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Abstract

Introduction—Childhood obesity and inactivity are associated with cardiovascular risk. 

Evidence is limited for exercise effects on arterial health in children.

Methods—One hundred seventy-five inactive children with overweight or obesity (8–11 years, 

≥85th percentile BMI, 61% female, 87% Black, 73% with obesity) were randomized to an 8-

month daily after-school aerobic exercise program (40 min/d, n=90) or a sedentary control 

condition (n=85). Carotid-femoral pulse wave velocity (PWV, primary outcome, arterial stiffness), 

fitness, adiposity, blood pressure (BP), glucose, insulin resistance, lipids, and C-reactive protein 

were measured at baseline and posttest (8 months). Adiposity, fitness, and BP were measured 

again at follow-up, 8–12 months later. Intent-to-treat analyses were conducted using mixed 

models.

Results—The study had 89% retention, with attendance of 59% in exercise and 64% in the 

control condition, and vigorous exercise participation (average heart rate 161±7 beats/min). 

Compared to controls, the exercise group had twice the improvement in fitness (VȮ2 peak, 2.7 

(95% CI 1.8, 3.6) vs. 1.3 (0.4, 2.3) ml/kg/min) and adiposity (−1.8 (−2.4, −1.1) vs. −0.8 (−1.5, 
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-0.1)%), each p=0.04, and a large improvement in HDL-cholesterol (0.13 (0.075, 0.186) vs. -0.028 

(−0.083, 0.023) mmol/l, p<0.0001). There was no group×time effect on other outcomes at 8 

months, or on any outcomes at follow-up. The change in PWV at 8 months correlated with 

changes in insulin and insulin resistance (both r=0.32), diastolic BP (r=0.24), BMI (r=0.22) and 

adiposity (r=0.18).

Conclusions—Eight months of aerobic exercise training improved fitness, adiposity, and HDL-

cholesterol levels, but did not reduce arterial stiffness in children with excess weight. PWV 

improved as a function of insulin resistance, BP, BMI and adiposity. Weight loss may be required 

to improve arterial stiffness. Exercise benefits waned after discontinuing the program.

Trial Registration—This study is registered at www.clinicaltrials.gov NCT02383485.

Alarmingly, child obesity increased eightfold over the past 4 decades worldwide [1]. 

Cardiovascular disease has its origins in childhood. Children with obesity are likely to 

become adults with obesity who eventually develop cardiovascular disease [2]. Reductions 

in adult weight may not eliminate the risks that accrue from childhood obesity [3]. Little 

progress has been made in reducing obesity prevalence in U.S. children, particularly in 

minorities; thus, risk-reduction interventions are needed [4, 5, 6]. Elementary school offers 

an opportunity for population-wide intervention that could be more difficult before children 

enroll in school, or adolescents who have more choice in their activities.

Physical inactivity and low physical fitness are associated with arterial stiffness in young 

people [7, 8]. Pulse wave velocity (PWV) is a noninvasive measure of arterial stiffness, 

integrating several components of vascular health [9]. PWV assesses the speed of a pressure 

wave traveling distally through the arterial tree. Faster PWV indicates stiffer arteries, and 

independently predicts cardiovascular events and mortality in adults [10, 11, 12]. Carotid-

femoral PWV measurement has been endorsed as the best measure of central arterial 

stiffness in children [9]. Peripheral measures of PWV are not as consistently linked with 

cardiovascular risk [13], and carotid-femoral PWV shows better tracking in young people 

than peripheral measures [14]. Black children have stiffer arteries than their peers [15, 16, 

17]. PWV, an independent predictor of stroke, has been shown to be faster and to increase 

more quickly in young Blacks than Whites [16, 17]. There is limited evidence in children 

regarding the effect of lifestyle interventions, such as physical activity, on arterial stiffness 

[13].

