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Abstract

Background: The prevalence of overweight and obesity is increasing among African children potentially
predisposing them to greater obesity and non-communicable diseases (NCDs) in adulthood. This risk may be
higher among growth-impaired children who may have greater fat mass. Therefore, we examined the effects of
school-based physical activity (PA) promotion and multi-micronutrient supplementation (MMNS) on body
composition among South African children enrolled in a longitudinal school-based randomized controlled trial.

Methods: Children were cluster-randomized by class to one of four groups: (a) a physical activity group (PA), (b) a
multi-micronutrient supplementation group (MMNS), (c) a physical activity + multi-micronutrient supplementation
group (PA + MMNS), and (d) control group, and were being followed for 3 years. Linear random effects regression
models with random intercepts for school classes tested the associations of each intervention arm with overall fat
mass (FM), fat-free mass (FFM), truncal fat mass (TrFM), and truncal fat-free mass (TrFFM) at 9 months (T2) for boys
and girls. These differences were then explored among children who differed in height velocity (HV).

Results: A total of 1304 children (614 girls, 667 boys) in twelve clusters were assessed at baseline and after 9
months follow-up (T2). At baseline, approximately 15% of children were classified as overweight or obese while
approximately 38% of children were classified as mildly stunted or moderately/severely stunted. Among girls,
promotion of PA was associated with reduced FM and TrFM at T2 while MMNS was associated with increased FFM.
Children with reduced HV in the PA arm had reduced FM while children in the MMNS arm with lower HV had
increased FM compared to children in the control arm. Similarly, children with lower HV in the MM and PA groups
had reduced TrFM compared to children in the control arm.
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Conclusions: Our study suggests that the promotion of school-based physical activity programs and micronutrient
supplementation can reduce childhood adiposity and so reduce the risk of obesity and chronic diseases later in
adulthood.

Trial registration: ISRCTN, ISRCTN29534081. Registered on August 9, 2018. The trial was designed, analyzed, and
interpreted based on the CONSORT protocol (Additional file 1: CONSORT checklist for randomized trial)

Keywords: Physical activity, Micronutrients, Randomized trial, School-age children, South Africa

Background
The prevalence of overweight, obesity, and non-
communicable diseases (NCDs) has increased signifi-
cantly in a number of regions of Sub-Saharan Africa in
the last 30 years [1, 2]. Similar increases in overweight
and obesity are occurring among African children which
potentially predisposes them to greater obesity and
NCDs in adulthood [3]. These trends are magnified by
the simultaneous co-occurrence of both growth impair-
ment and overweight or obesity in children and adults.
Studies in several low- and middle-income countries
(LMICs) have reported associations between impaired
growth, obesity, and increased abdominal fat among ad-
olescences and adults [4]. This form of the double bur-
den of malnutrition (DBM) is prevalent in South Africa
where childhood stunting and child overweight/obesity
co-exist [5, 6].
The major drivers of obesity are reduced physical

activity (PA) and the overconsumption of energy-
dense, nutrient-poor foods and beverages in commu-
nities in LMICs passing through the nutrition transi-
tion where traditional diets high in cereal and fiber
are replaced by more Western pattern diets high in
sugars, fat, and animal-source food [7, 8]. Children
recovering from malnutrition who are stunted have
greater replenishment of body fat stores than lean
body mass during catch-up growth [9, 10]. The over-
consumption of high-fat, nutrient-poor foods that oc-
curs with the nutrition transition, therefore, may
result in even greater body fat mass gains among
these children [11].
Vitamin and mineral deficiencies are associated with

obesity and greater fat mass in adults and children and
so may be an unrecognized biological mechanism
contributing to trends in obesity and NCDs [12]. Prelim-
inary supplementation trials have reported that caroten-
oids and carotenoid derivatives as well as zinc can
reduce body mass index (BMI) z-scores and fat mass ac-
crual among obese children and among stunted children
[13, 14]. Addressing how deficiencies may contribute to
body composition, childhood obesity, and long-term risk
of obesity, and NCDs in adulthood in South African
countries that are passing through the nutrition transi-
tion should be a priority in public health research.

