
RESEARCH ARTICLE

The SIMAC study: A randomized controlled

trial to compare the effects of resistance

training and aerobic training on the fitness

and body composition of Colombian

adolescents

Daniel Dylan CohenID
1,2☯*, Gavin R. Sandercock3☯, Paul Anthony Camacho4,5☯,

Johanna Otero-Wandurraga1☯, Sandra Milena Pinzon Romero6☯, Rocı́o del Pilar

Martı́nez Marı́n1☯, Camilo Andrés Villamizar Sierra1☯, Javier CarreñoID
1‡, Jason Moran4‡,

Patricio Lopez-Jaramillo1,4☯

1 Masira Research Institute, Faculty of Health Sciences, Universidad de Santander (UDES), Bucaramanga,

Colombia, 2 Sports Science Center (CCD), Colombian Ministry of Sport (Mindeporte), Colombia, 3 Essex

University, Colchester, United Kingdom, 4 Fundación Oftalmologica de Santander (FOSCAL),

Bucaramanga, Colombia, 5 Universidad Autónoma de Bucaramanga (UNAB), Bucaramanga, Colombia,

6 Department of Human Movement, Universidad Autonoma de Manizales (UAM), Manizales, Colombia

☯ These authors contributed equally to this work.

‡ These authors also contributed equally to this work.

* danielcohen1971@gmail.com

Abstract

The aim of this study was to evaluate the impact on muscle strength, aerobic fitness and

body composition, of replacing the physical education (PE) class of Colombian adolescents

with resistance or aerobic training. 120 tanner stage 3 adolescents attending a state school

were randomized to resistance training, aerobic training, or a control group who continued

to attend a weekly 2- hour PE class for 16 weeks. The resistance training and aerobic train-

ing groups participated in twice weekly supervised after-school exercise sessions of < 1

hour instead of their PE class. Sum of skinfolds, lean body mass (bioelectrical impedance

analysis), muscular strength (6 repetition maximum (RM)) bench press, lateral pulldown and

leg press) and estimated cardiorespiratory fitness (multistage 20 meter shuttle run) were

assessed at pre and post intervention. Complete data were available for n = 40 of the resis-

tance training group, n = 40 of the aerobic training group and n = 30 PE (controls). Resis-

tance training attenuated increases in sum of skinfolds compared with controls (d = 0.27,

[0.09–0.36]). We found no significant effect on lean body mass. Resistance training pro-

duced a positive effect on muscle strength compared with both controls (d = 0.66 [.49-.86])

and aerobic training (d = 0.55[0.28–0.67]). There was a positive effect of resistance training

on cardiorespiratory fitness compared with controls (d = 0.04 [-0.10–0.12]) but not com-

pared with aerobic training (d = 0.24 [0.10–0.36]). Replacing a 2-hour PE class with two 1

hour resistance training sessions attenuated gains in subcutaneous adiposity, and

enhanced muscle strength and aerobic fitness development in Colombian youth, based on

a median attendance of approximately 1 session a week. Further research to assess
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whether adequate stimuli for the development of muscular fitness exists within current phys-

ical education provision is warranted.

Introduction

International guidelines recommend that youth should partake in at least 60 min of moderate-

to-vigorous physical activity each day incorporating three bouts of muscle strengthening activ-

ities [1]. Strength activities are an intrinsic element of current physical activity guidelines for

adults older adults and young people [1], based on growing evidence that muscular strength is

associated with better cardiometabolic health throughout the lifecycle [2–5]. The proportion

of young people who meet current guidelines for strength activity is much lower however,

than for aerobic exercise [6].

The PURE study of>135,000 adults from 21 countries found that strength decreased car-

diovascular risk and all-cause mortality [5]. The associated burden of disease related to low

muscle strength has been estimated at $18.5 Billion in the US [7]. Importantly, from a public

health perspective, muscle strength is lower in adults living in low-middle income countries

compared to high-income country populations [8]. This low-middle income country “strength

deficit” appears to have its origins in earlier life as strength tracks from childhood [9] and

lower birthweight, an indicator of poorer in uterine nutrition and more common in low-mid-

dle income countries, are associated with lower muscle strength throughout life [10]. Indeed,

we have reported that children in Colombia (a middle-income country), particularly those

from low-to-middle socio-economic households [11, 12], have lower muscle strength com-

pared with that reported in high-income countries [13].

