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ABSTRACT

Introduction Traditionally associated with undernutrition,
increasing evidence suggests micronutrient deficiencies
can coexist with overnutrition. Therefore, this work aimed
to systematically review the associations between iron,
zinc and vitamin A (VA) status and weight status (both
underweight and overweight) in children and young
people.

Methods Ovid Medline, Ovid Embase, Scopus and
Cochrane databases were systematically searched for
observational studies assessing micronutrient status
(blood, serum or plasma levels of iron, zinc or VA
biomarkers) and weight status (body mass index or other
anthropometric measurement) in humans under 25 years
of any ethnicity and gender. Risk of bias assessment
was conducted using the American Dietetic Association
Quality Criteria Checklist. Where possible, random effects
restricted maximum likelihood meta-analyses were
performed.

Results After screening, 83 observational studies
involving 190 443 participants from 44 countries were
identified, with many studies having reported on more
than one micronutrient and/or weight status indicator.
Iron was the most investigated micronutrient, with 46, 28
and 27 studies reporting data for iron, zinc and VA status,
respectively. Synthesising 16 records of OR from seven
eligible studies, overnutrition (overweight and obesity)
increased odds of iron deficiency (ID) (OR (95% Cl): 1.51
(1.20 t0 1.82), p<0.0001, 2=40.7%). Odds appeared to
be higher for children living with obesity (1.88 (1.33 to
2.43), p<0.0001, 2=20.6%) in comparison to those with
overweight (1.31 (0.98 to 1.64), p<0.0001, 1>=40.5%),
although between group differences were not significant
(p=0.08).

Conclusions Overnutrition is associated with increased
risk of ID, but not zinc or VA deficiencies, with an inverted
U-shaped relationship observed between iron status and
bodyweight. Our results highlight significant heterogeneity
in the reporting of micronutrient biomarkers and how
deficiencies were defined. Inflammation status was rarely
adequately accounted for, and the burden of ID may well
be under-recognised, particularly in children and young
people living with overnutrition.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Low-income and middle-income countries are in-
creasingly facing a double burden of malnutrition,
that is, the coexistence of undernutrition (stunting,
wasting, underweight) with overnutrition (over-
weight and obesity).

= While the relationship between undernutrition and
critical micronutrients for childhood growth and de-
velopment (eg, iron, zinc and vitamin A (VA)) is well
established, less is known about the risk of micro-
nutrient deficiencies (MNDs) in children and adoles-
cents with overweight or obese, a hidden form of
malnutrition.

= There are limited data summarising associations
between biomarkers of the most commonly limiting
micronutrients and body weight status, particularly
in children and young people.

WHAT THIS STUDY ADDS

= Overnutrition increases the risk of iron deficiency
(ID), but not zinc or VA deficiencies.

= There is an inverted U-shaped relationship observed
between iron status and bodyweight in children and
young people, with IDs observed more frequently in
both undernutrition and overnutrition.

= Studies conducted to date have been heterogeneous
in terms of populations studied, diagnostic criteria
and approaches to data analysis; few studies fol-
lowed current guidelines for measuring inflamma-
tion and defining MNDs.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Healthcare practitioners will increasingly recog-
nise that children and young people living with
overweight or obesity are likely to be iron defi-
cient, resulting in improved clinical practice and
care.

= More research needs to be conducted to examine
MNDs and the double burden of malnutrition from
currently under-represented countries.

= In future research investigating MNDs, there is a
critical need for enhanced reporting and higher-
quality evidence.
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INTRODUCTION

Deficiencies in micronutrients contribute to impaired
immune function, poor growth and physical develop-
ment and increased morbidity and mortality in chil-
dren.' * Public health prevention strategies such as
supplementation, fortification and nutrition education
are therefore strongly encouraged by the WHO and
UNICEF in low-income and middle-income countries
(LMICs).> * Although great strides have been made in
the last century to address micronutrient deficiencies
(MNDs) and reduce childhood mortality rates, disap-
pointingly in 2013 (median year of data collection), the
global prevalence of deficiency in one or more micronu-
trients was estimated to be 56% in children under 5 years,
although rates vary across countries.”°

Among the micronutrients, deficiencies in iron, zinc
and vitamin A (VA) remain particularly prevalent and
causally associated with adverse health outcomes for
children. Iron deficiency (ID) and ID anaemia (IDA)
are major global health challenges affecting more than
1.2billion people worldwide.” In addition to ID, it is esti-
mated that more than 25% of South Asia and sub-Saharan
African populations are at risk of insufficient dietary zinc
intake, with some countries particularly deficient.” In a
large population survey in Ethiopia, for example, the
prevalence of zinc deficiency among young children was
shockingly found to be 89%, improving somewhat in
school children to 71%.° Similarly, in Southeast Asia in
Vietnam, in 2010 the prevalence of zinc deficiency was
remarkably high (68%) in young children, improving to
42% in children over 5 years of age.'’ Moreover, although
large-scale VA supplementation programmes have been
implemented in many countries,” subclinical VA insuffi-
ciency is still prevalent in Vietnam (10.1%, young chil-
dren aged 5-75 months, data from Vietnam nationwide
food consumption survey'’), and Africa (Ethiopia, 45.4%
for 6-72-month-old children, from meta-analysis in
2020'""), and often observed in the context of multiple
MNDs. "

Historically, MNDs were considered as one of the four
forms of undernutrition, alongside wasting, stunting
and underweight,"” and a particular concern for LMICs
where undernutrition may be the leading cause of child-
hood mortality for children under 5.*'* However, increas-
ingly, itis recognised that MNDs also occur in the context
of overweight and obesity."” Deficiencies in iron,'® zinc’
and VA'® have been observed in adults living with over-
weight and obesity and associated metabolic diseases.
Typically associated with nutrient-poor, energy-dense
diets, the presence of multiple MNDs in the absence
of an energy-deficit diet has been described as ‘hidden
hunger’.’ While in high-income countries obesity is
associated with ultra-processed foods that are high in fat,
sugar, salt and energy, in LMICs overweight and obesity
are often associated with poverty and monotonous diets
with limited choices of low-cost energy-dense staples such
as corn, wheat, rice and potatoes.'?*’ Even in high-income

countries, childhood obesity is strongly linked to poverty
and socioeconomic and health disparities.”'

