the 

ρ value128.  

 

In pre-school children, weight over height squared is adequate for assessing 

adiposity119. Adiposity generally declines between the ages 5-7 years before it begins to 

rise again, the adiposity rebound phase46. An earlier adiposity rebound than expected is 

associated with an increased risk of obesity and type 2 diabetes in adults46,164,165. 

 

As children approach the peripubertal phase of growth and development, their 

body composition changes with increased adiposity, especially in girls121,122. The value of 

ρ gradually rises from two to three; children who have undergone a growth spurt due to 

puberty tend to be heavier when compared to less mature children at the same height119. 

The increase in weight accompanying growth spurts results in higher BMI values, 
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therefore greater values of ρ are required to offset the weight gain experienced in 

physically advanced children. 

 

However, body composition changes in children become more constant as they 

get older and ρ decreases back to two 119,128.  Therefore, during puberty, TMI may be a 

more accurate measure of adiposity in children 119. For this reason, the use of TMI is 

more relevant to assess body fat mass in children and, when evaluated in adults, TMI is 

less reliable compared to BMI when correlated with skinfold thickness115.  

  

Measures of adiposity in children have relied on technologies that may not be 

readily available in the clinical setting but have demonstrated accuracy in estimating the 

fat mass. DXA estimates of trunk and abdominal fat have demonstrated a strong 

association to total abdominal fat86-88, while Bioelectrical impedance analysis (BIA) has 

been validated as a measure of adiposity against DXA111,166,167. Our results demonstrate 

that TMI is a strong predictor of adiposity measured using BIA, which is congruent with 

adiposity assessments using DXA. This is another strength of this study, as it validates 

TMI against BIA, a common measure of adiposity that is more easily accessible than 

DXA.  

  

Our results indicate that TMI may be a better estimate of fat mass and a potential 

tool for predicting adiposity in children compared to BMI z-score. While some studies 

have found TMI to be an appropriate measure of adiposity in children, others have 
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suggested BMI may still be an equivalent measure91,168. However, these studies often 

include children as young as two years of age, and weight scales over height squared in 

this age group that makes validating TMI as a measure of adiposity in this group a future 

goal of research119,168.  

  

There are several strengths in our study. The inclusion of non-cancer controls for 

comparison to the SCBT group offers validation of this measure in the general pediatric 

population as well as SCBT. The description of the association of TMI with measures of 

central adiposity is another strength, as central adiposity is not routinely assessed in 

clinical practice.  Furthermore, the inclusion of an age and sex matched subgroup analysis 

validates our findings, confirming that differences in age and puberty did not affect the 

results. 

  

A larger sample size of SCBT is required to validate these results further, and to 

define their associations. In addition, TMI needs to be validated as a predictor of 

cardiometabolic outcomes which should be part of longitudinal studies.  

  

In conclusion, TMI represents a clinically feasible measure that uses the same 

variables measuring BMI but demonstrate higher correlation with adiposity.  

The availability of TMI as a clinical measure of adiposity will allow the stratification of 

patients at risk of excess adiposity to be prioritized for targeted interventions. This is 
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critical, as these survivors are facing cardiometabolic diseases that are important 

emergent determinants of outcomes. 
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Tables 

 

Table 1. Study Population Characteristics 

 

Variables SCBT 

(n = 44) 

Controls 

(n = 137) 

p-value  
(between groups) 

Mean±SD Mean±SD 

Age at enrollment 

(years) 

11.16±4.30 14.03±2.60 <0.001 

Sex, No. (%) 

Male 24 (54.60) 73 (53.30) 0.88 

Female 20 (45.40) 64 (46.70) 

Puberty 

Pre-pubertal 21 (47.70) 16 (11.70) <0.001 

Pubertal 23 (52.30) 121 (88.30) 

Height (cm) 141.80±25.00 162.70±15.00 <0.001 

Weight (kg) 43.20±22.40 59.20±20.60 <0.001 

BMI z-score 0.57±0.94 0.45±1.10 0.51 

BMI percentile (%) 67.60±26.30 62.20±29.30 0.33 

TMI (kg/m3) 14.10±2.50 13.50±2.90 0.099 

Fat mass percentage   24.10±9.30 22.20±9.40 0.16 

Waist-to-hip ratio 0.87±0.07 0.82±0.07 <0.001 

Waist-to-height ratio  0.46±0.06 0.45±0.07 0.17 

Abbreviations: SCBT, survivors of childhood brain tumors; SD, standard deviation; BMI, 

body mass index; TMI, tri-ponderal mass index 
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Table 2. Brain tumor characteristics (n=44) 

 

Variables No. (%) 

Brain tumor type 

Non-NF-1, low grade glioma 18(40.90) 

PNET/Medulloblastoma 8 (18.20) 

NF-1, low grade glioma 9 (20.50) 

CNS germ cell tumors 3 (6.80) 

Subependymal giant cell astrocytoma 2 (4.50) 

Ependymoma 2 (4.50) 

Meningioma 1 (2.30) 

Choroid plexus papilloma                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             1 (2.30) 

Brain tumor location 

Supratentorial 22 (50.00) 

Infratentorial 22 (50.00) 

Brain tumor treatments 

Surgery 29 (65.90) 

Radiotherapy 13 (29.50) 

Chemotherapy 20 (45.50) 

No treatment 8 (18.20) 

Abbreviations: CNS, Central Nervous System; PNET, Primitive Neuroectodermal Tumor; 

NF-1, Neurofibromatosis Type 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



M.Sc. Thesis – E.D. Sims; McMaster University – Medical Sciences 

 