Activities to increase muscle strength, such as resistance training, provide a powerful stimu-

lus for strength development [14], and may therefore be of particular importance in young

people in low-middle income country populations. Little is known however regarding the

implementation and outcomes of resistance training interventions in low-middle income

countries. The majority of studies have been conducted in high-income countries [15, 16], and

a recent systematic review of resistance training programs in schools showed that only 1 of 11

studies was implemented in an low-middle income country [15]. School represents the ideal

setting for the delivery of resistance training as it provides opportunities to introduce students

to novel forms of activity they might not be exposed to outside of school [17]. Unfortunately,

resistance training is an underutilized tool in the school setting, and the apparently inadequate

stimulus school aged children typically receive for muscular fitness is evident from their

declining strength levels [18, 19]. Exposing school age children to strengthening exercise could

be an ideal opportunity to enhance current and future health [6].

While the objective of exercise interventions in youth is often to combat overweight and

obesity- as approximately 18% of Colombian 10–17 year old are overweight or obese [20]- a

much lower prevalence than in many high income countries [21], our interest in resistance

training is instead to assess its potential to improve muscular fitness, cardiorespiratory fitness

and body composition, as well as physical literacy.

Therefore, the principal aim of the present study was to examine the effects of a 16 week super-

vised resistance training intervention on health related physical fitness in Colombian school chil-

dren when compared to both physical education alone and aerobic training control conditions. In

this way, we sought to isolate the impact of resistance training on measures of physical fitness and

body composition and assess the practical viability of implementing such an exercise program in

place of PE classes in a resource constrained low-middle income country.
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Materials and methods

Study population and design

The study was approved by the University of Santander Ethics Committee and the principal of

CEDECO, a mixed sex state primary and secondary school in Piedecuesta, Santander, Colom-

bia, and was conducted in accordance with the principles of the Helsinki declaration. The study

was part one of a clinical trial (NCT03779737) SIMAC: Fuerza muscular y capacidad aeróbica

relación SImbiótica en escolares con bajo peso al nacer y riesgo MetAbóliCo (Symbiotic rela-

tionship between muscular strength and aerobic capacity, metabolic risk and low birthweight in

schoolchildren). We recruited by inviting all students aged between 13–17 and their parents to

presentations given by the investigators at the school to outline the study. For those students

who were interested in participating and their parent or guardian gave their assent, we obtained

written informed consent from the parent/guardian. These students completed a questionnaire

to determine if they had a physical limitation or medical condition which would prevent them

from, or put them at risk from, performing the evaluations or the training program. Individuals

who were currently involved in a structured exercise or sports program were also excluded.

Those who were eligible based on these criteria were then invited to attend a medical examina-

tion. To confirm volunteers were above Tanner stage 3, they first underwent maturational

assessment with a trained nurse. We excluded those below tanner stage 3 in order to ensure a

maturationally less heterogenous group of participants. Eligible volunteers were then invited to

participate and were randomly allocated to progressive resistance training (“resistance”) or aero-

bic training (“aerobic”, or normal PE class (“control”) groups. Children and parents were

informed that they were free to withdraw from the study at any time with no penalty.

Measures

After the medical evaluation, but prior to randomization, participants eligible for the study

underwent anthropometric and physical fitness evaluations at the school. These evaluations

were repeated at the end of the program and were carried out by qualified physiotherapists,

doctors and trained research assistants (physiotherapy students).

Height and weight were measured in light clothing without shoes using a portable digital

scale (Tanita, Arlington Heights, IL, USA) to the nearest 0.1 kg, and height was measured to

the nearest 0.1 cm using a portable stadiometer (SECA wall-mounted stadiometer 206, Ger-

many). Lean body mass was estimated from bioelectrical-impedance (Ironman BC– 554,

Tanita, Arlington Heights, IL, USA) with each child measured either in a morning or after-

noon session with their post test repeated during the same part of the day to reduce potential

variability in impedance related to differences in food intake, activity or hydration. Skinfold

thickness (Harpenden, Baty International, Burgess Hill, UK) was measured at seven sites (tri-

ceps, biceps, subscapular, suprailiac, abdominal, thigh and calf) [22] by a physiotherapist with

several years of experience in this assessment. The total skinfold thickness (in mm) was

summed as an index of subcutaneous adiposity. We quantified changes in adiposity using sum

of skinfolds instead of providing an estimate of fat mass or % fat using this data or that from

bioelectrical impedance. We elected to do so to evaluate relative change in a direct measure of

subcutaneous fat without depending on the appropriateness for the present population of the

assumptions inherent in formulas for conversion of this value to total % fat or fat mass [23].

