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ABSTRACT  

 

Physical inactivity and obesity in adolescence are associated with an increased risk of 

cardiovascular disease (CVD). Although exercise is recommended for the management of 

obesity, we know little about which types of exercise training are the most effective in reducing 

excess body fat and improving CVD risk in obese adolescents. This dissertation examined the 

effects of aerobic training, resistance training and their combination on the cardiometabolic 

health (body composition, CVD risk markers, resting metabolic rate (RMR), and fitness) of 

obese adolescents who participated in the Healthy Eating Aerobic and Resistance Training in 

Youth (HEARTY) trial.  After a 4-week supervised moderate-intensity exercise run-in period, 

304 overweight and obese adolescents were randomized to 4 groups for 22 weeks: Aerobic 

training, Resistance training, Combined aerobic and resistance exercise training, or a non-

exercising Control. All four groups received dietary counseling designed to promote healthy 

eating with a maximum daily energy deficit of 250 kcal. Participants were assessed at baseline 

and after 3 and 6 months. Body composition was assessed using magnetic resonance imaging. 

Blood tests for traditional and non-traditional CVD risk markers were measured after a 12-hour 

fast. RMR and cardiorespiratory fitness were assessed using indirect calorimetry at rest and 

during a maximal treadmill test respectively. Musculoskeletal fitness (muscular strength, 

endurance, flexibility) was assessed using eight repetition maximum tests (8-RM) on the leg 

press, chest press and upright row machines and using the Canadian Society for Exercise 

Physiology- Canadian Physical Activity Fitness and Lifestyle Appraisal (CSEP-CPAFLA) tests 

for grip strength, push-ups, sit-ups, sit and reach and vertical jump. Decreases in percent body fat 

and abdominal fat were greatest in the combined training group. Although body weight, RMR 

and traditional CVD risk markers did not improve following the exercise intervention, the 
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combined training group showed improvements in cardiorespiratory and musculoskeletal fitness 

and some non-traditional CVD risk markers. Cumulatively, combined aerobic and resistance 

exercise training showed the greatest improvements in cardiometabolic health in overweight and 

obese adolescents. This thesis concludes with a knowledge translation article detailing the 

practical lessons learned from exercise interventions with obese youth with hopes of increasing 

adherence to future exercise programs and improving the overall health of children and 

adolescents with obesity.  
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CHAPTER I: INTRODUCTION 
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General introduction 

 

Physical inactivity (1) and childhood obesity (2-3) are great public health concerns. 

Adolescence has been described as a critical period for the onset, development and continuation 

of obesity throughout the lifespan (4-5). The prevalence of overweight and obesity among 

children and adolescents in Canada has doubled in the last thirty years from 15% in 1978–1979 

(6) to 31.5% in 2009–2011 (7) while sport participation (8) and fitness levels (9-11) of Canadian 

youth have declined substantially in the same time period. Adolescents with obesity are less fit 

compared to their non-obese peers (12), have an increased risk of abdominal obesity (13), and 

are more likely to become obese adults (14-16). Furthermore, their increased cardiometabolic 

risk (17-18), is associated with developing the metabolic syndrome (19-21), type 2 diabetes 

mellitus (22) and cardiovascular disease (CVD) (23-24). Obese adolescents may particularly 

benefit from structured exercise training programs to improve their overall health and prevent the 

onset of chronic diseases and premature mortality.  

Traditionally, regular aerobic exercise training (e.g. jogging, running, skipping, 

swimming etc.) performed 3-5 times weekly at moderate to vigorous intensity (50-75% VO2peak) 

has been the most readily prescribed exercise modality for youth with obesity and is associated 

with improvements in cardiorespiratory fitness (25) and the prevention of CVD and premature 

mortality in adults (26). Although previous smaller studies showed that aerobic training 

increased cardiorespiratory fitness and decreased percent body fat, abdominal fat, and blood 

pressure, the effects of aerobic training on traditional and non-traditional CVD risk markers (i.e. 

plasma lipid levels, insulin resistance markers, high-sensitivity C-reactive protein and 

apolipoproteins) in overweight and obese adolescents are poorly understood (27). 
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Resistance exercise training, also known as strength training or weight training, (e.g.  

using free weights, weight machines or your own body weight as resistance etc.) has garnered 

more attention in recent years. This exercise modality may be more appealing than aerobic 

exercise to obese youth who show altered motor coordination, lower mechanical efficiency (28-

29) and lower exercise tolerance (28, 30) that may be exacerbated by the weight-bearing nature 

of aerobic exercise. The few smaller studies showed conflicting results on percent body fat, lean 

tissue and muscular strength following resistance training (31). Further investigation is needed to 

determine the effects of this type of training on body composition, traditional and non-traditional 

CVD risk markers, resting metabolic rate (RMR) and fitness in overweight and obese 

adolescents.  

Considering that obesity is the result of an imbalance between energy intake and energy 

expenditure, and that RMR accounts for the greatest percentage of total energy expenditure per 

day (32), determining whether or not exercise training can increase RMR or counteract the 

decrease that often occurs with weight loss, has important implications for energy balance and 

body weight management. In this regard, the literature in obese adults is inconsistent and the 

effects of different exercise modalities on RMR in obese adolescents are unknown and warrant 

further investigation. 

Overall, very few studies have thoroughly examined the effects of aerobic training alone, 

resistance training alone and the combination of aerobic and resistance training on body 

composition, CVD risk markers, RMR, cardiorespiratory and musculoskeletal fitness of 

overweight and obese adolescents.  The few studies that have been done were limited in their 

study designs (mixed prepubertal and postpubertal samples, small ethnic minorities, gender-

specific samples, short study durations and lack of non-exercising control groups). These 
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knowledge gaps limit the scope, generalizability and practical application of the effects of these 

exercise programs to improve the health of adolescents with obesity. 

The Healthy Eating, Aerobic and Resistance Training in Youth (HEARTY) trial is the 

first randomized controlled trial designed to address these shortcomings. The primary objective 

of the HEARTY study was to evaluate the effects of resistance training, aerobic training, and 

combined training on percent body fat in obese post-pubertal overweight and obese adolescents 

aged 14 to 18 years.  

Objectives 

 

The objectives of this dissertation were to investigate the effects of different exercise training 

modalities (aerobic training, resistance training and both) from the HEARTY trial on: 

1) Abdominal fat distribution and cardiovascular disease risk markers; 

2) resting metabolic rate; and  

3) cardiorespiratory and musculoskeletal fitness in obese adolescents. 

Hypotheses 

 

The hypotheses of this dissertation were that: 

1) All three exercise training groups would demonstrate decreased abdominal fat and 

improvements in cardiovascular disease risk markers, with the largest effects in the 

combined group;  

2) both the resistance training and combined training groups would show improvements in 

resting metabolic rate;  

3) both the aerobic training and combined training groups would show increases in 
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cardiorespiratory fitness, with the largest effects in the combined training group; and both 

the resistance training and combined training groups would show improvements in 

musculoskeletal fitness, with the largest effects in the combined training group. 

Structure of the thesis 

 

In the course of achieving these objectives, the specific aims of this dissertation are to: 

 

1. Evaluate and synthesize the literature on the multifactorial etiology of obesity and review 

the physiological and behavioral changes that typically occur during the critical period of 

adolescence (manuscript 1).  

2. Identify the knowledge gaps and systematically review the existing literature regarding 

exercise training interventions on body composition, CVD risk markers and fitness in 

adolescents with obesity (manuscripts 2 and 3).  

3. Describe the rationale, design and methodology of the HEARTY study highlighting the 

need to investigate the effects of aerobic training and resistance training on the health of 

obese adolescents (manuscript 4).  

4. Determine the effects of aerobic training, resistance training and their combination on 

percent body fat, abdominal fat and CVD risk markers (manuscripts 5 and 6), RMR 

(manuscript 7) and cardiorespiratory and musculoskeletal fitness (manuscript 8) of obese 

adolescents who participated in the HEARTY trial. 

5.  Synthesize the practical lessons learned from the HEARTY trial, evaluate the existing 

literature on exercise interventions with obese youth and produce a knowledge translation 

paper to disseminate the practical application and novelty of this dissertation (manuscript 

9). 
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Preamble: Manuscripts 5, 6, 7 and 8 

 

By agreement among the HEARTY investigators, the primary results of the HEARTY study 

(Manuscript 5) must be accepted for publication before secondary outcomes proposed for my 

dissertation (Manuscripts 6, 7 and 8) are submitted for publication.  

The following Manuscript 5 details the effects of the HEARTY trial on percent body fat (the 

primary outcome) and cardiometabolic risk markers. 

The subsequent Manuscripts 6, 7 and 8 discuss the effects of the HEARTY trial on the secondary 

outcomes proposed for this doctoral thesis: abdominal fat distribution and cardiovascular disease 

risk markers (Manuscript 6), resting metabolic rate (Manuscript 7) and cardiorespiratory and 

musculoskeletal fitness (Manuscript 8) in obese adolescents. 
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ABSTRACT  

 

BACKGROUND: Exercise is recommended for obese adolescents, but there is little evidence 

on which exercise modality is optimal.  

METHODS: A randomized, controlled trial examining the effects of different exercise 

modalities on percent body fat (%BF) by Magnetic Resonance Imaging in physically inactive, 

overweight or obese adolescents aged 14-18y. After a 4-week supervised low-intensity exercise 

run-in, 304 adolescents with body mass index ≥ 85
th

 percentile for age and sex were randomized 

to 4 groups for 22 weeks: Aerobic training, Resistance training, Combined aerobic and resistance 

training, or non-exercising Control. All participants received dietary counseling with a maximum 

daily energy deficit of 250 kcal.  

RESULTS: Decreases in %BF were 0.3% in controls, 1.1% in Aerobic (p=0.059 versus 

control), and 1.6% in Resistance (p=0.002 versus control). The 1.4% decrease in Combined did 

not differ significantly from Aerobic or Resistance. Waist circumference decreased 0.2 cm in 

control, 3.0 cm in Aerobic (p=0.006 versus control), 2.2 cm in Resistance (p=0.048 versus 

control), and 4.1 cm in Combined. In the prespecified subgroup with 70% adherence, %BF 

decreased 0.3% in controls, 1.2% in Aerobic (p=0.045 versus control), 1.6% in Resistance 

(p=0.013 versus control), 2.4% in Combined (p= 0.036 versus Aerobic) and waist circumference 

decreased 0.6 cm in controls, 3.7 cm in Aerobic, 4.5 cm in Resistance, 6.9 cm in Combined 

(significantly greater in Combined versus Aerobic). 

CONCLUSIONS: Aerobic, resistance, and their combination reduced total body fat and waist 

circumference in obese adolescents. Combined training showed greater improvements compared 

to either exercise modality alone in more adherent participants.  

Clinical Trial Registration # and Date: ClinicalTrials.Gov NCT00195858, September 12, 2005 

(Funded by the Canadian Institutes of Health Research). 
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Keywords: Obesity, overweight, pediatric, adolescents, resistance exercise, aerobic exercise, 

clinical trial, intervention, body composition, cardiometabolic risk, magnetic resonance imaging. 
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INTRODUCTION  

Childhood obesity
1-2

 and physical inactivity
3
 are serious public health concerns. Obesity 

is associated with adverse health outcomes in youth
4
 and 80% of obese adolescents become 

obese adults.
5
  Although exercise is recommended in obesity management, the optimal exercise 

prescription to reduce total body fat and its co-morbidities is not clear in obese adolescents.  

We designed the Healthy Eating Aerobic and Resistance Training in Youth (HEARTY) trial to 

determine the effects of aerobic training, resistance training, combined aerobic and resistance 

training, or a non-exercising-control on percent body fat and cardiometabolic risk markers in 

previously inactive post-pubertal overweight and obese adolescents aged 14-18 years.  The 

primary outcome was percent body fat measured by Magnetic Resonance Imaging (MRI). 

Secondary outcomes included total body fat, anthropometric indices of body fat distribution and 

risk markers for cardiovascular disease and diabetes. 

 

METHODS 

Design 

  

HEARTY was a 26-week randomized controlled trial with a parallel group design. 

Details on the rationale, design and methods have been described previously.
6
 This study was 

approved by the Research Ethics Boards at the Children’s Hospital of Eastern Ontario and the 

Ottawa Hospital, Canada.  

 

Participants 

The study population consisted of post-pubertal (Tanner stage IV-V) adolescents aged 14-18 

years with body mass index (BMI) >95
th

 percentile for age and sex 
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(http://www.cdc.gov/growthcharts) and/or >85
th

 percentile with an additional diabetes or 

cardiovascular disease risk factor.  Participants were excluded if they habitually exercised more 

than twice weekly for over 20 minutes per session, had diabetes mellitus, or any illness or 

disability rendering the study exercise programs inadvisable or unfeasible. For participants 

taking medication likely to affect body composition (e.g. metformin, oral contraceptives, 

stimulants), the dose was required to have been stable over the previous two months and to 

remain unchanged throughout the trial.   

 

Run-in 

Participants entered a run-in period including supervised moderate-intensity exercise 

training four times per week for four weeks. They performed 15-30 minutes of aerobic exercise 

at 65% of their measured maximal heart rate and 1-3 sets of 15 repetitions for each of the 7 

resistance exercises. Details of the exercise training program have been previously described.
6
  

 

Randomization 

To qualify for randomization, participants needed to have attended at least 13 of 16 

prescribed exercise sessions ( 80% adherence) during run-in. The exercise specialist used a 

telephone-based central randomization program (IVRS, VBvoice v5.3, Pronexus,Ottawa, 

Canada) and informed participants of their group assignments, allowing the research coordinator 

to remain blinded. Participants (n=304) were randomized into 4 groups for 22 weeks: aerobic 

training (Aerobic, n=75), resistance training (Resistance, n=78), combined aerobic and resistance 

training (Combined, n=75), or non-exercising control (Control, n=76).  Randomization was in 

http://www.cdc.gov/growthcharts
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permuted blocks, stratified by sex and degree of overweight (85
th

-94
th

 percentile versus ≥95
th

 

percentile). 

Intervention 

All 4 groups received dietary counseling designed to promote healthy eating with a 

maximum daily energy deficit of 250 kcal. In addition to the dietary counseling, all three 

exercising groups were asked to attend the gym 4 times per week. Exercise training progressed 

gradually in duration and intensity. The aerobic training group exercised on treadmills, elliptical 

machines or bicycle ergometers, and heart rate monitors were used to adjust workloads to 

achieve target heart rates (Polar Electro Oy, Kempele, Finland). Participants gradually 

progressed in exercise duration (from 20 to 45 minutes per aerobic exercise session) and 

intensity (from 65 to 85% of maximum heart rate throughout the intervention. The resistance 

training group performed 7 different exercises on weight machines or by using free weights, 

progressing from 2 sets of 15 repetitions at moderate intensity to 3 sets of 8 repetitions at the 

maximum resistance that could be moved 8 times (8 RM). The combined aerobic and resistance 

training group did the full aerobic training program plus the resistance training program during 

each session. 

 

Setting 

The exercise intervention took place at six community-based exercise facilities in 

Ottawa/Gatineau, Canada. Exercise was supervised by personal trainers twice per week during 

the first month of the run-in period, once per week from randomization to 3-months and then 

once every two weeks from 3 months to 6 months.  Personal trainers monitored attendance and 

exercise progression by reviewing sign-in sheets, electronic scanning of membership cards and 
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completion of the participants’ exercise logs. Intervention adherence was calculated as the total 

number of exercise sessions the participant attended divided by the total number of sessions 

prescribed. 

 

Outcomes & Measurements  

 

Body Composition 

 

Body composition was assessed by MRI (General Electric, 1.5 tesla scanner, version 

signal 11 with echo speed gradients, Milwaukee, WI) at baseline and 6 months. The participants 

lay prone to acquire whole body cross-sectional images using established protocols by Ross.
7-8

 

The MRI images were analyzed using Slice-O-Matic software v. 4.3 (Tomovision, Magog, 

Canada). 

 

Anthropometry, Background Physical Activity and Energy Intake 

 

Weight (kg) and height (cm) were measured using a Health-O-Meter manual scale 

(Health O Meter, Continental Scale Corp., Bridgeview, ILL) and body-mass index (BMI) was 

calculated as weight in kilograms divided by the square of the height in meters. Waist 

circumference was measured at the midpoint between the lowest floating rib and the iliac crest 

using a retractable measuring tape (Seca GmBH & Co Kg, Hamburg, Germany). Hip 

circumference was measured at the widest point over the buttocks. Blood pressure was measured 

at baseline, 3 and 6 months as described previously.
6
 Participants were asked to wear pedometers 

(Yamax DIGIWALKER SW-700, Yamax Corporation, Tokyo, Japan) and maintain step-count 

logs for 7 days at baseline and 6 months to assess background physical activity. Energy intake 

was assessed using 3-day food diaries and analyzed with food composition analysis software 

(The Food 324 Processor SQL 2006, ESHA Research, Salem, OR) at baseline, 3 and 6 months.  
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Cardiometabolic Risk Markers 

Fasting insulin, fasting glucose, haemoglobin A1c (HbA1c) and lipids were measured 

under fasting conditions at baseline, 3 and 6 months as described previously.
6
  A 75 g oral 

glucose tolerance test was performed at baseline and 6 months where 2-hour (post-load) glucose 

was also measured. 

 

Adverse Events 

 Research staff reported all directly observed adverse events and all those spontaneously 

reported by the participants. Participants were also questioned about adverse events at each study 

visit.  

 

Statistical Analysis 

 

To assess the effects of exercise training modality on changes in percent body fat 

(primary outcome) over time, assuming a moderate effect size of 0.6 SD for the least powered 

planned comparison, we calculated a sample size of 248 participants (62 per group) completing 

the intervention to allow 80% power for each of 4 pre-specified comparisons (Aerobic versus 

Control, Resistance versus Control, Combined versus Aerobic and Combined versus Resistance) 

tested simultaneously (overall alpha=0.05). We randomized 304 participants to allow for 18–

20% dropout similar to rates observed in previous exercise trials in obese youth
9
 and in adults 

with type 2 diabetes.
10

 We performed analyses on an intention-to-treat basis and included all 

randomly allocated participants (including those who later withdrew). For the primary analysis, 

we used linear mixed-effects modeling for repeated measures over time with percent body fat as 

the dependent variable and effects for time (baseline and 6 months), group [Aerobic, Resistance, 
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Combined, Control], and time by group interaction, with age, and sex as covariates, and an 

unstructured covariance matrix. Within the mixed model, we calculated 95% confidence 

intervals and p-values for 4 prespecified intergroup contrasts, and for change in percent body fat 

within each group over time. We used the same procedure for other continuous outcome 

variables from the 3-month timepoint when available in addition to the baseline and 6-month 

timepoint. For all linear mixed-model analyses, we examined the distributions of residuals and 

used transformations to achieve normality when necessary. We also examined the effects of the 

exercise intervention in per-protocol analyses, restricted to participants with complete baseline 

and follow-up data with 70% adherence throughout the exercise intervention following the 

same procedures as in the intention-to-treat analyses. We used SAS, version #9.2 (SAS Institute, 

Cary, North Carolina), for all analyses. 

 

RESULTS 

 

Participant recruitment and screening began in March 2005 and recruitment closed at the 

end of April 2010. The final participant follow-up was completed in May 2011. Of the 358 

participants who entered the run-in phase, 304 (84.9%) were randomized. Of the 54 who were 

not randomized, reasons for withdrawal included the time obligation, lack of interest or a move 

to a different town/city or a medical condition (Figure 1). Seven participants (1 from Aerobic, 3 

from Resistance, 1 from Combined and 2 from Control) were excluded from MRI analyses 

because the images were technically inadequate.  

Table 1 shows participants’ baseline characteristics.  There were no significant intergroup 

baseline differences.  Most participants (282 out of 304 or 92.8%) were obese (BMI ≥ 95
th

 

percentile for age and sex).   
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Adherence 

 

 From baseline to 26 weeks, the median exercise training adherence was 62% 

(interquartile range, 36% to 81%) in Aerobic, 56% (interquartile range, 37% to 75%) in 

Resistance and 64% (interquartile range, 39% to 75%) in Combined with no significant 

differences between groups. Seventy five participants (25%) withdrew between randomization 

and 6 months: 18 (24%) from Aerobic, 21 (28%) from Resistance, 17 (23%) from Combined, 

and 19 (25%) from Control. Reasons for withdrawal are listed in Figure 1.  

 

Adverse Events 

  Tables S1 and S2 in the Supplementary Appendix show the details of the adverse events 

reported during the trial. Two participants, both in Aerobic, withdrew because of adverse events 

unrelated to the exercise intervention: fractured hip from a fall at school (1 participant) and 

fractured forearm while playing football (1 participant). Overall, adverse events occurred in 49 

of the 228 (21%) exercise group participants and 18 of the 76 (24%) Controls. Musculoskeletal 

injury or discomfort requiring modification of the exercise program or temporary restriction of 

physical activity occurred in 27 of the 228 (12%) exercise group participants and 2 of the 76 

(3%) Controls. Adverse events that were definitely, probably or possibly related to the 

intervention occurred in 18 of the 228 (8%) exercise group participants and in 1 of the 76 (1%) 

Controls (during the run-in phase, prior to randomization). Almost all related adverse events 

involved musculoskeletal injury or discomfort.  There were two reported medical adverse events 

that were possibly related to the intervention: post-exertional malaise (1 participant) and non-

cardiac chest pain during exercise (1 participant). 
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Primary Outcome: Percent Body Fat 

Body fat results are presented in Table 2.  Data from seven participants (1 from Aerobic, 

3 from Resistance, 1 from Combined and 2 from Control) were excluded due to technical 

deficiencies in MRI images. Percent body fat decreased in all exercising groups. Decreases in 

percent body fat were greater in Resistance compared to Control. In per-protocol analyses ( 70% 

adherence; 2.8 sessions/week) changes in percent body fat were significantly greater in the 

Aerobic and Resistance groups versus control, and larger decreases in percent body fat were 

observed in Combined versus Aerobic.  

 

Secondary Outcomes: Anthropometry and Cardiometabolic Risk Markers  

 

Table 3 presents effects of the exercise intervention on anthropometric indices.  

Reductions in waist circumference were greater in Aerobic and Resistance compared to Control. 

In per-protocol analyses, BMI decreased in Aerobic versus Control and the decreases were 

greater in Combined versus Aerobic and in Combined versus Resistance. Waist circumference 

decreased in Aerobic and Resistance versus Control, and significantly more in the Combined 

group compared to the Aerobic group. 

 Table S3 in the Supplementary Appendix shows results for cardiometabolic risk factors. 

Fasting insulin and triglycerides were log-transformed for analysis; geometric means are 

presented. There were no significant intergroup differences in fasting insulin, fasting or 2 hour- 

(post load) glucose, triglycerides, high density lipoprotein (HDL-C), low density lipoprotein 

(LDL-C) and total cholesterol, or hemoglobin A1c (HbA1c) between groups following the 

intervention.  In per-protocol analyses, the only significant intergroup difference was that fasting 

insulin decreased more in the Resistance group than in Controls. 
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Energy Intake and Background Physical Activity 

 Within-group energy intake (3-day food logs) decreased in all groups to a similar extent. 

There were no significant between-group differences in energy intake or background physical 

activity (pedometer logs, excluding exercise sessions that were part of the intervention) in either 

intention-to-treat or per-protocol analyses.  Data on background physical activity were limited as 

many participants did not wear pedometers or complete pedometer logs as instructed (Table 4). 

  

 

DISCUSSION 

 

 

The HEARTY trial was the first randomized controlled trial to compare the effects of 

aerobic training, resistance training and their combination on body composition and 

cardiometabolic risk factors in a large sample of obese adolescents. The primary findings were 

that modest but clinically significant reductions in percent body fat can be achieved through 

aerobic, resistance or combined exercise training in obese adolescents. Per-protocol analyses 

(including only participants with 70% adherence) showed that combined aerobic and resistance 

training produced greater decreases in percent body fat, waist circumference and BMI than 

aerobic training alone.  

The modest decreases in percent body fat in the HEARTY trial were comparable to those 

observed by Lee et al.,
11

 who examined the effects of thrice-weekly aerobic training or  

resistance training versus a non-exercising control group over a 3-month period. They showed 

decreases in the aerobic group (2.6%) and in the resistance group (2.5%) versus controls. 

Although the exercise prescriptions in Lee et al. and HEARTY were similar, the Lee study 

showed greater reductions in percent body fat in both exercising groups, possibly attributed to 
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their higher exercise adherence rate (99%) and/or because their participants received some 

financial compensation.  

Compared to controls, we found decreases in waist circumference in all three training 

groups. Per-protocol analyses showed greater waist circumference decreases in Combined versus 

Aerobic. Our results agree with previous smaller studies that showed decreases in abdominal fat 

through aerobic training,
11

 resistance training
11

 and combined aerobic and resistance circuit 

training
12-13

 performed 2-3 times per week compared to non-exercising controls. Abdominal fat 

accumulation is associated with increased cardiometabolic risk.
14

 Attenuating increases in 

abdominal fat during the adolescent years could confer important cardiometabolic protection 

since each additional year of abdominal obesity has been associated with a 4% greater risk of 

developing diabetes.
15

 

The present study did not show changes in glucose or lipids following the 6-month 

exercise training program, possibly due to mostly-normal baseline values. Potential participants 

who had type 2 diabetes at baseline were excluded from our study, and the great majority (87%) 

of our study participants had normal baseline fasting and 2-hour postload glucose leaving little 

room for improvement in glucose measures. Our per-protocol analyses, however, showed that 

our adherent participants in the resistance training group had decreases in fasting insulin 

compared to controls, similarly to some previous studies in obese adolescents that showed 

improvements in insulin sensitivity.
11-13, 16

 Two smaller randomized controlled studies by Lee
11

 

and Shaibi
16

 showed that performing resistance exercise 2-3 times/week increased insulin 

sensitivity by 27% (3-hour hyperinsulinemic-euglycemic clamp) in black, white and mixed racial 

obese adolescent males and by 45% (frequently sampled intravenous glucose tolerance test) in 

obese Latino adolescent males respectively. Lee
11

 found no changes in insulin sensitivity in the 
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aerobic group. The ethnic background and sex of our HEARTY participants (72% Caucasian, 

72% female) differed from previous research conducted with male Latino youth
12-13, 16

 who are 

more likely to be insulin resistant than their Caucasian peers independent of body fat.
17

 Although 

body fat distribution and metabolic risk factors differ according to race in adolescents
18

 and 

severely insulin resistant obese youth have more adverse cardiometabolic risk markers than less 

insulin resistant obese adolescents,
19

 our results suggest that resistance training alone could 

improve fasting insulin in a primarily Caucasian sample of obese adolescents.  