44 

 

Table 3. Spearman’s correlation of TMI and BMI z-score with adiposity measures  
 in SCBT and controls 

 

Unadjusted  

Group Variable BMI  

z-score 

%FM WHR WHtR 

SCBT TMI 0.87** 0.73** 0.56** 0.69** 

BMI z-score - 0.66** 0.55** 0.71** 

Controls TMI 0.95** 0.85** 0.38** 0.83** 

BMI z-score - 0.80** 0.40** 0.81** 

Total TMI 0.93** 0.83** 0.45** 0.83** 

BMI z-score - 0.78** 0.45** 0.80** 

Partial Correlations - Adjusted for age, sex and puberty 

SCBT TMI 0.86** 0.73** 0.44* 0.82** 

BMI z-score - 0.68** 0.46* 0.72** 

Controls TMI 0.94** 0.88* 0.46** 0.87** 

BMI z-score - 0.90** 0.39** 0.80** 

Total TMI 0.92** 0.85** 0.46** 0.86** 

BMI z-score - 0.85** 0.41** 0.78** 

*p<0.05 

**p-value <0.001 

Abbreviations: SCBT, survivors of childhood brain tumors; BMI, body mass index; TMI, 

tri-ponderal mass index; %FM, percent fat mass; WHR, waist-to-hip ratio, WHtR, waist-

to-height ratio. 
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Table 4. Linear regression analyses of TMI in SCBT and controls adjusted for age, sex 

and puberty 

 

Variable Population Standardized 

coefficient β  

p-value Model Summary 

Adjusted R 

Square 

SE of the 

Estimate 

Dependent Variable: BMI z-score 

TMI SCBT 0.867 <0.001 0.71 0.50 

Controls 0.935 <0.001 0.88 0.38 

Dependent Variable: %FM 

TMI* SCBT 0.604 <0.001 0.65 0.10 

Controls 0.819 <0.001 0.81 0.09 

BMI z-score* 

 

SCBT 0.584 <0.001 0.65 0.10 

Controls 0.836 <0.001 0.83 0.08 

Dependent Variable: Waist-to-hip ratio 

TMI SCBT 0.425 0.004 0.20 0.03 

Controls 0.436 <0.001 0.31 0.03 

BMI z-score SCBT 0.442 0.002 0.23 0.03 

Controls 0.370 <0.001 0.25 0.03 

Dependent Variable: Waist-to-height ratio 

TMI SCBT 0.793 <0.001 0.67 0.03 

Controls 0.880 <0.001 0.77 0.03 

BMI z-score* SCBT 0.657 <0.001 0.58 0.03 

Controls 0.804 <0.001 0.64 0.04 

Abbreviations: SCBT, survivors of childhood brain tumors; BMI, body mass index; 

%FM, fat mass percentage; SE, standard error. Models were adjusted for age, sex and 

puberty. 

*Radiotherapy emerged as a significant predictor of adiposity, therefore we included it in 

the analysis. 
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Supplementary Tables 

Supplementary Table S1. Study Population Characteristics of Age and Sex Matched 

Controls 

Variables Age and sex matched 

Controls 

(n = 44) 

p-value 

(between age and sex 

matched groups) 

Mean±SD 

Age at enrollment 

(years) 

12.30±3.40 0.090 

Sex, No. (%) 

Male 24 (54.60) 1.00 

Female 20 (45.40) 

Puberty, No. (%) 

Pre-pubertal 14 (31.80) 0.13 

Pubertal 30 (68.20) 

Height (cm) 153.55±19.30 0.01 

Weight (kg) 49.89±19.60 0.046 

BMI z-score 0.36±1.30 0.37 

BMI percentile (%) 57.00±34.40 0.07 

TMI (kg/m3) 13.40±3.00 0.13 

Fat mass 

percentage (%FM) 

21.60±9.10 0.15 

Waist-to-hip ratio 0.84±0.07 0.026 

Waist-to-height 

ratio  

0.45±0.08 0.27 

Abbreviations: SD, standard deviation; BMI, body mass index; %FM, percent fat mass; 

TMI, tri-ponderal mass index 
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Supplementary Table S2. Spearman’s correlations between body mass and adiposity 

measurements for age and sex matched controls 

 

Unadjusted  

Group Variable BMI  

z-score 

%FM WHR WHtR 

Age and sex 

matched Controls 

TMI 0.95** 0.90** 0.56** 0.86** 

BMI z-score - 0.87** 0.49** 0.80** 

Total (age and sex  

matched groups) 

TMI 0.94** 0.83** 0.58** 0.83** 

BMI z-score - 0.79** 0.54** 0.80** 

Partial Correlations - Adjusted for age, sex and puberty 

Age and sex 

matched Controls 

TMI 0.95** 0.91** 0.56** 0.88** 

BMI z-score - 0.92** 0.44* 0.79** 

Total (age and sex  

matched groups) 

TMI 0.91** 0.84** 0.51** 0.86** 

BMI z-score - 0.82** 0.45** 0.77** 

*p<0.05 

**p<0.001 

Abbreviations: BMI, body mass index; TMI, tri-ponderal mass index; %FM, percent fat 

mass; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio 
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Supplementary Table S3. Regression analysis of age and sex matched controls adjusted 

for age, sex and puberty 

 

 

Abbreviations: BMI, body mass index; %FM, fat mass percentage; SE, standard error. 

Models were adjusted for age, sex and puberty.  