The primary purpose of this prospective trial of an after-school exercise program was to 

assess changes in PWV after 8 months of the exercise vs. control intervention in children 

with overweight or obesity. Additionally the study tested the exercise effect on other 

cardiovascular risk markers, assessed effects 8–12 months after the intervention was 

completed, and tested associations between PWV and markers of cardiovascular risk. The 

hypothesis was that supervised after-school exercise would reduce PWV and adiposity, and 

improve fitness and cardiovascular risk.
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METHODS

Participants

Children were recruited from schools for a parallel 2-arm trial investigating the effects of 

aerobic exercise on cognition and health [18]. This cardiovascular study is an a priori study 

ancillary to the cognitive study (NCT02227095). The study was advertised via presentations 

and flyers distributed at 14 elementary schools in Augusta, Georgia in 2008–11. Prespecified 

inclusion criteria for the trial were: age 8–11 years, with excess weight (≥85th percentile 

BMI), inactive (no regular physical activity program ≥1 h/week), and no medical condition 

or medications that would affect study results or limit physical activity. There was no racial 

or sex bias in the selection of participants. Informed consent was obtained from a parent/

guardian and assent from the child. The study was approved by the Medical College of 

Georgia (MCG) IRB. Photo and video consent were provided by study participants so 

depicted.

The parent study recruited, randomized (to after-school exercise or sedentary programs), 

intervened upon and tested four cohorts (25–50 children/school year, 2008–2012). After 

baseline testing was completed for each cohort, randomization (1:1, within school, race and 

sex) was performed by the study statistician using SAS®. The study coordinator enrolled 

children and informed families of the group assignment. Testing was conducted at the 

Georgia Prevention Institute and utilized the same instrumentation at baseline and posttest. 

Anthropometrics, BP, adiposity and treadmill test measures were repeated at follow-up (8–

12 months after posttest, 2010–13).

Intervention

Both groups were offered an after-school program every school day for approximately 8 

months (days offered, mean±SD=138±9). Participants were provided bus transportation after 

school to and from the Georgia Prevention Institute where they spent 1/2 h on homework 

and were offered snacks (e.g. fruit, crackers; no trans fat, low sugar) before the interventions 

were conducted. Both groups earned points redeemable for small weekly prizes for desired 

behaviors.

The exercise group engaged in instructor-led aerobic activities (e.g., tag, jump rope) for 40 

min each day. Participants wore heart rate monitors every day (S610i; Polar Electro, Oy, 

Finland) with which they could monitor their own performance and from which data were 

collected daily. Points in the exercise group were earned for an average daily heart rate >140 

beats/min, with more points for higher heart rates. The control group engaged in instructor-

led sedentary activities (e.g., crafts, board games). Points in the control group were earned 

for participation and good behavior.

Measurements

The primary outcome, carotid-femoral PWV was measured with applanation tonometry 

(SphygmoCor, AtCor Medical, Sydney, Australia) in 142 children (72 exercise, 70 controls) 

at baseline, and 128 (66 exercise, 62 controls) at posttest who provided adequate quality 

data. (Funding for this measure began in the second year of the study.) PWV was 
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automatically calculated from measurements of pulse transit time and the distance between 

the carotid and femoral arteries: PWV=distance (m)/transit time (s). Test-retest 

measurements of PWV were performed on 10 adults at 2 visits during a 7-day period to 

determine reproducibility. The one-way random effects model, single measure intraclass 

correlation coefficient was R=0.89.

A trained technician collected height (without shoes) and body weight (in light clothing) to 

calculate sex- and age-specific BMI percentiles and z-scores. Waist girth (cm) was then 

obtained at the midpoint between the lowest rib and the iliac crest. BP was measured 5 times 

at 1 min intervals after a 10-min rest using the Dinamap Pro 100 (Critikon Corporation, 

Tampa, Florida, USA); the last 3 measures were averaged. Adiposity (body fat, %) was 

measured by whole body dual-energy X-ray absorptiometry (QDR-4500W or Discovery W, 

Hologic Inc., Bedford, Massachusetts, USA).

Cardiovascular fitness (VȮ2 peak) was determined using a treadmill test (Modified Balke 

Protocol for Poorly Fit Children; SensorMedics 2000 treadmill, VMAX Spectra 29c (Yorba 

Linda, California, USA) or Cardiac Science TM65 treadmill, Parvo Medics TrueOne 2400 

(Bothell, Washington, USA)) [19, 20]. The Progressive Aerobic Cardiovascular Endurance 

Run (PACER) 20m shuttle-run was done at the beginning and end of the interventions [21, 

22].