We excluded obese adolescents with type 2 diabetes so our results do not necessarily 

apply to that population. Our results cannot necessarily be generalized to unsupervised exercise 

programs. The estimated monthly cost of our intervention averaged $188 Canadian/ participant/ 

month. The average gym membership cost was $28/month plus 1 personal training session/ week 

($40/ training session) for the first 4 weeks. A completely adherent participant would receive 23 

personal training sessions in the first 6 months. Costs would decrease over time, assuming the 

required frequency of personal trainer sessions would decrease. 

 The primary result of the HEARTY study was that aerobic training, resistance training 

and their combination decreased percent body fat in obese adolescents. In participants adhering 

to the exercise protocol, combined aerobic and resistance exercise training was more effective 

than either type of exercise alone in decreasing percent body fat, waist circumference and BMI in 

a large sample of obese adolescents exercising in community-based exercise facilities.   
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TABLE 1. Baseline participant characteristics. 

 

 Total sample Aerobic Resistance Combined Control 

N 304 75 78 75 76 

Males, N (%) 91 (30) 22 (29) 23 (29) 22 (29) 24 (32) 

Females, N (%) 213 (70) 53 (71) 55 (71) 53 (71) 52 (68) 

Age, years 15.6 (1.4) 15.5 (1.4) 15.9 (1.5) 15.5 (1.3) 15.6 (1.3) 

Ethnicity, N (%) 

     Caucasian 

     Black 

     Mixed racial 

     Arabic 

     Hispanic 

     Asian 

     Other 

     Native Canadian 

     Indonesian/Asian 

 

219 (72) 

31 (10) 

14 (5) 

11(4) 

9 (3) 

8 (3) 

6 (2) 

4 (1) 

2 (1) 

 

54 (72) 

6 (8) 

5 (7) 

4 (5) 

4 (5) 

0 (0) 

1 (1) 

0 (0) 

1 (1) 

 

55 (71) 

11 (14) 

2 (3) 

1 (1) 

2 (3) 

4 (5) 

2 (3) 

0 (0) 

1 (1) 

 

47 (63) 

12 (16) 

3 (4) 

4 (5) 

3 (4) 

2 (3) 

2 (3) 

2 (3) 

0 (0) 

 

63 (83) 

2 (3) 

4 (5) 

2 (3) 

0 (0) 

2 (3) 

1 (1) 

2 (3) 

0 (0) 

Weight, kg 98.0 (16.9) 96.7 (15.1) 99.9 (17.4) 97.5 (16.3) 97.9 (18.8) 

Height, cm 167.8 (7.4) 166.8 (7.0) 168.3 (7.5) 167.5 (7.6) 168.8 (7.7) 

BMI 95
th

 percentile, N (%) 282 (93) 69 (92) 71 (91) 71 (95) 71 (93) 

Normal glucose tolerance,  

N (%) 

 

263 (87) 

 

62 (83) 

 

66 (85) 

 

67 (89) 

 

68 (89) 

Values are means (SD) unless otherwise stated. 

Note: Percentages were rounded to the nearest 1%.  
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TABLE 2.  Percent body fat at baseline and changes after 6 months. 

 
  Mean (SE) Mean (95% Confidence Interval) 

Variable N Baseline 6 months Absolute change 

from baseline to 6 

months  

Adjusted change 

from baseline to 6 

months 

 

INTENTION-TO-TREAT ANALYSIS (n= 297) 

 

Percent body fat (%) 

     Aerobic 

     Resistance 

     Combined 

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

74 

75 

74 

74 

 

49.1 (0.6) 

49.7 (0.6) 

50.2 (0.6) 

48.6 (0.6) 

 

48.0 (0.7) 

48.1 (0.7) 

48.8 (0.7) 

48.3 (0.7) 

 

-1.1 (-1.7, -0.5)*** 

-1.6 (-2.3, -1.0)*** 

-1.4 (-2.0, -0.8)*** 

-0.3 (-0.9, 0.3) 

 

 

 

 

 

 

-0.8 (-1.6, 0) 

-1.3 (-2.1, -0.5)** 

-0.3 (-1.2, 0.5) 

0.2 (-0.7, 1.0) 

Total body fat mass (kg) 

     Aerobic 

     Resistance 

     Combined 

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

74 

75 

74 

74 

 

47.1 (1.3) 

48.0 (1.3) 

48.4 (1.3) 

46.6 (1.3) 

 

45.9 (1.4) 

46.7 (1.4) 

46.8 (1.4) 

47.0 (1.4) 

 

-1.2 (-2.4, 0) 

-1.3 (-2.5, -0.1)* 

-1.7 (-2.9, -0.5)** 

0.4 (-0.8, 1.6) 

 

 

 

 

 

 

-1.6 (-3.3, 0.1) 

-1.7 (-3.4, 0) 

-0.5 (-2.2, 1.2) 

-0.4 (-2.1, 1.3) 
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PER-PROTOCOL ANALYSIS (n= 161) 

 

Percent body fat (%) 

     Aerobic 

     Resistance 

     Combined 

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

35 

23 

29 

74 

 

48.8 (0.8) 

49.4 (1.0) 

50.2 (0.9) 

48.4 (0.6) 

 

47.5 (0.9) 

47.8 (1.1) 

47.8 (1.0) 

48.1 (0.6) 

 

-1.2 (-2.0, -0.5)** 

-1.6 (-2.5, -0.8)*** 

-2.4 (-3.2, -1.6)*** 

-0.3 (-0.9, 0.3) 

 

 

 

 

 

 

-0.9 (-1.9, 0)* 

-1.4 (-2.4, -0.3)* 

-1.2 (-2.2, -0.1)* 

-0.7 (-1.9, 0.5) 

Total body fat mass (kg) 

     Aerobic 

     Resistance 

     Combined 

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

35 

23 

29 

74 

 

46.3 (1.8) 

49.9 (2.3) 

48.0 (2.0) 

46.6 (1.3) 

 

44.9 (2.0) 

49.2 (2.4) 

45.0 (2.2) 

47.0 (1.4) 

 

-1.5 (-3.0, 0.1) 

-0.7 (-2.7, 1.2) 

-3.0 (-4.7, -1.3)*** 

0.4 (-0.8, 1.6) 

 

 

 

 

 

 

-1.9 (-3.8, 0.1) 

-1.1 (-3.4, 1.2) 

-1.5 (-3.9, 0.8) 

-2.3 (-4.9, 0.3) 

*p<0.05, **p<0.01, ***p<0.001. 

Data from seven participants (1, 3, 1, 2 from the Aerobic, Resistance, Combined and Control 

groups respectively) were excluded from the intention-to-treat analysis, and two participants 

from the Control group were excluded from the per-protocol analysis in this table due to 

technically inadequate MRI images.
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TABLE 3. Anthropometry at baseline and changes after 3 and 6 months. 

  Mean (SE) Mean (95% Confidence Interval) 

Variable N Baseline 3 months 6 months 
Absolute change from 

baseline to  

6 months 

Adjusted change from 

baseline to 

 6 months 

 

INTENTION-TO-TREAT ANALYSIS (n=304) 

 

Total body weight (kg)       

     Aerobic  75 97.1 (1.8) 96.9 (1.8) 97.0 (1.9) -0.1 (-1.7, 1.5)   

     Resistance  78 100.1 (1.7) 99.7 (1.8) 100.4 (1.9) 0.3 (-1.3, 1.9)   

     Combined  75 97.8 (1.8) 97.3 (1.8) 97.0 (1.9) -0.8 (-2.4, 0.7)   

     Control  76 97.9 (1.8) 98.5 (1.8) 99.2 (1.9) 1.3 (-0.3, 3.0)   

Aerobic vs. control       -1.4 (-3.6, 0.8) 

Resistance vs. control       -1.0 (-3.3, 1.2) 

Combined vs. aerobic       -0.8 (-3.0, 1.4) 

Combined vs. resistance       -1.1 (-3.3, 1.0) 
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 Body mass index (kg/m
2
)       

     Aerobic  75 34.7 (0.5) 34.2 (0.5) 34.2 (0.6) -0.6 (-1.1, -0.0)*   

     Resistance  78 35.1 (0.5) 34.6 (0.5) 34.6 (0.6) -0.5 (-1.1, 0)   

     Combined  75 34.7 (0.5) 34.1 (0.5) 33.8 (0.6) -0.9 (-1.4, -0.4)***   

     Control  76 34.2 (0.5) 34.0 (0.5) 34.2 (0.6) 0.0 (-0.5, 0.6)   

Aerobic vs. control       -0.6 (-1.3, 0.1) 

Resistance vs. control       -0.5 (-1.3, 0.2) 

Combined vs. aerobic       -0.3 (-1.1, 0.4) 

Combined vs. resistance       -0.4 (-1.1, 0.3) 

Waist circumference (cm)       

     Aerobic  75 96.6 (1.2) 93.4 (1.2) 93.6 (1.3) -3.0 (-4.4, -1.6)***   

     Resistance  78 98.9 (1.1) 96.5 (1.2) 96.7 (1.3) -2.2 (-3.7, -0.8)**   

     Combined  75 97.0 (1.2) 92.7 (1.2) 92.8 (1.3) -4.1 (-5.5, -2.7)***   

     Control  76 95.2 (1.1) 93.8 (1.2) 94.9 (1.3) -0.2 (-1.7, 1.2)   

Aerobic vs. control       -2.8 (-4.7, -0.8)** 

Resistance vs. control       -2.0 (-4.0, -0.0)* 

Combined vs. aerobic       -1.1 (-3.0, 0.8) 

Combined vs. resistance       -1.9 (-3.8, 0.1) 
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Hip circumference (cm)       

     Aerobic  75 117.1 (1.1) 116 (1.1) 115.7 (1.2) -1.3 (-2.5, -0.1)*   

     Resistance  78 118.4 (1.0) 117.1 (1.0) 117.2 (1.2) -1.2 (-2.5, 0)*   

     Combined  75 117.6 (1.1) 116.2 (1.1) 115.8 (1.1) -1.7 (-2.9, -0.6)**   

     Control  76 117 (1.1) 116.7 (1.1) 117.6 (1.2) 0.6 (-0.6, 1.8)   

Aerobic vs. control       -1.9 (-3.6, -0.2)* 

Resistance vs. control       -1.8 (-3.5, -0.1)* 

Combined vs. aerobic       -0.4 (-2.0, 1.3) 

Combined vs. resistance       -0.5 (-2.1, 1.2) 

Waist-to-hip ratio       

     Aerobic  75 0.82 (0.01) 0.81 (0.01) 0.81 (0.01) -0.01 (-0.02, 0)**   

     Resistance  78 0.84 (0.01) 0.82 (0.01) 0.82 (0.01) -0.01 (-0.02, 0)*   

     Combined  75 0.82 (0.01) 0.80 (0.01) 0.80 (0.01) -0.02 (-0.03, -0.01)***   

     Control  76 0.81 (0.01) 0.80 (0.01) 0.81 (0.01) -0.00 (-0.01, 0.01)   

Aerobic vs. control       -0.01 (-0.02, 0) 

Resistance vs. control       -0.01 (-0.02, 0) 

Combined vs. aerobic       -0.01 (-0.02, 0) 

Combined vs. resistance       -0.01 (-0.02, 0) 
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 Systolic blood pressure 

(mmHg) 

 

      

     Aerobic  75 115 (1) 111 (1) 111 (1) -5 (-7, -2)***   

     Resistance  78 116 (1) 111 (1) 112 (1) -4 (-6, -1)**   

     Combined  75 111 (1) 107 (1) 110 (1) -1 (-3, 2)   

     Control  76 114 (1) 109 (1) 110 (1) -4 (-6, -1)**   

Aerobic vs. control       -1 (-5, 2) 

Resistance vs. control       0 (-4, 4) 

Combined vs. aerobic       4 (0, 7)* 

Combined vs. resistance       3 (-1, 6) 

Diastolic blood pressure 

(mmHg) 

 

      

     Aerobic  75 75 (1) 75 (1) 72 (1) -3 (-5, -1)**   

     Resistance  78 76 (1) 75 (1) 74 (1) -2 (-5, 0)*   

     Combined  75 75 (1) 73 (1) 73 (1) -2 (-4, 0)   

     Control  76 74 (1) 73 (1) 73 (1) -1 (-3,1)   

Aerobic vs. control       -2 (-5, 1) 

Resistance vs. control       -1 (-4, 2) 

Combined vs. aerobic       1 (-2, 4) 

Combined vs. resistance       0 (-3, 3) 
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PER-PROTOCOL ANALYSIS (n= 163) 

 

Total body weight (kg)       

     Aerobic  35 97.1 (2.7) 96.5 (2.7) 96.0 (2.8) -1.2 (-3.3, 0.9)   

     Resistance  23 104.1 (3.3) 103.1 (3.3) 103.7 (3.4) -0.4 (-3.0, 2.1)   

     Combined  29 97.5 (3.0) 95.3 (3.0) 94.2 (3.0) -3.2 (-5.5, -1.0)**   

     Control  76 98.6 (1.8) 99.1 (1.8) 99.7 (1.9) 1.1 (-0.5, 2.7)   

Aerobic vs. control       -2.3 (-4.8, 0.3) 

Resistance vs. control       -1.5 (-4.5, 1.4) 

Combined vs. aerobic       -2.1 (-5.1, 0.9) 

Combined vs. resistance       -2.8 (-6.2, 0.6) 

 Body Mass Index (kg/m
2
)             

     Aerobic  35 34.5 (0.7) 33.7 (0.8) 33.6 (0.8) -1.0 (-1.6, -0.3)**   

     Resistance  23 35.9 (0.9) 35.3 (0.9) 35.1 (1.0) -0.8 (-1.6, 0.1)   

     Combined  29 34.9 (0.8) 33.6 (0.8) 32.9 (0.9) -2.0 (-2.7, -1.2)***   

     Control  76 34.3 (0.5) 34.0 (0.5) 34.2 (0.6) -0.1 (-0.6, 0.5)   

Aerobic vs. control       -0.9 (-1.7, -0.1)* 

Resistance vs. control       -0.7 (-1.7, 0.2) 

Combined vs. aerobic       -1.0 (-2.0, 0)* 

Combined vs. resistance       -1.2 (-2.3, -0.1)* 
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 Waist circumference (cm)             

     Aerobic  35 96.1 (1.6) 92.6 (1.7) 92.4 (1.8) -3.7 (-5.4, -2.0)***   

     Resistance  23 103.2 (2) 99.8 (2.1) 98.7 (2.2) -4.5 (-6.7, -2.4)***   

     Combined  29 97.3 (1.8) 91.4 (1.8) 90.4 (1.9) -6.9 (-8.7, -5.0)***   

     Control  76 95.7 (1.1) 94.2 (1.2) 95.1 (1.2) -0.6 (-1.9, 0.8)   

Aerobic vs. control       -3.1 (-5.2, -1.0)** 

Resistance vs. control       -4.0 (-6.4, -1.5)** 

Combined vs. aerobic       -3.1 (-5.6, -0.7)* 

Combined vs. resistance       -2.3 (-5.1, 0.5) 

Hip circumference (cm)       

     Aerobic  35 116.9 (1.6) 115.9 (1.6) 115.4 (1.7) -1.5 (-3.0, 0)*   

     Resistance  23 120.8 (2.0) 118.6 (1.9) 118.9 (2.1) -1.9 (-3.7, -0.1)*   

     Combined  29 118.1 (1.8) 115.6 (1.7) 115.1 (1.9) -3.0 (-4.6, -1.3)***   

     Control  76 117.1 (1.1) 116.8 (1.1) 117.6 (1.2) 0.5 (-0.6, 1.7)   

Aerobic vs. control       -2.0 (-3.8, -0.2)* 

Resistance vs. control       -2.4 (-4.5, -0.4)* 

Combined vs. aerobic       -1.5 (-3.6, 0.6) 

Combined vs. resistance       -1.0 (-3.4, 1.3) 
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Waist-to-hip ratio       

     Aerobic  35 0.82 (0.01) 0.80 (0.01) 0.80 (0.01) -0.02 (-0.03, -0.01)**   

     Resistance  23 0.85 (0.01) 0.84 (0.01) 0.83 (0.01) -0.03 (-0.04, -0.01)***   

     Combined  29 0.82 (0.01) 0.79 (0.01) 0.78 (0.01) -0.04 (-0.05, -0.03)***   

     Control  76 0.82 (0.01) 0.81 (0.01) 0.81 (0.01) -0.01 (-0.01, 0.)   

Aerobic vs. control       -0.01 (-0.03, 0) 

Resistance vs. control       -0.02 (-0.04, 0)* 

Combined vs. aerobic       -0.02 (-0.04, 0)* 

Combined vs. resistance       -0.01 (-0.03, 0.01) 

 Systolic blood pressure 

(mmHg) 

 

            

     Aerobic  35 116 (2) 109 (1) 109 (1) -7 (-10, -4)***   

     Resistance  23 120 (2) 113 (2) 114 (2) -5 (-9, -1.)*   

     Combined  29 111 (2) 106 (2) 110 (2) -1 (-5, 3)   

     Control  76 114 (1) 110 (1) 111 (1) -4 (-6, -1)**   

Aerobic vs. control       -3 (-8, 1) 

Resistance vs. control       -2 (-6, 3) 

Combined vs. aerobic       6 (1, 11)* 

Combined vs. resistance       4 (-1, 10) 
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*p<0.05, **p<0.01, ***p<0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Diastolic blood pressure 

(mmHg) 

 

    

  

     Aerobic  35 75 (1) 74 (1) 71 (1) -4 (-7, -1)*   

     Resistance  23 78 (2) 75 (1) 75 (2) -3 (-6, 1)   

     Combined  29 75 (1) 73 (1) 72 (1) -3 (-6, 1)   

     Control  76 74 (1) 73 (1) 73 (1) -1 (-4, 1)   

Aerobic vs. control       -2 (-6, 1) 

Resistance vs. control       -1 (-6, 3) 

Combined vs. aerobic       1 (-3, 5) 

Combined vs. resistance       0 (-5, 5) 
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Table 4. Changes in energy intake (3-day food diaries) and background physical activity (7-day pedometer logs) in the aerobic, 

resistance, combined and control groups.  

 
  Mean (SE) Mean (95% Confidence Interval) 

Variable N Baseline 3 months 6 months 
Absolute change from 

baseline to 

 6 months 

Adjusted change from 

baseline to  

6 months 

 

INTENTION-TO-TREAT ANALYSIS 

 

Total energy intake 

(kilocalories/ day) 

 

      

     Aerobic  75 2121 (72) 1920 (69) 1829 (67) -292 (-463, -121)***   

     Resistance  78 2315 (71) 1909 (69) 1938 (68) -377 (-547, -207)***   

     Combined  74 2199 (73) 1980 (67) 1874 (63) -325 (-491, -159)***   

     Control  76 2134 (72) 1896 (72) 1873 (66) -261 (-429, -93)**   

Aerobic vs. control       -32 (-270, 207) 

Resistance vs. control       -116 (-355, 123) 

Combined vs. aerobic       -33 (-270, 205) 

Combined vs. resistance       52 (-185, 289) 
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Total step counts 

(steps/day, excluding gym 

sessions) 

 

    

  

     Aerobic  38 7184 (613) - 7487 (1076) 303 (-2039, 2644)   

     Resistance  53 8288 (519) - 10109 (1384) 1821 (-1097, 4739)   

     Combined  38 8210 (614) - 9169 (1383) 959 (-1975, 3893)   

     Control  36 7565 (634) - 9789 (1539) 2224 (-1122, 5569)   

Aerobic vs. control       -1921 (-6003, 2161) 

Resistance vs. control       -403 (-4851, 4045) 

Combined vs. aerobic       657 (-3096, 4410) 

Combined vs. resistance       -862 (-4996, 3272) 
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PER-PROTOCOL ANALYSIS 

 

Total energy intake 

(kilocalories/ day) 

 

    
  

     Aerobic  35 2111 (110) 1924 (98) 1855 (80) -256 (-486, -26)*   

     Resistance  23 2498 (136) 2076 (120) 2121 (98) -377 (-659, -94)**   

     Combined  29 2143 (122) 1974 (106) 1894 (87) -249 (-500, 3)   

     Control  76 2148 (75) 1907 (77) 1879 (64) -269 (-439, -99)**   

Aerobic vs. control       13 (-272, 298) 

Resistance vs. control       -108 (-436, 221) 

Combined vs. aerobic       7 (-332, 346) 

Combined vs. resistance       128 (-248, 504) 
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*p<0.05, **p<0.01, ***p<0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Total step counts 

(steps/day, excluding gym 

sessions) 

 

    

  

     Aerobic  21 6736 (775) - 6106 (1161) -630 (-3096, 1837)   

     Resistance  19 7774 (817) - 9455 (1444) 1681 (-1348, 4710)   

     Combined  15 8233 (918) - 9985 (1616) 1752 (-1623, 5127)   

     Control  36 7646 (590) - 10033 (1521) 2387 (-886, 5660)   

Aerobic vs. control       -3017 (-7101, 1067) 

Resistance vs. control       -706 (-5168, 3755) 

Combined vs. aerobic       2382 (-1798, 6561) 

Combined vs. resistance       71 (-4462, 4604) 
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FIGURE LEGEND 

 

 

FIGURE 1. HEARTY trial flow diagram
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TABLE S1. Overall adverse events by study group*. 

 

Adverse Events 

Combined 

Training  

Group 

(n = 75) 

Aerobic Training 

Group 

(n = 75) 

Resistance 

Training Group 

(n = 78) 

Control  

Group† 

(n = 76) 

Serious adverse events & Hospitalizations 0 (0) 0 (0) 0 (0) 0 (0) 

Any injury or musculoskeletal discomfort 17 (23) 12 (16) 15 (19) 10 (13) 

Injury requiring modification of exercise 

program or restriction of activity 
9 (12) 8 (11) 10 (13) 2 (3) 

Withdrawal for medical reasons 0 (0) 2 (3) 0 (0) 0 (0) 

All participants with Adverse Events 19 (25) 14 (19) 16 (21) 18 (24) 

Type of Adverse Event 

Upper body  

(neck, shoulders, upper back, arms) 
7 (9) 3 (4) 4 (5) 6 (8) 

Lower body  

(lower back, hips, knees, ankle, feet) 
8 (11) 9 (12) 10 13) 4 (5) 

Musculoskeletal injury due to accident 

while exercising (dropping weight) 
2 (3) 0 (0) 1 (1) 0 (0) 

Anxiety or depression 0 (0) 1 (1) 0 (0) 3 (4) 

 Headache 0 (0) 0 (0) 0 (0) 1 (1) 
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Fainting 0 (0) 0 (0) 0 (0) 1 (1) 

Respiratory infection 

 
0 (0) 0 (0) 1 (1) 1 (1) 

Other
¥ 

2 (3) 1 (1) 0 (0) 2 (3) 

*Data are the number (percentage) of participants.  Percentages are rounded to the nearest 1%.  

†injuries in the control group related to intervention occurred during run-in (prior to randomization). 

¥ Includes 1 case each of post-exertional malaise, chest pain, kidney infection, ovarian cyst, accidental drug overdose. 
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TABLE S2. Adverse events by study group related and unrelated to participation in the HEARTY trial. 
 

Adverse Events 

[n (percent] 

Combined Training  

Group 

(n = 75) 

Aerobic 

Training Group 

(n = 75) 

Resistance Training 

Group 

(n = 78) 

Control 

Group† 

(n = 76) 

Relationship to exercise 

intervention 
related unrelated related unrelated related unrelated related unrelated 

Serious adverse events & 

Hospitalizations 
0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Any injury or 

musculoskeletal discomfort 
7 (9) 10 (13) 3 (4) 9 (12) 6 (8) 9 (12) 1 (1) 9 (12) 

Upper body injury (neck, 

shoulders, upper back, arms) 
3 (4) 4 (5) 0 (0) 3 (4) 1 (1) 3 (4) 1 (1) 5 (7) 

Lower body injury (lower 

back, hips, knees, ankle, 

feet) 

2 (3) 6 (8) 3 (4) 6 (8) 4 (5) 6 (8) 0 (0) 4 (5) 
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Musculoskeletal injury due 

to accident while exercising 

(dropping weight) 

2 (3) 0 (0) 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 0 (0) 

Injury required modification 

of exercise program or 

restriction of activity 

3 (4) 6 (8) 1 (1) 7 (9) 3 (4 ) 7 (9) 1 (1) 1 (1) 

All participants with 

Medical AEs 
2 (3) 0 (0) 0 (0) 2 (3) 0 (0) 1 (1) 0 (0) 8 (11) 

Mental Health (anxiety, 

depression) 
0 (0) 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 0 (0) 3 (4) 

Neurological (headache, 

fainting) 
0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (3) 

Respiratory (cold/flu, 

pneumonia) 
0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (1) 0 (0) 1 (1) 

Other 2 (3) 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 0 (0) 2 (3) 

Withdrawal for medical 

reasons 
0 (0) 0 (0) 0 (0) 2

Z
 (3) 0 (0) 0 (0) 0 (0) 0 (0) 

 

*Data are the number (percentage) of participants.  Percentages are rounded to the nearest 1%. 

†Injuries in the control group related to intervention occurred during run-in (prior to randomization). 

¥ Includes 1 case each of post-exertional malaise, chest pain, kidney infection, ovarian cyst, accidental drug overdose. 
Z 

Fractured hip from a fall at school (1 participant) and fractured forearm while playing football (1 participant). 
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TABLE S3. Cardiometabolic risk markers at baseline and changes after 3 and 6 months. 