 

 

 

 

 

 

 

 

 

 

 

 

Variable Standardized 

coefficient β 

p-value Model Summary 

Adjusted R 

Square 

SE of the 

Estimate 

Dependent Variable: BMI z-score 

TMI 0.950 <0.001 0.89 0.43 

Dependent Variable: %FM 

TMI 0.888 <0.001 0.84 0.08 

BMI z-score 0.890 <0.001 0.85 0.08 

Dependent Variable: Waist-to-hip ratio 

TMI 0.551 <0.001 0.33 0.03 

BMI z-score 0.433 0.004 0.21 0.03 

Dependent Variable: Waist-to-height ratio 

TMI 0.895 <0.001 0.77 0.03 

BMI z-score 0.796 <0.001 0.61 0.05 
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CHAPTER 4: DISCUSSION 
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SCBT are more adipose compared to non-cancer controls64-68, however adiposity is not 

routinely measured in clinical practice. Furthermore, SCBT are at a higher risk of 

cardiovascular conditions17,18 and stroke12 compared to the general population. With 

excess adiposity being a major risk factor for cardiometabolic outcomes in the general 

population33-37, managing and preventing excess adiposity, and consequently reducing 

cardiometabolic risk63, is crucial in the SCBT population. Since current management 

strategies in this population are limited and show variable success83, early detection and 

prevention may be the most effective tool to mitigate long term health complications in 

SCBT.  

 

The approach of early prevention rather than late management of excess adiposity 

and associated health complications may offer greater long term health benefits in SCBT. 

Excess adiposity is difficult to successfully lose once developed169. Furthermore, in the 

general population, sustaining weight loss over a prolonged period of time is often 

unsuccessful, with approximately only 20% of individuals able to maintain weight loss 

over an extended five year period170. This suggests that treating obesity may only provide 

short term success rather than lasting long term health benefits that improve the overall 

health-related quality of life.  

 

While obesity treatment techniques, such as pharmacotherapy and bariatric 

surgery, demonstrate initial effective weight loss in the general population171, these 

methods can be associated with additional health complications169. For example, some of 
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the short-term complications from bariatric surgery can include hemorrhage, anastomotic 

leaks, infection and arrhythmias, and long term complications can include neuropathies as 

a result of nutritional deficiencies as well as emotional disorders172,173. Furthermore, 

adverse effects associated with pharmacotherapy treatment for obesity can include 

increased blood pressure, incidence of psychiatry disorders and gastrointestinal adverse 

events174. Therefore, available obesity management techniques often pose an additional 

risk for further health complications, while only 20% of individuals are able to maintain 

this weight loss170. 

 

Furthermore, once obesity develops, the risk for developing additional health 

conditions increases considerably. In the general population, obesity is associated with 

dyslipidemia30 and hypertension31,32, and is an important risk factor for metabolic 

syndrome33,  diabetes34,35, cardiovascular disease36 and stroke36,37. The development of 

further health complications introduces additional challenges to managing obesity in 

patients. For example, the health condition itself may limit the extent of the management 

strategy that can be used. Those who develop cardiovascular conditions or type 2 diabetes 

for example will require special consideration when developing safe practice to 

implement exercise programs175. Instead of only targeting the prevention of excess 

adiposity, additional health complications may need to be considered and managed 

simultaneously. Early prevention of excess adiposity may allow for additional health 

outcomes to be circumvented and therefore may provide increased long term health 

benefits compared to late management techniques. However, to successfully initiate early 
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prevention strategies, stratifying those at risk needs to be easily determined with minimal 

disruption to clinical practice or cost.  

 

While DXA and BIA are reliable measures of adiposity in both children and 

adults, specialized equipment that is not readily available or feasible in all settings is 

required. An effective tool must be affordable, easy-to-use and reliable. TMI is cost-

effective, readily available and easy-to-use in clinical practice, making it a clinically 

feasible measure of adiposity that can easily be implemented into routine practice. Our 

results identified TMI as a strong predictor of adiposity in both SCBT and non-cancer 

children. The use of TMI as a measure of adiposity in children may allow for early 

screening and stratification of SCBT at risk of future cardiometabolic disorders. 

 

Furthermore, TMI may also be useful in other populations. For example, TMI 

may be able to be used in a similar manner in other groups within the SCC population. 

For example, survivors of childhood ALL are another group of SCC who face an 

increased risk of obesity176-178, dyslipidemia176, insulin resistance176,178,179, 

hypertension176-178, cardiovascular disease176,179,180, stroke12 and metabolic syndrome178.  

Therefore, TMI may also provide insight into the development of excess adiposity and 

may serve as a predictor of associated cardiometabolic outcomes in this population. 

 

Not only is this tool important to the SCC population, but it may also be 

instrumental in other high risk disease groups as well as the general population. 
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Childhood obesity is a growing epidemic181 and since children who are obese are more 

likely to become obese in adulthood182, the close monitoring of adiposity trajectories in 

all children is crucial for early prevention.  

 

Strengths 

 

This research provides the first analysis of TMI as a measure of adiposity in SCBT. 

Previously, TMI has only been explored as a measure of adiposity in healthy children. 

Our results confirm that TMI demonstrates a strong association with total adiposity and 

central adiposity measure, WHtR, in the SCBT population.  

 

Our analyses also included a non-cancer control group for comparison. Our results 

for the non-cancer controls were similar to that seen in previous research which provides 

confidence in our results.  Furthermore, our inclusion of an age and sex matched control 

subgroup provides further confidence that the differences in age and puberty did not 

affect the interpretation of results. 