Efforts to identify childhood obesity prevention inter-
ventions that are the most effective have increasingly fo-
cused on school-based PA promotion programs [15, 16].
Few school-based health interventions, however, have
been carried out in African countries. The Disease, Ac-
tivity and Schoolchildren’s Health (DASH) project car-
ried out in disadvantaged primary schools in Gqeberha
(formerly Port Elizabeth), South Africa, reported that in-
creased PA levels are associated with lower risks of obes-
ity and hypertension and resulted in significant
decreases in children’s body mass index (Müller I, al. e:
Effect of a multidimensional fitness education and hygie-
neintervention programme on physical fitness and body-
mass-index in disadvantaged primary schoolchildren
(DASH) in Port Elizabeth, South Africa: a longitudinal
study, under review). These findings suggest that the
promotion of PA intervention does have a positive effect
on BMI and body composition in a South Africa
context.
Further improvements in child health and body com-

position may be achieved through programs that simul-
taneously promote PA and micronutrient
supplementation. The finding that supplementation can
reduce BMI z-scores and fat mass accrual among obese
children suggests that micronutrient status affects the
development of obesity and obesity-related conditions
through metabolic pathways that differ from those pro-
moted through PA [13, 14]. Supplementation may also
complement PA programs in communities where DBM
is prevalent by improving body composition among
growth-impaired children. These efforts may be further
enhanced through the use of validated estimates of body
composition among children when determining the out-
comes of the study.
The present study reports on associations of PA pro-

motion and MMNS with altered patterns of body com-
position among South African children enrolled in a
longitudinal school-based cluster-randomized controlled
trial. The specific objective of the study is to determine
the effects of different intervention arms on body com-
position estimates during the critical period of pre-
adolescent growth and development among these chil-
dren. It specifically tests whether the individual and
combined PA and MM interventions are associated with
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changes in overall and truncal estimates of fat mass
(FM) and fat-free mass (FFM) and whether these effects
differ among children with different growth velocities.
The cluster-randomized design was used to reduce treat-
ment contamination between the intervention arms and
the control group. Greater FM and abdominal obesity in
childhood partly a consequence of high caloric intake
are associated with both overweight and obesity leading
to increased risks of type 2 diabetes (T2D) and cardio-
vascular diseases in adulthood [17]. Increased FFM leads
to greater basal metabolic rate and calorie expenditure
and so can reduce the risk of fat accumulation as well as
reduce insulin sensitivity [18]. It is important to investi-
gate these body composition measures in parallel to de-
termine how interventions may alter their relative
balance and so reduce obesity risk. The results can aid
in the development of more effective community-
specific interventions that have the potential to reduce
the burden of childhood obesity and long-term meta-
bolic disease in Sub-Saharan countries that are rapidly
urbanizing.

Methods
Participating schools and subjects
Children included in this analysis were part of a larger
cluster-randomized trial assessing the effect of PA and
MMNS on children’s growth, health, and well-being (the
KaziAfya project) in three African countries [19]. Chil-
dren were recruited in the South African component of
the study from public schools in peri-urban neighbor-
hoods of Gqeberha in the Eastern Cape Province that
had poor ratings in terms of national poverty tables, in-
come levels, dependency ratios, and literacy rates.
Schools were then determined to be eligible if they had
facilities to implement physical education lessons, if they
were not involved in any other research projects, and
were not in an area where government nutrition inter-
ventions were taking place during the study period.
Children aged between 6 and 12 years at baseline were

eligible for inclusion in the project if they were attending
grades 1 to 4; were not participating in any food/nutri-
tional programs; were not suffering from clinical condi-
tions, which prevent participation in PA; and not
participating in other clinical trials. Children were ex-
cluded from data analyses (but not from the interven-
tion) if they have a congenital or acquired alteration of
the gastro-intestinal tract impairing absorption of the
MMNS and had received regular vitamin and mineral
supplements through food/nutritional programs in the
past 6 months. Power calculations indicated that a total
sample of 1096 children was needed per study site (cal-
culations based on G*power 3.1: f = 0.10, alpha error
probability = 0.05, power = 0.80, number of groups = 12,
number of measurements = 3). The targeted sample size

was increased to 1320 children per country at baseline
assuming a yearly dropout rate of 10% with approxi-
mately 330 students assigned to one of the four inter-
vention arms.
Oral consent was sought for each child’s participation

in addition to written informed consent from the par-
ents/guardians. Participation of children was voluntary,
and so children could withdraw at any time without fur-
ther obligations. Each child was assigned a unique iden-
tification number to ensure confidentiality. Children
were then enrolled after the parent/ guardian granted
written informed consent.