  

Mean (SE) Mean (95% Confidence Interval) 

Variable N Baseline 3 months 6 months Absolute Change from Baseline to  

6 months 

Adjusted Change from Baseline to 

 6 months 

 

INTENTION-TO-TREAT ANALYSIS 

 

Fasting glucose (mmol/L) 

      

     Aerobic  75 5.03 (0.05) 5.00 (0.05) 5.04 (0.06) 0.01 (-0.10, 0.13)   

     Resistance  77 4.96 (0.05) 5.01 (0.05) 4.96 (0.06) 0.0 (-0.12, 0.12)   

     Combined  75 4.91 (0.05) 4.92 (0.05) 4.85 (0.06) -0.05 (-0.17, 0.06)   

     Control  76 5.05 (0.05) 5.01 (0.05) 4.95 (0.06) -0.10 (-0.22, 0.01)   

Aerobic vs. control    

 

  0.12 (-0.05, 0.28) 

Resistance vs. control       0.10 (-0.06, 0.27) 

Combined vs. aerobic       -0.07 (-0.23, 0.09) 

Combined vs. resistance       -0.05 (-0.22, 0.11) 
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 2 hour- (post-load) glucose 

(mmol/L)       

     Aerobic  75 5.73 (0.14) - 5.54 (0.17) -0.19 (-0.56, 0.18)   

     Resistance  78 6.02 (0.13) - 6.04 (0.18) 0.02 (-0.36, 0.39)   

     Combined  75 5.70 (0.14) - 5.55 (0.17) -0.15 (-0.51, 0.20)   

     Control  74 5.79 (0.14) - 5.67 (0.17) -0.11 (-0.48, 0.25)   

Aerobic vs. control    

 

  -0.08 (-0.59, 0.43) 

Resistance vs. control       0.13 (-0.39, 0.65) 

Combined vs. aerobic       0.04 (-0.47, 0.55) 

Combined vs. resistance       -0.17 (-0.69, 0.35) 

 Fasting insulin (pmol/L)† 

       

     Aerobic  73 85.0 (5.3) 95.7 (6.7) 98.2 (7.4) 13.2 (0.4, 28.0)* 

      Resistance  76 101.0 (6.1) 94.2 (6.5) 95.2 (7.4) -5.9 (-18.7, 9.0) 

      Combined  75 84.8 (5.2) 87.8 (6.0) 91.2 (6.8) 6.4 (-5.2, 19.8) 

      Control  73 89.8 (5.6) 86.3 (6.2) 88.3 (6.7) -1.5 (-13.1, 11.8) 

 Aerobic vs. control    

 

 

17.5 (-3.4, 43.1) 

Resistance vs. control     

 

-4.2 (-21.6, 17.0) 

Combined vs. aerobic     

 

-6.9 (-23.3, 13.0) 

Combined vs. resistance     

 

14.2 (-6.2, 39.2) 
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HbA1c (%) 

      

     Aerobic  75 5.16 (0.03) - 5.15 (0.03) -0.01 (-0.08, 0.06)   

     Resistance  77 5.20 (0.03) - 5.16 (0.03) -0.03 (-0.1, 0.03)   

     Combined  74 5.18 (0.03) - 5.16 (0.03) -0.02 (-0.08, 0.05)   

     Control  76 5.17 (0.03) - 5.15 (0.03) -0.02 (-0.09, 0.04)   

Aerobic vs. control  

 

 

 

  0.01 (-0.08, 0.10) 

Resistance vs. control       -0.01 (-0.11, 0.08) 

Combined vs. aerobic       -0.01 (-0.1, 0.09) 

Combined vs. resistance       0.02 (-0.08, 0.11) 

Total cholesterol (mmol/L) 

      

     Aerobic  75 4.19 (0.09) 4.10 (0.10) 4.12 (0.10) -0.08 (-0.22, 0.07)   

     Resistance  78 4.27 (0.09) 4.20 (0.09) 4.13 (0.10) -0.14 (-0.29, 0.01)   

     Combined  75 4.22 (0.09) 4.12 (0.10) 4.03 (0.10) -0.2 (-0.34, -0.05)**   

     Control  76 4.39 (0.09) 4.40 (0.10) 4.40 (0.10) 0.01 (-0.14, 0.15)   

Aerobic vs. control    

 

  -0.08 (-0.29, 0.12) 

Resistance vs. control       -0.14 (-0.35, 0.06) 

Combined vs. aerobic       -0.12 (-0.32, 0.08) 

Combined vs. resistance       -0.06 (-0.27, 0.14) 
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LDL-C (mmol/L) 

      

     Aerobic  75 2.57 (0.08) 2.44 (0.08) 2.46 (0.09) -0.11 (-0.24, 0.02)   

     Resistance  78 2.58 (0.08) 2.54 (0.08) 2.43 (0.09) -0.15 (-0.28, -0.01)*   

     Combined  75 2.59 (0.08) 2.48 (0.08) 2.38 (0.09) -0.21 (-0.34, -0.08)**   

     Control  75 2.65 (0.08) 2.68 (0.09) 2.62 (0.09) -0.03 (-0.16, 0.10)   

Aerobic vs. control    

 

  -0.08 (-0.26, 0.11) 

Resistance vs. control       -0.12 (-0.3, 0.07) 

Combined vs. aerobic       -0.1 (-0.28, 0.08) 

Combined vs. resistance       -0.06 (-0.24, 0.13) 

HDL-C (mmol/L) 

      

     Aerobic  75 1.08 (0.03) 1.09 (0.03) 1.08 (0.03) 0.01 (-0.04, 0.05)   

     Resistance  78 1.11 (0.03) 1.12 (0.03) 1.14 (0.03) 0.02 (-0.02, 0.07)   

     Combined  75 1.10 (0.03) 1.09 (0.03) 1.13 (0.03) 0.03 (-0.01, 0.08)   

     Control  76 1.12 (0.03) 1.15 (0.03) 1.14 (0.03) 0.02 (-0.03, 0.06)   

Aerobic vs. control    

 

  -0.01 (-0.07, 0.05) 

Resistance vs. control       0.01 (-0.06, 0.07) 

Combined vs. aerobic       0.03 (-0.03, 0.09) 

Combined vs. resistance       0.01 (-0.05, 0.07) 
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Triglycerides (mmol/L)† 

      

     Aerobic  75 1.09 (0.06) 1.08 (0.07) 1.12 (0.07) 0.03 (-0.08, 0.15) 

      Resistance  78 1.16 (0.06) 1.05 (0.06) 1.14 (0.07) -0.02 (-0.14, 0.11) 

      Combined  75 1.04 (0.06) 1.07 (0.07) 1.01 (0.06) -0.03 (-0.13, 0.09) 

      Control  76 1.21 (0.07) 1.14 (0.07) 1.28 (0.08) 0.07 (-0.05, 0.22) 

 Aerobic vs. control    

 

 

-3.33 (-16.58, 12.03) 

Resistance vs. control     

 

-7.33 (-20.18, 7.59) 

Combined vs. aerobic     

 

-4.93 (-17.85, 10.02) 

Combined vs. resistance     

 

-0.82 (-14.46, 14.99) 
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PER-PROTOCOL ANALYSIS 

 

Fasting glucose (mmol/L)       

     Aerobic  35 4.97 (0.07) 4.98 (0.06) 5.00 (0.07) 0.02 (-0.13, 0.18)   

     Resistance  22 5.03 (0.09) 4.96 (0.07) 4.95 (0.09) -0.07 (-0.27, 0.12)   

     Combined  29 4.92 (0.08) 4.91 (0.06) 4.94 (0.08) 0.03 (-0.14, 0.20)   

     Control  76 5.05 (0.05) 5.02 (0.04) 4.96 (0.06) -0.09 (-0.21, 0.03)   

Aerobic vs. control       0.12 (-0.08, 0.31) 

Resistance vs. control       0.02 (-0.21, 0.24) 

Combined vs. aerobic       0 (-0.23, 0.23) 

Combined vs. resistance       0.10 (-0.16, 0.36) 



 

 

1
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 2 hour- (post-load) glucose 

(mmol/L) 

 

            

     Aerobic  35 5.82 (0.19) - 5.45 (0.20) -0.36 (-0.77, 0.05)   

     Resistance  23 6.20 (0.24) - 5.75 (0.24) -0.45 (-0.96, 0.06)   

     Combined  29 5.51 (0.21) - 5.03 (0.21) -0.49 (-0.93, -0.04)*   

     Control  74 5.80 (0.13) - 5.68 (0.15) -0.12 (-0.44, 0.20)   

Aerobic vs. control       -0.24 (-0.75, 0.27) 

Resistance vs. control       -0.33 (-0.92, 0.26) 

Combined vs. aerobic       -0.12 (-0.73, 0.48) 

Combined vs. resistance       -0.04 (-0.71, 0.63) 

 Fasting insulin (pmol/L)† 

 

            

     Aerobic  34 78.3 (7.2) 79.1 (7.1) 87.0 (8.6) 8.8 (-6.2, 26.9)  

     Resistance  23 135.3 (15.1) 91.3 (10.0) 96.4 (12.0) -38.8 (-59.0, -13.2)**  

     Combined  29 81.1 (8.1) 72.6 (7.0) 78.6 (8.5) -2.5 (-17.1, 15.4)  

     Control  73 91.4 (5.7) 87.7 (5.8) 89.3 (6.7) -2.0 (-14.2, 12.0)  

Aerobic vs. control      13.8 (-10.0, 43.9) 

Resistance vs. control      -27.1 (-44.6, -4.1)* 

Combined vs. aerobic      -12.9 (-33.8, 14.7) 

Combined vs. resistance      36.0 (-0.2, 85.2) 
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HbA1c (%)       

     Aerobic  35 5.20 (0.05) - 5.17 (0.04) -0.04 (-0.12, 0.05)   

     Resistance  22 5.23 (0.06) - 5.12 (0.05) -0.11 (-0.22, 0)   

     Combined  29 5.13 (0.05) - 5.12 (0.05) -0.01 (-0.11, 0.08)   

     Control  76 5.17 (0.03) - 5.15 (0.03) -0.02 (-0.09, 0.04)   

Aerobic vs. control       -0.02 (-0.12, 0.09) 

Resistance vs. control       -0.09 (-0.21, 0.04) 

Combined vs. aerobic       0.03 (-0.1, 0.15) 

Combined vs. resistance       0.1 (-0.05, 0.24) 

Total cholesterol (mmol/L)       

     Aerobic  35 4.15 (0.14) 4.00 (0.14) 4.06 (0.14) -0.09 (-0.28, 0.10)   

     Resistance  23 4.29 (0.18) 4.29 (0.18) 4.12 (0.17) -0.18 (-0.41, 0.06)   

     Combined  29 4.31 (0.16) 4.06 (0.16) 4.07 (0.15) -0.24 (-0.45, -0.03)*   

     Control  76 4.40 (0.10) 4.40 (0.10) 4.39 (0.10) -0.01 (-0.16, 0.14)   

Aerobic vs. control       -0.08 (-0.31, 0.16) 

Resistance vs. control       -0.17 (-0.44, 0.10) 

Combined vs. aerobic       -0.15 (-0.43, 0.12) 

Combined vs. resistance       -0.06 (-0.37, 0.24) 
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LDL-C (mmol/L)       

     Aerobic  35 2.53 (0.13) 2.38 (0.13) 2.46 (0.13) -0.08 (-0.25, 0.09)   

     Resistance  23 2.59 (0.15) 2.59 (0.16) 2.42 (0.15) -0.17 (-0.38, 0.04)   

     Combined  29 2.57 (0.14) 2.38 (0.14) 2.33 (0.14) -0.24 (-0.43, -0.05)*   

     Control  75 2.66 (0.09) 2.68 (0.09) 2.61 (0.09) -0.05 (-0.18, 0.09)   

Aerobic vs. control       -0.03 (-0.24, 0.18) 

Resistance vs. control       -0.13 (-0.37, 0.12) 

Combined vs. aerobic       -0.16 (-0.41, 0.09) 

Combined vs. resistance       -0.07 (-0.34, 0.21) 

HDL-C (mmol/L)       

     Aerobic  35 1.09 (0.05) 1.09 (0.05) 1.08 (0.05) -0.02 (-0.08, 0.04)   

     Resistance  23 1.07 (0.06) 1.10 (0.06) 1.11 (0.06) 0.04 (-0.03, 0.11)   

     Combined  29 1.18 (0.05) 1.16 (0.05) 1.23 (0.05) 0.04 (-0.02, 0.11)   

     Control  76 1.12 (0.03) 1.14 (0.03) 1.13 (0.04) 0.01 (-0.03, 0.06)   

Aerobic vs. control       -0.03 (-0.10, 0.04) 

Resistance vs. control       0.03 (-0.06, 0.11) 

Combined vs. aerobic       0.06 (-0.02, 0.14) 

Combined vs. resistance     

  

0 (-0.09, 0.10) 
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*p<0.05, **p<0.01, ***p<0.001. 

†Values were log-transformed for analysis; geometric means are presented. 

Abbreviations: HbA1c= Hemoglobin A1c, HDL-C= High density lipoprotein cholesterol, LDL= Low density lipoprotein cholesterol. 

Note: We did not conduct an Oral Glucose Tolerance Test at 3 months to assess 2 hour- (post load) glucose nor did we measure 

HbA1c at 3 months. To convert the values for triglycerides to mg/dL, divide by 0.01129. To convert the values for cholesterol to 

mg/dL, divide by 0.02586. To convert the values for glucose to mg/dL, divide by 0.05551. 

Triglycerides (mmol/L)†       

     Aerobic  35 1.05 (0.08) 0.97 (0.09) 1.06 (0.08) 0.01 (-0.13, 0.18)  

     Resistance  23 1.28 (0.13) 1.16 (0.13) 1.17 (0.11) -0.12 (-0.31, 0.11)  

     Combined  29 1.11 (0.10) 1.02 (0.10) 1.01 (0.09) -0.10, -0.24)  

     Control  76 1.22 (0.07) 1.15 (0.08) 1.29 (0.08) 0.07 (-0.06, 0.22)  

Aerobic vs. control      -4.68 (-20.24, 13.91) 

Resistance vs. control      -14.24 (-30.30, 5.53) 

Combined vs. aerobic      -9.62 (-26.78, 11.57) 

Combined vs. resistance      0.45 (-20.66, 27.18) 
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ABSTRACT  

 

Objective: To investigate the effects of aerobic training, resistance training, or both on 

abdominal subcutaneous fat (SAT) (deep and superficial), visceral fat (VAT), and 

Apolipoproteins A1, B (ApoA1, ApoB) ApoB/ApoA1 ratio and high-sensitivity C-reactive 

protein (HSCRP) in post-pubertal overweight and obese adolescents. Design: Randomized 

controlled trial. Participants: After a 4-week supervised moderate intensity exercise run-in 

period, 304 overweight (body mass index (BMI) ≥85th percentile for age and sex + diabetes risk 

factor) and obese (≥95
th

 BMI percentile) adolescents aged 14-18 years old were randomized to 1 

of 4 groups for 22 weeks (5 months): aerobic training,  resistance training,  combined training, or  

a non-exercising control. Methods: All participants received dietary counseling designed to 

promote healthy eating with a maximum daily energy deficit of 250 kcal. Abdominal fat (SAT 

and VAT) at the level of the 4
th

 and 5
th

 lumbar vertebrae was measured by Magnetic Resonance 

Imaging and ApoA-1, ApoB and HSCRP were measured after a 12-hr fast using standard 

methods at baseline and after 6 months. Results: Decreases in subcutaneous fat at L4-L5 were    

-16.2cm
2 

in Aerobic (p=0.043 versus control), -22.7cm
2
 in Resistance (p=0.009 versus control) 

and -18.7 cm
2
 in Combined (p=0.023 versus control). Combined training reduced ApoB levels 

0.81± 0.02 to 0.78 ± 0.02 g/L (p= 0.044 versus controls) and ApoB/ApoA-1 ratio 0.66 ± 0.02 to 

0.64 ± 0.02 (p=0.019 versus controls and p=0.038 versus Aerobic). There were no changes in 

VAT, ApoA1 or HSCRP levels between groups. Conclusion: Aerobic training, resistance 

training and combined training decreased abdominal subcutaneous fat in overweight and obese 

adolescents. Combined training demonstrated the greatest improvements in non-traditional 

cardiovascular disease risk factors ApoB and ApoB/ApoA-1 ratio.  

Keywords: exercise, obesity, visceral fat, subcutaneous fat, cardiometabolic risk factors 
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INTRODUCTION 

The increased prevalence of abdominal obesity from 1.8% in 1981 to 12.8% in 2007-

2009 in Canadian adolescents aged 12 to 19 years old
1
 is of particular concern given the strong 

relationship between increased abdominal fat and cardiovascular disease (CVD) risk factors in 

youth.
2
  Specifically higher levels of visceral fat,

3-4
 and adipose tissue in the deep layer of the 

abdominal subcutaneous region,
5-6

 are associated with a more adverse cardiometabolic risk 

profile.  

Elevated high-sensitivity C-reactive protein (HSCRP), a marker of inflammation, is 

associated with obesity
7-9

 and low fitness levels in obese youth
10

 and has emerged as a strong 

independent non-traditional CVD  risk factor.
11-12

 Apolipoproteins A-1 and B (ApoA-1 and 

ApoB), play important roles in lipid metabolism and are known as independent predictors of 

ischemic heart disease in adults.
13

 The multinational INTERHEART study found the 

ApoB/ApoA-1 ratio was the single greatest differentiator between myocardial infarction cases 

and controls, accounting for 49.2% of population attributable risk of myocardial infarction after 

adjustment for all other measured risk factors,
14

 far more than accounted for by traditional lipids 

in the same study.
15

 In a recent meta-analysis,
16

 HSCRP (Relative Risk (RR): 2.43, 95% 

confidence interval (CI): 2.10–2.83), ApoB (RR: 1.99, 95% CI: 1.65–2.39), and ApoA-1/ApoB 

ratio (RR: 1.86, 95%CI: 1.55–2.22) emerged as three non-traditional biomarkers associated with 

the greatest risk of CVD in populations without pre-existing CVD. 

Aerobic exercise (e.g. jogging, elliptical training, skipping etc.) and resistance exercise 

(use of free weights, weight machines, etc.) have been shown to reduce body fat in adolescents,
17

  

however to our knowledge no study has been performed to identify which exercise training 

modality is most effective at reducing both abdominal fat and associated CVD risk factors such 
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as HSCRP, ApoB and the ApoB/ApoA-1 ratio in overweight and obese adolescents. 

Understanding the changes in abdominal fat distribution and associated CVD risk factors 

following exercise training could provide insights into mechanisms through which aerobic and 

resistance exercise might reduce cardiometabolic disease risk in youth. 

 Thus, the purpose of the present study was to investigate the effects of aerobic training, 

resistance training and their combination on abdominal fat (superficial SAT, deep SAT and 

VAT), HSCRP, ApoA-1 and ApoB levels and the ApoB/ApoA-1 ratio in overweight and obese 

adolescents. This paper investigates abdominal fat distribution and non-traditional CVD risk 

factors as secondary outcomes of the HEARTY (Healthy Eating Aerobic and Resistance 

Training in Youth) randomized controlled trial, which has been described in detail elsewhere.
18

 

We hypothesized a priori that aerobic and resistance exercise would each reduce abdominal fat, 

HSCRP, ApoB, and ApoB/ApoA-1 ratio, and combined aerobic and resistance exercise training 

would do so to a greater extent than either modality alone. 

 

METHODS 

 

Participants  

 

After a 4-week run-in period to assess adherence, 304 inactive post-pubertal overweight 

and obese adolescents with body mass index (BMI) > 85
th

 percentile for age and sex, aged 14-18 

years old were randomized into one of 4 groups for 22 weeks: 1. aerobic training (Aerobic, 

n=74), 2. resistance training (Resistance, n=75), 3. combined aerobic and resistance training 

(Combined, n=74) or 4. non-exercising control (Control, n=74).  The great majority (92.7%) 

were obese (>95
th

 percentile for age and sex); those in the 85-94
th

 percentiles were required to 

have at least one cardiometabolic risk factor aside from obesity.
18
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Intervention 

 

The diet and exercise program have been described in detail elsewhere 
18

. Briefly, 

participants in all 4 groups were given guidance on healthy eating by a registered dietitian which, 

if followed, would result in a small daily energy intake restriction of 250 kcal below 

requirements for weight maintenance. All participants initially entered a 4-week run-in program 

of low volume, moderate-intensity combined aerobic and resistance training aimed at assessing 

adherence and orienting participants to the exercise programs. During run-in, participants 

exercised 4 times per week for 4 weeks at an aerobic intensity of 65% of their pre-determined 

maximum heart rate for 15-30 minutes per session and 1-3 sets of 7 exercises at 15 repetitions 

maximum for the resistance exercise component. Participants who maintained ≥80% adherence 

during run-in were randomized to one of 4 groups for 22 weeks (weeks 5-26). Participants 

randomized to the three exercise groups exercised 4 times per week for an additional 22 weeks 

and were supervised by personal trainers once per week for the duration of the intervention at 

local YMCAs and Nautilus Plus gyms in the Ottawa/Gatineau, Canada region. Participants in the 

aerobic exercise group trained on a treadmill, cycle ergometer or elliptical at an intensity of 70-

85% of their maximum heart rate for 20-40 minutes per session for 22 weeks. The resistance 

exercise group performed whole-body exercises on resistance machines for 6-15 repetitions at 

the maximum load possible for that number of repetitions for 22 weeks. The combined training 

group performed both the aerobic component and the resistance component during each exercise 

session for a maximum of 4 times per week for 22 weeks. The participants in the control group 

were asked to revert to their baseline activity levels and were offered a postponed exercise 

program of their choice after the 22 week intervention period.  
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Body composition 

 

Body composition was assessed by Magnetic Resonance Imaging (MRI) (General 

Electric, 1.5 Tesla scanner, version signal 11 with echo speed gradients, Milwaukee, WI) at 

baseline and at 6 months. The participants lay prone during the acquisition of 42–48 whole body 

cross-sectional images using established protocols by Ross et al.
19-20

 The raw MRI data collected 

from technicians were then transferred to a stand-alone computer workstation to analyze the 

images using Slice-o-matic software V. 4.3 (Tomovision, Magog, QC, Canada) to quantify total 

and regional body composition. Abdominal subcutaneous adipose tissue (SAT) and visceral 

adipose tissue (VAT) were quantified in cm
2
 at the level between the 4

th
 and 5

th
 lumbar vertebra 

(L4-L5). Deep and superficial compartments of subcutaneous adipose tissue (deep and 

superficial SAT) were delineated by the fascia superficialis or Scarpa’s fascia at the level of L4-

L5.  

 

HSCRP and apolipoproteins 

 

 All baseline, 3 and 6 months blood measurements were done after 12-hour fasted 

conditions. Participants were asked to refrain from vigorous physical activity or the use of anti-

inflammatory or other medications for 24 hours before the blood sampling. ApoA-1 and ApoB 

were measured using immunoturbidimetric assays (Beckman Coulter Unicel®DxC600 

Synchron® Clinical System and Beckman reagents Beckman Coulter, Inc., Brea, California). 

HSCRP was measured using highly sensitive Near Infrared Particle Immunoassay rate 

methodology (Beckman Coulter Unicel®DxC600 Synchron® Clinical System and Beckman 

reagents Beckman Coulter, Inc., Brea, California).  

 

Statistical analysis 



 

123 
 

 We performed analyses on an intention-to-treat basis and included all randomly allocated 

participants (including those who later withdrew). We used linear mixed-effects modeling for 

repeated measures over time with L4-L5 SAT, deep SAT, superficial SAT, L4-L5 VAT, ApoA-

1, ApoB, ApoB/ApoA-1, HSCRP) as the dependent variables and effects for time (baseline, 3 

months, 6 months), group [Aerobic, Resistance, Combined, Control], and time by group 

interaction, with age, and sex as covariates and an unstructured covariance matrix. Within the 

mixed model, we used 95% confidence intervals and p-values for the 4 prespecified intergroup 

comparisons (Aerobic vs. control, Resistance vs. control, Combined training vs. Aerobic, 

Combined vs. Resistance), and for changes in dependent variables within each group over time. 

We also examined the effect of the exercise intervention with per-protocol analyses in 

participants who had complete baseline and follow-up data and maintained at least 70% exercise 

adherence ( 2.8 sessions/week) throughout the intervention following the same procedures as in 

the intention-to-treat analyses. We used SAS, version 9.2 (SAS Institute, Cary, North Carolina), 

for all analyses. 

 

RESULTS 

 

From baseline to 26 weeks, the median exercise training adherence was 62% 

(interquartile range, 36% to 81%) in the aerobic group, 56% (interquartile range, 37% to 75%) in 

the resistance group and 64% (interquartile range, 39% to 75%) in the combined group. Seventy 

five participants (25%) withdrew between randomization and 6 months: 18 (24%) aerobic 

training participants, 21 (28%) resistance training participants, 17 (23%) combined training 

participants, and 19 (25%) control participants.         

 

Abdominal fat 
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 Table 1 describes the baseline physical characteristics of the participants, and Table 2 

displays the changes in abdominal fat distribution following the intervention. Total SAT at L4-

L5 decreased within all three exercise groups and changes were significantly different in Aerobic 

vs. Control and in Resistance vs. Control. Superficial SAT decreased in Resistance compared to 

Control. Abdominal deep SAT decreased in Aerobic vs. Control. VAT changes did not differ 

significantly among groups.  In per-protocol analyses, there were within-group decreases in deep 

SAT in Aerobic and Combined but only the decreases in Aerobic were significantly different 

from Control. VAT decreased from baseline to post-intervention in the combined training group 

only, without any changes between groups.  

 

Apolipoproteins and HSCRP 

 Table 3 displays ApoA-1, ApoB, ApoB/ApoA-1 and HSCRP at baseline, 3 and 6-months 

post-randomization. The Combined group reduced ApoB levels (p= 0.044 versus controls) and 

ApoB/ApoA-1 ratio (p=0.019 versus controls and p=0.038 versus Aerobic). There were no 

intergroup differences in ApoA-1, or HSCRP following the intervention. Per-protocol analyses 

revealed no significant between-group differences. 

 

DISCUSSION  

 The major findings of the current investigation were that aerobic training, resistance 

training and combined training decreased abdominal SAT and combined training reduced the 

ApoB/ApoA-1 ratio more than aerobic training alone. This study is also the first to examine the 

separate and combined effects of aerobic and resistance exercise training modalities on both deep 

and superficial abdominal SAT in obese adolescents. 
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Compared with controls, our results showed decreases in abdominal SAT at the level of 

L4-L5 in all three exercise groups. These results are consistent with those of a recently-published 

shorter (3 months) and smaller (n=45) randomized controlled trial in obese adolescent males.
17

  

On the other hand, we did not find decreases in VAT in any of the groups (exercise or control), 

in contrast to this other trial.
17

 The absence of a significant decrease in VAT observed in our 

study could partly be explained by the fact that  our sample was composed of 70% females 

versus 100% males in Lee et al’s study.
17

 Typically males have more VAT than females
21

 and 

thus have the potential to exhibit larger reductions in this abdominal fat depot. Furthermore, the 

participants in Lee et al’s study showed greater adherence (~99%) 
17

 compared to the participants 

of the current study. When we analyzed the data of only the most adherent participants who 

completed more than 70% of the prescribed exercise sessions, only the combined group showed 

within-group decreases in VAT following training but these changes were not significant 

between groups. When we restricted analysis to males-only, we still found no significant 

decreases in VAT (data not shown). While body fat distribution is influenced by genetics,
22-23

 the 

influence of  nutrition and hypocaloric diet warrants further study in youth
24

. Although in our 

study a dietitian provided dietary counseling with a maximum daily deficit of 250 kcal, these 

recommendations in addition to the increased energy expenditure associated with our exercise 

stimulus may not have been sufficient to induce drastic decreases in weight and consequently in 

VAT in overweight and obese adolescents. Furthermore, in a separate report we showed that 

resting energy expenditure (which accounts for 50-70% of total energy expenditure in obese 

adolescents)
25

 did not change in any group following training (manuscript 7 of this dissertation). 