We measured six repetition maximum (6 RM) of chest- press, lateral-pulldown and leg-

press and the sum in kg was used as a composite measure of strength. We assessed 6 RM, by

first demonstrating the exercise to a small group of participants and following a warm-up

including mobility exercises and dynamic stretching. Each participant then performed two
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sets that were deliberately submaximal in load and repetitions to familiarize with the appropri-

ate technique and range of motion required. We then estimated a load which, based on their

feedback on the level of difficulty in performing the practice sets, we estimated would chal-

lenge them. Typically, the participant could perform 6 repetitions with the full range of motion

in this third set, and further load was added in a subsequent set, but if they could not achieve

the full range of motion we reduced the weight for them in a subsequent set. Three minutes

rest was given between each subsequent set until we identified the weight at which they could

complete no more than 6 repetitions with proper form through the full range of motion [24].

We estimated cardiorespiratory fitness by assessing number using the number of levels com-

pleted in the 20 meter shuttle-run test [25].

Treatment conditions

Our primary interest was in the effects of resistance compared to curriculum PE class. How-

ever, to ensure that the potential adaptations observed could be ascribed specifically to stimu-

lus of the resistance program and not confounded by the influence of participating in a novel

and more closely supervised program than PE represents (i.e. 1 teacher to 30–40 students), a

second intervention group who participated in an aerobic program at the same site, within the

same hours provided a “second control group”. Intervention groups were prescribed 16 weeks

of twice-weekly supervised aerobic or resistance activity performed on non-consecutive days.

The control group continued to participate in weekly 2 hour PE class of 120 min, and were

also asked to not begin a new structured exercise program for the period of the study.

The structure of the schoolday within Colombia’s state education system dictates that stu-

dents either attend all classes in either a single morning session (6.15 AM to 12.15 PM) or a

single afternoon session (12.30 to 6.30 PM). Typically, students swap between mornings and

afternoons on an annual basis. This schedule and a lack of space at the school meant that the

program had to be offered offsite either before or after school dependent on whether they

attended morning or afternoon classes.

Training sessions were conducted in groups of no more than 10 participants and were led by

qualified physiotherapists, with the additional support of physiotherapy students who were

trained prior to the study. In Colombia, physiotherapy degrees have a substantial practical exer-

cise prescription component for programming in healthy individuals, including in youth. These

degrees contain much of the content of a sports science program and as such, the program was

appropriately supervised by such graduates. The supervision involved setting the prescribed

load, monitoring, and where appropriate, correcting exercise technique, encouraging effort and

monitoring and recording number of sets, repetitions and rest period between exercises.

Resistance and aerobic participants were collected from school, transported to the site in a

chartered bus service (10–15 minutes) and returned after each scheduled session. All exercise

sessions commenced with a warm-up. The resistance training warm up began with 1 set of 15

reps of mobility exercises for the shoulder, elbow, wrist, trunk, hops, knee and ankle joints.

Warm-up continued with static stretches for the major muscle groups of the upper and lower

body each, held for 30s and a 10 minute run on flat terrain including dynamic stretches. Cool-

down after both resistance and aerobic sessions involved a 10-minute light jog during which

joint mobility, and dynamic and static stretches were performed. The aerobic warm-up and

cooldowns had the same content but used a 5 instead of a 10-minute jog.

Resistance training

Each participant’s 6 repetition maximum (6 RM) was used to estimate their 1 RM using the

Brzycki formula (%1RM = 102.78–2.78 � repetitions) [26]. This was used to determine the load
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corresponding to the prescribed intensity (% of 1RM) for the first week of training. The resis-

tance training program was informed by accepted guidelines for resistance training in youth

[14, 27] and involved a twice a week progressive periodized program including a variety of

exercises for all major muscle groups using resistance machine exercises (Sport fitness, Medel-

lı́n, Colombia) and free weights (bars and dumbbells), medicine balls, Bosu and Swiss balls.

Participants performed between 2 and 4 sets of an exercise with between 30–120 seconds rest

between sets. An overview of the exercises integrated into the resistance training program are

shown in Table 1, with specific exercise selection based on guidelines [14, 27] and practical

considerations such as what equipment was available, efficient use of time with that equip-

ment, and variety to reduce monotony of the program.

Overall, intensity was increased across the 16 weeks such that during weeks 1–5; 16–20 RM

with 30 seconds rest between sets, in weeks 6–10; between 8–14 RM, with between 30–120 sec-

onds inter-set rest, and in weeks 11–16; between 6 and 12 RM with 30–120 seconds inter-set

rest. For the multigym exercises (Table 1) load was adjusted by re-estimated participant’s 1

RM according to the load and repetitions performed during the last session of the training

block, whereas exercises in the free-weight and functional/proprioceptive categories were pro-

gressed in a more informal way by estimating adding load to try and maintain participants

within the target repetition range.

Aerobic training

During the aerobic sessions heart rate (HR) of each participant was monitored continuously

(MyZone MZ-3 HR monitors, Nottingham, UK) with data live streamed onto a TV screen.