Randomization to treatment groups
Participants were cluster-randomized by class to one of
four groups using a random number table: (a) a physical
activity group (PA), (b) a multi-micronutrient supple-
mentation group (MMNS), (c) a physical activity +
multi-micronutrient supplementation group (PA +
MMNS), and (d) control group. Random allocation was
carried out so that all four intervention arms were
present in each school across the four grade levels to en-
sure balanced age groups. The project coordinator gen-
erated the random allocation sequence while the local
project coordinator who was blinded to the multi-
micronutrient groups assigned participants by classes to
interventions and enrolled them.
Children allocated to the MMNS arm received a daily

chewing tablet containing vitamins and trace elements
based on the MixMe™ powder sprinkle developed by
DSM Nutritional Products (Additional file 2: multi-
vitamin mineral supplement tablets) [20] modified by re-
placing vitamin A with 4500mg of β-carotene. β-
Carotene was included in the supplement due to the
previous findings of its efficacy in reducing obesity and
abdominal fat [13]. Children allocated to the PA arm
participated in daily in-class activity breaks as well as
one weekly 45–60-min playful physical education lessons
and one 45–60-min lessons involving dancing-to-music
and improvised movements to music called Moving to
Music, which were incorporated into the main school
curriculum. All physical education and moving-to-
moving lessons are described in detail as part of the
KaziKidz toolkit (see: https://www.kazibantu.org/
kazikidz/). Children allocated to the PA + MMNS group
participated in the PA program and received the daily
supplement.
Only teachers of the PA intervention classes received

the teaching materials involving the Intervention Toolkit
“KaziKidz” lesson plan for physical activity and Moving
to Music to assure that there was no spillover effect with
other classes. They were assisted by a physical education
coach on a weekly basis to assure its proper implementa-
tion. Children allocated to MMNS or “placebo”
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conditions received the usual school lessons taught by
their teachers. Children in the PA group and non-
intervention arm received a placebo product with the
same packaging and similar taste to the micronutrient
supplement. This packaging ensured that children,
teachers, and study personnel were blinded regarding
the MMNS or placebo tablets. Teachers at school ad-
ministered the MMNS and placebo tablets 5 days a week
to the students in the different intervention arms and
kept records of the administration of tablets.

Body composition assessment and anthropometric
measurements of children
Data assessments took place at children’s schools before
children in the different intervention arms began receiv-
ing the treatment measures. The main assessments were
performed across two school days with assessment pro-
cedures the same across all schools.
Body composition was assessed via bioelectrical im-

pedance analysis (BIA) using a wireless body compos-
ition monitor (Tanita MC-580; Tanita Corp., Tokyo,
Japan). Children wearing only light sports clothing were
asked to stand barefoot on the metal plates of the ma-
chine, being guided by the research assistant to ensure
optimal contact according to the device manufacturer’s
instructions. The MC-580 was also used to assess body
weight, to the nearest 0.1 kg. Body height was measured
to the nearest 0.1 cm with each child standing with his/
her back erect and shoulders against a stadiometer. Sex-
specific height and weight-for-age and BMI z-scores
were then computed from the CDC/WHO growth refer-
ence data [21]. Children with z-scores between − 1 SD >
z > − 2 SD for height-for-age z-score (HAZ) were classi-
fied as mildly stunted, children with z-scores between −
2 SD > z > − 3 SD were classified as moderately stunted,
and children with z-scores < − 3 SD were classified as se-
verely stunted. Children were also classified using the
CDC standards as underweight (below the 5th percent-
ile), normal weight (5th percentile up to the 84th per-
centile), overweight (85th to 94th percentile), and obese
(equal to or greater than the 95th percentile).
Information was collected from parents regarding

the infrastructure and housing characteristics (house
type, number of bedrooms, type of toilet and access
to indoor water, indoor toilet/bathroom, and electri-
city) and related to ownership of three durable assets
(presence of a working refrigerator, washing machine,
and car). Socio-economic status (SES) categories were
then constructed by dividing the sum of these house-
hold characteristics and durable assets by terciles
across the entire sample.
Children were then assessed at 9-month T2 follow-up

within each school with assessments performed simul-
taneously across two school days. Body composition and

weight were again assessed using the BIA wireless body
composition monitor, and height was measured using
the stadiometer. All collected data was double entered in
EpiData, validated, and merged into a single SPSS data
file. Survey data assessed via paper and pencil question-
naire was double entered on Epidata.