 Although there were significant within-group decreases in deep SAT following aerobic 

training and combined training, only the most adherent participants in the aerobic training group 
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had decreases in the deep layer of abdominal SAT compared to controls. The deep layer of SAT 

is characterized by irregular and disorganized fat lobules
26

.  Similarly to VAT, deep SAT has 

been associated with greater cardiometabolic risk than the superficial SAT depot.
5, 27-28

 Our 

results suggest regular aerobic training could produce reductions in cardiometabolic risk through 

reductions in the deep SAT depot of obese adolescents.   

 To our knowledge, this is the first randomized controlled trial to investigate the effects of 

aerobic training, resistance training and combined exercise training on ApoA-1, ApoB and 

ApoB/ApoA-1 ratio in overweight and obese adolescents. The results of the current study 

showed that the decrease in ApoB/ApoA-1 ratio was greater in combined training compared to 

aerobic training alone. However, there were no significant changes in ApoA-1 or HSCRP levels 

following the intervention. It has been proposed that subcutaneous adipose tissue releases the 

adipokine interleukin-6 (IL-6),
29

 which then stimulates the release of acute phase-protein and 

sensitive biomarker of systemic inflammation, HSCRP and fibrinogen from the liver
30

. Increased 

concentrations of IL-6,
31

 fibrinogen,
31-32

 and HSCRP,
31-32

 have been reported in obese 

adolescents compared to their leaner peers and may play roles in endothelial dysfunction, 

thrombogenesis and the progression of CVD
33-34

. Previous interventions with obese adolescents 

have shown reductions
31-32, 35-37

 or no changes
10, 38-39

 in HSCRP following aerobic exercise 

training. To our knowledge, only one study
40

 evaluated the effects of a 12-week circuit-based 

combined aerobic and resistance training intervention (2 sessions/week of 45-60 min at 65-85% 

HRmax) and found that HSCRP remained unchanged in 13-14 year old obese males. It has been 

suggested that a decrease in body fat mass is necessary to decrease HSCRP levels.
32

 Although 

we previously reported significant decreases in percent body fat in the resistance training group 

(-1.6%) and in the combined training group (-1.4%) in this trial (main HEARTY results 
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manuscript 5), the body weight changes were modest compared to studies that have reported 

much larger decreases in percent body fat (-3.6 to 6.3%) following aerobic training
31, 36

 with 

concomitant improvements in HSCRP levels. Also, the decrease in body fat mass in our aerobic 

training group was not significantly different from control and this could explain why we did not 

observe a decrease in HSCRP levels. On average, our participants had normal HSCRP levels and 

glucose tolerance at baseline giving another potential explanation as to why we did not observe 

changes in HSCRP levels through any exercise training modality. Exercise adherence could have 

been a factor explaining the lack of significant changes in non- traditional CVD risk factors, 

however, we observed essentially the same results in per-protocol analyses ( 70% exercise 

adherence) and intention-to–treat analyses.  

Our findings show that aerobic and resistance exercise training resulted in the greatest 

reductions in abdominal obesity, and combined training reduced ApoB and ApoB/ApoA-1 ratio 

in overweight and obese adolescents.  
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TABLE 1. Baseline physical characteristics of participants. 

 Total sample Aerobic Resistance Combined Control 

Sample size, N 304 75 78 75 76 

Males, N (%) 91 (30) 22 (29) 23 (29) 22 (29) 24 (32) 

Females, N (%) 213 (70) 53 (71) 55 (71) 53 (71) 52 (68) 

Age (years) 15.6 (1.4) 15.5 (1.4) 15.9 (1.5) 15.5 (1.3) 15.6 (1.3) 

Weight (kg) 98 (16.9) 96.7 (15.1) 99.9 (17.4) 97.5 (16.3) 97.9 (18.8) 

Height (cm) 167.8 (7.4) 166.8 (7.0) 168.3 (7.5) 167.5 (7.6) 168.8 (7.7) 

Body Mass Index (kg/m
2
) 34.6 (4.5) 34.7 (4.2) 35.1 (4.6) 34.6 (4.2) 34.1 (4.9) 

Waist circumference (cm) 96.8 (11) 96.4 (10.1) 98.8 (11.4) 96.8 (10.5) 95.2 (11.8) 

Body fat (%) 49.5 (5.6) 49.1 (5.8) 49.9 (5.8) 50.3 (5.3) 48.6 (5.3) 

Values are means (SD). 
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TABLE 2. Changes in abdominal fat distribution at baseline and after 3 and 6 months. 

  Mean (SE) Mean (95% Confidence Interval) 

Variable N Baseline 6 months Absolute change from 

baseline to 6 months  

Adjusted change 

from baseline to 6 

months 

 

INTENTION-TO-TREAT ANALYSIS 

 

SAT (cm
2
) 

     Aerobic 

     Resistance 

     Combined 

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

74 

75 

74 

74 

 

474.3 (15.3) 

485.7 (15.3) 

489.0 (15.3) 

457.7 (15.3) 

 

458.0 (16.8) 

463.0 (16.7) 

470.3 (16.7) 

463.3 (16.7) 

 

-16.2 (-31.3, -1.1)* 

-22.7 (-37.6, -7.7)* 

-18.7 (-33.7, -3.7)* 

5.6 (-9.1, 20.3) 

 

 

 

 

 

 

-21.8 (-42.9, -7.3)* 

-28.3 (-49.3, -7.3)** 

-2.5 (-23.8, 18.8) 

4.0 (-17.2, 25.1) 

Superficial SAT (cm
2
) 

     Aerobic 

     Resistance 

     Combined 

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

59 

59 

59 

61 

 

225.9 (8.8) 

234.9 (8.8) 

232.6 (8.8) 

215.5 (8.6) 

 

221.9 (9.2) 

225.2 (9.2) 

222.8 (9.2) 

220.6 (8.9) 

 

-3.9 (-13.7, 5.9) 

-9.7 (-19.4, 0.1) 

-9.8 (-19.5, -0.1)* 

5.1 (-4.3, 14.4) 

 

 

 

 

 

 

-9.0 (-22.6, 4.6) 

-14.7 (-28.2, -1.3)* 

-5.9 (-19.7, 8.0) 

-0.1 (-13.9, 13.6) 



 

131 
 

 
Deep SAT (cm

2
) 

     Aerobic 

     Resistance 

     Combined 

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

59 

59 

59 

61 

 

249.4 (9.4) 

255.9 (9.5) 

241.9 (9.4) 

224.6 (9.3) 

 

237.6 (10.9) 

247.1 (11.0) 

233.2 (10.9) 

228.2 (10.7) 

 

-11.8 (-22.1, 1.4)* 

-8.8 (-19.0, 1.5) 

-8.8 (-19.0, 1.5) 

3.6 (-6.2, 13.4) 

 

 

 

 

 

 

-15.3 (-29.6, -1.1)* 

-12.3 (-26.5, 1.9) 

2.9 (-11.6, 17.5) 

-0.0 (-14.5, 14.5) 

VAT at L4L5 (cm
2
) 

     Aerobic 

     Resistance 

     Combined 

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

74 

75 

74 

74 

 

75.3 (2.9) 

77.2 (2.9) 

76.4 (2.9) 

77.3 (2.9) 

 

75.1 (3.7) 

73.2  (3.7) 

72.5 (3.7) 

76.4 (3.7) 

 

-0.2 (-5.1, 4.7) 

-4.0 (-8.8, 0.8) 

-3.9 (-8.7, 1.0) 

-0.9 (-5.6 , 3.9) 

 

 

 

 

 

 

0.6 (-6.2, 7.5) 

-3.1 (-9.9, 3.6) 

-3.7 (-10.5, 3.2) 

0.1 (-6.7, 7.0) 
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PER-PROTOCOL ANALYSIS 

 

SAT (cm
2
) 

     Aerobic 

     Resistance 

     Combined 

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

35 

23 

29 

74 

 

457.2 (22.2) 

511.4 (27.4) 

494.0 (24.6) 

456.8 (15.3) 

 

436.8 (23.6) 

489.8 (29.1) 

452.5 (26.1) 

462.5 (16.7) 

 

 

-20.4 (-40.3, -0.5)* 

-21.6 (-46.2, 2.9) 

-41.5 (-63.3, -19.6)*** 

5.8 (-9.8, 21.4) 

 

 

 

 

 

 

-26.2 (-51.5, -0.9)* 

-27.4 (-56.5, 1.7) 

-21.1 (-50.7, 8.5) 

-19.8 (-52.7, 13.1) 

Superficial SAT (cm
2
) 

     Aerobic 

     Resistance 

     Combined 

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

29 

17 

20 

61 

 

207.8 (10.9) 

259.2 (14.2) 

233.5 (13.3) 

214.6 (7.6) 

 

201.6 (11.5) 

249.5 (14.9) 

208.3 (14.1) 

219.7 (8.3) 

 

-6.2 (-18.9, 6.5) 

-9.7 (-26.0, 6.6) 

-25.2 (-40.6, -9.8)** 

5.1 (-4.7, 14.9) 

 

 

 

 

 

 

-11.3 (-27.4, 4.7) 

-14.8 (-33.8, 4.2) 

-19.0 (-39.0, 1.0) 

-15.5 (-37.9, 6.9) 
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Deep SAT (cm

2
) 

     Aerobic 

     Resistance 

     Combined 

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

29 

17 

20 

61 

 

241.5 (13.7) 

263.6 (17.9) 

242.3 (16.8) 

224.1 (9.6) 

 

226.4 (15.7) 

256.9 (20.4) 

219.8 (19.1) 

227.6 (11.1) 

 

-15.2 (-28.9, -1.5)* 

-6.7 (-24.3, 10.9) 

-22.5 (-39.1, -5.8)** 

3.5 (-7.1, 14.1) 

 

 

 

 

 

 

-18.7 (-36.0, -1.3)* 

-10.1 (-30.7, 10.4) 

-7.3 (-28.9, 14.3) 

-15.8 (-40.0, 8.4) 

VAT (cm
2
) 

     Aerobic 

     Resistance 

     Combined 

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

35 

23 

29 

74 

 

72.3 (4.2) 

85.3 (5.1) 

74.1 (4.6) 

77.8 (2.9) 

 

72.3 (4.8) 

83.0 (5.9) 

65.9 (5.3) 

77.0 (3.5) 

 

0.1 (-5.9, 6.0) 

-2.4 (-9.7, 5.0) 

-8.2 (-14.7, -1.6)* 

-0.8 (-5.4, 3.9) 

 

 

 

 

 

 

0.9 (-6.7, 8.4) 

-1.6 (-10.2, 7.1) 

-8.2 (-17.0, 0.6) 

-5.8 (-15.6, 4.0) 

*p<0.05, **p<0.01, ***p<0.001. 

Note: SAT = subcutaneous adipose tissue, VAT = visceral adipose tissue.
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Table 3. Changes in Apolipoproteins A-1 and B, ApoB/ApoA-1 ratio and high sensitivity C- reactive protein at baseline and 

after 3, and 6 months. 

  
Mean (SE) Mean (95% Confidence Interval) 

Variable N Baseline 3 months 6 months 
Absolute change 

from baseline to 

6 months 

Adjusted change from 

baseline to 

6 months 

 

INTENTION-TO-TREAT ANALYSIS 

 

Apolipoprotein A-1 (g/L) 

      

     Aerobic  
75 1.22 (0.02) 1.22 (0.02) 1.21 (0.03) -0.01 (-0.05, 0.03) 

 

     Resistance  
77 1.25 (0.02) 1.24 (0.02) 1.26 (0.03) 0.01 (-0.03, 0.05) 

 

     Combined  
75 1.23 (0.02) 1.24 (0.02) 1.24 (0.02) 0.01 (-0.02, 0.05) 

 

     Control  
76 1.24 (0.02) 1.26 (0.02) 1.23 (0.03) -0.01 (-0.05, 0.03) 

 

Aerobic vs. control 

     
0 (-0.06, 0.05) 

Resistance vs. control 

     
0.02 (-0.04, 0.07) 

Combined vs. aerobic 

     
0.02 (-0.03, 0.08) 

Combined vs. resistance 

     
0 (-0.05, 0.06) 
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Apolipoprotein B (g/L) 

 
      

     Aerobic  
75 0.8 (0.02) 0.8 (0.02) 0.81 (0.02) 0.01 (-0.02, 0.04) 

 

     Resistance  
77 0.82 (0.02) 0.82 (0.02) 0.81 (0.02) -0.01 (-0.04, 0.02) 

 

     Combined  
75 0.81 (0.02) 0.8 (0.02) 0.78 (0.02) -0.03 (-0.06, 0) 

 

     Control  
76 0.84 (0.02) 0.85 (0.02) 0.85 (0.02) 0.01 (-0.02, 0.05) 

 

Aerobic vs. control 

     0 (-0.05, 0.04) 

Resistance vs. control 

     -0.03 (-0.07, 0.02) 

Combined vs. aerobic 

     -0.04 (-0.09, 0) 

Combined vs. resistance 

     0.02 (-0.02, 0.07) 
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ApoB/ApoA1 

      

     Aerobic  
75 0.67 (0.02) 0.67 (0.02) 0.68 (0.02) 0.01 (-0.02, 0.04) 

 

     Resistance  
77 0.67 (0.02) 0.68 (0.02) 0.65 (0.02) -0.01 (-0.04, 0.01) 

 

     Combined  
75 0.67 (0.02) 0.66 (0.02) 0.64 (0.02) -0.03 (-0.05, 0)* 

 

     Control  
76 0.69 (0.02) 0.69 (0.02) 0.71 (0.02) 0.01 (-0.01, 0.04) 

 

Aerobic vs. control 

     0 (-0.04, 0.03) 

Resistance vs. control 

     -0.03 (-0.06, 0.01) 

Combined vs. aerobic 

     -0.04 (-0.07, 0)* 

Combined vs. resistance 

     -0.01 (-0.05, 0.02) 
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High-sensitivity 

C-reactive protein 

(mg/L)† 
      

Aerobic 
75 2.61 (0.33) 2.35 (0.31) 2.23 (0.32) -0.39 (-0.85, 0.19) 

 

Resistance 
77 2.64 (0.33) 2.42 (0.31) 2.26 (0.33) -0.38 (-0.86, 0.23) 

 

Combined 
75 1.95 (0.25) 1.81 (0.23) 1.90 (0.27) -0.05 (-0.43, 0.44) 

 

Control 
76 2.24 (0.28) 1.88 (0.25) 1.98 (0.28) -0.26 (-0.67, 0.25) 

 

Aerobic vs. control 

     
-3.36 (-29.89, 33.20) 

Resistance vs. control 

     
-2.87 (-29.96, 34.69) 

Combined vs. aerobic 

     
14.61 (-16.58, 57.48) 

Combined vs. resistance 

     
14.04 (-17.51, 57.65) 
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PER-PROTOCOL ANALYSIS 

 

Apolipoprotein A-1 (g/L) 

      

     Aerobic  
35 1.22 (0.03) 1.21 (0.04) 1.18 (0.04) -0.04 (-0.09, 0.01) 

 

     Resistance  
22 1.21 (0.04) 1.24 (0.04) 1.26 (0.04) 0.05 (-0.01, 0.11) 

 

     Combined  
29 1.3 (0.04) 1.26 (0.04) 1.29 (0.04) -0.01 (-0.06, 0.05) 

 

     Control  
76 1.24 (0.02) 1.26 (0.03) 1.23 (0.03) -0.01 (-0.05, 0.03) 

 

Aerobic vs. control 

     
-0.03 (-0.09, 0.03) 

Resistance vs. control 

     
0.06 (-0.01, 0.13) 

Combined vs. aerobic 

     
0.03 (-0.04, 0.1) 

Combined vs. resistance 

     
-0.06 (-0.14, 0.02) 
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Apolipoprotein B (g/L) 

       

     Aerobic  
35 0.78 (0.03) 0.76 (0.04) 0.79 (0.04) 0.01 (-0.03, 0.05) 

 

     Resistance  
22 0.82 (0.04) 0.84 (0.04) 0.81 (0.04) 0 (-0.05, 0.05) 

 

     Combined  
29 0.81 (0.04) 0.78 (0.04) 0.78 (0.04) -0.03 (-0.07, 0.02) 

 

     Control  
76 0.84 (0.02) 0.85 (0.03) 0.85 (0.03) 0.01 (-0.02, 0.04) 

 

Aerobic vs. control 

     
0 (-0.05, 0.05) 

Resistance vs. control 

     
-0.01 (-0.07, 0.05) 

Combined vs. aerobic 

     
-0.03 (-0.09, 0.02) 

Combined vs. resistance 

     
-0.02 (-0.09, 0.04) 
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ApoB/ApoA1 ratio 
      

     Aerobic  
35 0.66 (0.03) 0.65 (0.03) 0.67 (0.03) 0.02 (-0.02, 0.05) 

 

     Resistance  
22 0.69 (0.04) 0.69 (0.04) 0.66 (0.04) -0.03 (-0.07, 0.02) 

 

     Combined  
29 0.63 (0.04) 0.62 (0.04) 0.62 (0.04) -0.01 (-0.05, 0.03) 

 

     Control  
76 0.7 (0.02) 0.69 (0.02) 0.71 (0.02) 0.01 (-0.02, 0.04) 

 

Aerobic vs. control 

     0.01 (-0.03, 0.05) 

Resistance vs. control 

     -0.04 (-0.09, 0.01) 

Combined vs. aerobic 

     -0.03 (-0.08, 0.02) 

Combined vs. resistance 

     0.02 (-0.04, 0.07) 
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*p<0.05, **p<0.01, ***p<0.001. 

Note: ApoA1= Apolipoprotein A1, ApoB= Apolipoprotein B.  

†Values were log-transformed for analysis; geometric means are presented. 

High-sensitivity  

C-reactive protein 

(mg/L)† 
      

     Aerobic  
35 2.63 (0.51) 1.93 (0.37) 1.89 (0.39) -0.74 (-1.23, -0.08)* 

 

     Resistance  
22 2.17 (0.52) 2.27 (0.53) 2.28 (0.58) 0.10 (-0.61, 1.15) 

 

     Combined  
29 1.79 (0.38) 1.44 (0.30) 1.36 (0.30) -0.43 (-0.81, 0.10) 

 

     Control  
76 2.27 (0.30) 1.88 (0.26) 1.94 (0.29) -0.33 (-0.74, 0.18) 

 

Aerobic vs. control 

     
-15.82 (-41.99, 22.14) 

Resistance vs. control 

     
22.88 (-20.67, 90.36) 

Combined vs. aerobic 

     
5.69 (-31.68, 63.50) 

Combined vs. resistance 

     
-27.60 (-55.81, 18.60) 
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ABSTRACT 

Purpose: To examine the effects of aerobic training, resistance training, and their combination 

on resting metabolic rate in overweight and obese adolescents. Methods: After a 4-week 

supervised moderate-intensity exercise run-in period, 304 postpubertal obese (BMI ≥95
th

 BMI 

percentile) or overweight (≥85th percentile + additional diabetes risk factor) adolescents aged 

14–18 years were randomized to 4 groups for 22 weeks: Aerobic training, Resistance training, 

Combined training, or a non-exercising Control. All participants received dietary counseling 

targeting a daily energy deficit of 250 kcal. Resting energy expenditure was measured by indirect 

calorimetry and body composition (fat mass, fat-free mass) by magnetic resonance imaging. 

Results: Despite improvements in body composition, absolute RMR did not change significantly 

from baseline to 6 months in any group (Aerobic: 1972 ± 38 to 1990 ± 41; Resistance: 2024 ± 37 

to 1992 ± 41; Combined: 2023 ± 38 to 1995 ± 38 and Control: 2075 ± 38 vs. 2073 ± 39 

kcal/day). Absolute RMR did not change after adjustment for fat-free mass or total body weight 

between groups over time. Conclusion: aerobic training, resistance training or combined training 

did not significantly alter the RMR of obese adolescents following a 6-month intervention. The 

addition of exercise to a small dietary restriction program did not increase resting energy 

expenditure in obese adolescents. Increasing resting energy expenditure, is therefore an unlikely 

mechanism for weight loss when participating in an exercise program. 

 

 

Keywords: aerobic exercise, resistance exercise, resting energy expenditure, metabolism 
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INTRODUCTION 

 

Paragraph Number 1 Rates of childhood and adolescent obesity have risen dramatically over 

the last two decades (27). Obesity is the result of an imbalance between energy intake and energy 

expenditure. Resting metabolic rate (RMR), is defined as the rate at which the body expends 

energy (calories) at rest reflecting the body’s heat production in the postabsorptive state and 

accounts for approximately 50-70% of total daily energy expenditure in obese adolescents (19). 

Dietary restriction is typically associated with decreases in RMR (38). Fat-free mass (organs, 

lean tissue and skeletal muscle) accounts for the majority of the variation in RMR (60-80% of 

the individual variation) in obese children and adolescents (15, 25-26, 28) and  resistance 

training increases fat-free mass (32, 34-35), specifically skeletal muscle (20) in obese youth.  

Therefore,  increasing RMR (or preventing a decrease) by adding  resistance training to a modest 

dietary restriction could have important implications for energy balance regulation and weight 

maintenance in obese youth.  

 

Paragraph Number 2 Previous research examining the effects of long-term exercise training on 

RMR in obese adolescents is very limited (13, 19). No studies have compared the effects of 

aerobic training alone, resistance training alone and combined training on RMR in a large sample 

of obese adolescents. 

 

Paragraph Number 3 The aim of the present study was to examine the effects of 6 months of 

aerobic training, resistance training and their combination on RMR in overweight and obese 

adolescents. We hypothesized a priori that both the resistance training and combined training 
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groups would increase RMR to a similar extent, while no changes would be observed in the 

aerobic-only or non-exercising control group. 

 

METHODS 

Paragraph Number 4 Participants This paper investigates RMR as a secondary outcome of the 

large randomized controlled trial entitled HEARTY (Healthy Eating Aerobic and Resistance 

Training in Youth) which has been described in detail elsewhere (1). This study was reviewed 

and approved by the Research Ethics Boards at the Children’s Hospital of Eastern Ontario and 

the Ottawa Hospital, Ottawa, Canada. After a 4-week run-in period to assess adherence, 304 

inactive postpubertal obese [BMI ≥95
th

 BMI (body mass index) percentile] or overweight [≥85th 

BMI percentile + an additional diabetes risk factor] adolescents aged 14-18 years old were 

randomized into 4 groups for 22 weeks: 1. aerobic training (Aerobic, n= 75), 2. resistance 

training (Resistance, n= 78), 3. combined aerobic and resistance training (Combined, n= 75) or 4. 

non-exercising control (Control, n= 76). All participants received dietary counseling targeting a 

daily energy deficit of 250 kcal. 

 

Paragraph Number 5 Intervention Details of the diet and exercise programs were published 

previously (1). Briefly, participants in all 4 groups were given healthy nutrition guidelines by a 

registered dietitian including a small daily energy intake restriction of 250 kcal below 

requirements for weight maintenance. All participants entered a 4-week pre-randomization run-

in period including combined aerobic and resistance exercise training aimed at assessing 

adherence and habituation to the exercise. During run-in, participants exercised 4 times per week 

at an intensity of 65% of their measured maximum heart rate (HRmax) for 15-30 minutes per 

session of aerobic exercise and performed 1-3 sets of 15 reps for the resistance training 
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component. Only participants who maintained ≥80% adherence during run-in were randomized. 

Participants randomized to the three intervention groups were asked to exercise 4 times per week 

for an additional 22 weeks and were supervised at local YMCAs and Nautilus Plus gyms. 

Exercise was supervised by personal trainers twice per week during run-in, once per week from 

randomization to 3 months and then once every two weeks from 3 months to 6 months. 

Participants in the aerobic training group exercised on a treadmill, cycle ergometer or elliptical 

machine at an intensity of 70-85% of their HRmax for 20-40 minutes per session.  The resistance 

training group performed whole-body exercises on resistance machines for 6-15 repetitions of 

their maximum for 20-40 minutes per session.  The combined training group performed both the 

aerobic and the resistance components during each exercise session for a maximum of 4 times 

per week for 22 weeks. The participants in the control group were instructed to revert back to 

their baseline activity levels.  As an incentive, all participants (exercise and control) were offered 

the exercise program of their choice after completion of all 6-month (post-intervention) 

measures.  

 

Paragraph Number 6 Anthropometry and Body Composition Weight (kg) and height (cm) were 

measured using a Health O Meter manual scale (Health O Meter, Continental Scale Corp., 

Bridgeview, IL) and a stadiometer respectively. BMI was calculated as [weight (kg)]/ [height 

(m
2
)]. Body composition was assessed by Magnetic Resonance Imaging (MRI) (General 

Electric, 1.5 Tesla scanner, version signal 11 with echo speed gradients, Milwaukee, WI) at 

baseline and at 6 months. The participants lay prone during the acquisition of 42–48 whole body 

cross-sectional images using established protocols by Ross et al. (21, 29).  MRI images were 
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analyzed using Slice-o-matic software V. 4.3 (Tomovision, Magog, QC, Canada) to quantify fat 

mass and fat-free mass. 

 

Paragraph Number 7 Resting Metabolic Rate (RMR) Resting metabolic rate measurements 

were conducted at baseline and at 6 months. Participants arrived at the laboratory between 7 00 h 

and 11 00 h after a 12-hour fast. Participants were instructed to sleep for eight hours the night 

before testing, and to avoid exercise 48 hours prior to their testing session. Oxygen consumption 

was measured by indirect calorimetry using an automated metabolic system (MOXUS Modular 

Metabolic System, AEI Technologies Naperville, IL, USA) for a 20-minute data collection 

period in a temperature controlled room at 21-23 ˚C. Absolute RMR (kilocalories/day) was then 

calculated using the Weir equation (39). 