Moreover, many LMICs are now facing a double burden
of malnutrition with the coexistence of an increasing
prevalence of overnutrition alongside undernutrition.*
This is intricately linked to the rapid increase in the
global prevalence of obesity, especially in children aged
5-19 years in recent decades.” Deficiencies in multig)le
micronutrients including iron,** * zinc'” ** and VA* *
have also been observed in children living with malnu-
trition. Indeed, the term ‘triple burden of malnutrition’
aims to underscore the coexistence of MNDs alongside
undernutrition (stunting, wasting, underweight) and
overnutrition.*

While increasing evidence now suggests MNDs are
associated with overnutrition as well as undernutrition,
to date there have been only a limited number of reports
summarising associations between biomarkers of micro-
nutrient status and obesity in children and young people.
In one meta-analysis of multiple comorbidities associated
with obesity in children, higher OR for both vitamin D
deficiency (OR (95%CI): 1.9 (1.4 to 2.5)) and ID (OR
2.1,95% CI 1.4 to 3.2) were found in children under age
10 living with obesity.” Similarly, a separate meta-analysis
of vitamin D deficiency in children and adolescents aged
0-18 years also found a positive association between
obesity and vitamin D deficiency (OR 1.4, 95%CI 1.3
to 1.6).31 However, to our knowledge the risks of iron,
zinc and VA deficiencies, the most frequently limiting
micronutrients in children and young people, have not
been collectively examined. Therefore, in this work, we
aimed to systematically review the associations between
iron, zinc and VA status and body weight in children and
young people, using meta-analyses to summarise where
sufficient data existed.

METHODS

This review was conducted following the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines™ and was registered at
PROSPERO (CRD42020221523).

Search strategy

The Ovid Medline, Ovid Embase, Scopus and Cochrane
databases were systematically searched through 19 April
2023. A combination of keywords and related medical
subject headings were used from three main themes:
(1) population: infants, children, adolescents and young
adults; (2) malnutrition indicators, including undernu-
trition and overnutrition; and (3) blood micronutrient
indicators for iron, zinc and VA. The specific search strat-
egies developed for each database are reported in online
supplemental tables 1-4.

Inclusion and exclusion criteria

Observational studies in humans under 25 years of age,”
of any nationality, gender or ethnicity, with undernu-
trition or overnutrition diagnosed by body mass index
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(BMI) or other anthropometric measurement, were
included. In addition to be included, studies had to have
reported as primary outcomes either: a blood or serum
test of micronutrient level, the OR or relative risk of
MNDs, or the linear regression between a micronutrient
indicator and weight status. Records excluded from this
review were: non-English articles, short reports, commu-
nications, address, case reports, comments, letters, edito-
rial matters, meta-analyses, news, reviews, conference
abstracts, studies with unrepresentative samples (either
convenience sampling or n<100), studies not reporting
primary outcomes of interest, studies reporting associa-
tions with combined MNDs and studies of micronutrient
supplement interventions. Studies that assessed anaemia
diagnosed with only haemoglobin (Hb) were excluded,
as not specific to ID.

Study selection

The screening of identified studies was managed using
the web-based Rayyan software.”* The selection of the
eligible studies for inclusion in this review was assessed
and agreed by two independent reviewers (XT and PYT).
Disagreement between reviewers was resolved by discus-
sion or by third reviewer if necessary.

Data extraction

A standardised data extraction form was used to extract
the following information: first author, year of publica-
tion, year of study, study design, country, participants'
characteristics (eg, sample size, recruitment, gender,
age, socioeconomic status, etc), exposure (eg, anthropo-
metric indicators and blood/serum levels of micronutri-
ents of interest), control or non-exposure (eg, children
who were not malnourished), outcome measures (eg,
changes in anthropometric indicators in the presence of
MND:s or otherwise changes in the blood micronutrients
levels in different anthropometry groups), main findings
(eg, differences in mean, B coefficient, OR, relative risk)
and funding or sponsorship.

Risk of bias assessment

Risk of bias was assessed by two reviewers using the Quality
Criteria Checklist developed by the Academy of Nutrition
and Dietetics.” Any disagreement was resolved by discus-
sion and by a third reviewer if necessary. This tool has 10
validity questions: (1) clear research question, (2) non-
biased participant recruitment, (3) group comparability,
(4) report of withdrawals/participant ratio, (5) blinding,
(6) study procedures description, (7) outcome, (8)
appropriate statistical method and adequate adjustments,
(9) conclusion supported by results and (10) conflict of
interest. The overall rating was defined as either positive
(majority of criteria above were met, in which criteria 2,
3, 6 and 7 must be met), neutral (any one criterion of
criteria 2, 3, 6 and 7 was not met) or negative (six or more
of the criteria not being met).