The instructor could observe the HR’s of the whole group and determine if a participant was

in the correct intensity zone, encouraging greater effort in those below their prescribed target

zone and vice versa, as per target zone appropriate to the phase of the program.

The intensity of the sessions was progressively increased from moderate to vigorous across

the course of the intervention as shown in Table 3. In order to determine the HR range which

corresponded to the prescribed intensity, we estimated maximum heart rate according to the

Astrand’s formula (HR max = 216.6 –(0.84 x age)) [26]. Intensity and duration were pro-

gressed across the 16-week program as follows: weeks 1–3; 20 minutes at 65–75% of estimated

max HR; weeks 4–6; 30 mins at 65–75%, weeks 7–12; 30 minutes at 70–80%, weeks 13–16; 35

minutes at 70–80%. The principal activities used in aerobic were variations in straight line and

Table 1. Overview of exercises used in resistance training program.

Multigym (machine) exercises Free-weights Bodyweight exercises Functional/Proprioception

Pec fly

Triceps push down (elbow extension)

Pulldown-pronated grip

Pulldown-supine grip

Seated row

Chest press

Shoulder press

Leg press

Calf raise (plantar flexion)

Knee extension

Leg curl (knee flexion)

Abdominal crunch (trunk flexion)

DB pullover

BB biceps curl

DB front rasie (shoulder flexion)

DB lateral raise (shoulder flexion)

DB/BB bench press

Military press

BB/DB Row

BB Squat

DB walking lunge

DB dynamic lunge

BB lunge

Step ups with BB on shoulder

Sumo squat

BB Triceps extension

Press ups/half press- ups

Lumbar extension

Abdominal rotation

Abdominal crunch

Bilateral squat on Bosu

Unilateral

squat on Bosu

Abdominal crunch (trunk flexion) on stability ball

Medicine ball throw

DB = Dumbell, BB = Barbell.

https://doi.org/10.1371/journal.pone.0248110.t001
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multi-directional jogging/running, with obstacles such as cones, hoops and speed ladders. Ses-

sions also included step aerobics and sports orientated sessions incorporating balls.

Statistical analyses and data treatment

Data analysis was performed with Statistical Package for the Social Sciences (SPSS, version 25,

SPSS Inc., Chicago, Ill, USA). The analysis included participants who attended both assess-

ments with complete data for each outcome measure. We calculated means and standard devi-

ations (SD) for all continuous measures (Table 1).

To evaluate the efficacy of the resistance program we compared post-test means of all out-

come measures. We used Analysis of Covariance (ANCOVA) group with condition as the

fixed factor including pre-intervention test values as a covariate to adjust for between-group

differences at baseline and potential regression to the mean. The magnitude of differences

between the estimated marginal means was expressed as Cohen’s d with CI (95% confidence

intervals). We interpreted effect sizes as small (d = 0.2–0.5), moderate (d = 0.5–0.8) and large

(d = > 0.8).

In addition, for illustrative purposes, we plotted individual and mean pre- and post-test val-

ues as Firework Plots (Figs 1–4) and individual and mean difference shown as Dot Plots. The

magnitude of within-group differences (pre- to post-test) was expressed as effect size using

Cohen’s paired ‘d’ where the mean difference is divided by the mean of both standard devia-

tions.

d ¼ m1� m2=ðs1þ s2=2Þ

Results

Fig 5 shows enrollment, allocation, follow and analysis within the study. Ten of the 120 partici-

pants initially randomized were lost to follow-up. Complete anthropometric pre-test and post-

test data were available for 110 participants: 40 in the resistance, 40 aerobic and 30 PE (con-

trols). Table 2 shows the anthropometric and fitness characteristics in each group at baseline.

Fitness test data were missing for seven participants, 4 resistance and 3 aerobic, with no differ-

ence in attendance levels between the two groups. Median attendance was 18 the same for resis-

tance (IQR10-26) and aerobic (IQR 13–27) based on all participants who attended post-test.

Table 3 shows the results of the ANCOVA comparing adjusted post-test means for each

condition and the effect size differences between resistance v aerobic and resistance v control.

For lean body mass, the main effect for condition was not significant (F = 0.44, P = 0.89).

Differences between resistance and PE (control) and between resistance and aerobic were triv-

ial. For the sum of skinfolds, there was a significant main effect for condition (F = 3.43,

Fig 1. Left panel: Lean body mass values (kg) pre- and post- intervention for each participant, and group means.