Fasting blood samples were obtained at baseline (n=133) and posttest (n=104). (Some 

children refused or we had difficulty obtaining blood samples.) Assay personnel were blind 

to group assignment. Serum insulin was assayed using immunofluorescence technology on 

TOSOH AIA-II analyzer (TOSOH Corp., South San Francisco, California, USA). HOMA2-

IR, an estimate of insulin resistance, was computed (https://www.dtu.ox.ac.uk/

homacalculator/) [23]. Plasma triglyceride, total cholesterol, and high-density lipoprotein 

cholesterol (HDL) and serum glucose concentrations were measured using a SIRRUS 

analyzer (Stanbio Laboratory, Boerne, Texas, USA); low-density lipoprotein cholesterol 

(LDL) was calculated [24], and clinical cutoffs were applied [25]. Plasma C-reactive protein 

was measured using high-sensitivity ELISA (R&D System, Inc., Minneapolis, Minnesota, 

USA). Children with insulin values >350 pmol/L were excluded from analyses of insulin, 

glucose, and HOMA-2 IR due to likely noncompliance with fasting (n=10) [25].

To determine whether participants compensated for exercise by doing less physical activity 

during other times, physical activity outside the program was assessed at baseline and 

posttest (GT1M and GT3X, 30s epoch, vertical axis counts; ActiGraph, LLC, Fort Walton 

Beach, Florida, USA) [26]. Subjects were instructed to wear accelerometers during waking 

hours for 7 consecutive days during the school year, except while bathing and swimming. 

Valid wear time was defined as ≥4 days with ≥8 h/day of total wear time recorded (n=148 

baseline, n=136 posttest). Non-wear time was defined as consecutive zeros equating to 20 

min. Count thresholds determined time spent in moderate to vigorous physical activity 

(MVPA) [27]. To assess dietary compensation, a short form of the Youth/Adolescent Food 

Frequency Questionnaire estimated daily energy intake [28].
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Statistical Analyses

Statistical analyses in 2013–19 used SAS (version 9.3 or higher, SAS Institute, Cary, North 

Carolina, USA) or SPSS (version 21 or higher, SPSS, Chicago, Illinois, USA) with two-

sided α=0.05. Computer code is available on request (CLD, JLW). Group differences at 

baseline were determined by independent-samples t-tests if data were distributed normally, 

and Mann-Whitney U-tests otherwise. Chi-square tested differences in proportions. Insulin, 

insulin resistance, triglyceride and MVPA values were log-transformed to an approximate 

normal distribution. Pearson’s correlation analyses determined relationships between PWV 

and markers of cardiometabolic risk at baseline and changes over time. Partial correlations 

between PWV and cardiometabolic risk markers were calculated, adjusting for sex, race, and 

systolic BP. To replicate triglyceride/HDL ratio as a determinant of PWV, ANOVA 

compared PWV across three race-specific strata of triglyceride/HDL ratio (Whites: low 

triglyceride/HDL ratio <0.558 (1.28), high≥0.838 (1.92); Blacks: low<0.393 (0.90), 

high≥0.611 (1.40); conventional units in parentheses) [29].

Intention-to-treat analysis of each outcome used repeated-measures mixed models using all 

available data [30]. Planned sample size was 75/group based on prior studies with related 

data [31, 32]. Base models for each outcome included fixed effects of group, measurement 

time, and their interaction, controlling for cohort, sex, and race. Main effects, two- and 

three-factor interactions of sex×group×time and weight status (overweight/obesity)

×group×time were examined for each outcome. If a three-factor interaction was not 

statistically significant, the model was reduced to examine the group×time interaction. 

Participant nested within group was a random effect. An unstructured covariance structure 

was assumed for baseline to posttest models. For three-timepoint models, an unstructured 

correlation structure between time points was found to provide the best fit with respect to 

Akaike’s and Bayesian Information Criteria. Final models contained at minimum cohort, 

sex, race, main effects, and the group×time interaction. Effect size was calculated (ηp
2) for 

the two-timepoint models [33].