Data analysis
The associations (eg, OR, relative risk, linear regression)
between the blood micronutrient levels of interests and

anthropometry status were curated in tables according
to micronutrient. If no association data was provided,
the comparison of mean micronutrient levels between
different anthropometry groups was included in the table.
For the convenience of summarising, the main findings
of each study were concluded as either direct associations
(micronutrient levels increased with increasing weight
status indicators) or inverse associations (decreased
micronutrient levels—increasing risk of MNDs—with
increasing weight status indicators).

Weight status indicators included BMI-for-age z score
(BAZ) and BMI used to categorise overnutrition. While
for undernutrition, heightfor-age z score, weight-for-age
z score and weightfor-height z score were used to cate-
gorise stunting, wasting and underweight, respectively,
following the WHO growth chart, obesity work taskforce
or national standard in respect to each country. Micro-
nutrient status indicators included blood micronutrient
levels (iron, zinc, retinol), Hb, iron profile, B-carotene,
retinol binding protein or diagnosis of ID, IDA, zinc defi-
ciency or vitamin D deficiency (VAD). The diagnostic
criteria of MNDs mostly followed either WHO criteria or
the International Zinc Nutrition Consultative Group stan-
dard or country-specific standards for defining MNDs.

Where there were at least five studies®® assessing the risk
of MNDs in malnutrition groups comparing with normal
weight group, random effects restricted maximum likeli-
hood meta-analyses were conducted to estimate the OR
with 95% CI using Stata V.18 (Stata Corporation, College
Station, Texas, USA). Heterogeneity across the studies
was evaluated using I°. Sensitivity analysis was conducted
by using the leave-one-out method, to compare the
pooled OR before and after eliminating each study
at a time. To detect publication bias, the asymmetry of
the funnel plot was examined. Statistical significance
was set at p<0.05. To avoid overestimation of power, the
gender-stratified data were not included in meta-analysis
if overall population data were reported by the study.
All graphics were produced in either Stata or using the
R-package ggplot2,”” ggalluvial® and rworldmap™ in the
R environment.

Patient and public involvement

It was not appropriate to involve patients or the public
in the design or conduct of our research. However,
members of the general public, including children and
young people, were consulted about dissemination mate-
rials.

RESULTS

Using systematic search strategies, a total of 9711 articles
were initially identified from four databases, of which
5459 articles remained after deduplication. After title
and abstract screening, the full texts of 151 articles were
assessed to check for eligibility. From these, 83 obser-
vational studies met the inclusion criteria and 7 studies
were eligible for meta-analysis (figure 1).
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Figure 1 Flow diagram of the systematic identification and

selection of articles.

Overall, the 83 studies involved a total of 190 443 partic-
ipants from 44 countries (figure 2). The majority (n=74,
89.1%) were cross-sectional studies, and the number of

participants in individual studies ranged from n=101*'

to n=64850 (the China National Nutrition and Health
Survey of Children and Lactating Mothers study, 2016—
2017*), with a median n=675 participants. Notably, many
studies assessed more than one micronutrient and/or
weight status indicator at the same time. Iron was the
most investigated micronutrient, with a total of 46 (n=10,
21 and 15 for both overnutrition and undernutrition,
respectively), 28 (n=4, 8 and 16 for both overnutrition
and undernutrition, respectively) and 27 (n=5, 12, 10
for both overnutrition and undernutrition, respectively)
studies identified for iron (online supplemental table
5), zinc (online supplemental table 6) and VA (online
supplemental table 7), respectively.

Associations between iron and weight status

The characteristics and findings of the studies that
reported associations between iron status and weight
status in children and young people (n=46) are summa-
rised in online supplemental table 5. 10 studies assessed
both sides of malnutrition, whereas 21 studies focused on
overnutrition and 15 studies focused on undernutrition.
A broad range of biomarkers for ID were used by the
different studies, and most studies reported more than
one (online supplemental table 5). In 2020, the WHO
revised their guidance on the use of ferritin to assess iron
status in individuals and populations, providing thresh-
olds of <15pg/L for healthy individuals above 5 years of
age and <70 png/L for individuals with infection or inflam-
mation (<12pg/L or <30pg/L are used for children
under 5). While current WHO guidance is that ferritin,
both an iron storage protein and an acute phase reactant
associated with inﬂammation,43 should not be used alone
to diagnose ID without other iron profile biomarkers or
corrections for inﬂarnrnation,44 a minority of studies did

Number of studies
1 2 3 4

506 N8

Figure 2 World map showing the populations represented in the included articles.
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rely on ferritin alone.” ** Likewise, serum iron alone
should not be used in isolation to diagnose ID as serum
iron levels will be reduced in the context of infection or
inﬂammation,49 but was used in a handful of studies.**%°5!
In risk of bias assessment, most studies were found to be
of positive quality (28 out of 46; online supplemental
table 5). Only three studies were found to be of negative
quality.”’* Overall, the most common reasons for studies
being rated either neutral or negative quality were either
the lack of: (1) an appropriate statistical approach, such
as multivariate logistic or linear regression with adequate
adjustments, eg, inflammation status or menarche, or (2)
essential information such as group comparability, infor-
mation of withdrawals or limitation of the study (online
supplemental table 8).