Right panel: Individual participant and mean within-group post-intervention lean body mass difference (kg). Pairwise

effect sizes for within-group difference in lean body mass: Resistance; d = 0.18, aerobic; d = 0.15, PE (control); d = 0.17.

https://doi.org/10.1371/journal.pone.0248110.g001
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P = 0.04). There was a greater increase in the sum of skinfolds (small magnitude difference)

after PE (control) than resistance (d = 0.27), while changes in resistance and aerobic did not

differ. For strength, there was a significant main effect for condition (F = 18.2, P< .001). Resis-

tance was more effective (moderate magnitude difference) in increasing strength than PE

(control) (d = 0.66) and aerobic (d = 0.55). For cardiorespiratory fitness, there was a main

effect (F = 18.2, P< .001). Resistance was more effective (small magnitude difference) than

Fig 4. Left panel: Cardiorespiratory fitness (stages completed on the 20 meter shuttle-run test) pre- and post-

intervention for each participant, and group means. Right panel: Individual participant and mean within-group

post-intervention cardiorespiratory fitness difference post- intervention. Pairwise effect sizes for within-group

difference: () resistance; d = 0.48 aerobic; d = 0.58, PE (control); d = 0.30.

https://doi.org/10.1371/journal.pone.0248110.g004

Fig 3. Left panel: Strength (kg) values pre- and post-intervention for each participant, and group means.

Individual values and mean for within-group difference in strength Right panel:Individual participant and mean

within-group post-intervention strength difference (kg). Pairwise effect sizes for within-group difference: Resistance; d
= 1.2, aerobic; d = 0.58, PE (control); d = 0.32.

https://doi.org/10.1371/journal.pone.0248110.g003

Fig 2. Left panel: Sum of skinfold difference (mm) pre- and post- intervention for each participant, and group

means. Right panel: Individual participant and mean within-group post-intervention sum of skinfold difference (mm).

Pairwise effect sizes for within-group difference: Resistance; d = 0.25, aerobic; d = 0.40, PE (control); d = 0.58.

https://doi.org/10.1371/journal.pone.0248110.g002
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PE (control) (d = 0.24) in increasing cardiorespiratory fitness, but not more effective than

aerobic.

Within-group changes during intervention

For illustrative purposes, within-group data is shown for each outcome and condition, the left

panel of Figs 1–3 shows individual values pre- and post- intervention, the right panel shows

individual changes pre v post intervention.

Fig 5. Consort 2010 flow diagram.

https://doi.org/10.1371/journal.pone.0248110.g005

Table 2. Pre-test characteristics of n = 110 participants with complete data at post-test.

Resistance (n = 40) Aerobic (n = 40) Control (n = 30)

Sex 22 Males, 18 Females 19 Males, 21 Females 15 Males, 15 Females

Age (years) 15.0±0.95 14.8±1.04 14.7±1.09

Body mass (kg) 54.2±9.6 50.7±8.7 50.9±9.2

Stature (cm) 162.1±9.0 160.6±8.1 162.8±8.8

BMI 20.5±3.0 19.9±3.6 19.4±2.6

Body fat (%) 20.1±8.6 19.6±8.9 18.7±7.1

Lean body mass (kg) 42.9±6.8 40.3±4.5 41.2±7.4

SSF (mm) 97.8±47.8 98.5±42.7 96.1±43.8

Strength (kg) 171.2±65.4 145.2±41.7 158.0±62.1

CRF (Stages) 5.6±2.3 5.0±2.0 5.6±2.3

Legend: Body fat (%) and lean body mass derived from bioelectrical impedance analysis. SSF: Sum of 7 skinfolds

(triceps, biceps, subscapular, suprailiac, abdominal, thigh and calf). Strength: Sum of 6 repetition maximum (kg) in

leg-press, bench press and lat pull-down. CRF: Cardiorespiratory fitness expressed as stages (and shuttles) reached on

the 20 meter shuttle-run test.

https://doi.org/10.1371/journal.pone.0248110.t002
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Discussion

The main aim of the study was to compare the effects replacing 2-hours weekly state school PE

class with a twice weekly 16 week after-school supervised resistance training program on

health-related fitness and body composition. We also compared resistance training with a

simultaneous isotemporal aerobic training program in order to control for the potential effect

of supervision and isolate resistance training-specific effects. Participants attended a median of

18 sessions of resistance training (comparable to aerobic attendance) representing only half

the number prescribed and equivalent to one session (of < 1 hour) per week. Yet, the benefits

on health-related fitness and adiposity of resistance were significantly better than those of a 2

hour standard PE class, and equal or greater than the supervised “control” aerobic training

program. Post-intervention analysis adjusting for baseline values showed that relative to PE,

resistance training increased strength (d = 0.66), improved cardiorespiratory fitness (d = 0.24)

and attenuated gains in subcutaneous adiposity (d = 0.27).