Statistical methods
The endpoints in this study were estimates of overall fat
mass, lean body mass, truncal fat mass, and truncal lean
body mass at the second follow-up. Descriptive statistics
(M and SD) were first calculated to describe the charac-
teristics of the sample by intervention group. ANOVA
was first used to compare all groups simultaneously. Lin-
ear random effects regression models with random inter-
cepts for school classes were then used to test the
associations of the intervention arms coded as separate
dummy variables with each of the separate overall and
truncal body composition estimates at T2. Models were
run for all children combined and separately for boys
and girls, adjusting for each of the body composition es-
timates at baseline to control for the initial unequal
means of the variables of interest across the intervention
arms. A second set of analyses was then carried out that
adjusted for children’s sex, HAZ at baseline, age at T2,
and composite measure of household SES. HAZ was in-
cluded in the model to adjust for the differences in fat
mass and lean body mass that may occur as a result of
the differing growth patterns.
Additional analyses were then carried out to further

address how such differences in growth patterns may
modify the associations of the interventions with the
body composition estimates. As such, interaction terms
between the dummy variable for each intervention group
and height velocity (HV) were included in the adjusted
model. When an interaction was found, results were
then presented by strata of poor and good growth de-
fined by a cutoff point for HV of < − 0.75 SD (poor
growth < − 2.8 cm; adequate growth > − 2.8 cm) [22]. In-
teractions between the intervention groups and the
child’s sex were also tested. Statistical significance was
set at a probability level of P < 0.05 or P < 0.1 for inter-
actions. A model for each of these outcomes was run
with a school-specific random effect to measure the dif-
ference between the average score at each school and
the average score for the whole sample. All statistical
tests were performed using SPSS® 26 (IBM Corporation,
Armonk, USA).

Results
Baseline characteristics of children
A total of 1304 children were enrolled (following written
parental informed consent) from quintile 3 public
schools in Gqeberha in the South African component of
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the KaziAfya project and randomized to one of four
groups by the twelve class clusters (Table 1, Fig. 1).
Seventy-seven children were excluded due to missing
values for outcome variables or independent/confound-
ing variables at either T1 baseline (February to April
2019) or the T2 follow-up (July to September 2019) (Fig.
1). A total of 1227 children (586 girls, 641 boys)
remained in the study: 327 in the PA group (167 girls,
160 boys; clusters = 11), 286 in the PA + MMNS group
(140 girls, 146 boys; clusters = 11), 305 in the MM group
(139 girls, 166 boys; clusters = 11), and 309 in the con-
trol group (140 girls, 169 boys; clusters = 12). A third
and final post-intervention round (T3) was carried out
from August to November 2021; the results of which
will be reported in subsequent manuscripts.

There was a significant difference in children’s age
across the intervention groups with children in the PA-
MM group having higher mean age compared to chil-
dren in the other groups (Table 1; P-value < 0.001). Sig-
nificant differences were also found for children in
height (P-value < 0.001), weight (P-value < 0.001), and
BMI (P-value < 0.001), with the lowest means for all
three measures found in the control group and the high-
est means found in the PA group. A similar pattern was
observed for children’s overall FM (P-value < 0.001) and
overall FFM (P-value < 0.001) with the lowest means
found among children in the control group and the
highest means found among children in the PA group.
No differences occurred among children across groups
for TrFM and TrFFM. Between 12 and 17% of children

Table 1 Child and household characteristics at baseline in Gqeberha, South African component of the KaziAfya project

By treatment
group

Intervention group

Physical activity, N class
clusters = 11 (n children = 347)