RESULTS

Participant flow is presented in Figure 1. Attendance was similar for the exercise (59±28%) 

and control groups (64±30%, p=0.26). Average heart rate during exercise was 161±7 

beats/min during the intervention with exercise intensity of 6.8±1.6 METs. The mean daily 

energy expenditure during the exercise sessions was 1067±247 kJ/d (255±59 kcal/d), with a 

total 92∙103±42∙103 kJ (22∙103±10∙103 kcal) expended during the program. Sample games 

are shown in Figure S1. One hundred fifty-five subjects completed the study (89% 

retention).

As shown in Table 1, baseline characteristics were similar between control (n=85) and 

exercise (n=90) groups. The children were predominantly Black (i.e., African-American) 

and had obesity (73%), a majority (59%) had prediabetes, mean glucose levels were at the 

upper limit of normoglycemia, and few were prehypertensive (3%) or hypertensive (5%). A 

third of participants had low HDL, and 14–16% had elevated cholesterol, LDL or 

triglycerides.
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At baseline, girls had higher PWV (5.2±0.8 vs. 4.9±0.6 m/s, p=0.006), adiposity (39±6 vs. 

35±8% body fat, p<0.001), insulin (166±69 vs. 127±65 pmol/L (24±10 vs. 18±9 μU/mL), 

p=0.002), insulin resistance (3.1±1.2 vs. 2.4±1.2, p=0.003), triglycerides (1.04±0.50 vs. 

0.79±0.40 mmol/L (92±44 vs. 70±35 mg/dL), p=0.003), and triglyceride/HDL ratio 

(1.05±0.79 vs. 0.70±0.52 (2.4±1.8 vs. 1.6±1.2), p=0.01; conventional units in parentheses) 

than boys. Boys had higher fitness (31.6±5.6 vs. 28.1±4.8 mL/kg/min, p<0.001), MVPA 

(35±19 vs. 23±9 min/day, p<0.001) and HDL (1.3±0.44 vs. 1.2±0.34 mmol/L (51±17 vs. 

45±13 mg/dL), p=0.02) than girls.

Baseline PWV (adjusted for sex, race, and where applicable, systolic BP) was associated 

with BMI, BMI z-score, waist girth, adiposity, systolic BP, and C-reactive protein (Table 

S1). Adjusting for covariates attenuated PWV associations with fitness variables and 

triglycerides. No associations were found between PWV and glucose, insulin, insulin 

resistance, lipid, or accelerometry measures (all p>0.10).

PWV was similar between the highest and lowest strata of triglyceride/HDL ratio (p=0.30), 

with no linear or quadratic trend detected (p=0.30, 0.49 respectively). Because there were 

only 8 children in the lowest stratum, with a mean triglyceride/HDL ratio similar to the 

middle stratum (2.09±1.05 vs. 2.09±0.57 (4.8±2.4, 4.8±1.3) respectively), the lower 2 strata 

were collapsed (n=34) and compared with the upper stratum (n=61, 2.2±0.04 (5.1±0.09)); a 

nearly significant result was obtained (p=0.07).

From baseline to posttest, there was no group×time effect on PWV. The exercise group had 

greater improvements than the control group in fitness (VȮ2 peak, 2.7 (1.8, 3.6) vs. 1.3 (0.4, 

2.3) mL/kg/min, PACER, 2.6 (1.6, 3.7) vs. 0.9 (−0.2, 1.9) laps), adiposity (-1.8 (-2.4, -1.1) 

vs. -0.8 (-1.5, -0.1) %), and HDL (0.13 (0.08, 0.19) vs. -0.03 mmol/L (-0.08, 0.02), 

equivalent to (5.0 (2.9, 7.2) vs. -1.1 (-3.2, 0.9) mg/dL); all p≤0.04; Figure 2, Table 2). There 

was no group×time effect on BMI, BMI z-score, waist girth, height, BP, fasting glucose, 

fasting insulin, insulin resistance, total cholesterol, LDL, triglycerides, triglyceride/HDL 

ratio, or C-reactive protein. There was also no group×time effect on energy intake (kJ/day) 

or physical activity (MVPA and counts/day) outside the after-school programs, thus no 

evidence for caloric compensation. There were no significant three-way interactions.