 

STATISTICAL ANALYSIS  

Paragraph Number 8 Baseline participant characteristics were summarized as mean and 

standard deviation for continuous data, and count and percentage for categorical data for the 

entire population and each treatment group (Table 1).  Analyses were intention-to-treat 

(including participants who later withdrew from the HEARTY trial). Linear mixed-effects 

models for repeated measures were used, with absolute RMR (kilocalories/day) as the dependent 

variable and time, study group, and time-by-group interaction as primary predictors, adjusting 

for age and sex.  We used the same procedures to assess the effect of intervention groups on 

body composition including percent body fat, fat mass, fat-free mass and skeletal muscle. We ran 

additional models in which fat-free mass and total body weight were entered as separate 

covariates in addition to time, study group, time-by-group interaction, age and sex. From the 
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mixed models, we estimated 95% confidence intervals (CI) and P-values for the 4 intergroup 

comparisons (Aerobic versus control, Resistance versus control, Combined versus Aerobic, 

Combined versus Resistance) for change in absolute RMR between baseline and 6 months and 

over time within each group. Stratified analyses were also performed for males and females 

separately (adjusting for age). P-values of 0.05 or less were considered statistically significant. 

The intention-to-treat total sample included 299 participants. Secondary ‘per-protocol’ analyses 

were also conducted including only the participants who attended ≥70% of the prescribed 

exercise sessions throughout the intervention and completed baseline and 6-month RMR testing 

(per-protocol sample n= 163), using the same procedures described for the intention-to-treat 

analyses. All analyses were performed using the statistical software package SAS 9.2 (Cary, 

NC). 

 

RESULTS 

Paragraph Number 9 There were no significant baseline differences between groups on all 

variables presented in this paper (Table 1). Of the 358 participants who entered the run-in phase, 

304 (84.9%) were randomized. The other 54 participants were not randomized due to low 

adherence during run-in (n=51), a medical condition (n= 2) or moving to another city (n= 1). Of 

the 304 participants randomized, 103 participants did not attend RMR testing at 6 months (30 in 

Aerobic, 31 in resistance, 21 in combined and 21 in the control group). Furthermore, 10 

participants (2 in Aerobic, 2 in Resistance, 2 in Combined and 4 in the Control group) were not 

included in the analysis because they did not follow the RMR testing guidelines (they could not 

keep still and/or they were uncomfortable with the equipment throughout the RMR test).  
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Fat-Free Mass 

Paragraph Number 10   Intention-to-treat analyses showed modest within-group increases in 

fat-free mass over time in all groups, but no significant intergroup differences (Table 2). Per-

protocol analyses revealed similar non-significant trends (Table S1, Supplementary Appendix). 

When analyses were conducted separately by sex, intention-to-treat analyses in males only 

showed increases in fat-free mass within all 4 groups but changes did not differ between groups 

(Table S2, Supplementary Appendix). There were no significant differences in fat-free mass in 

per-protocol analyses in males only (Table S2, Supplementary Appendix). Intention-to-treat and 

per-protocol analyses showed no between-group differences in fat free mass in females only 

(Table S3, Supplementary Appendix). Furthermore, we previously reported that there were no 

significant differences in energy intake or background physical activity between groups over 

time in intent-to-treat and per-protocol analyses (manuscript 5 main HEARTY results). 

 

Resting Metabolic Rate  

Paragraph Number 11 Absolute RMR was correlated with total body weight (r= 0.65, p<0.001) 

and total fat-free mass (r= 0.44, p<0.001). Absolute RMR (kilocalories/day) did not differ 

significantly within or between groups over time (Table 2). Likewise, after adjusting for total 

body weight and total fat-free mass, changes in RMR still did not differ between groups (Figures 

1 and 2). Per-protocol analyses, with and without adjustment for total body weight and total fat 

free mass, also revealed no significant differences in RMR between groups over time (Table S1, 

Supplementary Appendix). When analyses were conducted separately by sex, RMR did not 

change significantly in males or in females (Tables S2 and S3, Supplementary Appendix). 
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DISCUSSION 

Paragraph Number 12 The major finding of the present study was that, contrary to our 

hypothesis, the addition of aerobic training, resistance training or combined training to a small 

dietary restriction intervention did not increase resting energy expenditure in obese adolescents. 

Per-protocol analyses including only participants with ≥70% adherence to our prescribed 4 

sessions/week showed the same trends-- no differences in total fat-free mass and RMR between 

groups following the exercise training interventions. 

 

Paragraph Number 13 This is the first randomized controlled trial to compare the effects of 

different types of exercise modalities on RMR in obese postpubertal adolescents. The results of 

the current study are in line with our previous findings in mostly-obese adults with type 2 

diabetes, that 6 months of aerobic training, resistance training and combined training caused no 

changes in RMR (with or without adjustment for fat-free mass) or in fat-free mass (16) despite 

improvements in glycemic control and cardiorespiratory fitness (17-18, 33).  

 

Paragraph Number 14  However, our results differ from those of Lazzer et al. (19) who showed 

a decreases in RMR in 26 obese adolescents (aged 12-16 years old) after a 9-month 

multidisciplinary weight reduction intervention including moderate energy restriction (~15-20% 

less than the estimated daily energy expenditure) and a progressive aerobic and resistance 

training program (2 times/week, 40 min/session). More specifically, the results showed a 

significant decrease in basal metabolic rate (measured by open-circuit indirect calorimetry in a 

whole-body calorimeter) in both boys (n=12) (6.00 to 5.56 kJ/min) and girls (n=14) (5.47 to 4.96 

kJ/min) (p<0.001) even after adjusting for fat-free mass. It is important to note that the 
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intervention by Lazzer et al. showed large reductions in body weight in girls (15.6 kg, p<0.001) 

and in boys (18.4 kg, p<0.001) and decreases in fat-free mass in girls (3.3 kg, p<0.001) but not in 

boys (0.4 kg, p>0.05) compared to the smaller weight loss (-0.8 kg in the combined group from 

intention-to-treat analyses) and the non-significant increases in fat-free mass (0.7-1.4 kg) in the 

current study. This could partly be explained by the greater dietary restriction and closer dietary 

supervision (one visit weekly) in the Lazzer study. Given the strong relationship between RMR 

and total body weight as well as fat-free mass, the significant decrease in RMR reported in the 

Lazzer study could be explained by the greater body weight and fat-free mass loss.  

 

Paragraph Number 15 Foschini et al. (13) evaluated the effects of two types of resistance 

training (linear periodization by alternating volume and intensity of resistance training every 4 

weeks vs. daily undulating periodization by alternating volume and intensity at every exercise 

session) in combination with aerobic exercise 3 times/week for 60 min/session for 14 weeks in 

postpubertal obese adolescents aged 16.5 ± 1.7 years old (n= 32; 15 boys; 17girls). The authors 

found a decrease in RMR (measured by ventilated-hood system indirect calorimetry) in the 

aerobic plus linear periodization resistance training group (1847.2 ± 407.9 to 1591.7 ± 361.8 

kcals/day, p<0.05), however these changes were not significantly different from the daily 

undulating periodization group.  Furthermore, the analyses were not adjusted for fat-free mass. 

These two studies (13),(19) were limited by their non-randomized, non-controlled designs and 

small samples. 

 

Paragraph Number 16 Byrne and Wilmore (5) investigated the effects of 20 weeks of resistance 

exercise, or resistance plus aerobic exercise (walking) on the RMR of obese women aged 18-46 
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years old exercising 4 days per week vs. a non-exercising control group. RMR increased in the 

resistance exercise group by 3% but declined by 3.8% in the combined resistance and aerobic 

exercise group from pre to post- intervention. However, when RMR was expressed relative to 

fat-free mass, the results were no longer significant, suggesting that the increase in RMR 

following resistance exercise training was attributed to the increase in fat-free mass (+1.9 kg).  

 

Paragraph Number 17 Strong evidence in obese adults has shown that weight loss (often 

accompanied by fat-free-mass loss) results in decreases in RMR (3, 6-7, 9-11, 30). A systematic 

review in adults (30) showed that the greatest RMR reduction was observed following diet-only 

interventions, RMR reduction was correlated with the energy deficit, and was greater in studies 

of shorter durations. A recent systematic review of 71 studies including 1,450 overweight or 

obese adults showed that  a 9.4 ± 5.5 kg weight loss,  was associated with a reduction of RMR of 

126.4 ± 78.1 kcal/day (31). If we applied these findings to the adolescent population in the 

HEARTY trial,  the small daily energy restriction prescribed (-250 kcal/day) and the longer 

duration of our intervention (6 months) coupled with the small decreases in body weight and lack 

of change in fat-free mass could explain why RMR remained unchanged.  

 

Paragraph Number 18 Although the recent systematic review by Schwartz et al. (30) showed no 

sex differences in RMR change following weight loss in adults, except with weight loss 

pharmacotherapy, the possibility of a sex influence on the modulation of RMR in response to 

weight loss  has not been studied in obese adolescents. The HEARTY population consisted of 

70% girls who, at baseline, had lower weight, fat-free mass, aerobic fitness and absolute RMR 

than the boys. The notion that women have lower absolute RMR than men has been supported in 
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the literature (37). These sex differences also remain when controlled for body cell mass but not 

after adjustment for fat-free mass (4). Although our RMR results were controlled for sex, when 

only adherent males and females were analyzed separately, females in the exercise training 

groups appeared to show less pronounced changes in body composition (smaller increases in fat-

free mass and total skeletal muscle) compared to the males in our study. For example, changes in 

total fat-free mass in the resistance exercise training group from baseline to post-intervention 

were +1.2 kg (p<0.01 compared to baseline) and +3.9 kg (p>0.05 compared to baseline) within 

adherent females and males, respectively. We did not observe statistically significant changes in 

RMR in either sex, but our statistical power in males was limited.  

 

Paragraph Number 19 Although previous studies found that resistance training increases fat-

free mass in obese youth (32, 34-35) and fat-free mass accounts for 60-80% of the individual 

variation of RMR in obese children and adolescents (15, 25-26, 28), skeletal muscle is a smaller 

determinant of total calculated resting energy expenditure in healthy adults (22.5 ± 3.4%) than 

the brain, liver, heart and kidneys (58.0 ± 4.8%) (14). The other contributing components of 

RMR include the functioning of vital organs such as the heart, lungs, kidneys and liver. 

Comparing the estimated lower metabolic rate of skeletal muscle (13 kcal/kg/day) to other 

organs such as the heart and kidney (440 kcal/kg/day) (12), it would necessitate a drastic increase 

in skeletal muscle mass to significantly increase RMR. Given that, in our participants, total 

skeletal muscle mass only increased by 0.9 kg in the resistance exercise group and 0.2 kg in the 

aerobic exercise group, it is not surprising that the RMR did not change following the exercise 

training intervention.  
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Paragraph Number 20 Limitations Our study has some limitations. It has been shown that there 

is a link between sleep and metabolism (2) and adolescents typically sleep less than the 

recommended nine hours of sleep per night (22). Short sleep duration has been associated with 

obesity (8) and sleep restriction is related to hormonal imbalances through increased secretion of 

ghrelin and decreased leptin levels, (36) known to affect energy metabolism. Although we 

recommended no exercise and 8 hours of uninterrupted sleep per night for 48 hours prior to the 

RMR testing session, we did not assess the number of hours slept the evening before the testing 

session. Some studies have also shown that fluctuations in women’s menstrual cycles can affect 

RMR by demonstrating higher rates during the luteal phase (23-24) compared to the follicular 

phase. However, due to our large sample size, the numerous tests our participants were subjected 

to, and the fact than many participants had irregular menses, it was not feasible to schedule the 

testing session based on the menstrual cycle of our female participants. Finally, on average, the 

adherent participants were exercising 3 times/week which was still less than the prescribed 

frequency of 4 times/week.  It is possible that the exercise stimulus was not sufficient to initiate 

larger changes in weight, fat-free mass and RMR in the present study. 

 

Paragraph Number 21 Significance Our results suggest that a long-term intervention combining 

exercise training with a modest dietary energy restriction may help offset decreases in RMR 

typically seen with greater dietary energy restriction programs. When considering exercise 

interventions in obese or overweight adolescents, one should be aware that aerobic training, 

resistance training or combined aerobic and resistance training performed by our participants did 

not increase their RMR above baseline levels, and RMR change was therefore unlikely to 

contribute to weight loss. It is important to note, however, that energy expenditure from 
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participation in structured and non-structured physical can create negative energy balance 

without necessarily changing RMR. Although exercise training is associated with many health 

benefits, our study showed that aerobic training alone, resistance training alone or their 

combination did not increase energy expenditure at rest. 
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Table 1. Baseline participant characteristics. 

  Total Sample 

(N=304) 

Aerobic 

(n=75) 

Resistance 

(n=78) 

Combined 

(n=75) 

Control 

(n=76) 

Males, N (%) 91 (30) 22 (29) 23 (29) 22 (29) 24 (32) 

Females, N (%) 213 (70) 53 (71) 55 (71) 53 (71) 52 (68) 

Age (years) 15.6 (1.4) 15.5 (1.4) 15.9 (1.5) 15.5 (1.3) 15.6 (1.3) 

Weight (kg) 98.0 (16.9) 96.7 (15.1) 99.9 (17.4) 97.5 (16.3) 97.9 (18.8) 

Height (cm) 167.8 (7.4) 166.8 (7.0) 168.3 (7.5) 167.5 (7.6) 168.8 (7.7) 

BMI (kg/m
2
) 34.6 (4.5) 34.7 (4.2) 35.1 (4.6) 34.6 (4.2) 34.1 (4.9) 

Waist circumference (cm) 96.8 (11.0) 96.4 (10.1) 98.8 (11.4) 96.8 (10.5) 95.2 (11.8) 

Total body fat (%) 49.5 (5.6) 49.1 (5.8) 49.9 (5.8) 50.3 (5.3) 48.6 (5.3) 

Total body fat (kg) 47.6 (10.8) 47.0 (10.7) 48.3 (10.8) 48.3 (10.3) 46.6 (11.6) 

Total fat-free mass (kg) 48.0 (8.4) 48.0 (7.5) 48.2 (8.9) 47.3 (8.3) 48.7 (8.9) 

Resting heart rate (bpm) 71 (8.4) 71 (9) 71 (8) 72 (9) 70 (8) 

Respiratory exchange ratio 0.77 (0.06) 0.77 (0.05) 0.77 (0.06) 0.77 (0.07) 0.78 (0.06) 

Values are mean (standard deviation) unless otherwise stated. 

Abbreviations: BMI: Body Mass Index, bpm: beats per minute. 
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TABLE 2. Resting metabolic rate and fat-free mass at baseline and after 6 months. 

  Mean (SE) Mean (95% Confidence Interval) 

Variable N Baseline 6 months Absolute 

change from  

baseline to 6 

months  

Adjusted 

change from 

baseline to 6 

months 

 

INTENTION-TO-TREAT ANALYSIS 

 

RMR (kcal/day) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

75 

77 

75 

72 

 

1972 (38) 

2024 (37) 

2023 (38) 

2075 (38) 

 

1990 (41) 

1992 (41) 

1995 (38) 

2073 (39) 

 

18 (-62, 98) 

-32 (-111, 47) 

-29 (-103, 46) 

-2 (-79 , 76) 

 

 

 

 

 

20 (-91, 131) 

-30 (-140, 81) 

-47 (-156, 62) 

3 (-105, 111) 

Total fat-free mass (kg) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

74 

75 

74 

74 

 

48.2 (0.7) 

48.3 (0.7) 

47.7 (0.7) 

48.6 (0.7) 

 

48.9 (0.7) 

49.7 (0.7) 

48.4 (0.7) 

49.7 (0.7) 

 

0.7 (0.0, 1.3)* 

1.4 (0.7, 2.0)*** 

0.8 (0.1, 1.4)* 

1.1 (0.5, 1.7) 

 

 

 

 

 

 

-0.4 (-1.3, 0.5) 

0.3 (-0.6, 1.2) 

0.1 (-0.8, 1.0) 

-0.6 (-1.5, 0.3) 
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Total skeletal muscle mass (kg) 

     Aerobic  

     Resistance  

     Combined  

     Control 

 

74 

75 

74 

74 

 

24.9 (0.5) 

24.8 (0.5) 

24.5 (0.5) 

25.0 (0.5) 

 

25.1 (0.5) 

25.7 (0.5) 

25.0 (0.5) 

25.7 (0.5) 

 

0.2 (-0.2, 0.6) 

0.9 (0.5, 1.3)*** 

0.4 (0.0, 0.8)* 

0.7 (0.3, 1.1)** 

 

 

 

 

 

-0.4 (-1.0, 0.1) 

0.3 (-0.3, 0.8) 

0.2 (-0.4, 0.8) 

-0.5 (-1.1, 0.1) 

Values are means (SE), *p<0.05, **p<0.01, ***p<0.001. 
Abbreviations: RMR= Resting Metabolic Rate, kcal/day= kilocalories per day. 

Note: RMR was adjusted for group, visit, group*visit, age, and gender.  
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FIGURE CAPTIONS 

 

Figure 1. Changes in resting metabolic rate (RMR) in kcal/day adjusted for group, visit, 

group*visit, age, gender and total body weight from baseline to 6 months in aerobic, resistance, 

combined and control groups. Data are presented as means (SE). No significant differences were 

observed between groups (p>0.05).  

 

 

 

 

 

 

 

 

 

 



 

167 
 

Figure 2. Changes resting metabolic rate (RMR) in kcal/day adjusted for group, visit, 

group*visit, age, gender and total fat-free mass from baseline to 6 months in aerobic, resistance, 

combined and control groups. Data are presented as means (SE). No significant differences were 

observed between groups (p>0.05).  
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Online Supplementary Appendix 
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Table S1. Per-protocol analysis of resting metabolic rate and fat-free mass at baseline and after 6 

months. 

 
  Mean (SE) Mean (95% Confidence Interval) 

Variable N Baseline 6 months Absolute change 

from  

baseline to 6 

months  

Adjusted change 

from baseline to 6 

months 

 

PER-PROTOCOL ANALYSIS 

 

RMR (kcal/day) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

35 

23 

29 

72 

 

 

1984 (52) 

 

2155 (65) 

 

2033 (58) 

 

2089 (36) 

 

 

2006 (49) 

 

2172 (61) 

 

1998 (53) 

 

2089 (38) 

 

 

21 (-76, 118) 

 

18 (-102, 138) 

 

-35 (-138, 69) 

 

0 (-76, 76) 

 

 

 

 

 

 

 

 

 

 

21 (-102, 145) 

 

18 (-124, 160) 

 

-56 (-198, 86) 

 

-52 (-211, 106) 

RMR (kcal/day) adjusted for body weight 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

35 

23 

29 

72 

 

 

2008 (41) 

 

2100 (51) 

 

2043 (46) 

 

2094 (29)  

 

 

2026 (42) 

 

2121 (52) 

 

2009 (44) 

 

2085 (33) 

 

 

18 (-80, 115) 

 

21 (-99, 141) 

 

-35 (-138, 69) 

 

-9 (-84, 66) 

 

 

 

 

 

 

 

 

 

 

26 (-96, 149) 

 

30 (-112, 171) 

 

-52 (-194, 90) 

 

-55 (-214, 103) 
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RMR (kcal/day)adjusted for fat-free mass 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

35 

23 

29 

70 

 

 

1993 (44) 

 

2122 (55) 

 

2066 (49) 

 

2072 (31) 

 

 

2011 (44) 

 

2138 (55) 

 

2032 (47) 

 

2074 (34) 

 

 

19 (-78, 115) 

 

16 (-103, 135) 

 

-35 (-137, 68) 

 

2 (-73, 77) 

 

 

 

 

 

 

 

 

 

 

 

17 (-105, 139) 

 

14 (-127, 155) 

 

-53 (-194, 88) 

 

-50 (-208, 107) 

Total fat-free mass (kg) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

35 

23 

29 

74 

 

48.4 (1.1) 

50.3 (1.3) 

47.0 (1.2) 

49.1 (0.7) 

 

49.2 (1.0) 

52.3 (1.2) 

48.2 (1.1) 

50.2 (0.7) 

 

0.8 (-0.2, 1.7) 

2.0 (0.9, 3.2)** 

1.2 (0.2, 2.2)* 

1.1 (0.4, 1.8)** 

 

 

 

 

 

-0.4 (-1.5, 0.8) 

0.9 (-0.5, 2.2) 

0.5 (-0.9, 1.8) 

-0.8 (-2.3, 0.7) 

Total skeletal muscle mass (kg) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

35 

23 

29 

74 

 

24.9 (0.7) 

26.4 (0.9) 

24.0 (0.8) 

25.3 (0.5) 

 

25.2 (0.7) 

27.5 (0.8) 

24.7 (0.7) 

26.0 (0.5) 

 

 

0.3 (-0.3, 0.8) 

1.2 (0.5, 1.9)** 

0.6 (0.0, 1.3)* 

0.7 (0.2, 1.1)** 

 

 

 

 

 

-0.4 (-1.1, 0.3) 

0.5 (-0.3, 1.3) 

0.4 (-0.5, 1.2) 

-0.5 (-1.5, 0.4) 

Values are means (SE), *p<0.05, **p<0.01, ***p<0.001. 

Abbreviations: BMI= Body Mass Index, kcal= kilocalories, RMR= resting metabolic rate. 
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Note: All RMR results were adjusted for group, visit, group*visit, age, and gender with additional adjustments for 

body weight and fat-free mass as indicated. Per-protocol analysis included only participants with  70% compliance 

from baseline to the end of the intervention period. 
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Table S2. Intention-to-treat and per-protocol analyses of body composition and resting metabolic 

rate at baseline and after 6 months in males only. 

 

 
  Mean (SE) Mean (95% Confidence Interval) 

Variable N Baseline 

 

6 months 

 

Absolute change 

from  

baseline to 6 

months  

Adjusted change 

from baseline to 6 

months 

INTENTION TO TREAT ANALYSIS 

RMR (kcal/day) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

22 

22 

22 

22 

 

 

2217 (71) 

2461 (72) 

2327 (72) 

2434 (71) 

 

2269 (67) 

2342 (65) 

2296 (60) 

2359 (64) 

 

52 (-85, 189) 

-119 (-253, 15) 

-31 (-156, 93) 

-74 (-213, 64) 

 

 

 

 

 

126 (-69, 3222) 

-44 (-237, 148) 

-83 (-268, 102) 

88 (-95, 270) 

RMR (kcal/day) adjusted for body weight\ 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

22 

22 

22 

22 

 

 

2239 (61) 

2440 (61) 

2351 (61) 

2394 (61) 

 

2297 (61) 

2328 (59) 

2321 (54) 

2319 (59) 

 

58 (-79, 195) 

-112 (-246, 22) 

-30 (-155, 94) 

-75 (-212, 63) 

 

 

 

 

 

133 (-61, 327) 

-38 (-229, 154) 

-89 (-274, 96) 

82 (-101, 265) 
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RMR (kcal/day) adjusted for fat-free mass 

    Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

22 

21 

21 

21 

 

2230 (65) 

2425 (67) 

2353 (67) 

2416 (66) 

 

2287 (66) 

2318 (64) 

2306 (60) 

2343 (64) 

 

57 (-81, 194) 

-107 (-242, 28) 

-47 (-174, 80) 

-73 (-212, 66) 

 

 

 

 

 

130 (-66, 325) 

-34 (-228, 159) 

-104 (-291, 83) 

60 (-125, 246) 

Total fat-free mass (kg) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

22 

22 

21 

23 

 

55.7 (1.6) 

57.5 (1.6) 

55.6 (1.6) 

57.9 (1.5) 

 

57.7 (1.4) 

59.5 (1.4) 

57.4 (1.4) 

60.0 (1.4) 

 

2.0 (0.3, 3.6)* 

2.1 (0.5, 3.6)* 

1.8 (0.2, 3.4)* 

2.0 (0.4, 3.6)* 

 

 

 

 

 

 

-0.1 (-2.4, 2.3) 

0.0 (-2.2, 2.3) 

-0.2 (-2.5, 2.2) 

-0.3 (-2.5, 2.0) 

Total skeletal muscle (kg) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

22 

22 

21 

23 

 

29.6 (1.1) 

30.1 (1.1) 

29.2 (1.1) 

30.9 (1.0) 

 

30.6 (1.0) 

31.6 (0.9) 

30.5 (1.0) 

32.3 (0.9) 

 

1.0 (-0.1, 2.0) 

1.5 (0.5, 2.4)** 

1.2 (0.3, 2.2)* 

1.3 (0.4, 2.3)** 

 

 

 

 

 

 

-0.4 (-1.8, 1.1) 

0.2 (-1.2 to 1.5) 

0.3 (-1.1 to 1.7) 

-0.3 (-1.6 to 1.1) 
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PER-PROTOCOL ANALYSIS 

RMR (kcal/day) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

12 

7 

13 

22 

 

2277 (90) 

2547 (117) 

2336 (88) 

2427 (66) 

 

2287 (84) 

2481 (116) 

2306 (82) 

2358 (69) 

 

10 (-154, 175) 

-66 (-294, 162) 

-30 (-188, 128) 

-69 (-211, 74) 

 

 

 

 

 

79 (-138, 296) 

3 (-266, 272) 

-41 (-269, 187) 

36 (-242, 313) 

RMR (kcal/day) adjusted for body weight 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

12 

7 

13 

22 

 

2309 (76) 

2490 (100) 

2362 (74) 

2404 (56) 

 

2319 (74) 

2435 (103) 

2332 (72) 

2333 (63) 

 

10 (-156, 177) 

-55 (-285, 175) 

-30 (-190, 129) 

-71 (-212, 70) 

 

 

 

 

 

82 (-136, 299) 

16 (-254, 286) 

-41 (-271, 190) 

25 (-255, 305) 

RMR (kcal/day) adjusted for fat-free mass 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

12 

7 

13 

21 

 

 

2278 (84) 

2542 (109) 

2354 (82) 

2418 (63) 

 

2288 (81) 

2477 (113) 

2324 (80) 

2349 (68) 

 

10 (-155, 176) 

-66 (-295, 164) 

-30 (-189, 128) 

-69 (-213, 74) 

 

 

 

 

 

 

80 (-139, 298) 

4 (-267, 274) 

-41 (-270, 188) 

35 (-244, 314) 
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Total fat-free mass (kg) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

12 

7 

13 

23 

 

56.6 (2.0) 

56.8 (2.7) 

54.9 (2.0) 

57.5 (1.5) 

 

58.8 (1.8) 

60.7 (2.3) 

56.9 (1.7) 

59.5 (1.3) 

 

2.2 (-0.1, 4.5) 

3.9 (0.8, 6.9) 

2.0 (-0.2 to 4.2) 

2.0 (0.2 to 3.9) 

 

 

 

 

 

 

0.2 (-2.8, 3.1) 

1.8 (-1.7, 5.4) 

-0.2 (-3.4, 3.0) 

-1.9 (-5.6, 1.9) 

Total skeletal muscle (kg) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

12 

7 

13 

23 

 

30.3 (1.4) 

30.0 (1.8) 

28.6 (1.3) 

30.6 (1.0) 

 

31.2 (1.1) 

32.2 (1.5) 

29.8 (1.1) 

32.0 (0.8) 

 

1.0 (-0.4 to 2.3) 

2.1 (0.3 to 3.9) 

1.2 (-0.1 to 2.5) 

1.3 (0.2 to 2.4) 

 

 

 

 

 

 

-0.4 (-2.1, 1.4) 

0.8 (-1.3, 2.9) 

0.3 (-1.7, 2.2) 

-0.9 (-3.2, 1.3) 

Values are means (SE), *p<0.05, **p<0.01, ***p<0.001. 