Physical activity + MMNS, N class
clusters = 11 (n children = 297)

MMNS, N class clusters
= 11 (n children = 325)

Placebo, N class clusters
= 12 (n children = 335)

Child
characteristics

M (95% CI) M (95% CI) M (95% CI) M (95% CI)

Age at entry
[means in years]

8.75 (8.65–8.94) 8.34 (8.18–8.50) 8.18 (8.02–8.33) 7.96 (7.81–8.11)

Boys [n (%)] 169 (49.4) 151 (51.2) 171 (53.6) 176 (54.2)

Anthropometric measures at baseline

Height 127.38 (126.4–128.3) 124.96 (123.9–126.0) 123.71 (122.7–124.7) 122.67 (121.6–123.6)

Weight 27.33 (26.61–28.05) 25.55 (24.77–26.33) 24.82 (24.07–25.57) 23.76 (23.76–24.50)

BMI 16.45 (16.17–16.74) 16.13 (15.83–16.43) 16.05 (15.76–16.33) 15.83 (15.34–15.91)

Categories of
malnutrition at
baseline

n (%) n (%) n (%) n (%)

Overweight or
obesea,b

53 (16.6) 46 (16.3) 49 (16.0) 36 (12.4)

Stuntedc 29 (9.1) 27 (9.5) 25 (8.1) 30 (9.3)

Body composition M (95% CI) M (95% CI) M (95% CI) M (95% CI)

Overall fat mass
(kg)

6.66 (6.32–6.99) 5.89 (5.52–6.25) 5.85 (5.05–6.21) 5.33 (4.98–5.68)

Overall fat-free
mass (kg)

20.67 (20.23–21.12) 19.66 (19.18–20.15) 18.96 (18.50–19.43) 18.44 (17.97–18.90)

Truncal fat mass
(kg)

3.12 (12.96–3.28) 2.77 (2.60–2.94) 2.78 (2.63–2.95) 2.55 (2.40–2.71)

Truncal fat-free
mass (kg)

13.00 (12.78–13.21) 12.56 (12.32–12.80) 12.27 (12.04–12.50) 12.01 (11.80–12.23)

Overall SES indexd n (%) n (%) n (%) n (%)

Category 1 101 (29.2) 106 (35.7) 107 (32.9) 120 (35.8)

Category 2 150 (43.2) 131 (44.1) 134 (41.2) 137 (41.0)

Category 3 96 (27.7) 60 (20.2) 84 (25.8) 78 (23.3)
aOverweight: BMI z-score > + 1 SD (85th to 94th percentile)
bObese: > + 2 SD (equal to or greater than the 95th percentile)
cStunting: HAZ < − 2 SD
dSES socio-economic status. SES categories are constructed by dividing the sum of household characteristics and durable assets by terciles across the
entire sample
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were classified as overweight or obese, and approxi-
mately 9% were classified as stunted with no difference
across the groups. No differences were found in the dis-
tribution of children’s households across the SES cat-
egories with 30–35% of households classified in the
lowest category, 40–44% in the intermediate category,
and 20–27% in the highest.

Effect of interventions on body composition outcomes at
T2 follow-up
Promotion of PA was associated with increased overall
FM, FFM, and TrFM among the 1227 children in the 12
clusters at T2 in unadjusted models. In models adjusted
for age, SES, and body composition estimates and HAZ
at baseline, promotion of PA was associated with re-
duced overall FM (P-value = 0.03) and TrFM (P-value <
0.01) among children at T2 (Table 2). In contrast,
MMNS was associated with increased FFM (P-value <
0.01). These associations were found predominantly
among girls when the analyses were carried out separ-
ately by sex (Table 3). As such, among girls, promotion
of PA was associated with reduced FM (P-value = 0.02)
and TrFM (P-value = 0.02) at T2 while MMNS was as-
sociated with increased FFM (P-value = 0.03). Boys in
the PA + MMNS arm did have reduced TrFFM (P-value
= 0.01). No associations were found among boys in the

other intervention arms for the remaining body compos-
ition outcomes.
Analyses were then carried out to address how associ-