We examined relationships between the changes in PWV and markers of cardiometabolic 

risk during the 8 month intervention period (Table 2). As shown in Figure S2, there were 

associations between change in PWV and the changes in insulin, insulin resistance, diastolic 

BP, BMI, and adiposity, adjusted for covariates. There were no associations between change 

in PWV and changes in systolic BP, BMI z-score, waist girth, height, fitness, glucose, lipids, 

or C-reactive protein.

There were no group differences in change from baseline to follow-up (Table S2).

DISCUSSION

The current prospective, randomized trial in predominantly Black children with overweight 

or obesity shows that an 8-month supervised, vigorous (~7 METs) aerobic after-school 

exercise program did not affect arterial stiffness. The exercise treatment increased fitness 
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levels, reduced adiposity, and increased HDL levels, with similar effects in boys and girls, 

and those with overweight or obesity. Reduced arterial stiffness was associated with 

improvements in insulin resistance, diastolic BP, BMI and adiposity in the whole sample. No 

lasting benefits of exercise on adiposity, fitness or BP were observed 8–12 months after 

completing the intervention.

Despite a substantial dose of aerobic training over an 8-month period in children at risk of 

cardiovascular disease, no exercise effect on PWV was observed. There was no reduction in 

insulin resistance, BMI or BP due to exercise, which might explain the null exercise effect 

on PWV, given associations among those changes. Null results of exercise on arterial 

stiffness have been reported in children and adolescents with obesity [34, 35, 36]. Horner et 

al. used carotid-femoral PWV, Lee et al. used brachial-ankle PWV, and Farpour-Lambert et 

al. used incremental elastic modulus [34, 35, 36]. The report of the exercise trial by Farpour-

Lambert was equivocal [36]. The intent-to-treat analysis at 3 months showed null results for 

arterial stiffness. At 3 months, the control group was invited to join in the exercise program, 

and most of them did. At 6 months, arterial stiffness was reported to be improved in the 

exercise group, but this is unclear because it had risen in the exercise group during the first 3 

months, and it rose in the control group once they were invited to participate in the exercise 

program. In contrast to the null results for PWV, a meta-analysis including 6 exercise trials 

in youth with obesity found a modest dose-response effect of exercise on carotid intima-

medial thickness [37]. This suggests that other aspects of vascular health may be more 

related to fitness and more responsive to exercise. The current study was larger than previous 

studies assessing PWV, and offered a higher dose of exercise (5 days/week over 8 months) 

with intent-to-treat analyses on the gold standard measure of arterial stiffness in youth [13].

In this unusually long (8-month) exercise trial, participant growth may have masked exercise 

effects on PWV, insulin resistance, BP, and BMI [38, 39, 40, 41, 42]. For example, both the 

exercise and control groups gained nearly 5 cm in height, and showed improved fitness 

capacity. Distance from the carotid to femoral site is used to calculate PWV and may have 

changed over the course of the intervention. Some of the children may have undergone 

pubertal development during the study. In a prior study in a sample of similar age, 26% of 

the children had already begun thelarche or gonadarche at baseline [31]. Adults with more 

advanced arterial stiffness may be more responsive to exercise intervention. A study of 

young prehypertensive adults found reduced peripheral, but not carotid-femoral PWV with 2 

months aerobic or strength training [43]. Meta-analyses of exercise studies in adults with 

prehypertension or hypertension found no effect on carotid-femoral PWV, while those with 

sicker CVD patients found consistent improvements in carotid-femoral PWV [44, 45].

In contrast with our prior, shorter intervention [31], we did not observe improved insulin 

resistance due to exercise in this study. However, the strongest associations of improvements 

in PWV in this predominantly Black study population enriched for prediabetes (59%) were 

with reductions in fasting insulin and insulin resistance (each r=0.32). This is salient because 

elevated BP, an obvious link between excess weight and stiffer arteries, is increasingly 

common in children with obesity [46] and when chronic, may lead to structural changes in 

artery walls. Despite the expected correlation of PWV with BP at baseline in this mostly 

normotensive sample, the association of BP reduction with improved PWV (r=0.24) was 
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weaker than that of PWV and insulin or insulin resistance changes. A study in adolescents 

with type 1 diabetes showed that insulin resistance at baseline moderated the worsening of 

arterial stiffness over ~5 years, and like the present study, no association of PWV with 

insulin was observed at baseline [47]. Thus the current study aligns with previous results to 

emphasize intervening on insulin resistance as a modifiable protective factor to prevent 

arterial stiffness in youth. In contrast, a study focused on the effect of reducing insulin 

resistance on PWV (a weight-loss trial in otherwise healthy adults with overweight or 

obesity) found no link between reduced insulin levels and PWV, perhaps due to longer risk 

exposure [48].