  

Limitations 

 

As the CanDECIDE Study is a prospective cohort study spanning over 25 years92, new 

participants are continuously being recruited and new data collected. At the time of this 

analysis, the relatively small sample size of SCBT did not allow for further subgroup 
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analyses based on age groups, sex or brain tumor characteristics. However, with 

additional data being collected, future subgroup analyses will be possible and can provide 

further insight into the development of excess adiposity in this population.  

 

Unfortunately, DXA scans were not readily available for this analysis and could 

not be used to verify TMI in SCBT. However, BIA, which was used as an alternate 

measure of total adiposity in our analyses, has previously been validated against DXA 

scans108-111 and our results can still be interpreted with confidence. This in itself 

highlights the immediate need for an easy-to-use and cost-effective tool to measure 

adiposity.  

 

Future directions 

 

One of the important strengths to TMI is that it only requires the routine clinical 

measurements, height and weight, in order to be calculated. Height and weight 

measurements are not only currently being continuously taken in clinical practice but 

have been part of routine measurements in the clinical setting for several years in the past. 

This significant point means that TMI can not only be easily implemented into clinical 

practice moving forward, but can also be applied retrospectively to track trends in 

adiposity in cases where DXA scans may not have been available. Therefore, TMI can be 

used to develop adiposity trajectories through retrospective analysis in not only the SCBT 
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population, but in any group of children where height and weight measurements are 

available.  

The development of these trajectories may provide insight into early determinants 

and cut-off points for SCBT who will become at risk of developing future 

cardiometabolic disorders. Identifying these crucial points may allow for early 

stratification and risk management.  

 

 Future research is needed to validate TMI in additional SCC groups as well as 

other disease groups, ideally against available adiposity data from DXA scans. 

Furthermore, whether TMI is a predictor of cardiometabolic outcomes in the SCC 

population will need to be determined. Our results show TMI is strongly correlated to 

WHtR, a stronger predictor of cardiometabolic risk compared to BMI69,158,183, in SCBT. 

Therefore, TMI may be able to be used in a similar manner to predict cardiometabolic 

risk in SCBT. In emerging studies in non-cancer children, TMI demonstrates good 

prediction accuracy for homeostasis model assessment insulin resistance184 and has a 

moderate discriminatory power in detecting metabolic syndrome185. However, further 

studies to confirm whether TMI can be used as a screening tool for cardiometabolic risk 

is required.  

 

Trends in the adiposity trajectories of SCC developed through mapping TMI 

across time will need to be analysed longitudinally to identify the early determinants of 

future excess adiposity and cardiometabolic outcomes. Once identified, early prevention 
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strategies will need to be deployed in the SCC population to determine if future adverse 

events can be effectively reduced through early prevention.  
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CHAPTER 5: CONCLUSIONS 
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Survivors of childhood cancer are an emerging group that is at an increased risk of future 

comorbidities, including obesity8,9, hypertension10, dyslipidemia10, diabetes mellitus10,11, 

stroke12 and cardiovascular disease13. Particularly, SCBT have a higher risk of 

hypothyroidism17, growth hormone deficiency17, cardiovascular conditions17,18 and 

stroke12 compared to controls. 

 

  Identifying early determinants of these health outcomes is crucial for early 

stratification and prevention of those at risk. One such factor is excess adiposity which is 

an important risk factor for many of these cardiometabolic outcomes in the general 

population33,34,37,186,187, and represents a potentially modifiable risk factor in SCC to 

improve long term health outcomes.  

 

However, results from a systematic review conducted by Wang et al. on obesity 

interventions in SCBT found that there is currently limited high quality evidence on the 

effectiveness of lifestyle-based interventions, pharmacotherapy and bariatric surgery to 

treat obesity in this population188. Therefore, these findings highlight an urgent need for 

clinically feasible methods to monitor and identify excess adiposity in this population at 

an early stage. 

 

Since it has been shown that SCBT are more adipose compared to the general 

population64-68,93,94,189,190, and there is currently limited high quality evidence on the 

effectiveness of obesity management strategies in SCBT188, early stratification of those at 
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risk is critical in order to prevent excess adiposity and its associated comorbidities in this 

population. Therefore, a measure of adiposity that is both clinically feasible and reliable 

is required to identify and target SCBT at risk.  

 

While DXA is considered the gold standard for measuring adiposity, it requires 

specialized equipment and may not be feasible for routine use in a clinical setting86,87. 

TMI (weight/height3 (kg/m3)), uses routine clinical measurements and is a more accurate 

predictor of adiposity compared to BMI z-score in children when validated against 

DXA91. Furthermore, TMI offers a measure of adiposity that is sex-specific, age-

independent and tracks adiposity more reliably with higher fat mass in 

adolescents91.Therefore, this thesis assessed TMI as a potential clinical measure of 

adiposity in SCBT. Our results validate TMI as a reliable clinical measure of adiposity in 

SCBT and healthy children191. TMI demonstrates strong correlations and associations to 

total and central adiposity in both SCBT and healthy control children191.  