Abbreviations: BMI= Body Mass Index, kcal= kilocalories, RMR= resting metabolic rate. 

Note: RMR was adjusted for group, visit, group*visit, age, and gender with additional adjustments for body weight 

and fat-free mass as indicated. Intention-to-treat analysis included all male participants regardless of compliance. 

Per-protocol analysis included only male participants with  70% compliance from baseline to the end of the 

intervention period. 
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Table S3. Intention-to-treat and per-protocol analyses of body composition and resting metabolic 

rate at baseline and after 6 months in females only. 
 

 

  Mean (SE) Mean (95% Confidence Interval) 

Variable N Baseline 

 

6 months 

 

Absolute 

change from  

baseline to 6 

months  

Adjusted 

change from 

baseline to 6 

months 

INTENTION-TO-TREAT ANALYSIS 

RMR (kcal/day) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

53 

55 

53 

50 

 

1857 (44) 

1831 (43) 

1884 (44) 

1914 (45) 

 

1863 (52) 

1833 (52) 

1859 (50) 

1942 (49) 

 

6 (-94, 106) 

2 (-97, 102) 

-25 (-120, 69) 

28 (-67, 123) 

 

 

 

 

 

-22 (-159, 116) 

-26 (-163, 112) 

-31 (-169, 106) 

-28 (-165, 110) 

RMR (kcal/day) adjusted for body weight 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

53 

55 

53 

50 

 

1863 (33) 

1809 (33) 

1872 (33) 

1939 (34) 

 

1881 (44) 

1821 (44) 

1854 (41) 

1957 (41) 

 

18 (-80, 116) 

12 (-85, 109) 

-18 (-111, 75) 

18 (-75, 111) 

 

 

 

 

 

0 (-135, 135) 

-6 (-140, 129) 

-36 (-170, 99) 

-30 (-164, 105) 
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RMR (kcal/day) adjusted for fat-free mass 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

52 

53 

53 

49 

 

1846 (36) 

1838 (36) 

1897 (35) 

1893 (37) 

 

1859 (44) 

1846 (44) 

1870 (41) 

1922 (41) 

 

12 (-84, 109) 

8 (-89, 104) 

-26 (-118, 66) 

29 (-63, 122) 

 

 

 

 

 

-17 (-151, 117) 

-22 (-155, 112) 

-39 (-172, 95) 

-34 (-167, 100) 

Total fat-free mass (kg) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

52 

53 

53 

51 

 

44.7 (0.8) 

44.3 (0.8) 

44.1 (0.7) 

44.5 (0.8) 

 

 

44.9 (0.8) 

45.2 (0.8) 

44.4 (0.8) 

45.1 (0.8) 

 

0.2 (-0.4, 0.7) 

0.9 (0.3, 1.4)** 

0.3 (-0.2, 0.9) 

0.6 (0.1 to 1.1)* 

 

 

 

 

 

 

-0.4 (-1.2, 0.3) 

0.3 (-0.4, 1.1) 

0.2 (-0.6, 0.9) 

-0.6 (-1.3, 0.2) 

Total skeletal muscle (kg) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

52 

53 

53 

51 

 

22.7 (0.5) 

22.4 (0.5) 

22.5 (0.5) 

22.4 (0.5) 

 

22.6 (0.5) 

23.0 (0.5) 

22.5 (0.5) 

22.6 (0.5) 

 

-0.1 (-0.4 to 0.3) 

0.6 (0.2 to 0.9)** 

0.0 (-0.3 to 0.4) 

0.3 (-0.1 to 0.6) 

 

 

 

 

 

 

-0.3 (-0.8 to 0.1) 

0.3 (-0.2 to 0.8) 

0.1 (-0.4 to 0.6) 

-0.5 (-1.0 to 0)* 
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PER-PROTOCOL ANALYSIS 

RMR (kcal/day) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

23 

16 

16 

50 

 

1829 (66) 

1955 (79) 

1876 (79) 

1913 (44) 

 

1857 (63) 

2008 (73) 

1838 (71) 

1942 (46) 

 

28 (-96, 151) 

53 (-91, 197) 

-38 (-179, 103) 

29 (-63, 121) 

 

 

 

 

 

-1 (-155, 153) 

24 (-147, 195) 

-66 (-253, 122) 

-91 (-292, 111) 

RMR (kcal/day) adjusted for body weight 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

23 

16 

16 

50 

 

1852 (50) 

1899 (60) 

1853 (59) 

1938 (34) 

 

1874 (50) 

1952 (58) 

1815 (56) 

1956 (38) 

 

21 (-101, 144) 

53 (-90, 197) 

-38 (-179, 103) 

18 (-72, 108) 

 

 

 

 

 

4 (-148, 155) 

36 (-134, 205) 

-59 (-246, 127) 

-91 (-292, 110) 

RMR (kcal/day) adjusted for fat-free mass 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

23 

16 

16 

49 

 

1855 (50) 

1892 (61) 

1903 (60) 

1903 (34) 

 

1879 (48) 

1944 (56) 

1866 (54) 

1933 (36) 

 

24 (-98, 146) 

52 (-91, 194) 

-38 (-178, 102) 

30 (-59, 119) 

 

 

 

 

 

-6 (-157, 145) 

22 (-147, 190) 

-62 (-248, 124) 

-90 (-290, 110) 
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Total fat-free mass (kg) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

23 

16 

16 

51 

 

44.0 (1.2) 

46.6 (1.4) 

43.9 (1.4) 

44.5 (0.8) 

 

44.0 (1.2) 

47.9 (1.4) 

44.5 (1.4) 

45.1 (0.8) 

 

0.0 (-0.6, 0.7) 

1.2 (0.4, 2.0)** 

0.6 (-0.2, 1.3) 

0.6 (0.1 to 1.1)* 

 

 

 

 

 

 

-0.6 (-1.4, 0.3) 

0.6 (-0.3, 1.6) 

0.6 (-0.5, 1.6) 

-0.6 (-1.8, 0.5) 

Total skeletal muscle (kg) 

     Aerobic  

     Resistance  

     Combined  

     Control 

Aerobic vs. control 

Resistance vs. control 

Combined vs. aerobic 

Combined vs. resistance 

 

23 

16 

16 

51 

 

22.0 (0.8) 

24.3 (0.9) 

22.4 (0.9) 

22.3 (0.5) 

 

21.9 (0.8) 

25.0 (0.9) 

22.6 (0.9) 

22.6 (0.5) 

 

-0.1 (-0.5, 0.4) 

0.7 (0.2, 1.3)** 

0.2 (-0.4, 0.7) 

0.3 (-0.1, 0.6) 

 

 

 

 

 

 

-0.4 (-0.9, 0.2) 

0.5 (-0.2, 1.1) 

0.3 (-0.4, 1.0) 

-0.6 (-1.3 to 0.2) 

Values are means (SE), *p<0.05, **p<0.01, ***p<0.001. 

Abbreviations: BMI= Body Mass Index, kcal= kilocalories, RMR= resting metabolic rate. 

Note: RMR was adjusted for group, visit, group*visit, age, and gender with additional adjustments for body weight 

and fat-free mass as indicated. Intention-to-treat analysis included all female participants regardless of compliance. 

Per-protocol analysis included only female participants with  70% compliance from baseline to the end of the 

intervention period. 
 



 

185 
 

MANUSCRIPT 8: Effects of aerobic training, resistance training or both on cardiorespiratory 

and musculoskeletal fitness in obese adolescents: the HEARTY trial 

 

Written and formatted for submission to Applied Physiology, Nutrition, and Metabolism. 

 

 

 

 

 

 

 

 

 

Statement of contributions of collaborators: 

A.S. Alberga assisted with participant recruitment, screening, informed consent visits, study 

coordination, physical training and was responsible for the Magnetic Resonance Imaging body 

composition analysis, cardiorespiratory fitness testing, bibliographic search, article screening, and 

drafted and edited the manuscript.  

Roles of other authors: 

Conception and design: R.J. Sigal, G. Goldfield, G.P. Kenny, S. Hadjiyannakis, G. A. Wells, D. 

Prud’homme, R. Gougeon.  

Analysis and interpretation of the data: A.S. Alberga, R.J. Sigal, G. Goldfield, G.P. Kenny, S. 

Hadjiyannakis, G. A. Wells, D. Prud’homme, R. Gougeon, J. Malcolm, J. Ma, S. Doucette. 

Drafting of the article: A.S. Alberga, R.J. Sigal, G.P. Kenny, G. Goldfield. 

Critical revision of the article for important intellectual content:  A.S. Alberga,  R.J. Sigal, G.P. 

Kenny, G. Goldfield, S. Hadjiyannakis, G.A. Wells, Denis Prud’homme, R. Gougeon, J. Malcolm, P. 

Phillips, J. Ma, S. Doucette. 

Final approval of the article: A.S. Alberga, R.J. Sigal, G.P. Kenny, D. Prud’homme. 

Provision of study materials or participants: R.J. Sigal, S. Hadjiyannakis, G. Goldfield, G.P. Kenny, 

A.S. Alberga, P. Phillips. 

Statistical expertise: G.A. Wells, J. Ma, S. Doucette. 

Obtaining of funding:  R.J. Sigal, G. Goldfield, G.P. Kenny, S. Hadjiyannakis, G. A. Wells, D. 

Prud’homme, R. Gougeon. 

Collection and assembly of data: A.S. Alberga, P. Phillips, R. Sigal, G.P. Kenny, G. Goldfield, S. 

Hadjiyannakis, J. Malcolm. 

 



 

186 
 

Effects of aerobic training, resistance training or both on cardiorespiratory and musculoskeletal 

fitness in obese adolescents: the HEARTY trial 

 

Angela S. Alberga
1
, Denis Prud’homme

2
, Ronald J. Sigal

3
, Gary S. Goldfield

1, 4
, Stasia Hadjiyannakis

4
, 

Janine Malcolm
5
, Jinhui Ma

6
, Steve Doucette

7
, Rejeanne Gougeon

8
, George A. Wells

9
 and Glen P. 

Kenny
 


1
 on behalf of the HEARTY trial investigators 

 

 
1
School of Human Kinetics, Faculty of Health Sciences,  

University of Ottawa 

125 University Pr., Montpetit Hall  

Ottawa, ON, Canada K1N 6N5 

 
2
School of Human Kinetics, Faculty of Health Sciences,  

University of Ottawa 

200 Lees Road, Room E250H 

Ottawa, ON, Canada K1S 5S9 

 
3
Departments of Medicine, Cardiac Sciences and Community Health Sciences 

Faculties of Medicine and Kinesiology 

University of Calgary 

1820 Richmond Road SW, Room 1898 

Calgary, AB, Canada T2T 5C7 

 
4
Healthy Active Living & Obesity Research Group (HALO) 

Children’s Hospital of Eastern Ontario Research Institute 

401 Smyth Rd 

Ottawa, ON, Canada K1H 8L1 

 
5
Department of Medicine, Division of Endocrinology and Metabolism 

The Ottawa Hospital 

1967 Riverside Dr, 4
th

 Floor 

Ottawa, ON, Canada K1H 7W9 

 
6
Pediatric Bone Health Clinical and Research Programs  

Children’s Hospital of Eastern Ontario Research Institute 

401 Smyth Road, Room R250K 

Ottawa, ON, K1H 8L1 

 
7
Research Methods Unit 

Capital District Health Authority 

5790 University Ave., Room.112 

Halifax, NS, Canada B3H 1V7 

 

 

 

 

 

 

 

 



 

187 
 

8 
Crabtree Nutrition Laboratories 

Royal Victoria Hospital, McGill University Health Centre 

687 Pine Avenue 

Montreal, QC, Canada H3A 1A1 

 
9
Cardiovascular Research Methods Centre 

University of Ottawa Heart Institute 

Ottawa, ON, Canada K1Y 4W7 

 

 

Address for correspondence: 

Dr. Glen P. Kenny 

University of Ottawa 

School of Human Kinetics 

125 University, Montpetit Hall, 

Ottawa, ON, Canada 

K1N 6N5 

Tel.: (613) 562-5800 ext. 8242 

Fax: (613) 562-5149 

E-mail: gkenny@uottawa.ca 

 

Clinical Trial Registration # and Date: ClinicalTrials.Gov NCT00195858, September 12, 2005 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

188 
 

ABSTRACT 

PURPOSE: To examine the effects of aerobic, resistance, and combined exercise training on 

cardiorespiratory and musculoskeletal fitness in post-pubertal overweight and obese adolescents aged 

14–18 years. METHODS: After a 4-week supervised moderate-intensity exercise run-in, 304 

overweight and obese adolescents (body mass index ≥85th percentile) were randomized to 4 groups for 

22 weeks of Aerobic training, Resistance training, Combined training, or a non-exercising Control. All 

participants received dietary counseling with a maximum daily energy deficit of 250 kcal. 

Cardiorespiratory fitness [peak oxygen consumption (VO2peak)] was measured by indirect calorimetry 

using a graded exercise test on a treadmill. Musculoskeletal fitness was measured using the Canadian 

Physical Activity Fitness and Lifestyle Appraisal tests (hand grip, push-ups, partial curl-ups, sit and 

reach and vertical jump). Muscular strength was assessed by the 8-repetition maximum test on the bench 

press, seated row and leg press machines. RESULTS: Increases in VO2peak in Aerobic (30.6 ± 0.6 to 

33.4 ± 0.7 mLO2/kg/min) were greater than in controls (30.6 ± 0.5 to 30.9 ± 0.7 mLO2/kg/min) 

(p=0.002). The number of partial curl-ups increased in aerobic (19 ± 1 to 23 ± 1) compared to controls 

(19 ± 1 to 20 ± 1) (p=0.015). Increases in muscular strength and number of push-ups were greatest in 

Resistance versus control and Combined versus Aerobic (p<0.05).  CONCLUSION: Aerobic training 

had the strongest effect on aerobic fitness, while combined training improved both muscular strength 

and endurance more than aerobic training alone in overweight and obese adolescents.  

Keywords: cardiorespiratory fitness, strength, endurance, obese adolescents, exercise 
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INTRODUCTION 

Physical activity levels and cardiorespiratory and musculoskeletal fitness of Canadian children 

and youth have declined substantially from 1981 to 2007–2009 (Craig, Shields, Leblanc, & Tremblay, 

2012; Tremblay, 2010). Adolescents are at particularly  high risk of adverse health outcomes associated 

with physical inactivity given that the most drastic declines in physical activity levels are observed in 

adolescence (Kimm, et al., 2002; Sallis, 2000) and 80% of obese adolescents become obese adults 

(Daniels, et al., 2005). Cardiorespiratory and musculoskeletal fitness are independently associated with 

metabolic risk in adolescents (Artero, et al., 2011) and it is well known that greater fitness is associated 

with better health status (Warburton, Gledhill, & Quinney, 2001) and lower  mortality rates (Fitzgerald, 

et al., 2004; Goel, et al., 2011) in adults. Furthermore, lower cardiorespiratory fitness is associated with 

higher mortality regardless of the level of adiposity (McAuley, et al., 2012).  

Improvements in cardiorespiratory fitness following moderate to high intensity [55-80% of peak 

oxygen consumption (VO2peak)] aerobic training 40 minutes/session, 2-5 sessions/week in obese 

adolescents are well-documented (Ben Ounis, et al., 2010; Gutin, et al., 2002; K. J. Lee, Shin, Lee, Jun, 

& Song, 2010; S. Lee, et al., 2012; Tjonna, et al., 2009). However, only two well-controlled intervention 

studies have evaluated the effects of aerobic training on muscular strength in obese adolescents, and they 

showed inconsistent results (S. Lee, et al., 2012; Tjonna, et al., 2009). On the other hand, multiple studies 

demonstrated that progressive moderate-intensity higher-volume (higher number of sets) resistance 

training incorporating single and multi-joint whole-body exercises 2-3 sessions/week increased  lean 

body mass (S. Lee, et al., 2012; Shaibi, et al., 2006; Suh, et al., 2011) and muscular strength (Davis, 

Tung, et al., 2009; S. Lee, et al., 2012; Shaibi, et al., 2006) in obese adolescents. In recent years, 

resistance training has garnered more attention as an alternate exercise modality to improve motivation 
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and adherence to exercise training in obese youth (Schranz, Tomkinson, & Olds, 2013). However, well-

controlled studies evaluating the effects of resistance training on cardiorespiratory fitness and muscular 

endurance, flexibility and power have received limited attention and warrant further study. 

Taken together, the combined effects of aerobic and resistance training could result in superior 

improvements in cardiorespiratory and musculoskeletal fitness compared to either modality alone. To 

our knowledge, no studies have compared the effects of combined training to aerobic and resistance 

exercise alone in overweight or obese adolescents and no studies have utilized a standardized battery of 

tests to assess the complete spectrum of musculoskeletal fitness (muscular strength, endurance, power 

and flexibility) in this population. Filling these knowledge gaps could have important clinical 

implications for program design and exercise recommendations for adolescents with excess body 

weight.  

Thus, the present study aims to examine the effects of 6 months of aerobic training, resistance 

training and their combination on cardiorespiratory fitness as assessed by VO2peak and musculoskeletal 

fitness (muscular strength, endurance, power and flexibility) in overweight and obese adolescents. We 

hypothesized a priori that the combined training group would improve both cardiorespiratory and 

musculoskeletal fitness compared to either exercise training modality alone. 

 

METHODS  

Participants 

This paper investigates the effects of exercise training on cardiorespiratory and musculoskeletal 

fitness as secondary outcomes of the HEARTY (Healthy Eating Aerobic and Resistance Training in 

Youth) trial which has been described in detail elsewhere (Alberga, et al., 2012).  
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After a 4-week run-in to assess exercise adherence, 304 post-pubertal overweight and obese 

adolescents (age 14-18 years, body mass index (BMI) >95
th 

percentile for age and sex, or >85
th

 

percentile plus a diabetes risk factor) were randomized into 4 groups for 22 weeks (5 months): 1. aerobic 

training (Aerobic, n=75), 2. resistance training (Resistance, n=78), 3. combined aerobic and resistance 

training (Combined, n=75) or 4. non-exercising control (Control, n=76).  

 

Intervention  

Details of the diet counseling and exercise training program were published previously (Alberga, 

et al., 2012). Briefly, participants in all 4 groups received dietary counselling designed to promote 

healthy eating with a maximum daily energy deficit of 250 kcal by a registered dietitian. During the 4-

week run-in, participants were asked to exercise 4 sessions per week at an aerobic intensity of 65% of 

their measured maximum heart rate (HRmax) for 15-30 minutes per session and to complete 1-3 sets of 

15 reps at 15 Repetitions Maximum (RM), the maximum that could be moved 15 times through the full 

range of motion while maintaining proper form for the resistance training component. Participants who 

attended at least 13 of the 16 exercise sessions during run-in were then randomized to one of 4 groups 

for 22 weeks (weeks 5-26). Participants randomized to the three exercise groups exercised 4 sessions per 

week at local fitness centers in the Ottawa/Gatineau, Canada, region. They were supervised by personal 

trainers weekly for 8 weeks after randomization, then every 2 weeks. Participants in the aerobic training 

group exercised on a treadmill, bike and/or elliptical at an intensity progressing from 70% HRmax for 20 

min per session to 85% of HRmax for 40 min per session. The resistance training group performed 7 

whole-body exercises on resistance machines progressing from 15 repetitions at 15 RM to 6 repetitions 

at 6RM performed over 20-40 minutes per session. The combined training group performed both the 

aerobic and the resistance components during each exercise session for a maximum of 4 sessions per 



 

192 
 

week for 22 weeks. The participants in the control group were asked to revert back to their baseline 

activity levels and were offered the exercise program of their choice after the intervention program. The 

personal trainers monitored attendance and adherence was calculated as the total number of exercise 

sessions the participant attended divided by the total number of sessions prescribed from baseline to the 

end of the intervention. 

 

Cardiorespiratory fitness  

 Cardiorespiratory fitness was determined by VO2peak at baseline and at 6-months measured 

during a graded exercise test following the modified Balke and Ware incremental treadmill test (Balke, 

1963).  The treadmill speed was predetermined during a practice session and was held constant 

throughout the entire test. Three different continuous ramp protocols (slow: <3.0, average: 3.0, fast: 3.5 

miles/hour) were used based on the participant’s ability, and for each individual the same ramp protocol 

was used at baseline and 6 months. The test began with a 1-minute warm-up period during which the 

participant walked at 2 miles per hour at a 0% incline. The walking speed was increased to the 

predetermined pace and remained the same throughout the entire duration of test. The treadmill grade 

was progressively increased by 2% every minute until the participants reached volitional exhaustion. 

Data was collected in 10-second averaging intervals for the duration of the stress test. Oxygen 

consumption was measured by indirect calorimetry using an automated metabolic system (MOXUS 

Modular Metabolic System, AEI Technologies Naperville, IL, USA).    

 Tests were terminated when the participants expressed desire to stop at their maximal exertion. 

The highest relative rate of oxygen consumption [VO2 (mLO2/kg/min)] achieved was considered to be 

the VO2peak for the participant. Treadmill time was defined as the time from the start of the test until the 

time where the participant reached VO2peak.  
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Muscular strength  

An 8-RM test (determining the maximum weight that could be lifted eight times for the specific 

resistance exercise while maintaining proper exercise movement form) was performed on the bench 

press, seated row and leg press machines at 0, 3 and 6 months. The test was administered in the gym by 

a personal trainer.  

 

Musculoskeletal fitness 

The five musculoskeletal fitness tests were conducted at baseline and at 6 months to assess 

muscular strength, endurance, power and flexibility according to established testing protocols from the 

Canadian Physical Activity, Fitness & Lifestyle Approach (CPAFLA) designed by the Canadian Society 

for Exercise Physiology (CSEP) (Canadian Society for Exercise Physiology. The Canadian Physical 

Activity, Fitness and Lifestyle Approach (CPAFLA). Third Edition, 2003). Briefly, the CPAFLA tests 

were conducted in consecutive order: handgrip test, push-ups, sit and reach, partial curl-ups and vertical 

jump. Arm muscular strength was assessed on a hand-grip dynamometer (Baseline Hydraulic Hand 

Dynamometer, #OC-3054-02, OrthoCanada). Both hands of participants were assessed twice and the 

maximum score of each hand was combined to obtain a total arm muscular strength score in kilograms. 

Upper body muscular endurance was assessed by the push-ups test, asking participants to complete as 

many consecutive push-ups as possible while maintaining proper technique (no time limit). The push-

ups test technique was different according to sex; males used their toes, and females used their knees, as 

the pivot point. The sit and reach test was used as an indicator of flexibility and provided a measure of 

the range of motion in the hips and lower back. The participant’s feet were placed against the backboard 

of the sit and reach flexometer (Flex-Tester Sit and Reach Flexibility Test Box) at the 23-cm mark, and 

the participant was advised to stretch out his/her arms and hands in the direction of their feet while 
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pushing a sliding marker forward along the horizontal scale on which the maximum distance reached 

was recorded in centimeters. Muscular endurance of the abdominal and hip flexor muscles was assessed 

using the partial curl-up test. The participant was asked to perform as many partial curl-ups as possible 

over a 1-minute period at a set cadence of 50 beats per minute for a maximum of 25 repetitions. A 

vertical jump test was then performed to assess leg muscular power. Participants performed a vertical 

jump from a semi-squatting position to a peak jump height. Leg muscular power was then determined 

using the difference between peak vertical jump height and the stand-and-reach-height using the 

following formula by Sayers et al. (Sayers, Harackiewicz, Harman, Frykman, & Rosenstein, 1999): 

Leg Power (W) = [60.7 x jump height (cm)] + [45.3 x body mass (kg)] – 2055………………………. (1) 

 

Statistical Analysis 

 The primary analysis was intention-to-treat, including all participants even if they dropped out. 

Linear mixed-effects modeling was used with repeated measures over time with cardiorespiratory fitness 

(VO2peak, treadmill time) and musculoskeletal (leg press, bench press, seated row, grip strength, push-

ups, sit-and-reach, partial curl-ups, leg power) as the dependent variables and effects for time (0, 3 and 6 

months), study group (Aerobic, Resistance, Combined, Control), and time-by-group interaction with age 

and sex as covariates and an unstructured covariance matrix.  Within the mixed models, we estimated 

95% confidence intervals (CI) and p-values for the 4 prespecified intergroup comparisons (Aerobic vs. 

Control, Resistance vs. Control, Combined vs. Aerobic and Combined vs. Resistance) and for changes 

in fitness outcomes within each group over time.  In addition to the primary intention-to-treat analyses, 

we conducted per-protocol analyses including only those participants who completed at least 70% of 

prescribed exercise sessions ( 2.8 sessions/week) and all follow-up measures following the same 
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procedures as in the intention-to-treat analyses. All analyses were performed using the statistical 

software package SAS, version #9.2 (SAS Institute, Cary, North Carolina).  

 

Results 

Descriptive characteristics of the sample are presented in Table 1.  Participants were 70% 

female, 72% Caucasian, BMI of 34.6 ± 4.5 kg/m
2
, aged 15.6 ± 1.4 years old.  From baseline to 26 

weeks, there were no significant differences in adherence rates between exercise groups. The median 

exercise training adherence was 62% (interquartile range, 36% to 81%) in the Aerobic group, 56% 

(interquartile range, 37% to 75%) in the Resistance group and 64% (interquartile range, 39% to 75%) in 

the Combined group.  

 

Cardiorespiratory fitness 

 The cardiorespiratory fitness results are presented in Table 2. Treadmill time increased in all 3 

exercise groups in both intention-to-treat and per-protocol analyses. The increases in VO2peak in Aerobic 

were greater than in Controls. Although the combined group increased VO2peak and treadmill time from 

baseline to post-intervention, these changes were not significantly different from the other groups. 

Treadmill time increased in the aerobic group vs. control. Examination of per protocol analyses based on 

participants adhering to ≥70% of prescribed sessions showed the same pattern of results as that reported 

above for the intention to treat analyses.   