Resistance training led to similar improvement in cardiorespiratory fitness and attenuation

of adiposity gains as that observed in the aerobic training group, but to greater strength devel-

opment. The effects of aerobic training were more specific and did not produce a significant

effect on strength. Our results suggest that resistance training could therefore be considered

the most effective and time-efficient stimulus for improving three key components of health-

related fitness. Strength is lower in both children and adults from low-middle income coun-

tries [8, 11] and we previously observed in a similar population of Colombian youth that

strength was a better predictor of cardio-metabolic risk profile than cardiorespiratory fitness

[3]. Taken together, these suggests that the additional muscular strength gains from resistance

training represent a stimulus that should be prioritised in physical activity programs aimed at

improving physical health within this population, and potentially other low-middle income

countries.

Most PA interventions reported in the literature originate from of high-income countries

with a high prevalence of obesity in youth. Commonly the focus of these is the efficacy of aero-

bic activity to prevent or treat overweight and obesity [15]. Obesity is less prevalent amongst

children of low-middle income countries such as Colombia where children from lower-middle

social strata remain at risk of marginal nutrition [20]. In the present sample, recruited irrespec-

tive of weight status, 89% of participants were either normal weight or underweight with only

2% classified as obese. Paradoxically however, the prevalence of obesity for Colombian adults

from this socio-economic stratum is relatively high [20] and higher than in more affluent com-

munities [28], leading to a disproportionate burden of chronic disease [29]. Based on the con-

cept of ‘primordial prevention’ maintaining healthy weight in childhood and adolescence is a

key component of obesity prevention [17]. Considering the increase in skinfold thickness of

Table 3. Effectiveness of resistance and aerobic training compared to PE (controls). Estimated marginal means adjusted for baseline values (standard error).

Condition Effect Size (95%CI)

for difference for mean difference between resistance group.

PE (Control) Aerobic Resistance Resistance vs. Control Resistance vs. Aerobic

Lean body mass (kg) 42.5 (2.2) 42.6 (2.1) 42.7 (2.0) d = 0.04 (-0.10–0.16) d = 0.03 (-0.12–0.08)
Sum of skinfolds (mm) 122.7 (4.4) 114.4 (3.7) 108.3 (3.6) d = 0.27 (0.09–0.36) d = 0.07 (-0.09–0.16)
Strength (kg) 183.1 (7.9) 194.3 (6.8) 245.3 (6.6) d = 0.66 (0.49–0.86) d = 0.38 (0.28–0.67)
CRF (stages) 6.0 (0.19) 6.7 (0.22) 6.6 (0.2) d = 0.24 (0.10–0.36) d = 0.04 (-0.10–0.12)

Sum of 7 skinfolds: Triceps, biceps, subscapular, suprailiac, abdominal, thigh and calf. Strength: Sum of 6 repetition maximum (kg) in leg-press, bench press and lat

pull-down. CRF: Cardiorespiratory fitness expressed as stage (and shuttles) reached on the 20 meter shuttle-run test.

https://doi.org/10.1371/journal.pone.0248110.t003
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the PE group (Fig 2, Panel B) and reported elsewhere [30], attenuating gains in adiposity

appears an appropriate target for an intervention. The reported effect of resistance training on

adiposity are somewhat inconsistent [31–33]. A meta-analysis of resistance training interven-

tions observed small but beneficial effects measures of body fat (%) and skinfold thickness in

youth [15]. During the present study, BMI changes were trivial with little difference between

intervention and control groups, indicating that the measure was not able to detect to exercise

induced improvements in body composition identified by skinfolds and bioelectrical imped-

ance analysis.

Despite baseline differences, weight gains followed parallel trajectories in all groups, a pat-

tern also observed for height. The latter is an important finding in the context of the concern

amongst some parents that resistance training “may stunt growth” in children, a previously

highlighted misconception [34], and a perception that the potentially marginal protein intake

of these young people would limit their ability to respond to the resistance program. Instead,

participation in resistance training specifically limited gain in adiposity without restraining

linear growth or lean body mass gain. Furthermore, while there were trivial post-intervention

differences between resistance and PE or aerobic groups in lean body mass, in contrast with

the PE and the aerobic group, none of the participants in the resistance training group experi-

enced a decrease in lean body mass (Fig 1, Panel B). This aligns with evidence that resistance

training provides a stimulus to improve efficiency of protein absorption and utilisation to con-

serve muscle and whole-body protein [35]. A 2 kg increase in fat free mass was reported in

15-year-old boys who completed eight weeks of bi-weekly resistance training [31]. In school-

children aged 10–14 years, Meinhardt et al. [32] found a small increase in lean body mass of

boys after completing 19 weeks resistance training although changes were not significantly dif-

ferent from those of controls. An inadequate intervention period and lower androgen levels in

studies which included youth at earlier pubertal stage may explain the lack of consistency of

lean body mass / fat free mass gain as an outcome, and overall lack of significant effect in a

recent meta-analysis [15].