A total of 16 records reported OR from seven eligible
studies enabling our calculation of the pooled OR for
ID with overnutrition (overweight or obesity) using the
normal weight groups as reference. These studies assessed
overnutrition and ID in North American (USA® % 5
and Mexico™) and European (Spain56 and Greece”’ 58)

populations, and, in risk of bias assessment, all were
assessed as positive (good) quality. The random-effects
model meta-analysis indicated a pooled OR (95% CI) of
1.51 (1.20 to 1.82), p<0.0001, for ID with overnutrition
(figure 3). Heterogeneity was moderate with an I” value
of 40.73%, likely a result of the diversity of ethnicities,
ages and genders studied as well as the broad range of
biomarkers for ID and overnutrition used by the different
studies. Subgroup analyses suggested increased risk of ID
in those living with obesity OR (95% CI): 1.88 (1.33 to
2.43), p<0.0001, compared with overweight OR (95% CI):
1.31 (0.98 to 1.64), p<0.0001; however between group
differences were not statistically different (p=0.08), likely
driven by greater heterogeneity in the overweight versus
obesity data (I*: 40.46% vs 20.0%, figure 3).

Similarly, no differences were observed between studies
that reported data separately for males and females
versus those that reported data from mixed-gender
populations (p=0.47, online supplemental figure 1).
Funnel plot analyses suggested some asymmetry driven
by two outliers (online supplemental figure 2). These

Odds Ratio, Weight

Study Gender Country with 95% Cl (%)
Obese |
Brotanek, 2007 Mixed US | 3.34[1.10, 10.12] 0.46
Cabafas Pujadas, 2022 Mixed  Spain i— 1.10[0.57, 2.10] 8.79
Cepeda-Lopez, 2011 Mixed  Mexico ! 3.96[1.34, 11.67] 0.35
Manios,2013 Male Greece I—I— 246[1.52, 3.96] 4.82
Manios,2013 Female Greece -Ll— 205[1.19, 351 519
Moschonis, 2012 Male Greece *— 162[0.78, 3.37] 4.40
Moschonis, 2012 Female Greece -Ll— 225[1.14, 4.46] 295
Nead, 2004 Mixed US LI— 2.30[1.40, 3.90] 464
H =0.12, Q(7) = ¢ =2 I‘ 1.88[1.33, 243]

I
Overweight |
Brotanek, 2007 Mixed US 1.29[0.64, 2.58] 6.64
Cepeda-Lopez, 2011 Mixed  Mexico | 0.79[0.51, 1.23] 15.08
Manios,2013 Male Greece 148099, 218 11.15
Manios,2013 Female Greece 1.30[0.88, 1.94] 12.19
Moschonis, 2012 Male Greece llf 213[1.27, 360] 5.15
Moschonis, 2012 Female Greece # 1.11[0.64, 1.94] 10.33
Nead, 2004 Mixed US - 200[1.20, 3.50] 525
Tussing-Humphreys, 2009  Female US I—l— 232[1.14, 4711 260
Het 1°=0.12,Q(7) = 5, 1" = lJl 1.31[0.98, 1.64]
R I
Overall + 1.51[1.20, 1.82]
Heterogeneity: T° = 0.13, Q(15) = 24.11; I’ = 40.73%;
Effect size: z = 9.57, p < 0.0001 :
Test of group differences: Qy(1) = 3.05, p =0.08 |

OAE)O 5.60 10100
ID Odds

Figure 3 Forest plot of reported associations between overnutrition and odds of iron deficiency (ID).
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studies reported higher prevalence of ID in both over-
weight and obese mixed-gender populations, with much
larger SEs observed in the (fewer) children with obesity
(figure 3).”>°® As they contributed only small weights to
the meta-analysis (Brotanek et al: 0.46%, Cepeda-Lopez
et al: 0.35%), this is a small-study effect rather than non-
reporting bias, and indeed funnel analyses with fewer
than 10 studies should be interpreted cautiously.” Sensi-
tivity analyses indicated robustness in the overall results
as the effect size was not significantly changed after
removing any of the studies (online supplemental figure
3).

Given that the meta-analysis incorporated only a small
subset (7 of 46) of iron studies, to synthesise the findings
across all studies, we examined the numbers of partici-
pants in the reports concluding either direct, inverse
or no significant associations between ID and nutrition
status (figure 4A). These data illustrate surprising hetero-
geneity in the conclusions of individual studies and show
where individual studies contributed disproportionally
larger populations. In the case of iron and undernutri-
tion, while 13 reports that included 15335 participants
found a direct association (ie, better iron status found
with normal bodyweight in comparison to undernutri-
tion), surprisingly 10 studies that included 30705 partic-
ipants found no association and 2 concluded an inverse
association (figure 4A). Notably, the two studies that
found an inverse association had reported linear regres-
sion between iron and both undernutrition and over-
nutrition (BMI 14-32% and BAZ between -4 and 2%).
However, the associated scatter plots suggest piecewise
regression would be more appropriate as very low ferritin
values were observed in both the lowest and highest
quintiles of nutrition status. While the data for overnu-
trition appear clearer, with 19 reports including 27894
participants concluding an inverse relationship (ie, wors-
ening iron status as weight status moves from normal to
overweight and obesity), nonetheless 9 reports with 8884
participants concluded a direct association and 3 found
no association (figure 4A).

While these conflicting results likely reflect different
populations studied and the challenges of ID diagnosis,
nonetheless, we conclude the data collectively suggest
an inverted U-shaped relationship between iron status
and bodyweight, with children and young people living
with overnutrition having a higher risk (pooled OR
(95% CI): 1.51 (1.20 to 1.82)) of ID alongside those with
undernutrition.