ations of the intervention arms with body composition
outcomes differed by HV in the adjusted models. Signifi-
cant interactions were found between PA and HV for
FM (B coefficient = 0.12, CI 0.003–0.237, P for inter-
action = 0.04). Interactions were also significant between
MMNS and HV for FFM (B coefficient = 0.30, CI 0.25–
0.42, P for interaction = 0.01). The results were then
stratified using a cutoff point for change in height of −
0.75 SD (≤ 2.8 cm; > 2.8 cm) to further determine how
the differences in growth modified these associations.
Children in the PA arm with HV below the cutoff point
had reduced FM at T2 compared to children in the con-
trol group (Table 4, P-value < 0.001). In contrast, chil-
dren with HV below this cutoff point in the MMNS arm
had increased estimates of FFM compared to children in
the control group (P-value = 0.3, Table 4). No associa-
tions were observed for any body composition estimates
among children with HV above the cutoff point.
Significant interactions were also identified between

changes in height for TrFM among children in the PA
and MMNS intervention arms (B coefficient = − 0.10, P
for interaction = 0.01, and B coefficient = − 0.06, P for
interaction = 0.01, respectively). No significant interac-
tions were found between PA-MM and HV for TrFM.

Fig. 1 CONSORT flow diagram of children in the South African component of the KaziAfya project included in the analysis
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The analysis of associations of the intervention arms
with TrFM was again stratified using the same cutoff
point of HV of − 0.75 SD (≤ 2.8 cm; > 2.8 cm). Children
in the MMNS and PA arms who had lower growth had
reduced TrFM compared to children in the control
group (Table 4, P-value = 0.001 and P-value = 0.04, re-
spectively). No significant associations were found be-
tween intervention arms and estimates of TrFFM for
children in the poorer growth strata. Additionally, no as-
sociations were found among children for any of the
body composition estimates with height above this cutoff
point.

Adverse outcomes associated with the interventions
Adverse effects associated with the multi-
micronutrient supplement were a concern since com-
ponents of the MMNS such as iron have been

reported to cause adverse reactions. However, in our
study, only 18 students reported such adverse effects
as diarrhea, vomiting, and nausea which were limited
in duration and severity. No additional side effects
have been reported in the follow-up.

Trial registration
The intervention study was registered with the ISRCTN
(Trial registry number: ISRCTN29534081, http://www.
isrctn.com/ISRCTN29534081).

Discussion
We have found that PA promotion and MMNS were as-
sociated with reduced fat mass and increased lean body
mass, respectively, among South African children en-
rolled in a longitudinal school-based intervention trial
based in peri-urban neighborhoods of Gqeberha. These

Table 2 Body composition measures at first follow-up (T2) among children in Gqeberha, South African component of KaziAfya
project by treatment group

PA physical activity group, MMNS multi-micronutrient supplement group, PA + MMNS physical activity group + multi-micronutrient group
aModels adjusted for age, sex, socio-economic status, and baseline body composition and HAZ
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Table 3 Body composition measures at first follow-up (T2) among boys and girls in Gqeberha, South African component of the
KaziAfya project by treatment group and sex

The control group is used as a reference
PA physical activity group, MMNS multi-micronutrient supplement group, PA + MMNS physical activity group + multi-micronutrient group
aModels adjusted for age, socio-economic status, body composition measures, and HAZ at baseline

Table 4 Overall and truncal body composition measures at first follow-up (T2) among children in Gqeberha, South African
component of the KaziAfya project by treatment group and height velocity differences

The control group is used as a reference
PA physical activity group, MMNS multi-micronutrient supplement group, PA + MMNS physical activity group + multi-micronutrient group
aModels adjusted for age, sex, socio-economic status, and baseline measures of body composition and HAZ
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effects were found predominantly among girls while
minimal effects were found among boys. Children in the
MMNS and PA arms who grew less in the follow-up
period also had reduced FM and TrFM compared to
children in the non-intervention arm. These distinct and
contrasting effects of PA and MMNS related to growth
patterns have not been reported before as far as we
know. These findings need to be explored further given
that some of the results are secondary outcomes. How-
ever, public health efforts to reduce DBM and non-
communicable diseases in LMICs passing through the
nutrition transition should continue to consider the pro-
motion of PA in schools especially for girls, but should
also consider micronutrient supplementation of children
with reduced growth trajectories.
These findings are partially supported by previous