As might be expected, the largest strength gains were observed in the resistance training

group, superior to both PE (d = 0.66) and aerobic (d = 0.38). Within group increases in

strength were similar in the aerobic and PE groups, suggesting that the aerobic training did

not accelerate strength beyond growth and maturation related development. Low strength in

adolescence is associated with a poorer cardiometabolic profile [2, 3, 36], and is predictive of

higher cardiovascular risk factors in young adulthood [4] and a greater risk of all cause and

cardiovascular mortality in later life [37]. The positive effects on strength are particularly

important in low-middle income countries where muscle strength is reported to be lower [8,

11, 12] and potentially contributes to their populations’ greater susceptibility to chronic disease

at a given BMI relative to high-income populations [38]. Based on substantially lower values in

Colombian [11, 12] than European youth [13], it also appears that these strength deficits may

manifest early on in life. Furthermore, in Colombian youth strength values are lower in lower

socioeconomic status when adjusted for differences in body dimensions [12], suggesting that

implementing resistance training as a primordial countermeasure in this demographic may

have particular value. We previously noted a stronger association between muscle strength

and metabolic risk than between aerobic fitness and metabolic risk in a similar population of

Colombian schoolchildren [3], whereas in high income countries associations with aerobic fit-

ness are reported to be similar [2] or stronger [39]. Therefore, ethnic/regional differences in

the relative influence of muscle strength/resistance exercise on cardiometabolic risk may exist.

In addition to associations with cardiometabolic risk profile, improvements in strength may

enhance children’s confidence and competence in physical abilities resulting in enhanced

physical literacy, self-efficacy and involvement in sports and other physical activity [6, 14].
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Indeed, resistance training participation has been shown to lead to increased spontaneous

daily physical activity, particularly in the least active children [32].

Aerobic fitness is associated with a more healthful cardiometabolic profile, independently

of muscle strength and physical activity [2]. Improved aerobic fitness is considered an impor-

tant outcome measure for activity interventions [17]. Importantly, while resistance training

was more effective than PE (control) in improving cardiorespiratory fitness (d = 0.24), its effect

on cardiorespiratory fitness was similar to that of the aerobic group (d = 0.04). Improvements

in aerobic fitness have been reported following resistance training, with a moderate effect size

increase in VO2 peak (L.min) observed in prepubertal boys who participated in a 12-week

resistance training intervention, compared to no change in controls [33].

There was a large number of missed sessions in both intervention groups, but no difference

between resistance and aerobic programs. In addition to family and health issues (including an

outbreak of Zika) cited by students, parents and school staff as the main reasons for this, the

program being provided after-school and off-site may also have created a barrier to atten-

dance. This design was however necessary due to lack of space at the school and the structure

of the Colombian state-school day, consisting of two cohorts of students in classes from 6.15 to

12.15 or 12.30 to 6.30, which maximizes the use of the building, but creates a further barrier to

in-school programs as neither cohort have a lunch break, just a short recess.

Limitations and strengths

Poor program adherence is the major limitation of the present study, although there was no

evidence of baseline differences and the data appears to be missing at random. It may be how-

ever, that those who stayed in the program may have been responders and remained as they

were more motivated by strength gains. The missing of sessions means that our analysis, based

on intention to treat, underestimates the true impact of a twice weekly resistance (or aerobic)

stimulus. While we assumed full attendance of controls in their compulsory curriculum on-

site control, we did not record their attendance and therefore cannot verify this. A further limi-

tation of the study was the lack of characterization of effort during the resistance training,

which may have allowed more precise quantification of intensity via the use of both repetition

maximum and self-perceived effort in testing and prescription [24]. However, given the nov-

elty of the resistance stimulus within this population and the limitations with equipment and

time, our aim was to deliver “a general resistance training stimulus” rather than evaluate a spe-

cific program. Therefore, these results may not be generalizable across resistance training pro-

grams or to youth populations with greater resistance training experience. Resistance training

programs are under-investigated generally and more so in the population we studied: low-

medium socioeconomic status, low-middle income country youth. As there are ethnic,

regional and nutritional influences specific to the present population, these results may not be

generalizable to other middle- or low-income countries. There is a need for further research in

other low-middle income countries, particularly those identified as having relative strength or

muscle mass deficits.

We substituted 1 x 120 min weekly PE class with 2 x 60 min per week resistance training in

low-middle socioeconomic status schoolchildren from Colombia, a middle-income country.