Associations between zinc and weight status

The 28 studies that examined zinc status and either
undernutrition or overnutrition were similarly diverse
in their approaches and findings (online supplemental
table 6). In particular, how authors compared groups
statistically (eg, mean, median, quartile (Q): Q2—4 vs Q1)
varied between studies and precluded any meta-analysis.
Although the majority of studies (27 out of 28) measured
either plasma or serum zinc, 1 study used whole blood
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Figure 4 Summary stacked bar plots showing participant
numbers, grouped by the direction of associations, in studies
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the total population in each category were labelled. NS: not
significant VA: vitamin A.

and concluded a direct association,61 however, measure-
ments of zinc in whole blood may overestimate zinc levels
as whole blood zinc level was five-fold higher than plasma
due to red blood cells.”® We note only two studies®* used
international consensus-based thresholds (57-74pg/dL
depending on age group, sex, time of day and time since
last meal®) for defining deficiency, which may explain
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some of the heterogeneity in conclusions between studies
here. In addition, although plasma or serum zinc concen-
tration is the most used biomarker of zinc status, there
are well-described issues with sensitivity and specificity, as
well as challenges with sample collection and storage, that
render the assessment of dietary zinc status in humans
challenging.” In the risk of bias assessment, most studies
(17 out of 28) received a positive quality rating.

Although a direct relationship between zinc status and
undernutrition was concluded by the majority of studies
(12 of 20 accounting for 72537 participants; figure 4B),
the results from reports on overnutrition were more
contradictory. While four studies concluded direct asso-
ciations between zinc levels and BMI,42 616667 o found
inverse relationships® ® and six studies, accounting
for 13440 participants in four countries (three from
Iran,m_72 and one from Colombia,73 Australia’* and
China75), concluded no association between zinc status
and overweight (figure 4B). Among the studies reporting
direct associations with both undernutrition and over-
nutrition was an exceptionally large population study
from China with >64000 participants.** While in this
cohort stunting conferred a higher risk of zinc deficiency
(OR (95% CI): 1.44 (1.19 to 1.75)), and overweight and
obesity appeared to confer protection (overweight: 0.88
(0.84 to 0.96); obesity: 0.78 (0.70 to 0.86)), serum zinc
values were not hugely different between groups and
within adequate population ranges,”* ™ with 86.0pg/
dL (77.0 to 96.0) reported for children with stunting
and 91.0pg/dL (82.0 to 101.0) for children living with
obesity.”” Relatedly, in a large American cohort (n=5404
children aged 5-19 years) the overall population mean
(range) of zinc levels was similarly adequate, 82.7 pg/dL
(38.9 to 198.6).%

In sum, while the data were more limited for zinc,
they suggest an exponential plateau curve relationship
between zinc status and bodyweight, with children and
young people living with severe undernutrition having
the highest risk for zinc deficiencies, and no evidence for
a higher risk for zinc deficiency with overnutrition.

Associations between VA and weight status

The studies that investigated VA status in relation to body
weight were similarly heterogenous in their approaches
to assessing both VA and nutrition status (online supple-
mental table 7). VA was commonly assessed by measuring
plasma/serum retinol levels, although some studies
measured either serum carotenoids, b-carotene or retinal
binding protein levels. However, plasma/serum retinol
concentration is under tight homeostatic control and
does not reflect VA status until body stores are extremely
low or very high.”” Where low serum retinol was defined,
WHO cutoffs (retinol<0.7 pmol/L, equivalent to 20 pg/
dL™) were most often but not always used. These values
are not sensitive to moderate VA deficiencies, and,
similarly, with zinc, studies often examined results by
comparing bottom and top quartiles of the biomarkers
measured. As with the zinc studies, variability in the

outcomes measured and statistical approaches between
studies prevented us from performing meta-analysis, and
the majority of studies received positive quality ratings
(17 out of 27; online supplemental table 7).

While a direct relationship between undernutrition and
VA deficiency was clear with 13 of 15 studies concluding
a direct association, the other 2 reported no associa-
tion (figure 4C), the data for associations between over-
nutrition and VA deficiency were more contradictory.
Although in favour of a direct relationship between VA
status (n=10 of 17 studies, accounting for 19443 partici-
pants), b found an inverse association and 2 found no asso-
ciation (figure 4C). In the 10 studies that found a direct
relationship, these were reported in a variety of ways,
such as, lower risk of VAD in the context of overweight
or obese” " or elevated serum levels of VA or plasma
retinol in children with overweight or obesity.” 5
Interestingly, of the five studies that concluded an inverse
association between overnutrition and VA deficiency,
four focused on Brazilian children. The associations were
reported either as increased risk of VAD®® or risk of low
carotenoids,” * for overweight children aged 5-19 years
with around 500 participants in each study. While in one
case, low plasma retinol (<0-70pumol/L) was associated
with overweight in Brazilian children aged 12-59 months
(n=1503).* The fifth, non-Brazilian, study assessed 7-11
years old children (n=1928) in Chonggqing, China,” and
found that obesity increased the risk of VAD, OR (95%
CI): 2.37 (1.59 to 3.55).

In the context of the tight homeostatic mechanisms for
plasma retinol levels,77 we conclude that similar to zinc,
the data suggest an exponential plateau curve relation-
ship between VA status and bodyweight, with children
and young people living with severe undernutrition
having the highest risk for VA deficiency and no evidence
for a higher risk for VA deficiency with overnutrition.