 

The use of TMI as a clinical measure of adiposity will allow for the early 

stratification of SCBT at risk of excess adiposity and may assist in the prevention of 

future cardiometabolic outcomes in this population. This is crucial as nonexternal causes 

of death, such as cardiometabolic disorders, exceed that of mortality rates due to 

recurrence or progression of primary disease as SCC advance past the five-year survival 

period20. The simplicity and affordability of TMI will allow for it to be easily 

implemented into routine clinical practice without disruption to busy clinical services.  
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Tri-ponderal mass index in survivors 
of childhood brain tumors: A cross-
sectional study
E. Danielle Sims1,2, Kuan-Wen Wang1,2, Adam Fleming1,3, Donna L. Johnston4, 
Shayna M. Zelcer5, Shahrad Rod Rassekh6, Sarah Burrow7, Lehana Thabane8,9,10,11 & 
M. Constantine Samaan1,2,8

Survivors of childhood brain tumors (SCBT) face a higher risk of cardiometabolic disorders and 
premature mortality compared to the general population. Excess adiposity is a known risk factor 
for these comorbidities. However, while SCBT have higher adiposity compared to healthy controls, 
measuring adiposity in clinical practice involves access to specialized equipment and may impact busy 
clinical services. Tri-ponderal Mass Index (TMI; kg/m3) may be a superior measure of adiposity when 
compared to Body Mass Index (BMI; kg/m2). However, its use in determining adiposity in SCBT has 
not been assessed. This study aims to validate TMI as a clinical measure of adiposity in SCBT. This was 
a cross-sectional study including 44 SCBT (n = 20 female) and 137 (n = 64 female) non-cancer control 
children, 5–17 years of age. BMI and TMI were calculated from height and weight measurements. 
Fat mass percentage was assessed using bioelectrical impedance analysis and waist to hip and waist 
to height ratios were used to assess central adiposity. Regression analyses were adjusted for age, 
sex, puberty and treatment. TMI demonstrated strong correlations to measures of total and central 
adiposity and predicted adiposity in SCBT and non-cancer controls, with stronger trends in the latter 
group. TMI may serve as a reliable clinical measure of adiposity in both SCBT and healthy children.

Obesity has contributed to the rise of cardiovascular diseases and type 2 diabetes, making them some of the most 
significant and costly healthcare challenges of the 21st century1–6. One group that is especially impacted by these 
chronic diseases include childhood cancer survivors7–9. Within this population, survivors of childhood brain 
tumors (SCBT) represent an emerging group that has been recently reported to develop stroke and type 2 diabetes 
at higher rates than those seen in non-cancer control populations10–12. Obesity leads to increased cardiovascular 
mortality at a relatively young age in SCBT12–22.

Excess adiposity, especially visceral adiposity, has been linked to cardiovascular disease and type 2 diabetes in 
the general population, and SCBT have more adiposity compared to healthy controls23–27.

While adiposity is a potentially modifiable risk factor for cardiometabolic risk, measuring adiposity in clinical 
practice can be time consuming in the clinical setting, and requires specialized equipment including bioelectrical 
impedance scales or Dual-energy X-ray Absorptiometry (DXA) scans28–30. The availability of feasible and reliable 
clinical measures of adiposity will circumvent these limitations and help prioritize SCBT for closer monitoring 
and targeting them in interventions in an attempt to improve outcomes.

The tri-ponderal mass index, defined as weight divided by height cubed (TMI, kg/m3), is an alternate measure 
of adiposity in children31. TMI is reported as a more accurate predictor of adiposity compared to Body Mass 
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Index (BMI, kg/m2) and BMI z-score when validated against DXA scans in adolescents31. An important advan-
tage of TMI is that it uses the same height and weight measurements used to calculate BMI. Thus, TMI may offer 
a feasible clinical measure to assess adiposity. However, TMI has not been validated as a measure of adiposity 
in SCBT. Our aim is to validate TMI as a clinical measure of adiposity in SCBT and compare this group to 
non-cancer controls.

Results
Population characteristics. The characteristics of participants are reported in Table 1. We included 44 
SCBT (n = 20 female, 45.50%), and 137 non-cancer controls (n = 64 female, 46.70%).

The SCBT and control groups had similar sex (p = 0.88) and ethnic distribution (Caucasian SCBT: n = 34 
(77.30%); controls: n = 91 (66.40%), p = 0.18). SCBT were younger than the non-cancer controls (SCBT: 
11.16 ± 4.29; controls: 14.03 ± 2.56, p < 0.001), and fewer survivors were pubertal compared to controls (SCBT: 
n = 23 (52.30%); controls: n = 121 (88.30%), p < 0.001). Survivors had lower weight (p < 0.001) and were shorter 
(p < 0.001) compared to controls.

In relation to body mass measures, we confirmed previous similar trends in both survivors and controls of 
BMI z-score (SCBT:0.57 ± 0.94; controls: 0.45 ± 1.12, p = 0.51) and BMI percentile (SCBT: 67.60 ± 26.30%; con-
trols: 62.20 ± 29.30%, p = 0.33).

Adiposity levels were similar between groups including fat mass percentage (%FM; SCBT: 24.10 ± 9.30%; 
controls: 22.20 ± 9.40%, p = 0.16) and waist-to-height ratio (WHtR) (SCBT: 0.46 ± 0.06; controls: 0.45 ± 0.07, 
p = 0.17). However, waist to hip ratio (WHR) was higher in SCBT when compared to non-cancer controls (SCBT: 
0.87 ± 0.07; controls: 0.82 ± 0.07, p < 0.001).

Due to the age and pubertal staging differences noted, we validated the results of the analysis of the full cohort 
by performing a subgroup analysis that included age- and sex-matched controls. In the latter analysis age, sex, 
and puberty adjusted analyses revealed identical trends to those reported for the full study cohort. The data for 
the matched subgroup analyses are reported in Supplementary Tables S1–S3.

Tumor characteristics and treatments.  The details of tumor characteristics and treatment methods are 
reported in Table 2.

The most common tumors in survivors were low-grade gliomas (n = 29 (65.90%)). Brain tumors were equally 
localized to supratentorial and infratentorial regions. The treatments included surgery (n = 29 (65.90%)), radio-
therapy (n = 13 (29.50%)) and chemotherapy (n = 20 (45.50%)). Eight (18.20%) participants were being managed 
with a wait and see approach at the time of inclusion in the study.