Resistance training resulted in greater muscular strength and higher cardiorespiratory fitness

when compared with PE class. Improvements in cardiorespiratory fitness were similar to that

of the twice-weekly aerobic training program while strength gains were superior. Resistance

training also attenuated increases in subcutaneous adiposity relative to that observed in PE.

Resistance training was effective in improving both aspects of fitness and components of body

composition. Combined with epidemiological evidence suggesting that while the present
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population has both lower cardiorespiratory fitness [40] and strength [11, 12], but have a rela-

tively larger strength deficit than youth in high income countries, a higher priority should be

given to reversing the historical under-promotion of resistance training in youth and provid-

ing access to resistance training programs to youth in Colombia and other countries with a

similar profile. Nonetheless, more research is needed to evaluate means to deliver the resis-

tance training stimulus within the school setting, such as integrating it within PE class, or

before/after school. Offsite programs such as the ones evaluated in the current study presented

adherence issues, and involved substantial space and equipment requirements, making scal-

ability questionable. There are also two potential concerns around our intervention model in

which offsite training replaced curriculum PE. Firstly, it meant that participants who missed

the offsite session, missed out completely on structured physical activity during the week. Sec-

ondly, while we have shown that participation in a median of 18 resistance training sessions

during a school semester were superior to PE in terms of development of cardiometabolic

health-related components of fitness and body composition, there is a potential concern that

the development of other aspects of physical literacy could be negatively affected if resistance

training replaced PE class. It is important to note however that the study was designed to iso-

late the effect of resistance training, not to promote such a model. Further research should

investigate the feasibility of integrating “a dose” of resistance training within PE classes or dur-

ing another part of the school day within this population, particularly as benefits were

observed following the equivalent of a participation in only a single session per week.
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3. Cohen DD, Gómez-Arbeláez D, Camacho PA, Pinzon S, Hormiga C, Trejos-Suarez J, et al. Low Muscle

Strength Is Associated with Metabolic Risk Factors in Colombian Children: The ACFIES Study. PLoS

One. 2014 Apr 8; 9(4):e93150 https://doi.org/10.1371/journal.pone.0093150 PMID: 24714401

4. Grøntved A, Ried-Larsen M, Møller NC, Kristensen PL, Froberg K, Brage S, et al. Muscle strength in

youth and cardiovascular risk in young adulthood (the European Youth Heart Study). Br J Sports Med.

49:90–4. https://doi.org/10.1136/bjsports-2012-091907 PMID: 23525553

5. Leong DP, Teo KK, Rangarajan S, Lopez-Jaramillo P, Avezum A Jr, Orlandini A, et al.; Prospective

Urban Rural Epidemiology (PURE) Study investigators. et al., 2015. Prognostic value of grip strength:

findings from the Prospective Urban Rural Epidemiology (PURE) study. Lancet 386:266–73. https://

doi.org/10.1016/S0140-6736(14)62000-6 PMID: 25982160

6. Faigenbaum AD, MacDonald JP. Dynapenia: it’s not just for grown-ups anymore. Acta Paediatr. 2017

May; 106(5):696–697. https://doi.org/10.1111/apa.13797 PMID: 28235140

7. Janssen I, Shepard DS, Katzmarzyk PT, Roubenoff R. The healthcare costs of sarcopenia in the United

States. J Am Geriatr Soc. 2004 Jan; 52(1):80–5. https://doi.org/10.1111/j.1532-5415.2004.52014.x

PMID: 14687319

8. Leong DP, Teo KK, Rangarajan S, Kutty VR, Lanas F, Hui C, et al. Reference ranges of handgrip

strength from 125,462 healthy adults in 21 countries: a prospective urban rural epidemiologic (PURE)

study. J Cachexia Sarcopenia Muscle 2016 7:535–46. https://doi.org/10.1002/jcsm.12112 PMID:

27104109

9. Fraser BJ, Schmidt MD, Huynh QL, Dwyer T, Venn AJ, Magnussen CG. Tracking of muscular strength

and power from youth to young adulthood: Longitudinal findings from the Childhood Determinants of

Adult Health Study. J Sci Med Sport. 2017 Oct; 20(10):927–931. https://doi.org/10.1016/j.jsams.2017.

03.021 PMID: 28416155

10. Dodds R, Denison HJ, Ntani G, Cooper R, Cooper C, Sayer AA, et al. Birth weight and muscle strength:

a systematic review and meta-analysis. J Nutr Health Aging. 2012 Jul; 16(7):609–15 https://doi.org/10.

1007/s12603-012-0053-9 PMID: 22836701

11. Otero J, Cohen DD, Herrera VM, Camacho PA, Bernal O, López-Jaramillo P. Sociodemographic factors
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