intervention studies among school-age children. Obser-
vational studies have found that adults and children who
reported being more physically active had lower BMI
and a lower body fat percentage compared to those who
were less physically active [23, 24]. However, a system-
atic review and meta-analysis examining the effects of
school-based PA interventions on children’s BMI found
that PA interventions did not improve BMI, although
they had other beneficial health effects [15]. More re-
cently, a school-based multi-component PA intervention
carried out in Switzerland reported reduced adiposity
among children who also had improved PA and fitness
[25]. The DASH study also found favorable effects of PA
intervention on body composition among children al-
though this study used BMI and skinfold measures to es-
timate fat mass.
There are a number of studies examining the effects of

MMNS on body composition among children. Studies
examining the effects of supplementation when given
prenatally or in early childhood have found variable or
inconsistent results [26]. For example, the effect of Zn
supplementation on body composition when given alone
or in combination with other micronutrients may not be
consistent [27]. However, it may have a beneficial effect
on FFM among growth-impaired children [14]. Canas
et al. [13] found that supplementation of obese children
with mixed carotenoids reduced BMI z-scores and de-
creased the accrual of abdominal subcutaneous adipose
tissue. The variability in these studies may be partly due
to the use of anthropometric measures that indirectly
determine body composition which complicates the ef-
forts to accurately determine alterations in the FM and/
or FFM components of the body.
Our results are able to more systematically address

these relationships in a LMIC context using a multi-arm
longitudinal design that compares and contrasts the ef-
fects of the different intervention arms. Additionally, the
inclusion of β-carotene in the supplement may have

been more effective in producing changes in the body
composition than retinol or other forms of vitamin A.
As a result, we have found that PA and MMNS have
separate effects on body composition and that these ef-
fects are found predominantly among girls. Our findings
that PA promotion was negatively associated with FM
and TrFM in girls are only partially supported by
smaller, cross-sectional studies. Thompson et al. [28],
for example, reported that PA was negatively associated
with percent FM only among Samoan boys while no
similar effect was found among girls. However, carbohy-
drate intake was negatively associated with percent FM
in girls only possibly due to the type of carbohydrate
consumed in the traditional Samoan diet. Few studies
have reported on sex differences of the associations be-
tween micronutrient intake and body composition mea-
sures that would be comparable to our results. These
distinct effects and findings that children with reduced
growth benefitted more from MMNS suggest PA and
MMNS affect the body composition in different ways
through distinct biological pathways.
It is important to identify what physiological mecha-

nisms underlie these pathways in order to further under-
stand and improve the effectiveness of these school-
based interventions in promoting child health and redu-
cing the risk of obesity and NCD. The regulation of adi-
pose tissue by micronutrients may be one physiological
mechanism underlying the effect of MMNS on body
composition. Fat-soluble vitamins can modify fat mass
through the regulation of adipocyte differentiation and
metabolism [29]. Retinoic acid, β-carotene, and
25(OH)2D, the bioactive form of vitamin D, have shown
anti-adipogenic effects through their activations of key
transcription factors involved in adipocyte differentiation
[30–32]. Vitamin C, vitamin E, and β-carotene deficien-
cies may alter the genetic expression of leptin important
in regulating food intake energy expenditure and con-
stancy of adipose tissue thus leading to leptin resistance
and increased adiposity and obesity risk [33, 34]. Zinc
repletion also leads to increased tissue leptin secretion,
which may subsequently lead to reduced adipose tissue
mass and so modify the risk of obesity [35].
The physiological mechanisms underlying the effect of