Lastly, regional differences were observed both in
terms of which micronutrients were more frequently
investigated and whether populations with undernutri-
tion or overnutrition or both were investigated (figure 5).
Studies from North America and Europe (figure 5A)
focused entirely on overnutrition and largely on iron,
whereas reports from the Western Pacific (figure 5B),
Asia (figure 5C) and Latin America (figure 5D) assessed
both undernutrition and overnutrition and most studies
in Africa (figure 5E) focused on undernutrition.

DISCUSSION

To our knowledge, this is the first systematic review of the
associations between weight status in children and young
people and iron, zinc and VA deficiencies, to concur-
rently examine associations with both undernutrition and
overweight, that is, the double burden of malnutrition.
Notably, our results suggest an inverted U-shaped rela-
tionship between iron status and bodyweight, with both
undernutrition and overnutrition increasing risk for ID.
In meta-analyses, children and young people living with
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overnutrition had a higher risk (pooled OR (95% CI):
1.51 (1.20 to 1.82)) of ID, with those living with obesity
having even higher risk (pooled OR (95% CI): 1.88 (1.33
to 2.43)) compared with those with normal weight. In
contrast, zinc and VA deficiencies were most observed in
children and young people with undernutrition. While
in aggregate, the studies underscore the increased risks
for iron, zinc and VA deficiencies with undernutrition
in childhood and adolescence, there was more hetero-
geneity in study conclusions (ie, several studies finding
no relationship) for iron and zinc. Such heterogeneity in
part relates to the methodological challenges of assessing
the status of these micronutrients in humans. Indeed,
our results highlight how variable the approaches to
measuring and reporting dietary nutrient deficiencies
have been, as well as regional data gaps, with important
implications for future study design.

Excess adiposity is associated with low-grade inflam-
mation, widely proposed to be the mechanism behind
reduced iron status observed in adults living with
obesity.”" * With the expansion of adipose tissue comes
macrophage infiltration and release of inflammatory
cytokines such as interleukin-6 (IL-6), which stimulate
the synthesis of acute phase proteins such as ferritin and
hepcidin, the main regulator of systemic iron homoeo-
stasis.”’ Hepcidin prevents iron absorption from the
enterocytes and iron release from splenic macrophages,
thereby reducing circulating iron levels overall.” In acute
infection, this serves to deprive a pathogen of iron,” but

in the context of chronic disease with prolonged immune
activation can lead to anaemia of chronic disease.” The
results of our meta-analysis, showing a higher risk of ID
with overnutrition, particularly in children and young
people living with obesity, are consistent with those
seen in adults'® and suggest inflammation-mediated
increases in hepcidin as the potential mechanism. This
would explain the difference between the observation
of ID, but not zinc or VA deficiencies, in children with
overweight or obesity. Examining hepcidin and inflam-
matory markers before and after weight loss intervention
would permit testing this association as a causal mech-
anism. However, as noted in a recent review of studies
investigating hepcidin and IL-6 levels in children with
obesity,” this has only rarely been done. But in two small
studies, one 8-month exercise intervention (n=73)" and
one 6-month weight loss intervention (n=15) 7 decreases
in IL-6 and hepcidin were observed in conjunction with
weight loss and improvements in iron status, in line with
this hypothesis.

Inflammatory status is particularly relevant as ferritin,
the primary blood biomarker of iron status used, was
consistently found higher in obese groups compared with
children with normal weight, with directlinear association
reported in multiple studies,*® *0* 50 6085 98105 o yever,
as ferritin is an acute phase reactant, inflammation can
obscure ID'”. Therefore when the WHO reviewed their
guidance on the use of ferritin to assess iron status in
2020,** they made the strong recommendation that in
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areas of widespread infection or inflammation, serum
ferritin should be measured alongside both C-reactive
protein (CRP) and o-1 acid glycoprotein (AGP), which
reflect different phases of the immune response from
acute infection to chronic inflammation. In addition,
they recommend that thresholds to define ID in individ-
uals with infection or inflammation should be raised to
30mg/L for children under 5 and 70 mg/L serum ferritin
for all age groups over 5.* However, very few studies (n=4
out of 23 studies that used ferritin with or without other
biomarkers to define ID) measured and excluded partic-
ipants with elevated CRP level.** '**1% 17 Only one study
measured AGP'® and only two studies from Colombia®
and Brazil'” used the higher thresholds for ferritin to
define ID in the context of inflammation. Interestingly,
the WHO serum ferritin concentration thresholds were
based on expert opinion,** and a recent analysis of serial
cross-sectional National Health and Nutrition Examina-
tion Survey data concluded thresholds for ferritin for
iron-deficient erythropoiesis should be higher, at least for
healthy American children and women."" Specifically,
from regression models of the distributions of Hb and
soluble transferrin receptor with serum ferritin in 2569
and 7498 healthy children under 5 and women (15-49
years old), they derived 20mg/L for children under 5
and 25mg/L in women as physiologically based serum
ferritin thresholds for ID. These data suggest that the
global burden of ID in children and young people may
well be underestimated.

In contrast to iron, our results show that zinc and VA
deficiencies were most observed in undernutrition, with
limited evidence for a higher risk for deficiency with over-
nutrition. While variability in the outcomes measured and
statistical approaches between studies precluded meta-
analyses, critical review of the data in aggregate suggests
an exponential plateau curve relationships between zinc
or VA status and bodyweight, with children and young
people living with severe undernutrition having the
highest risk for these MNDs. Nonetheless, considerable
uncertainty in the evidence base remains, particularly for
overnutrition. This is not least of all because of efficient
homeostatic mechanisms that buffer plasma zinc and VA
levels to either dietary deficiency or excess, thereby main-
taining plasma concentrations within a narrow range and
preventing toxicity in the case of VA.”” "' Therefore,
more moderate deficiencies in overnutrition may be
masked. In addition, mechanistically there are compli-
cated interactions between the micronutrients them-
selves (eg, VA deficiency impairs iron mobilisation and
VA supplementation will improve Hb concentrations''")
and between overnutrition, inflammation and micronu-
trient metabolism.