 

Musculoskeletal fitness 

Muscular strength by 8-RM 
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 Musculoskeletal fitness test results are presented in Table 3. The aerobic group and the resistance 

groups showed greater increases in leg press compared to control. Furthermore, the combined group 

showed greater increases in leg press, bench press and seated row compared to the aerobic group. The 

resistance group showed greater increases in bench press compared to the control group.  However, the 

changes in muscular strength in the combined group were not significantly different from the changes 

from the resistance exercise group on the leg press, bench press or seated row machines. Only in the 

most adherent participants (results from per-protocol analyses of participants with ≥70% compliance 

shown in Table 3) were the improvements in leg press in the resistance exercise group greater than those 

in the combined exercise group.  

 

Canadian Physical Activity, Fitness & Lifestyle Appraisal (CPAFLA) tests 

Results from the CPAFLA tests are also presented in Table 3. The number of push-ups increased 

from baseline to post-intervention in all four groups and they improved more in Resistance compared to 

Control and in Combined compared to Aerobic. Partial curl-ups increased in Aerobic, Resistance and 

Combined groups but only the increases in Aerobic were different from Control. Grip strength increased 

from baseline to post-intervention in all four groups but there were no significant between-group 

changes in both intention-to-treat and per-protocol analyses. There were no significant within-group or 

between-group differences in sit-and-reach and leg power for both the intention to treat and per protocol 

analyses. 

 

 DISCUSSION 

 We found that although the aerobic and the combined groups increased VO2peak, the 

improvements in cardiorespiratory fitness were greater in the aerobic group only compared to controls. 
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Aerobic exercise training alone increased abdominal muscular endurance (partial curl-ups), while 

resistance training alone increased upper and lower body muscular strength and endurance as measured  

by the bench press, leg press and push-up tests. The Combined group improved both VO2peak and 

musculoskeletal fitness (leg press, bench press, seated row, partial curl-ups and push-ups) in overweight 

and obese adolescents. 

 

Cardiorespiratory fitness 

Although VO2peak increased in the aerobic and the combined aerobic and resistance exercise  training 

groups from baseline to post-intervention, both intention-to-treat and per-protocol analyses showed that 

only the increases in the aerobic group were significantly greater than in the control group. Treadmill 

time, another indicator of cardiorespiratory fitness, also increased significantly in all three exercise 

training groups, however, only the increases in the aerobic group were significantly different from 

control. Our results are consistent with other studies in obese adolescents that have shown increases in 

cardiorespiratory fitness following an exercise intervention including an aerobic exercise training 

component (Ben Ounis, et al., 2010; Gutin, et al., 2002; K. J. Lee, et al., 2010; S. Lee, et al., 2012; 

Tjonna, et al., 2009). In our Diabetes Aerobic and Resistance Exercise Trial, which employed a similar 

design to the current HEARTY trial in overweight and obese adults with type 2 diabetes, the findings 

were similar:  aerobic and combined exercise each increased aerobic fitness, but the aerobic-only 

intervention did so to a slightly greater extent (Larose, et al., 2010). The findings of the HEARTY trial 

support that moderate to high intensity aerobic or combined aerobic and resistance exercise training for 

at least 3 sessions per week improves cardiorespiratory fitness in overweight and obese adolescents.   

Resistance exercise training alone, however, did not increase cardiorespiratory fitness. This finding 

differs from the previously-mentioned trial by Lee et al (S. Lee, et al., 2012) which showed increases in 
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VO2peak in both the aerobic  (+9.1 ± 0.9 mLO2/kg/min) and the resistance  (+7.7 ± 0.9 mLO2/kg/min) 

exercise training groups compared with the control group (-0.04 ± 1.1 mLO2/kg/min; p<0.0001). The 

participants in Lee et al.’s study were randomized to an aerobic training group (40-60 min at 50-75% of 

VO2peak), resistance training group (10 whole-body exercises 8-12 repetitions of 60% 1-RM to fatigue 

for 60 min/ session) 3 times per week or a non-exercising control for 3 months. All their participants 

were also asked to follow a weight maintenance diet (55–60% carbohydrate, 15–20% protein, and 20–

25% fat) during the intervention. Although the study by Lee et al. (S. Lee, et al., 2012) and the 

HEARTY trial employed a similar exercise training program, the participants in Lee et al.’s study 

showed greater exercise adherence  in both the aerobic and resistance exercise groups (>99%, perhaps in 

part because participants received some compensation), and this greater adherence might account for 

larger physiological changes.  The Lee et al trial (12) incorporated a longer aerobic training duration per 

session than our trial (40-60 min compared to 20-40min) and their participants were males only 

(compared to our sample consisting of 70% females) and approximately 50% were of black race 

(compared with 10% in our trial).  These differences in sample characteristics may also explain, in part, 

the discrepant findings. Our results are more consistent with those of Gutin et al.(Gutin, et al., 2002), 

who offered aerobic exercise training 5 times per week but showed smaller increases of +1.72 

mLO2/kg/min in VO2peak from baseline to 8 months of moderate to high intensity aerobic training (55-

80% VO2peak) in obese adolescents aged 13-16 years old who maintained 40% exercise sessions 

adherence (  2 sessions per week).  Gutin et al. reported 51% (5-92) adherence for the moderate 

intensity aerobic training group and 56% (16-83) for the high intensity aerobic training group although 

their adherence rates were not significantly different between groups. 

 

Musculoskeletal fitness 
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The present study showed that all three types of exercise training (aerobic, resistance and their 

combination) increased lower body muscular strength (leg press). These results are in agreement with 

one aerobic exercise interval training study in obese adolescents (Tjonna, et al., 2009) but differ from 

the results reported by Lee et al. showing no significant changes in chest or leg strength following 

aerobic exercise training compared with the non-exercising control group (S. Lee, et al., 2012). The 

present study is the first randomized controlled trial that compared the effects of aerobic, resistance or 

combined aerobic and resistance exercise training on a comprehensive battery of whole-body 

musculoskeletal fitness tests in a large sample of overweight and obese adolescents. We showed that the 

greatest increase in lower body muscular strength (leg press) was observed in the resistance exercise 

training group.  The increase in the combined training group was significantly less in our most adherent 

participants, even though the resistance exercise prescription was the same in these two groups. 

Although the gains in total skeletal muscle mass appeared greater from baseline to post-intervention in 

the resistance group (+1.2 kg, p=0.001) and in the combined group (+0.6 kg, p=0.045), these changes 

were not significantly different between groups of our most adherent sample. Conversely, the results of 

the vertical jump test that was used to assess leg power did not change following exercise training in any 

group. The vertical jump test requires vertical propulsion of one’s own body weight and thus, may not 

be the best metric  to use in overweight or obese adolescents (Deforche, et al., 2003). Perhaps their body 

weight may have limited their ability to perform and improve their scores on this test if they did not 

show large concomitant decreases in body weight following the intervention.  

We also showed increases in upper body muscular strength (bench press) and endurance (push-

ups) in the resistance and the combined training groups. Improvements in muscular strength have been 

observed in previous studies with obese Latino adolescents with resistance exercise training (Davis, 

Kelly, et al., 2009; Shaibi, et al., 2006) and combined aerobic and resistance exercise training (Davis, et 
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al., 2011; Davis, Tung, et al., 2009). Increases in strength are usually explained by improved neural 

adaptation (increased motor neuron activation and motor unit synchronization, especially early in 

training) (Sale, 1988) and muscle hypertrophy (Jones & Rutherford, 1987; Narici, Roi, Landoni, Minetti, 

& Cerretelli, 1989). Among participants with good adherence we observed regional changes in body 

composition that may help explain the improvements in musculoskeletal fitness. Arm skeletal muscle 

(0.49 kg), upper body skeletal muscle (0.57 kg) and total skeletal muscle mass (1.2 kg) increased from 

baseline to post-intervention in the resistance  training group and in the combined training group (0.20, 

0.36 and 0.6 kg respectively) while there no significant changes within the aerobic exercise training  

group (0.09, 0.07 and 0.3 kg respectively). Training-induced increased motor neuron activation and 

motor unit synchronization could each partly explain this finding.  

Higher levels of musculoskeletal fitness (muscular strength, endurance and power) have been 

associated with better quality of life (Warburton, et al., 2001) and abdominal muscular endurance has 

been associated with a lower risk of premature mortality in Canadian adults (Katzmarzyk & Craig, 

2002). The present study showed an increase in abdominal muscular endurance (partial curl-ups) in the 

aerobic and the combined training groups. Reductions in abdominal fat observed in all 3 exercising 

groups may account for the increased number of partial curl-ups (increased abdominal muscular 

endurance) achieved at post-intervention. We have previously reported in another paper (main 

HEARTY results manuscript 5) that the decreases in waist circumference were indeed higher in Aerobic 

(-3.7 cm) and Resistance (-4.5 cm) compared to controls and in Combined (-6.9 cm) compared to 

Aerobic in our most adherent sample.   

Combined training was superior to aerobic training alone for increased muscular strength (leg press, 

bench press, seated row) and upper body muscular endurance (push-ups). However, combined training 
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showed less leg strength improvement (leg press) compared to resistance training alone in our most 

adherent participants. Since the resistance exercise component was exactly the same in the resistance 

alone and the combined training groups and adherence rates were similar, these results suggest that the 

addition of aerobic exercise to resistance exercise training did not add additional benefit to improving 

leg muscular strength than resistance exercise training alone, and might even have had a negative effect 

on leg strength development. Nonetheless, Combined training increased both VO2peak and 

musculoskeletal fitness (leg press, bench press, seated row, partial curl-ups and push-ups). 

 We found no within-group or between-groups differences in flexibility (sit and reach test), even 

when we analyzed our most adherent participants. While we did incorporate some stretching exercises in 

the warm-up and cool-down periods, the exercise training program evaluated in the present study was 

not particularly designed to increase flexibility, so this lack of change is not surprising.  

The present study has some limitations. Since obesity in youth is associated with an altered motor 

coordination, decreased mechanical efficiency (Nantel, Brochu, & Prince, 2006; Norman, et al., 2005) 

and decreased exercise tolerance (Goran, Fields, Hunter, Herd, & Weinsier, 2000; Norman, et al., 2005), 

it is plausible that our sample of obese adolescents may have experienced greater difficulty performing 

some of the musculoskeletal fitness tests than slimmer adolescents would. Although the CPAFLA 

musculoskeletal fitness tests were performed on a large representative Canadian sample of mostly 

normal-weight children and adolescents (Tremblay, 2010), this is the first study to use this 

comprehensive musculoskeletal fitness battery of tests in a Canadian sample of overweight and obese 

adolescents.  

Our results showed that aerobic training alone increased cardiorespiratory fitness and abdominal 

muscular endurance while resistance training alone increased upper and lower body muscular strength 
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and upper body endurance in overweight and obese adolescents. Improvements in cardiorespiratory 

fitness after combined aerobic and resistance training were similar to those derived from aerobic training 

alone. Improvements in musculoskeletal fitness through combined aerobic and resistance training were 

similar to those from resistance exercise training alone, although resistance training alone showed 

greater leg strength improvements than combined training. Moreover, combined training increased both 

cardiorespiratory and musculoskeletal fitness compared to non-exercising controls.  

Conclusion 

Our findings indicate that overweight and obese adolescents participating in any form of exercise 

training (aerobic  training alone, resistance training alone or combined aerobic and resistance training) 

can expect some fitness benefits while the greatest improvements in overall strength and fitness can be 

expected from combined aerobic and resistance exercise training. Thus, our findings provide support for 

prescribing the combination of aerobic and resistance exercise to maximize overall fitness, a critical 

component of health for overweight and obese adolescents who would otherwise be at high risk for 

premature morbidity and mortality.  
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TABLE 1. Baseline participant characteristics. 

 Aerobic Resistance Combined Control 

N 75 78 75 76 

Age (years) 15.5 (1.4) 15.9 (1.5) 15.5 (1.3) 15.6 (1.3) 

Weight (kg) 96.7 (15.1) 9.9 (17.4) 97.5 (16.3) 97.9 (18.8) 

Height (cm) 166.9 (7.0) 168.3 (7.5) 167.5 (7.6) 168.3 (7.7) 

BMI (kg/m
2
) 34.7 (4.2) 35.1 (4.6) 34.6 (4.2) 34.1 (4.9) 

Waist circumference (cm) 96.4 (10.1) 98.8 (11.4) 96.8 (10.5) 95.2 (11.8) 

Body fat (%) 49.1 (5.8) 49.9 (5.8) 50.3 (5.3) 48.6 (5.3) 

VO2peak (mLO2/kg/min) 30.6 (5.1) 29.9 (5.0) 30.5 (5.1) 30.6 (4.8) 

Median adherence (%) 62 56 64 - 

Values are means (SD). Abbreviations: VO2peak= Peak oxygen consumption 

Adherence was calculated as the number of exercise sessions attended divided by 4, since exercises were supposed to be 

performed 4 times per week. 
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TABLE 2. Baseline cardiorespiratory fitness and changes after 6 months. 

  
Mean (SE) Mean (95% Confidence Interval) 

Variable N Baseline 6 months 
Absolute change 

from baseline to  

6 months 

Adjusted change 

from baseline to 

 6 months 

 

INTENTION-TO-TREAT ANALYSIS 

 

VO2peak (mLO2/kg/min) 

 
     

     Aerobic  75 30.6 (0.6) 33.4 (0.7) 2.7 (1.6, 3.9)*** 

      Resistance  78 30.0 (0.5) 30.9 (0.7) 0.9 (-0.2, 2.0) 

      Combined  75 30.6 (0.6) 32.2 (0.6) 1.6 (0.5, 2.7)*** 

      Control  76 30.6 (0.5) 30.9 (0.7) 0.2 (-0.8, 1.3) 

 Aerobic vs. control    

 

2.5 (0.9, 4.1)** 

Resistance vs. control    

 

0.7 (-0.9, 2.3) 

Combined vs. aerobic    

 

-1.1 (-2.7, 0.4) 

Combined vs. resistance    

 

0.7 (-0.9, 2.2) 

 Treadmill time 

(minutes) 

 
     

     Aerobic  75 10.0 (0.2) 11.0 (0.2) 1.1 (0.6, 1.6)*** 

      Resistance  78 10.0 (0.2) 10.8 (0.2) 0.8 (0.3, 1.2)** 

      Combined  75 10.2 (0.2) 11.2 (0.2) 1.0 (0.5, 1.4)*** 

      Control  76 10.0 (0.2) 10.2 (0.2) 0.2 (-0.3, 0.6) 

 Aerobic vs. control    

 

0.9 (0.3, 1.6)** 

Resistance vs. control    

 

0.6 (-0.1, 1.3) 

Combined vs. aerobic    

 

-0.1 (-0.8, 0.5) 

Combined vs. resistance    

 

  

0.2 (-0.5, 0.9) 
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PER-PROTOCOL ANALYSIS 

 VO2peak 

(mLO2/kg/min) 

      

     Aerobic  35 31.6 (0.8) 34.2 (0.9) 2.6 (1.3, 3.9)*** 

      Resistance  23 30.6 (0.9) 31.6 (1.0) 1.0 (-0.7, 2.6) 

      Combined  29 30.5 (0.8) 32.6 (0.9) 2.2 (0.7, 3.6)** 

      Control  76 30.8 (0.5) 31.0 (0.6) 0.2 (-0.8, 1.3) 

 Aerobic vs. control    

 

2.4 (0.7, 4.1)** 

Resistance vs. control    

 

0.7 (-1.2, 2.7) 

Combined vs. aerobic    

 

-0.4 (-2.4, 1.5) 

Combined vs. resistance    

 

1.2 (-1.0, 3.4) 

Treadmill time 

(minutes)      

     Aerobic  35 10.2 (0.3) 11.3 (0.3) 1.1 (0.6, 1.7)*** 

      Resistance  23 9.9 (0.4) 10.8 (0.4) 0.9 (0.1, 1.6)* 

      Combined  29 10.2 (0.3) 11.5 (0.3) 1.3 (0.7, 1.9)*** 

      Control  76 10.0 (0.2) 10.2 (0.2) 0.2 (-0.3, 0.6) 

 Aerobic vs. control    

 

1.0 (0.2, 1.7)* 

Resistance vs. control    

 

0.7 (-0.2, 1.6) 

Combined vs. aerobic    

 

0.2 (-0.7, 1.0) 

Combined vs. resistance    

 

0.4 (-0.5, 1.4) 

*p<0.05, **p<0.01, ***p<0.001. 

Abbreviations: VO2peak: peak oxygen consumption. 
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TABLE 3. Baseline musculoskeletal fitness and changes after 3 and 6 months. 

  
Mean (SE) Mean (95% Confidence Interval) 

Variable N Baseline 3 months 6 months 
Absolute change 

from baseline to  

6 months 

Adjusted 

change from 

baseline to 

 6 months 

 

INTENTION-TO-TREAT ANALYSIS 

 

Leg press (kg) 

       

     Aerobic  64 94 (4) 127 (7) 136 (8) 42 (28, 55)*** 

      Resistance  66 100 (4) 157.6 (7) 173 (8) 73 (60, 86)*** 

      Combined  63 110 (4) 161 (7) 174 (8) 64 (51, 78)*** 

      Control  60 104 (4) 126  (7) 127 (8) 23 (9, 36)*** 

 Aerobic vs. control    

 

 

19 (2, 38)* 

Resistance vs. control     

 

50 (32, 69)*** 

Combined vs. aerobic     

 

23 (4, 41)* 

Combined vs. resistance     

 

-8 (-27, 10) 

 Bench press (kg) 

       

     Aerobic  63 27 (1) 30 (1) 31 (2) 4 (1, 7)** 

      Resistance  65 29 (1) 38 (1) 40 (2) 12 (9, 14)*** 

      Combined  64 29 (1) 39 (1) 41 (2) 12 (10, 15)*** 

      Control  61 29 (1) 31(2) 32 (2) 3 (1, 6)* 

 Aerobic vs. control    

 

 

1 (-3, 5) 

Resistance vs. control     

 

8 (5, 12)*** 

Combined vs. aerobic     

 

8 (5, 12)*** 

Combined vs. resistance       1 (-3, 5) 
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Seated row (kg) 

 

    

       Aerobic  63 39 (1) 44 (1) 45 (2) 5 (1, 10)* 

      Resistance  65 42 (1) 49 (1) 51 (2) 10 (6, 14)*** 

      Combined  63 41 (1) 49 (1) 55 (2) 14 (10, 18)*** 

      Control  61 41 (1) 46 (1) 48 (2) 7 (3, 11)** 

 Aerobic vs. control     

 

-1 (-7, 4) 

Resistance vs. control     

 

3 (-3, 9) 

Combined vs. aerobic     

 

9 (3, 15)** 

Combined vs. resistance     

 

4 (-1, 10) 

Grip strength (kg) 

 

    

       Aerobic  74 66  (1) 70 (2) 69 (2) 3 (1, 5)** 

      Resistance  77 68 (1) 71 (2) 73 (2) 5 (3, 7)*** 

      Combined  75 69 (1) 72 (2) 73 (2) 4 (1, 6)*** 

      Control  73 68 (1) 71 (2) 71 (2) 3 (1, 5)** 

 Aerobic vs. control     

 

0 (-3, 3) 

Resistance vs. control     

 

2 (-1, 5) 

Combined vs. aerobic     

 

1 (-2, 4) 

Combined vs. resistance     

 

-1 (-5,2) 
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Push-ups (#) 

 

    

       Aerobic  74 10 (1) 13 (1) 13 (1) 3 (1, 5)** 

      Resistance  77 9 (1) 15 (1) 16 (1) 7 (5, 9)*** 

      Combined  75 10 (1) 16 (1) 17 (1) 7 (5, 9)*** 

      Control  73 9 (1) 13 (1) 12 (1) 3 (1, 5)** 

 Aerobic vs. control     

 

0 (-3, 3) 

Resistance vs. control     

 

4 (1, 6)** 

Combined vs. aerobic     

 

4 (1, 7)** 

Combined vs. resistance     

 

0 (-3, 3) 

Sit and reach (cm) 

 

    

       Aerobic  74 25.5 (1.1) 27.0 (1.1) 26.2 (1.2) 0.7 (-1.0, 2.3) 

      Resistance  77 23.6 (1.1) 26.2 (1.1) 25.5 (1.2) 1.9 (0.3, 3.6)* 

      Combined  75 25.9 (1.1) 27.7 (1.1) 26.7 (1.2) 0.8 (-0.8, 2.4) 

      Control  73 23.8 (1.1) 25.5 (1.1) 24.0 (1.2) 0.1 (-1.5, 1.7) 

 Aerobic vs. control     

 

0.6 (-1.7, 2.9) 

Resistance vs. control     

 

1.8 (-0.5, 4.1) 

Combined vs. aerobic     

 

0.1 (-2.2, 2.4) 

Combined vs. resistance     

 

-1.1 (-3.5, 1.2) 



 

210 
 

 

Partial curl-ups (#) 

 

    

       Aerobic  74 19 (1) 22 (1) 23 (1) 4 (2, 7)*** 

      Resistance  77 19 (1) 21 (1) 21 (1) 2 (0, 4)* 

      Combined  74 18 (1) 21 (1) 22 (1) 4 (2, 7)*** 

      Control  72 19 (1) 21 (1) 20 (1) 1 (-1, 3) 

 Aerobic vs. control     

 

4 (1, 7)* 

Resistance vs. control     

 

2 (-1, 5) 

Combined vs. aerobic     

 

0 (-3, 3) 

Combined vs. resistance     

 

2 (-1, 5) 

Leg power (watts) 

 

    

       Aerobic  74 4032 (93) 4009 (97) 4095 (98) 62 (-69, 193) 

      Resistance  77 4222 (92) 4183 (95) 4283 (97) 61 (-69, 192) 

      Combined  74 4102 (93) 4134 (96) 4107 (96) 5 (-123, 134) 

      Control  73 4158 (93) 4154 (99) 4199 (95) 41 (-85, 166) 

 Aerobic vs. control     

 

22 (-160, 203) 

Resistance vs. control     

 

21 (-161, 202) 

Combined vs. aerobic     

 

-57 (-240, 127) 

Combined vs. resistance     

 

-56 (-239, 127) 



 

211 
 

 

 

PER-PROTOCOL ANALYSIS 

 

 Leg press (kg) 

       

     Aerobic  29 89 (6) 129 (9) 135 (11) 46 (29, 63)*** 

      Resistance  18 112 (8) 185 (11) 214 (13) 101 (80, 123)*** 

      Combined  24 104 (7) 154 (10) 169 (12) 65 (46, 85)*** 

      Control  60 105 (4) 127 (7) 127 (8) 22 (9, 36)** 

 Aerobic vs. control    

 

 

24 (2, 45)* 

Resistance vs. control     

 

79 (54, 104)* 

Combined vs. aerobic     

 

19 (-6, 45) 

Combined vs. resistance     

 

-36 (-65, -7)* 

Bench press (kg) 

      

     Aerobic  28 27 (2) 31 (2) 32 (2) 5 (1, 8)** 

      Resistance  18 31 (2) 43 (3) 48 (3) 17 (12, 21)*** 

      Combined  25 27 (2) 40 (2) 43 (3) 16 (12, 19)*** 

      Control  61 29 (1) 31 (2) 33 (2) 3 (1, 6.)* 

 Aerobic vs. control    

 

 

2 (-3, 6) 

Resistance vs. control     

 

13 (8, 18)*** 

Combined vs. aerobic     

 

11 (5, 16)*** 

Combined vs. resistance     

 

-1 (-7, 5) 
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Seated row (kg) 

 

    

       Aerobic  28 41 (2) 45 (2) 46 (3) 6 (0, 12) 

      Resistance  17 45 (3) 55 (3) 59 (4) 14 (7, 22)*** 

      Combined  25 38 (2) 48 (2) 59 (3) 21 (14, 27)*** 

      Control  61 41 (1) 46 (1) 48 (2) 7 (2, 12)** 

 Aerobic vs. control     

 

-1 (-9, 6) 

Resistance vs. control     

 

8 (-1, 16) 

Combined vs. aerobic      15 (6, 24)** 

Combined vs. resistance      6 (-4, 16) 

Grip strength (kg) 

 

      

     Aerobic  35 67 (2) 72 (2) 71 (2) 4 (1, 6)**  

     Resistance  23 71 (3) 74 (3) 77 (3) 6 (3, 9)***  

     Combined  29 70 (2) 70 (2) 74 (3) 4 (1, 7)*  

     Control  73 69 (1) 72 (2) 72 (2) 3 (1, 5)**  

Aerobic vs. control      1 (-3, 4) 

Resistance vs. control      3 (-1, 7) 

Combined vs. aerobic      0 (-4, 5) 

Combined vs. resistance      -2 (-7, 3) 
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Push-ups (#) 

 

      

     Aerobic  35 11 (1) 15 (2) 15 (2) 4 (1,6)**  

     Resistance  23 9 (2) 16 (2) 17 (2) 8 (5, 11)***  

     Combined  29 11 (2) 18 (2) 19 (2) 8 (6, 11)***  

     Control  73 9 (1) 13 (1) 12 (1) 3 (1, 5)***  

Aerobic vs. control      1 (-2, 3) 

Resistance vs. control      5 (2, 8)** 

Combined vs. aerobic      5 (2, 8)** 

Combined vs. resistance      0 (-3, 4) 

Sit and reach (cm) 

 

      

     Aerobic  35 27.2 (1.6) 27.6 (1.6) 27.4 (1.7) 0.2 (-1.9, 2.3)  

     Resistance  23 25.2 (2) 28.1 (2) 26.7 (2.1) 1.5 (-1.1, 4.1)  

     Combined  29 27.0 (1.8) 27.5 (1.8) 26.9 (1.9) -0.1(-2.5, 2.3)  

     Control  73 23.6 (1.1) 25.2 (1.2) 23.7 (1.2) 0.1 (-1.5, 1.7)  

Aerobic vs. control      0.1 (-2.5, 2.7) 

Resistance vs. control      1.4 (-1.6, 4.5) 

Combined vs. aerobic      -0.3 (-3.4, 2.9) 

Combined vs. resistance      -1.6 (-5.1, 1.9) 
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Partial curl-ups (#) 

 

      

     Aerobic  35 20 (1) 24 (1) 24 (1) 4 (2, 7)**  

     Resistance  23 20  (2) 23 (1) 23 (1) 3 (0, 7)*  

     Combined  29 21 (2) 23 (1) 24 (1) 2 (-1, 5)  

     Control  72 19 (1) 21 (1) 20 (1) 1 (-1, 3)  

Aerobic vs. control      4 (0, 7)* 

Resistance vs. control      3 (-1, 6) 

Combined vs. aerobic      -2 (-6, 2) 

Combined vs. resistance      -1 (-5, 4) 

Leg power (watts) 

 

      

     Aerobic  35 4042 (141) 3968 (139) 4077 (135) 34 (-131, 199)  

     Resistance  23 4391 (173) 4410 (171) 4578 (167) 187 (-18, 392)  

     Combined  28 4067 (156) 4027 (153) 4017 (152) -50 (-242, 143)  

     Control  73 4189 (97) 4191 (100) 4232 (97) 43 (-84, 169)  

Aerobic vs. control      -8 (-216, 200) 

Resistance vs. control      145 (-97, 386) 

Combined vs. aerobic      -84 (-337, 170) 

Combined vs. resistance      -237 (-518, 44) 

*p<0.05, **p<0.01, ***p<0.001. 