This after-school exercise program reduced adiposity. The exercise group lost 1.8% body fat 

(5% of their baseline fat mass), twice as much as the control group. This effect is 

comparable to our prior 3-month exercise trial in children with excess weight [31, 49, 50]. 

Children can grow into their weight as they gain height if their weight gain is slowed [51]. 

Thus, weight loss is not always necessary in children with excess weight. Girls in particular 

need not go below 30% body fat to reach a healthy weight. A 10-year-old girl with 38% 

body fat who experiences a 1% reduction per year would attain a healthy body fat level by 

adulthood [52].

Reductions in adiposity and BMI were associated with reduced arterial stiffness, consistent 

with longitudinal studies linking PWV with weight change in young adults [16]. In the 

present study, PWV at baseline correlated with several measures of adiposity, consistent 

with other reports using carotid-femoral PWV (Table S1) [8, 13, 53, 54]. The studies that 

found lower PWV in children with obesity used peripheral measures (e.g., carotid-radial, 

carotid-dorsal pedis, brachial-ankle PWV) that are not as consistently linked with 

cardiovascular risk as carotid-femoral PWV. Children with obesity have higher carotid-

femoral and lower carotid-radial PWV than their peers of normal weight, and adiposity 

correlated positively with carotid-femoral, and negatively with carotid-radial PWV measures 

[55, 56]. A study comparing adolescents who had normal weight (<85th percentile for BMI), 

had obesity, and had type 2 diabetes found a slightly lower carotid-radial PWV in those with 

obesity than those with normal weight, in contrast to a clearly graded increase in carotid-

femoral PWV from adolescents with normal weight to those with obesity and those with 

diabetes [54]. Carotid-femoral PWV in adults predicts cardiovascular events and all-cause 

mortality [11], and is considered the gold standard measure of arterial stiffness in youth [13].

Increased total or regional adiposity could directly contribute to adverse vascular 

adaptations. For example, chronically increased cardiac output due to metabolic demands 

associated with excess fat might alter arterial properties via chronic differences in shear 

forces and wall stress. There is increasing recognition that perivascular adipose tissue exerts 

local control over vascular tone and in obesity, loses its normal vasodilatory effects [57]. 

Alternatively, chronic inflammation associated with obesity could lead to injury of the 

vascular wall [58]. Consistent with this idea, we observed an association between PWV and 

C-reactive protein at baseline. However, changes in PWV were unrelated to changes in 

systemic inflammation over time.
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In contrast to our 3-month trial [31], a smaller exercise-induced benefit on fitness was 

observed in the current study (1.4 ml/kg/min greater than the control condition), with a 9% 

increase from baseline in the exercise group, more than double that in the control group. The 

exercise effects may have been partially obscured by the expected increase in aerobic fitness 

capacity with overall growth over the longer study period [59]. The current study sample had 

slightly lower adiposity and better aerobic fitness at baseline than our previous exercise trial 

[31]. Greater benefit from exercise is expected in populations at greater risk, who have more 

room to improve [60]. Improved aerobic fitness as a result of training could contribute to 

better arterial distensibility through mechanisms including favorable effects on weight or 

adiposity, BP, inflammation, and endothelial function [61]. In the current study, both 

baseline fitness measures correlated with PWV, but this did not survive adjustment, 

consistent with prior observations in children and adults [8, 34, 62]. There was no 

association between changes in PWV and aerobic fitness over the 8 months of the 

intervention, consistent with a report in adolescents with obesity [34]. Thus, the evidence 

does not support aerobic fitness as a direct determinant of arterial stiffness in children.