The association of TMI with body mass and adiposity. To assess if TMI correlates with body mass 
measures and adiposity, we used Spearman’s correlation test. We conducted unadjusted and age, sex, and 
puberty-adjusted analyses (Table 3).

TMI levels were similar between the groups (SCBT: 14.12 ± 2.54 kg/m3; controls: 13.46 ± 2.86 kg/m3, p = 0.10). 
TMI correlated with BMI z-score in both groups (Unadjusted, SCBT: ρ = 0.87; p < 0.001; controls: ρ = 0.95; 
p < 0.001; Adjusted, SCBT: r = 0.86; p < 0.001; controls: r = 0.94; p < 0.001).

We next assessed whether TMI correlates with measures of adiposity. TMI correlated significantly with meas-
ures of total adiposity including fat mass percentage (%FM) (Unadjusted, SCBT: ρ = 0.73; p < 0.001; controls: 
ρ = 0.85; p < 0.001; Adjusted, SCBT: r = 0.73; p < 0.001; controls: r = 0.88; p < 0.01). In addition, TMI correlated 
with measures of central adiposity, including WHR (Unadjusted, SCBT: ρ = 0.56; p < 0.001; controls: ρ = 0.38; 
p < 0.001; Adjusted, SCBT: r = 0.44; p < 0.01; controls: r = 0.46; p < 0.001), and WHtR correlated more strongly 

Variables

SCBT (n = 44) Controls (n = 137)

p-value (between groups)Mean ± SD Mean ± SD

Age at enrollment (years) 11.16 ± 4.30 14.03 ± 2.60 <0.001

Sex, No. (%)

   Male 24 (54.60) 73 (53.30)
0.88

   Female 20 (45.40) 64 (46.70)

Puberty

   Pre-pubertal 21 (47.70) 16 (11.70)
<0.001

   Pubertal 23 (52.30) 121 (88.30)

Height (cm) 141.80 ± 25.00 162.70 ± 15.00 <0.001

Weight (kg) 43.20 ± 22.40 59.20 ± 20.60 <0.001

BMI z-score 0.57 ± 0.94 0.45 ± 1.10 0.51

BMI percentile (%) 67.60 ± 26.30 62.20 ± 29.30 0.33

TMI (kg/m3) 14.10 ± 2.50 13.50 ± 2.90 0.099

Fat mass percentage 24.10 ± 9.30 22.20 ± 9.40 0.16

Waist-to-hip ratio 0.87 ± 0.07 0.82 ± 0.07 <0.001

Waist-to-height ratio 0.46 ± 0.06 0.45 ± 0.07 0.17

Table 1. Study Population Characteristics. Abbreviations: SCBT, survivors of childhood brain tumors; SD, 
standard deviation; BMI, body mass index; TMI, tri-ponderal mass index.
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with TMI when compared to WHR (Unadjusted, SCBT: ρ = 0.69; p < 0.001; controls: ρ = 0.83; p < 0.001; 
Adjusted, SCBT: r = 0.82; p < 0.001; controls: r = 0.87; p < 0.001). There were similar trends of correlations of 
TMI and BMI z-score with measures of central adiposity (Table 3). Taken together, the above data indicate that 
TMI is a stronger predictor of total adiposity than BMI z-score and is equivalent to BMI z-score in predicting 
central adiposity. The correlation between TMI and BMI z-score tended to be stronger in non-cancer controls 
compared to SCBT.

To assess whether TMI is a predictor of body mass and adiposity in SCBT, multivariable linear regression 
analyses were conducted adjusting for age, sex and puberty. As radiotherapy was a significant predictor of %FM 
(p = 0.002) in SCBT, it was also adjusted for in the regression analyses.

We calculated unstandardized (B) and standardized (β) coefficients, and both trended in the same direction. 
Moving forward, we report on the latter coefficient (Table 4).

TMI was a strong predictor of BMI z-scores in both SCBT and controls, with a stronger trend in the latter 
(SCBT: β = 0.867; p < 0.001; controls: β = 0.935; p < 0.001). TMI was a strong predictor of total adiposity (%FM) 
in both SCBT and controls (SCBT: β = 0.604; p < 0.001; controls: β = 0.819; p < 0.001). While it had lower cor-
relation with WHR, TMI was associated strongly with WHtR, and the strength of this association was higher in 
controls compared to SCBT (SCBT: β = 0.793; p < 0.001; controls: β = 0.880; p < 0.001).

Variables No. (%)

Brain tumor type

Non-NF-1, low grade glioma 18(40.90)

PNET/Medulloblastoma 8 (18.20)

NF-1, low grade glioma 9 (20.50)

CNS germ cell tumors 3 (6.80)

Subependymal giant cell astrocytoma 2 (4.50)

Ependymoma 2 (4.50)

Meningioma 1 (2.30)

Choroid plexus papilloma 1 (2.30)

Brain tumor location

Supratentorial 22 (50.00)

Infratentorial 22 (50.00)

Brain tumor treatments

Surgery 29 (65.90)

Radiotherapy 13 (29.50)

Chemotherapy 20 (45.50)

No treatment 8 (18.20)

Table 2. Brain tumor characteristics (n = 44). Abbreviations: CNS, Central Nervous System; PNET, Primitive 
Neuroectodermal Tumor; NF-1, Neurofibromatosis Type 1.