Indeed, our comprehensive review highlights the
challenges of micronutrient assessment at an individual
and population level with important implications for
future study design and reporting in the context of the
double burden of malnutrition. The most commonly
used biomarkers of micronutrient status (plasma/serum

ferritin, zinc and retinol levels) are sensitive to a variety
of stimuli, including infection and inﬂammation,78 and a
primary recommendation for future work investigating
MNDs in either undernutrition or overnutrition is that
CRP and AGP are routinely measured and inflammation
accounted for in line with current expert guidelines.
While in the case of iron, ferritin increases with inflam-
mation and ID may be underestimated and thresholds
for deficiency should be raised''?; in the cases of zinc and
VA, deficiencies may be overestimated as both plasma/
serum zinc and retinol are, at least transiently, lowered
in acute infection or inflammation."” "'"* Conversely,
additional challenges with zinc measurement exist as
careful sample collection and handling is critical to
prevent haemolysis or contamination from adventitious
zinc in the environment,64 which may mask deficiencies,
a potential confounder in the studies that surprisingly
did not find zinc deficiency associated with undernutri-
tion. If CRP and AGP are measured, inflammation can
be adjusted for by either exclusion, the use of correction
factors or linear regression approaches recently proposed
by the Biomarkers Reflecting Inflammation and Nutri-
tional Determinants of Anaemia project.''” Regression
approaches have now been systematically developed and
used to adjust for ferritin,"° zinc'* and VA'" values on a
continuous scale.

In addition, our work highlights that many studies did
not apply consensus-based cut-offs for defining either
iron, zinc or VA deficiencies but rather compared lower to
upper quartiles of plasma/serum biomarkers within their
populations, often not specifying the measured ranges of
biomarkers within quartiles. Such calculations may over-
estimate risks of deficiencies in largely replete popula-
tions, and their widespread use may explain some of the
seeming contradictory conclusions. Lastly, our data high-
lights regional data gaps and differences in study focus,
with most studies from Africa and Asia focused on under-
nutrition and those from North America and Europe
focused entirely on overnutrition. This is concerning as
both Africa and Asia experienced dramatic increases in
the number of overweight children under 5 between 2000
and 2017 (from 6.6 to 9.7million children in Africa and
from 13.9 to 17.5million children in Asia).117 Moreover,
the regions of Africa and Asia have the highest double
burden of malnutrition with large numbers of stunted
and wasted children and the number of stunted children
under 5 having increased from 50.6 to 58.7million chil-
dren in Africa.""” These stark data underscore that the
investigation of MNDs in relation to the double burden
of malnutrition remains critically important for child
health. Interestingly, a study published after our literature
search assessed the risk of ID (serum ferritin <12pg/L)
in relation to BMI in healthy children (n=2575,aged
12-29 months) living in Canada.'® A rare example of a
study investigating the double burden of malnutrition
in a high-income country, it is notable that no associa-
tion between underweight and ID was found. However,
they did find that toddlers with overweight (BAZ>2) had
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higher risk of ID (OR=2.15 (1.22 to 3.78), p=0.008) in
line with the results of our meta-analysis (we note that as
they employed convenience sampling, the study did not
meet our inclusion criteria).

This is the first study to concurrently, comprehen-
sively review the associations between iron, zinc and
VA deficiencies and the double burden of malnutrition
in children and young people. In general, undernutri-
tion groups were reported to have lower plasma/serum
ferritin, zinc and retinol levels or found to have higher
risks for iron, zinc and VA deficiencies. Notwithstanding
evidence gaps, we conclude that overnutrition was asso-
ciated with ID, but not zinc or VA deficiencies. Strengths
of this work included our comprehensive search strategy
with robust inclusion and exclusion criteria and a
priori registration of detailed review protocol in line
with PRISMA guidelines®® and using the Population-
Investigation-Comparison-Outcome  approach."”  In
addition, this systematic review included populations
across the globe (including North American and Europe,
Latin American, Western Pacific, Asia and Africa conti-
nents), which allowed us to identify regional data gaps
and differences in term of their nutritional outcomes or
micronutrients of interests and the associations reported.
While we excluded studies with small sample size (<100)
and those that employed convenience sampling methods
to reduce the bias, this review has also highlighted the
importance of addressing the challenges and weak-
nesses in study design, analytical methods and diagnostic
criteria for MNDs, to ensure the validity and reliability of
data in future study for interpretation. Nonetheless, this
work also has some limitations. First, all observational
studies are limited by confounding and causality should
not be inferred. Second, only four databases (Medline,
Scopus, Embase and Cochrane) were searched, and only
studies written in English were included, which may have
limited the scope. Last but not least, MND status assess-
ment is not trivial in humans, and the underlying studies
included in this review were heterogeneous in the popu-
lations studied and approaches taken, conferring some
limitations in data interpretation.

CONCLUSION

Iron, zinc and VA deficiencies were commonly associ-
ated with undernutrition in children and young people.
Overnutrition increased the risk of ID, but not zinc or
VA deficiencies, with an inverted U-shaped relationship
observed between iron status and bodyweight. Hetero-
geneity between studies was attributable to the diversity
of participants, diagnostic criteria and approaches to
data analysis. Inflammation status was rarely adequately
assessed, and we conclude the burden of ID may well be
under-recognised, particularly in children and young
people living with overnutrition.
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1 Table S1 Search strategy for Medline.