We observed a surprisingly large benefit of exercise on HDL (6 mg/dL greater than the 

control condition, a medium effect size) [49, 50]. The larger benefit on HDL might be 

attributable to the longer period of intervention, and therefore greater total energy 

expenditure, compared to our prior study [31]. Puberty cannot account for the benefit on 

HDL. Prepubertal boys and girls have HDL concentrations similar to those in women; as 

boys mature, their HDL levels drop [63]. Early pathological changes in the aortic walls of 

children with obesity represent a candidate mechanism to explain elevations in PWV. 

Although atherosclerotic plaques and calcification are rare in children, precursors to these 

plaques including fatty streaks and fibrous plaques develop in childhood [64]. Appearance of 

these features may be accelerated by obesity and its comorbidities. The association of PWV 

with triglycerides at baseline did not survive adjustment. We did not find relationships 

between any other serum lipids and PWV. We did not detect a statistically significant 

association between PWV and triglyceride/HDL ratio, a proposed independent determinant 

of arterial stiffness in youth with obesity [29]. In the current study, PWV was marginally 

faster in the highest level of triglyceride/HDL ratio (p=.07). This contrasts with a report in a 

large adolescent and young adult sample [29]. The children in this study were younger, 

predominantly Black, and excluded normal weight children, which restricted the range of 

lipid values. These results do not support lipid abnormalities as the cause of arterial stiffness 

in children with excess weight.

All participants in the current study received an intervention with healthy snacks, probably 

replacing what they would have eaten during this time. This minimal nutrition intervention 

may have favorably influenced outcomes in both groups. We found no evidence for 

compensatory changes in physical activity or diet outside of the after-school program. Other 

than the snacks provided during the interventions, there was no prescribed diet. Caloric 

restriction in combination with exercise may be expected to result in greater weight loss with 

similar or better effects on metabolic and cardiovascular parameters [65]. However, dietary 

restriction in children must be done carefully (e.g. focus on reducing intake of energy-dense, 

nutrient-poor foods, while encouraging consumption of nutrient-dense foods) to ensure 
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adequate nutrition for growth. Studies of combined diet and exercise interventions cannot 

identify the specific effects of the exercise treatment, the focus of this study.

We observed a sex difference in PWV such that girls had stiffer arteries than boys, consistent 

with the literature in prepubertal children [66]. The girls in this sample were less fit and 

active, with worse adiposity, insulin resistance, HDL and triglyceride concentrations than 

boys. A combination of adverse lifestyle factors and earlier pubertal development in girls 

may account for these sex differences. The confounding of sex with these factors may have 

obscured their relationships with PWV. However, there were no apparent sex differences in 

response to the intervention, and sex was adjusted in analyses. Nonetheless, arterial stiffness 

in boys and girls changes differently with growth due to differences in arterial size and 

pubertal timing, which may have obscured exercise effects [13].

Limitations

While we did not detect a reduction in BMI or BMI z-score due to exercise, the observed 

reduction in adiposity is a meaningful measure of improved body composition. Imperfect 

attendance and incomplete follow-up are shared limitations of clinical studies. Fewer 

children provided fasting blood samples in this study than our prior, shorter intervention 

trial, limiting power for some outcomes [31]. We did not have enough White participants to 

test for race differences. Similar results may be expected in children with prediabetes and 

low HDL, however, this study may not generalize to children with prehypertension or 

hypertension.

Conclusions

A monitored 8-month exercise program did not reduce arterial stiffness, yet improved 

adiposity, fitness, and HDL in children with overweight or obesity. Reductions in insulin 

resistance, BP, BMI and adiposity were associated with improved arterial stiffness. 

Combined dietary and exercise intervention may be needed to reduce arterial stiffness in 

children. Unfortunately, no fatness, fitness or BP benefits of the exercise treatment were 

apparent within a year after the program ended. Widely accessible, sustained physical 

activity programs which children with excess weight enjoy are sorely needed to protect 

population health. Policies supporting promotion and clinician prescription of accessible 

health promotion programs could improve health trajectories and the societal burden of 

illness.
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Figure 1. 
Participant flow diagram.
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Figure 2. 
Group×time interactions for selected cardiovascular outcomes: carotid-femoral pulse wave 

velocity (PWV, A), VȮ2 peak (B), body fat (C), and high-density lipoprotein cholesterol 

(HDL, D).
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