Group Variable BMI z-score %FM WHR WHtR

Unadjusted

SCBT
TMI 0.87** 0.73** 0.56** 0.69**

BMI z-score — 0.66** 0.55** 0.71**

Controls
TMI 0.95** 0.85** 0.38** 0.83**

BMI z-score — 0.80** 0.40** 0.81**

Total
TMI 0.93** 0.83** 0.45** 0.83**

BMI z-score — 0.78** 0.45** 0.80**

Partial Correlations - Adjusted for age, sex and puberty

SCBT
TMI 0.86** 0.73** 0.44* 0.82**

BMI z-score — 0.68** 0.46* 0.72**

Controls
TMI 0.94** 0.88* 0.46** 0.87**

BMI z-score — 0.90** 0.39** 0.80**

Total
TMI 0.92** 0.85** 0.46** 0.86**

BMI z-score — 0.85** 0.41** 0.78**

Table 3. Spearman’s correlation of TMI and BMI z-score with adiposity measures in SCBT and controls. 
*p-value < 0.05, **p-value < 0.001. Abbreviations: SCBT, survivors of childhood brain tumors; BMI, body mass 
index; TMI, tri-ponderal mass index; %FM, percent fat mass; WHR, waist-to-hip ratio, WHtR, waist-to-height 
ratio.
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The above threads of data indicate that TMI is a strong predictor of total adiposity and WHtR. The association 
between TMI and adiposity appears to be stronger in controls compared to SCBT for BMI z-score, %FM and 
WHtR.

Discussion
Survivors of childhood brain tumors are facing multiple comorbidities including cardiovascular disease and 
type 2 diabetes, which can impact their quality of life and lifespan13–15,27,32–36. The identification of predictors 
and markers of cardiometabolic risk may offer a path to stratify those in need of close observation and early 
intervention. In this study, we identified TMI as one such measure. TMI was an equally strong predictor as BMI 
z-score, total adiposity and WHtR, the latter being a stronger predictor of cardiometabolic risk compared to 
WHR37–39. As central adiposity is associated with adverse cardiometabolic outcomes37–40, this is of great clinical 
significance, as it allows the stratification of children with higher central adiposity to a care stream with closer 
cardiometabolic health monitoring and early more aggressive interventions.

TMI has been validated against DXA scan-measured adiposity in the general pediatric population31. Our data 
adds to the value of TMI in the general pediatric population and in a population with chronic health needs that 
has not been studied previously. TMI is a promising marker of adiposity that is clinically feasible and informative. 
The most widely used clinical measure of body mass, BMI, is a useful population-based measure to report the 
presence of obesity, and is used interchangeably to report adiposity41. However, one of the limitations of BMI is 
that it may not be adequate to diagnose obesity in certain populations, including adolescents42,43, hence the use 
of BMI z-score and percentile data to assess overweight and obesity in children. In addition, BMI misclassifies 
muscular individuals as being overweight or obese, which does not necessarily reflect their future risk of cardi-
ometabolic disorders44. Furthermore, BMI has a weaker association with cardiovascular risk when compared to 
measures of adiposity including waist circumference and WHtR37,45,46.

Children require special consideration in using BMI to classify obesity and adiposity. Ratios of weight over 
height to various powers of rho, ρ, (weight/heightρ) have been explored to account for the effects of children’s 
growth during puberty, and the adjustment for ρ is critical because incorrect values misclassify tall or physically 
advanced children as overweight47,48. A ρ value equal to two as used in BMI is sufficient when height is constant, 
however during puberty changes in height increase the ρ value48.

In pre-school children, weight over height squared is adequate for assessing adiposity47. Adiposity generally 
declines between the ages 5–7 years before it begins to rise again, the adiposity rebound phase49. An earlier adi-
posity rebound than expected is associated with an increased risk of obesity and type 2 diabetes in adults49–51.

As children approach the peripubertal phase of growth and development, their body composition changes 
with increased adiposity, especially in girls52,53. The value of ρ gradually rises from two to three; children who 
have undergone a growth spurt due to puberty tend to be heavier when compared to less mature children at the 
same height47. The increase in weight accompanying growth spurts results in higher BMI values, therefore greater 
values of ρ are required to offset the weight gain experienced in physically advanced children.

Variable Population
Standardized 
coefficient β p-value

Model Summary

Adjusted R 
Square

SE of the 
Estimate

Dependent Variable: BMI z-score

TMI
SCBT 0.867 <0.001 0.71 0.50

Controls 0.935 <0.001 0.88 0.38

Dependent Variable: %FM

TMI*
SCBT 0.604 <0.001 0.65 0.10

Controls 0.819 <0.001 0.81 0.09

BMI z-score*
SCBT 0.584 <0.001 0.65 0.10

Controls 0.836 <0.001 0.83 0.08

Dependent Variable: Waist-to-hip ratio

TMI
SCBT 0.425 0.004 0.20 0.03

Controls 0.436 <0.001 0.31 0.03

BMI z-score
SCBT 0.442 0.002 0.23 0.03

Controls 0.370 <0.001 0.25 0.03

Dependent Variable: Waist-to-height ratio

TMI
SCBT 0.793 <0.001 0.67 0.03

Controls 0.880 <0.001 0.77 0.03

BMI z-score*
SCBT 0.657 <0.001 0.58 0.03

Controls 0.804 <0.001 0.64 0.04

Table 4. Linear regression analyses of TMI in SCBT and controls adjusted for age, sex and puberty 
Abbreviations: SCBT, survivors of childhood brain tumors; BMI, body mass index; %FM, fat mass percentage; 
SE, standard error. Models were adjusted for age, sex and puberty. *Radiotherapy emerged as a significant 
predictor of adiposity, therefore we included it in the analysis.
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However, body composition changes in children become more constant as they get older and ρ decreases back 
to two47,48. Therefore, during puberty, TMI may be a more accurate measure of adiposity in children47. For this 
reason, the use of TMI is more relevant to assess body fat mass in children and, when evaluated in adults, TMI is 
less reliable compared to BMI when correlated with skinfold thickness41.