PA on body composition may be through its effect on
energy balance. Among adults, increased PA induces a
negative energy balance and consequently reduced fat
mass along as there is no increase in energy intake [36,
37]. Exercise-induced reduction in weight and fat mass
corresponds with reduced adipocyte size and increased
fat oxidation rather than the regulation of adipogenesis
as seen with micronutrients [38]. PA promotion is asso-
ciated with reductions in leptin and increases in adipo-
nectin plasma concentrations, but these changes are not
associated with changes in fat mass [39, 40].
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A combined or additive effect of PA and MMNS on
body composition was not found among children in our
study. The contrasting effects of PA and MMNS de-
scribed above may underlie the lack of an effect seen
among children in this group. These effects could in-
volve separate pathways and so may not act synergistic-
ally. Further research is needed to determine whether
negative associations found between PA and FM esti-
mates and obesity among children in industrialized
countries and LMICs are due to reduced adipocyte size
or regulation of adipogenesis [16, 41].
These underlying mechanisms may explain our find-

ings within the context of poor child growth and adipose
tissue development in LMICs. Deficiencies in micronu-
trients such as zinc can lead to poor growth [42] and
may lead to increased adipogenesis. Additionally, growth
impairment is associated with impairment of fat oxida-
tion, which is a risk factor for excess weight gain and
greater fat storage in adipose tissues [43–45]. Catch-up
growth among malnourished children may lead to in-
creased fat mass accrual as a result of impairment of
physiological mechanisms regulating energy balance and
fat oxidation [46, 47]. This may be accelerated in LMICs
like South Africa passing through the nutrition transi-
tion where urban lower-income households are consum-
ing energy-dense and nutrient-poor diets and where
childhood stunting still persists [48]. The reduction in
FM and TrFM among children in the MMNS arm with
lower HV in our study may result from the anti-
adipogenic effect of micronutrient repletion among defi-
cient children. The universal effect of PA, in turn, may
reflect its effect on energy balance, which may not be
conditional on patterns of growth.
The age of children in our study is the period when

the adiposity rebound occurs, the time at which BMI
starts to rise after infancy. There is a clear relationship
between the age at adiposity rebound and final adiposity
with early adiposity rebound (age < 5.5 years) leading to
higher adiposity level and obesity in later childhood and
adolescence and a five-time greater risk of adult obesity
[49, 50]. Studies have also reported that children who
are overweight at 7 years old had a 400% increased risk
of T2D as adults [51]. However, the latter study also re-
ported that men who had been overweight at 7 years of
age but had had remission of overweight by 13 years of
age had a reduced risk of having T2D in adulthood simi-
lar to the risk among men who had never been over-
weight. These findings suggest that interventions that
target communities with a high prevalence of poor child
growth in LMICs could lead to a more favorable timing
of the adiposity rebound and so lower adiposity levels
and subsequent risk of adult obesity and NCDs.
Our findings have important clinical relevance on this

timing and subsequent risk of adult obesity. The effect

size of the reduction of FM found in our study among
children in the PA and MMNS arms could be sufficient
to lead to remission of overweight in adolescence and
risk of adult obesity risk and T2D. These results if fur-
ther confirmed can lead to the development of more ef-
fective interventions in a critical period of child health
and development. Our results also suggest that interven-
tion studies and public health programs concerned with
preventing childhood obesity should consider a sex-
specific approach.
A number of limitations of our study need to be con-

sidered. The results have limited generalizability since all
children are from peri-urban settings and quintile 3
schools located in marginalized areas. A different picture
might emerge in rural settings or in wealthier student
populations across South Africa. Another limitation may
be the omission of dietary data, which is certainly having
an effect on body composition. Dietary intake was col-
lected at baseline from all enrolled children using food
frequency questionnaires. The validity of using the BIA
estimates to assess the overall fat mass may be an add-
itional limitation of the study since some researchers
have criticized the use of these estimates [52]. Numerous
studies have established that these estimates of body
composition components are very accurate relative to
methods such as dual-energy X-ray absorptiometry
(DXA) [53] and have more biological relevance and con-
text for readers. Longitudinal multivariate statistical
models are now being developed that analyze the struc-
tural relationships between intervention arms and base-
line dietary patterns. These models will provide a more
accurate picture of the effects of the intervention arms
on the associations between growth and body compos-
ition over time.

Conclusions
Our findings have shown that PA is associated with re-
duced overall fat mass and TrFM while MMNS is associ-
ated with reduced FM and TrFM among children with
reduced growth. These results suggest that such inter-
vention strategies can be incorporated into double-duty
approaches involving programs and policies that simul-
taneously tackle both nutrient deficiencies and over-
weight, obesity, and NCDs [54]. Such an approach may
prove effective in reducing DBM in South Africa and
other LMICs that are passing through the nutrition
transition.
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