Note: Leg power in watts was calculated from the vertical jump test using the formula by Sayers et al. (Sayers, et al., 

1999). 
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Final discussion 

 

The adolescent period is characterized by a multitude of physiological and behavioral 

changes compounded by external factors in our obesogenic environment that play roles in the 

onset, development and persistence of obesity (5). Drastic declines in physical activity, sport 

participation, cardiorespiratory and musculoskeletal fitness during the adolescent years (7-8) are 

a public health concern and warrant interventions to promote and maintain physically active 

lifestyles during this critical period and throughout the lifespan. Since a substantial proportion of 

adolescents with obesity already show signs of impaired cardiometabolic health (16-17) and 

regular exercise training is associated with reductions in CVD risk and premature mortality (25), 

it becomes imperative to identify effective exercise training interventions to improve the 

cardiometabolic health of overweight and obese adolescents.  

The three published systematic reviews (5, 26, 30) and the methodology paper (32) 

(manuscripts 1-4) of this dissertation clearly demonstrate the paucity of well-controlled exercise 

interventions in overweight and obese adolescents. These systematic reviews were conducted to 

identify the knowledge gaps in the literature regarding the effects of exercise training in the 

management of adolescent obesity and its co-morbidities and to provide additional support for 

the already ongoing HEARTY trial. The results of these systematic reviews highlighted the need 

for an adequately powered, longer exercise intervention (>16 weeks) examining the effects of 

aerobic training, resistance training and combined training using gold-standard body 

composition, CVD risk markers, RMR, and fitness assessment techniques in a large sample of 

post-pubertal obese adolescents.  

Although the main outcome of the HEARTY trial (manuscript 5) was percent body fat 

measured by MRI, the specific objectives proposed for my dissertation were to investigate in 
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further detail the effects of aerobic training, resistance training and their combination on 

abdominal fat, traditional and non-traditional CVD risk markers, RMR, and cardiorespiratory 

and musculoskeletal fitness in obese adolescents who participated in the HEARTY trial. We 

observed no significant changes in fasting glucose, post-load glucose, hemoglobin A1c (HbA1c), 

high density lipoprotein cholesterol (HDL), low density lipoprotein cholesterol (LDL), 

triglycerides and high-sensitivity C-reactive protein (HSCRP) in any exercise group in either the 

intention-to-treat or the per-protocol analyses. However, the HEARTY trial results showed 

significant decreases in percent body fat and waist circumference in all three exercise training 

groups and the largest declines in percent body fat and waist circumference were observed in the 

combined training group, especially in the most adherent participants. These findings suggest 

that obese adolescents who participate in any type of exercise training (aerobic, resistance or 

both) could expect some cardiometabolic health benefits regardless of the exercise modality they 

choose but the greatest health benefits are associated with a greater volume of exercise training. 

In participants adhering to the exercise protocol (≥ 2.8 sessions per week), combined training 

was more effective than either type of exercise alone in decreasing percent body fat, waist 

circumference and BMI in a large sample of obese adolescents exercising in community-based 

exercise facilities.  

Increased abdominal fat is associated with greater cardiometabolic risk (12, 33-34) and 

non-traditional CVD risk factors such as HSCRP, Apolipoproteins A-1 and B (ApoA-1 and 

ApoB) and the ratio ApoB/ApoA-1 have emerged as important independent biomarkers for CVD 

risk (35-36). Results presented in manuscript 6 showed significant reductions in abdominal 

subcutaneous fat (SAT) within all exercise groups. While resistance training alone decreased 

superficial subcutaneous fat, aerobic training alone decreased the deeper layer of SAT. 
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Combined training decreased ApoB and ApoB/ ApoA-1 ratio compared to control and only the 

differences in ApoB/ApoA-1 ratio were greater in the combined training group compared to 

aerobic training alone. This is of paramount importance given that ApoB and ApoB/ApoA-1 

ratio have recently been identified as important independent non-traditional risk factors 

associated with a greater risk of CVD (36). 

Given that obesity is the result of an energy imbalance and that RMR accounts for the 

greatest percentage of total energy expenditure per day (31), manuscript 7 examined whether or 

not the exercise modalities used in the HEARTY trial could increase the number of calories 

burned at rest and thus promote a negative energy balance to assist with weight loss in 

overweight and obese adolescents. However, our results showed that 6 months of aerobic 

training, resistance training and combined training did not reduce body weight and did not 

increase RMR. Only our most adherent participants in the combined group compared to controls 

decreased their body weight. If weight loss is the goal for obese adolescents beginning an 

exercise program, they should be conscious not to increase their energy intake above baseline 

levels, as resting energy expenditure will probably not increase through exercise training. It is 

important to note, however, that energy expenditure from participation in structured and non-

structured physical activity also play roles in total energy expenditure (in addition to resting 

metabolic rate) and can assist with energy balance. There were no changes in background 

physical activity as reflected in step counts (excluding study exercise sessions) during the 

intervention, although adherence to pedometer use was poor. While even normal-weight 

adolescents would gain some weight during a 6-month interval (37) due to anabolism and growth 

in lean tissue, participants in the HEARTY trial did not gain body weight, suggesting that 

involvement in the trial might have prevented weight gain that may otherwise have occurred. 
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The exercise interventions used in the HEARTY trial did show, however, that combined training 

improved cardiorespiratory and musculoskeletal fitness (manuscript 8) which can have important 

health benefits for the prevention of CVD and premature mortality.  

Taken together, the overall results of this dissertation suggest that combined aerobic and 

resistance exercise training showed the greatest improvements in cardiometabolic health (body 

composition, abdominal fat, ApoB, ApoB/ApoA-1 ratio, cardiorespiratory and musculoskeletal 

fitness) in overweight and obese adolescents who participated in the HEARTY trial.  

Table 1 below summarizes the findings of this dissertation. Differences were only 

considered significant if changes in the exercise group (Aerobic, Resistance or Combined) were 

significantly different from Control. Results from intention-to-treat (includes the whole sample 

regardless of their adherence rate and includes those who later withdrew) and per-protocol 

analyses were amalgamated into this summary table to better understand the effects of aerobic 

and resistance exercise training in obese adolescents. 

The additional comparison of Combined vs. Control was not a pre-specified comparison 

so it was not included in the results of manuscripts 5-8 but was included in the following 

summary table for comparison. Notably, in intention-to-treat analyses, decreases in Combined 

vs. Control were significant for BMI, waist circumference, waist-to-hip ratio, total cholesterol, 

ApoB and ApoB/ApoA-1 ratio. With per-protocol analyses, decreases in body weight, BMI, 

waist circumference and waist-to-hip ratio were significantly different when comparing 

Combined vs. Control. 



 

 

2
2
2

 

Table 1. Summary of the effects of aerobic training, resistance training and combined exercise training on cardiometabolic 

health measures in obese adolescents by intention-to-treat (ITT) and per-protocol (PP) analyses. 

 

EXERCISE 

TRAINING 

MODALITY 

CARDIOMETABOLIC HEALTH MEASURES 

BODY COMPOSITION CVD RISK MARKERS† 
 

 

RMR 

FITNESS 

 

Body 

weight 

 

BMI 
%  

body 

fat 

Abdominal fat  

(waist, SAT, VAT) 

 

Traditional† 

 

Non-

traditional 

‡ 

CRF  

 

Musculoskeletal  

 

Aerobic 

training 

 

 

 

 ITT, PP 

 

 
 ITT 

 

 PP  

 ITT 

 

 PP 

 

 waist ITT, PP 

 VAT ITT, PP 

 SAT ITT, PP 

      supSAT ITT, PP 

     deepSAT ITT, PP 

 

 ITT, PP  ITT, PP   ITT, PP  ITT, PP 

 Lower body strength ITT, PP 

 Upper body strength & endurance ITT, PP 

Abdominal endurance ITT, PP 

 Flexibility ITT, PP 

 Leg power ITT, PP 

Resistance 

training 

 

 

 
 ITT, PP 

 

 

 

 

 ITT, PP 

 

 ITT, 

PP 

 

 waist ITT, PP 

 VAT ITT, PP 

 SAT ITT 

      supSAT ITT 

    deepSAT ITT, PP 

 

ITT 

 

 

 ITT, PP 

fasting 

insulinPP 

 ITT, PP  ITT, PP 

 Lower body strength ITT, PP 

 Upper body strength & endurance ITT, PP 

 Abdominal endurance ITT, PP 

 Flexibility ITT, PP 

 Leg power ITT, PP 

Combined 

training 

 

 

 ITT 

 

 PP 

 

 

 
 ITT, PP 

 ITT, 

PP 

 

 waist ITT, PP 

 VAT ITT, PP  

 SAT ITT, PP 

       supSAT ITT, PP 

       deepSAT PP 

 

total 

cholesterol ITT 

 

 PP 

ApoB ITT 

ApoB/Apo

A-1ITT 

 
PP 

 ITT, PP 

 ITT 

 

 PP 

 Lower body strength ITT, PP 

Upper body strength & endurance ITT, PP 

Abdominal endurance ITT 

 Flexibility ITT, PP 

 Leg power ITT, PP 

Symbols:  no significant change,  significant increase and  significant decrease (when exercise group was compared to control group). For the purposes of 

this dissertation, † traditional CVD risk factors include high density lipoprotein cholesterol (HDL), low density lipoprotein cholesterol (LDL), triglycerides, 

systolic and diastolic blood pressure, fasting glucose, post-load glucose (after an oral glucose tolerance test) and HbA1c. ‡ Non-traditional CVD risk factors 

include fasting insulin, high-sensitivity C-reactive protein, ApoA-1, ApoB and ApoB/ApoA-1 ratio. Abbreviations: ApoA-1= apolipoprotein A-1, ApoB= 

apolipoprotein B, BMI= body mass index, CRP= cardiorespiratory fitness, CVD= cardiovascular disease, deepSAT= deep layer of subcutaneous fat, ITT= 

intention-to-treat analysis (includes the entire sample, regardless of adherence and includes those who later withdrew), PP= per-protocol analysis (includes the 

sample with 70% adherence), RMR= resting metabolic rate, SAT= subcutaneous fat, supSAT= superficial layer of subcutaneous fat, VAT= visceral fat, waist= 

waist circumference. Note: Combined training was superior to Aerobic training for changes in percent body fat, BMI, waist, ApoB/ApoA-1 ratio, lower & upper 

body strength and upper body endurance. Combined training was superior to Resistance training for changes in BMI.
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These results emphasize that a higher exercise training volume including a combination 

of aerobic and resistance exercise incorporating whole-body exercises at a moderate to high 

intensity, performed at least 3 times per week yields significant health benefits to obese 

adolescents. Although the exercise training interventions did not change RMR or the CVD risk 

markers, there were significant reductions in percent body fat, BMI, waist circumference, 

abdominal fat, and increases in cardiorespiratory and musculoskeletal fitness in the combined 

aerobic and resistance exercise training group.  

Despite the positive results showing improvements in the cardiometabolic health of our 

HEARTY participants, the median exercise adherence range (56-64%) was lower than 

anticipated. Moreover, the analysis of the data of our most adherent participants in the combined 

group ( 70% adherence= 2.8 sessions/ week) yielded the greatest improvements (body weight, 

percent body fat, BMI, waist circumference, abdominal fat, cardiorespiratory and 

musculoskeletal fitness) providing added support to the notion that greater volume of exercise 

training produces greater health benefits.  

The results of the HEARTY trial and the compilation of research in this dissertation 

suggest that future research should move beyond the oversimplification of the ‘eat-less-exercise-

more’ paradigm in the management of adolescent obesity. The obesogenic environment that we 

live in compounded by the multifactorial etiology of obesity and the multitude of physiological 

and psychosocial changes that occur during adolescence make obesity management especially 

challenging and difficult in youth. Perhaps it is time for public health agencies to switch their 

focus of promoting exercise for weight loss to promoting exercise for improvements in overall 

health in youth.   
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Future research directions and practical applications 

The lack of improvement in CVD risk markers (HDL, LDL, triglycerides, blood pressure, 

fasting glucose, post-load glucose, HbA1c, HSCRP) following training warrants further 

investigation. A possible explanation for the lack of change is possibly because as a group, our 

participants had relatively normal values at baseline (86% of our study participants had normal 

glucose tolerance). Future studies should examine the effects of exercise training in both 

metabolically healthy versus metabolically unhealthy obese adolescents to determine if there are 

differences in their responses to exercise. 

Canadian youth spend ~8.6 hrs/day in sedentary behavior such as sitting or lying down 

playing inactive video games or being in front of the television or computer (38). Higher levels 

of sedentary behavior have been associated with greater cardiometabolic risk and premature 

mortality independent of physical activity levels (39-41). Although the HEARTY trial aimed to 

increase structured physical activity through our exercise program, future secondary analyses 

should investigate whether participation in HEARTY also had an impact on participation in non-

structured physical activity pursuits and time spent in sedentary behaviors after completion of the 

trial. 

Although this dissertation focused on the effects of exercise training on physiological  

health, it is clear from manuscript 1 that important psychosocial changes occur during the critical 

period of adolescence that likely affect the onset, development and progression of obesity 

throughout the lifespan. The effects of different exercise modalities on psychosocial health also 

warrant further study and current analyses are underway to determine the effect of the HEARTY 

trial on multiple psychosocial outcomes. 
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Our results showcase that our most adherent participants demonstrated greater health 

benefits following the exercise intervention. Only 54% of our participants adhered to ≥2.8 

sessions/ week (per-protocol analysis n=161 compared to intention-to-treat analysis n=297). This 

highlights the need to determine how the adherent participants differ from the drop-outs of our 

study. A recent cluster analysis examined this question in the largest study of individuals 

successful at maintaining weight loss (the National Weight Control Registry) and showed that 

there are different clusters of participant characteristics, strategies and attitudes that help 

individuals achieve successful weight goals (42). Future secondary analyses should examine 

which demographic, physiological and psychological factors in our HEARTY participants were 

associated with greater adherence and marked improvements in cardiometabolic health following 

the 6-month intervention. Acquiring such information could better design future exercise 

programs and assist adolescents who are seeking to improve their overall health. 

Future studies should be conducted to evaluate how the long term exercise adherence to 

interventions such as the one used in the HEARTY trial could be improved. This is very relevant 

considering that only 7% of Canadian children and youth aged 6-19 years old partake in at least 

60 minutes of moderate to vigorous physical activity every day (38). Furthermore, the median 

exercise adherence in our trial was 62% in aerobic, 56% in resistance and 64% in combined, with 

no significant differences between groups. These lower-than-anticipated adherence rates from 

the HEARTY trial inspired the purpose of the final manuscript 9 included in this dissertation. 

Based on our HEARTY clinical trial experience and the literature review, we identified practical 

lessons that could potentially decrease participant attrition, promote exercise adherence and 

maximize the health benefits from regular exercise in overweight and obese youth. The ten 

lessons are: 1. Physical activity setting-context is important; 2. Choice of fitness trainer matters; 
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3. Physical activities should be varied and fun; 4. The role of the parent-guardian should be 

considered; 5. Individual physical and psychosocial characteristics should be accounted for; 6. 

Realistic goals should be set; 7. Regular reminders should be offered; 8. A multidisciplinary 

approach should be taken; 9. Barriers should be identified early and a plan to overcome them 

developed; and 10. The right message should be communicated: specifically, what’s in it for 

them?.  

Applying these ten recommendations could improve the design of future exercise 

programs for youth. We believe that these practical lessons will serve as a guide to families, 

physical education teachers, personal trainers, exercise specialists, exercise facility managers, 

clinicians, investigators and policy makers to optimize the multidimensional health benefits 

associated with participation in structured physical activity programs in youth. However, future 

research is needed to evaluate the proposed ten practical recommendations and determine their 

effectiveness in increasing adherence to exercise programs and improving overall health of 

children and adolescents with obesity.  
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MANUSCRIPT 9: Top 10 practical lessons learned from physical activity 

interventions in overweight and obese children and adolescents 
 

 

 

Published as a review article: 

Alberga, A.S., Medd, E., Adamo, K., Goldfield, G.S., Prud’homme, D., Kenny, G.P., Sigal, R.J. 

Top 10 practical lessons learned from physical activity interventions in overweight and obese 

children and adolescents. Applied Physiology Nutrition and Metabolism 2013; 38(3): 249-258. 

Permission was granted to include the published version of this article in this dissertation 

(Appendix). 
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Conclusion 

 

The results of this thesis improved our understanding of the effects of different exercise 

training modalities on body composition, cardiovascular disease risk markers, resting metabolic 

rate and fitness in overweight and obese adolescents. This dissertation has great public health 

implications for future design and implementation of more effective exercise programs to 

improve the overall health of adolescents with obesity and outlines future research directions in 

this population group.  
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Magnetic Resonance Imaging (MRI) Analysis 

 

 MRI Body Composition Analysis Protocol & Analysis Procedures 

 MRI Regional Body Composition Diagram 
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MRI Body Composition Protocol & Analysis Procedures 

- Body composition was assessed by MRI using established protocols by Ross et al.: 

 Ross et al. Quantification of adipose tissue by MRI: relationship with anthropometric 

variables. J Applied Physiology 1992; 72: 787-95. 

 Ross et al. Influence of diet and exercise on skeletal muscle and VAT in men J Applied 

Physiology 1996; 81: 2445-2455. 

 Ross et al. Adipose tissue distribution measured by MRI in obese women. Am J Clin 

Nutr 1993; 57:470-5. 

 

- The following description details the Ross et al. procedures involved in quantification of total 

and regional body composition analysis for the HEARTY study: 

1. Analyst is trained in MRI analysis protocols and segmentation quantification in Dr. Robert 

Ross’ laboratory, Queens University, Ontario, Canada.  

2. Acquisition of MRI images by trained technicians at the Children’s Hospital of Eastern 

Ontario or MRI plus at baseline and at post-intervention (6 months). 

3. Cross-sectional MRI images are downloaded and opened using software Slice-o-matic v. 4.3 

(Tomovision, QC) on two host computers at the University of Ottawa Human and 

Environmental Physiology Research Unit. 

4. Analyst creates script files to organize the sequence of images so that Slice-o-matic reads 

them in the correct order from image 1 (toes) to 45 (fingers) following the established 

protocols by Ross et al. 

5. Analyst performs image-by-image segmentation quantification (45 images total) using 

different colors (tags) representing different tissues with Slice-o-matic.  

6. Once total body image segmentation is complete, Slice-o-matic generates a ‘DB file’ with the 

AREA (cm
2
) of tissue in one image/slice using the formula: 

AREA (cm
2
) = [(∑ pixels) x pixel surface area of that slice] 

7. Analyst calculates the PARTIAL VOLUME (cm
3
) of tissue in each slice using the truncated 

cone model developed by Ross et al. (1992): 

PARTIAL VOLUME (cm
3
) = Area (cm

2
) x slice thickness (1cm) 

8. Analyst calculates the TOTAL VOLUME (Liters) of tissue using the formula: 

TOTAL VOLUME (Liters) = ∑ truncated pyramids of consecutive partial 

volumes of all 45 slices  
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9. Analyst calculates the TOTAL TISSUE MASS (kilograms) = Liters x assumed constant 

densities for adipose tissue, skeletal muscle and lean tissue: 

 Adipose tissue mass (visceral, subcutaneous, intramuscular fat) = Adipose tissue volume 

(L) x 0.92 kg/L 

 Fat-free skeletal muscle mass= Skeletal muscle volume (L) x 1.04 kg/L  

 Lean tissue mass (organs, bone)= Lean tissue volume (L) x 1.08 kg/L 

Reference for tissue densities: Snyder WS, Cooke MJ, Mnassett ES, Larhansen LT, Howells GP, 

Tipton IH. Report of the Task Group on Reference Man. Oxford: Pergamon; 1975. 
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MRI Regional Body Composition Diagram 
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Abbreviations: cm= centimeter (represents image thickness or the distance between consecutive 

images), FH= Femoral Head landmark, HH= Humeral Head landmark, img= image, L4L5= 

cross-sectional image between 4
th

 & 5
th

 lumbar vertebra. 
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Data Collection Sheets 

 

 Cardiorespiratory Fitness Test 

 Musculoskeletal Fitness Tests 
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Cardiorespiratory Fitness Test: Modified Balke & Ware treadmill VO2peak testing protocol 

 

Patient’s Name: ______________________________________________________ 

Date: ____________________________________________ 

Visit: ________M 

Protocol: slow tmt     regular tmt     fast tmt     (circle one) 

 

 Grade Speed BP    

 (%) (mph) (mmHg)    

rest 0 0 ____/____  
Time Recovery 

started: 

 

_____________ 

0:00 0  -    

1:00 0  -   BP 

1:30 0  -  Recovery (mmHg) 

2:00 0  -  0:30 ____/____ 

2:30 0  -  2:00 ____/____ 

3:00 1.5  -  3:00 ____/____ 

3:30 1.5  ____/____    

4:00 3  -    

4:30 3  -  Terminated b/c: __________________ 

5:00 4.5  -    

5:30 4.5  ____/____    

6:00 6  -    

6:30 6  -    

7:00 7.5  -    

7:30 7.5  ____/____    

8:00 9  -    

8:30 9  -    

9:00 10.5  -    

9:30 10.5  ____/____    

10:00 12  -    

10:30 12  -    

11:00 13.5  -    

11:30 13.5  ____/____    

12:00 15  -    

12:30 15  -    

13:00 16.5  -    

13:30 16.5  ____/____    

14:00   -    

14:30   -    

15:00       
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Musculoskeletal Fitness Tests: 8-RM & Canadian Physical Activity, Fitness & Lifestyle 

Appraisal tests (part 1 of 2) 

 

 

 

 

 

 

 

 

 

 

 Trial 1 Trial 2   CENTRE:  

Grip Strength R     Chest Press (8RM)  

Grip Strength L       

       

     CENTRE:  

 
Number 

Completed 
   Leg Press (8RM)  

Push up (M / F)       

       

     CENTRE:  

 Trial 1 Trial 2   Bench Press (8RM)  

Sit and Reach       

     
 

 
 

       

 
Number 

Completed 
     

Partial Curl-Up  Distance reached if none completed: ________          cm_  

     

 

 

 

 

 Trial 1 Trial 2 Trial 3    

Stand and Reach       

Vertical Jump      

Jump Height 

(difference) 
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Musculoskeletal Fitness Tests: 8-RM & Canadian Physical Activity, Fitness & Lifestyle 

Appraisal tests (part 2 of 2) 

 

Healthy Musculoskeletal Fitness – Composite Scoring 

 

Name:  ____________________ 

Date:    _______________ 

Visit:     ______ 

Age:     _____ 

 

Appraisal Items Measurement 

Rating 

(NI, Fair, 

etc.) 

Weighted 

Score 

Maximum 

Attainable 

Weighted Scores 

Male Female 

Grip Strength (kg)      

Push-up      

Sit and Reach (cm)      

Partial Curl-ups      

Let Power (watts)      

 

Total Maximum Attainable Weighted Score:    /28      /28 

Total Weighted Score Achieved:  ______ 

 

Composite Musculoskeletal Fitness Score:  ______ (out of 4) 

 

Composite Musculoskeletal Rating: 

 NI  F  G  VG  E 

 

*Leg Power (W) = [60.7 x jump height (cm)] + [45.3 x body mass (kg)] – 2055 
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Knowledge Translation Invitation  

Invitation from the Canadian Society for Exercise Physiology (CSEP): 
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Published in the CSEP Member Newsletter, Communiqué, July 2013  

 

Top 10 practical lessons learned from physical activity interventions in overweight and 

obese children and adolescents  

 

Angela S. Alberga, Emily R. Medd, Kristi B. Adamo, Gary S. Goldfield, Denis Prud'homme, 

Glen P. Kenny, and Ronald J. Sigal. Appl. Physiol. Nutr. Metab. 38: 249–258, 2013.  

 

Physical inactivity and obesity in children and youth are great public health concerns. Despite 

the well-known benefits of exercise that go above and beyond solely weight loss, participation 

rates are relatively low, and many who initiate exercise programs do not continue long-term. The 

difficulty lies in designing and implementing exercise programs for children and adolescents that 

are enjoyable, feasible and sustainable in the long run. Despite exercise being a focal point for 

obesity management in children and adolescents, practical advice on improving adherence to 

physical activity for overall health is lacking and warrants attention from the community at large. 

 

The purpose of this paper was to propose practical advice on best practices related to physical 

activity interventions in overweight and obese children and adolescents. The practical 

recommendations stem from our collective clinical trial research experiences and are further 

supported by other published research studies in this population. 

 

The top 10 lessons learned are (1) Physical activity setting–context is important. It should take 

the participant’s social and cultural values into account and should be at an accessible location 

with a respectful and welcoming environment. (2) Choice of fitness trainer matters. They should 

be skilled and knowledgeable in kinesiology and health behavior change as well as understand 

the physiological and psychosocial complexity of pediatric obesity. (3) Physical activities should 

be varied and fun and should reflect the participant’s preferences to increase motivation and 

adherence to physical activity. (4) The role of the parent–guardian should be considered. (5) The 

participant’s physical and psychosocial characteristics should be accounted for, highlighting the 

importance of catering the exercise program to the individual. (6) Realistic goals should be set 

and (7) regular reminders should be offered according to the participant’s preferred method of 

communication. (8) A multidisciplinary approach should be taken to provide continuous support 

and program adjustment from diverse health professionals to help deter from dropout. (9) Any 

social, familial, biological, behavioral, and environmental barriers to physical activity 

participation should be identified early by questionnaire or interview and a plan to overcome 

them developed. Lastly, (10) the right message should be communicated to participants: 

specifically, what's in it for them? Family-centered care is of utmost importance so that realistic 

outcomes are explained simply and effectively to participants. Exercise should be promoted as a 

gateway for improving overall health rather than focusing on weight loss alone in youth with 

obesity. 

 

The recommendations in this paper can be used at the individual, community, provincial and 

federal level with the hope of increasing adherence and increasing the health benefits of physical 

activity participation in youth. This paper serves as a practical guide for parents, community 

members, educators, exercise specialists, exercise facility managers, clinicians, future 

investigators and policy makers. The practical application of this paper has the potential to help 
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health professionals better cater exercise programs to youth and to influence public policy to help 

maintain the health and physical activity of children throughout the lifespan. 
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