Measures of adiposity in children have relied on technologies that may not be readily available in the clinical 
setting but have demonstrated accuracy in estimating the fat mass. DXA estimates of trunk and abdominal fat 
have demonstrated a strong association to total abdominal fat28–30, while Bioelectrical impedance analysis (BIA) 
has been validated as a measure of adiposity against DXA54–56. Our results demonstrate that TMI is a strong 
predictor of adiposity measured using BIA, which is congruent with adiposity assessments using DXA. This is 
another strength of this study, as it validates TMI against BIA, a common measure of adiposity that is more easily 
accessible than DXA.

Our results indicate that TMI may offer a better estimate of fat mass and is a potential tool for predicting adi-
posity in children compared to BMI z-score. While some studies have found TMI to be an appropriate measure of 
adiposity in children, others have suggested BMI may still be an equivalent measure31,57. However, these studies 
often include children as young as two years of age, and weight scales over height squared in this age group that 
makes validating TMI as a measure of adiposity in this group a future goal of research47,57.

There are several strengths of our study. The inclusion of non-cancer controls for comparison to the SCBT group 
offers validation of this measure in the general pediatric population as well as SCBT. The description of the asso-
ciation of TMI with measures of central adiposity is another strength, as central adiposity is not routinely assessed 
in clinical practice. Furthermore, the inclusion of an age and sex matched subgroup analysis validates our findings.

A larger sample size of SCBT is required to validate these results further, and to define their associations. In 
addition, TMI needs to be validated as a predictor of cardiometabolic outcomes which should be part of longitu-
dinal studies.

In conclusion, TMI represents a clinically feasible measure that uses the same variables measuring BMI but 
demonstrate higher correlation with adiposity.

The availability of TMI as a clinical measure of adiposity will allow the stratification of patients at risk of excess 
adiposity to be prioritized for targeted interventions. This is critical, as these survivors are facing cardiometabolic 
diseases that are important emergent determinants of outcomes.

Methods
Participants. Participants were consecutively recruited from McMaster Children’s Hospital (Hamilton), 
Ontario, Canada from November 2012 to November 2017 to partake in the Canadian Study of Determinants of 
Endometabolic Health in Children (CanDECIDE study)58,59.

Children between 5–17 years of age were included. Parental informed consent was obtained for participants 
less than 7 years of age, and parental consent and participant assent were obtained for those 7–15 years of age. 
Participants provided written informed consent if they were 16 years or older. This is a secondary analysis of the 
CanDECIDE cohort study data and this analysis has been approved by the Hamilton Integrated Research Ethics 
Board. Study procedures were performed in accordance with the relevant guidelines and legal regulations.

Anthropometric and clinical measurements. Standardized questionnaires were used to collect data on 
age, sex, puberty, and ethnicity58,59. Medical records were consulted to verify and collect data regarding tumor 
type, location, sidedness and treatment modalities for SCBT.

Anthropometric measurements included weight measured to the nearest 0.1 kg using an electronic weighing 
scale (Seca, USA) and height using a stadiometer measured to the nearest 0.1 cm. BMI (kg/m2) and TMI (kg/m3) 
were determined using height and weight measurements from all participants. BMI percentile was determined 
from the Children’s BMI Tool for Schools60. BMI z-scores were determined from the Centers for Disease Control 
and Prevention (CDC) growth chart61.

Fat mass percentage (%FM) was used to determine adiposity in the participants that was measured with the 
Tanita body fat monitor (Tanita Corporation, Illinois, USA)62.

Statistical Analysis. Statistical analyses were performed using PASW version 18 statistical package63. Data 
are presented as counts with percentages for categorical variables and means with standard deviation for continu-
ous variables. Only participants with complete datasets were included. Box plots and visual inspection were used 
to identify any outliers for removal from the analysis. Normality of the data distribution was assessed using the 
Shapiro-Wilk test64. In the case that variables had non-normal distributions, data were log-transformed. Sample 
size was calculated using the method proposed by Norman and Streiner. We calculated that we need eight subjects 
per variable to detect significant differences between groups65.

Spearman’s correlations were used to assess the relationship between TMI, BMI z-score, %FM, WHR and WHtR. 
To assess this relationship adjusted for age, sex and puberty, we ran a Partial Correlations test. Multivariable linear 
regression analyses were performed to determine the association between TMI with BMI z-score and adiposity 
measures (%FM, WHR and WHtR), in SCBT and controls. The dependent variable was set as %FM, WHtR, WHR 
or BMI z-score and the independent variables included TMI, age, sex, puberty and treatment. Results were reported 
as standardized β coefficients and associated p-values, with statistical significance set to alpha of 0.05. A model sum-
mary, including the adjusted R Square and the Standard Error of the Estimate, were also reported.

In order to validate that age and puberty differences did not affect the results, analyses were also repeated 
using an age- and sex-matched control group. Control participants were matched in terms of sex distribution to 
SCBT participants on a one-to-one ratio and age was matched to closest value, within three years of the SCBT 
participants.
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Data Availability
The data for the current study used for statistical analysis are available from the corresponding author upon rea-
sonable justification.
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