# A | Searches Results
1 Anaemia, Iron-Deficiency/bl, di, ep, et, me [Blood, Diagnosis, Epidemiology, Etiology, Metabolism] 7101
2 Iron/bl, df [Blood, Deficiency] 17580
3 ((iron or ferritin or hemoglobin) and (serum or blood or plasma) and (inadequa* or insufficien* or deficien*)).ti,ab,kw. 16221
4 1or2or3 33690
5 Zinc/bl, df [Blood, Deficiency] 11105
6 (zinc and (serum or blood or plasma) and (inadequa* or insufficien* or deficien™)).ti,ab,kw. 4505
7 50r6 13387
8 Vitamin A Deficiency/bl, di, ep, et, pc [Blood, Diagnosis, Epidemiology, Etiology, Prevention & Control] 2240
9 Vitamin A/bl [Blood] 5182
10 | ((retinol or "vitamin A") and (serum or blood or plasma) and (inadequa* or insufficien* or deficien*)).ti,ab,kw. 2923
11 8or9ori0 8055
12 |4 or7or11 51425
13 | Obesity/bl, di, ep, et, me, pc [Blood, Diagnosis, Epidemiology, Etiology, Metabolism, Prevention & Control] 98565
14 | Obesity, Abdominal/bl, di, ep, me, pc [Blood, Diagnosis, Epidemiology, Metabolism, Prevention & Control] 2530
15 | Pediatric Obesity/bl, di, ep, et, me, pc [Blood, Diagnosis, Epidemiology, Etiology, Metabolism, Prevention & Control] 6908
16 | Overweight/bl, di, ep, et, me, pc [Blood, Diagnosis, Epidemiology, Etiology, Metabolism, Prevention & Control] 13827
17 | Malnutrition/bl, di, ep, et, me, pc [Blood, Diagnosis, Epidemiology, Etiology, Metabolism, Prevention & Control] 9368
18 | Protein-Energy Malnutrition/bl, di, ep, et, me, pc [Blood, Diagnosis, Epidemiology, Etiology, Metabolism, Prevention & 4276
Control]
19 | Thinness/bl, di, ep, et, pc [Blood, Diagnosis, Epidemiology, Etiology, Prevention & Control] 2585
20 | Body Mass Index/ 130582
21 | Anthropometry/ 39336
22 | (malnutrition or malnourish* or overnutrition or undernutrition or obese or obesity or overweight or adiposity or stunting or 586872
stunted or underweight or (wasting adj2 disease) or wasted or "body mass index" or BMI or anthropometr®).ti,ab,kw.
23 |13or14or150r160r17or18or 19 or20or 21 or22 644487
24 |12 and 23 4893
25 | limit 24 to english 4565
26 | exp adolescent/ or exp child/ or exp infant/ or (infant disease* or childhood disease®).ti,ab,kf. or (adolescen* or babies or 5094920
baby or boy? or boyfriend or boyhood or girlfriend or girlhood or child* or girl? or infan* or juvenil* or kid? or minors or
minors™ or neonat* or neo-nat* or newborn* or new-born* or paediatric* or peadiatric* or pediatric* or perinat* or preschool®
or puber* or pubescen* or school* or teen* or toddler? or underage? or under-age? or youth*).ti,ab,kf. or (pediatric* or
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paediatric* or infan* or child* or adolescen* or young).jn,jw. or (pediatric* or paediatric* or infan* or child* or adolescen™ or
young).in.
27 | 25and 26 2549
28 | limit 27 to (address or case reports or comment or editorial or letter or meta analysis or news or "review" or "systematic 302
review")
29 | 27not28 2247
2
3
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4  Table S2 Search strategy for Embase.

# A | Searches Results
1 iron/ec [Endogenous Compound] 20090
2 iron deficiency/co, di, dm, ep, et, pc [Complication, Diagnosis, Disease Management, Epidemiology, Etiology, Prevention] 2292
3 iron deficiency anaemia/co, di, dm, ep, et, pc [Complication, Diagnosis, Disease Management, Epidemiology, Etiology, 6259
Prevention]
4 ((iron or ferritin or hemoglobin) and (serum or blood or plasma) and (inadequa* or insufficien* or deficien™)).ti,ab,kw. 24033
5 or/1-4 46391
6 zinc/ec [Endogenous Compound] 8578
7 zinc deficiency/co, di, ep, et, pc [Complication, Diagnosis, Epidemiology, Etiology, Prevention] 825
8 (zinc and (serum or blood or plasma) and (inadequa* or insufficien* or deficien*)).ti,ab,kw. 5061
9 or/6-8 12886
10 | retinol/ec [Endogenous Compound] 4437
11 retinol deficiency/co, di, ep, et, pc [Complication, Diagnosis, Epidemiology, Etiology, Prevention] 1424
12 | ((retinol or "vitamin A") and (serum or blood or plasma) and (inadequa* or insufficien* or deficien®)).ti,ab,kw. 2905
13 | or/10-12 7461
14 |5o0r9o0r13 60740
15 | overnutrition/di, dm, ep, et, pc [Diagnosis, Disease Management, Epidemiology, Etiology, Prevention] 234
16 | obesity/di, dm, ep, et, pc [Diagnosis, Disease Management, Epidemiology, Etiology, Prevention] 47924
17 | abdominal obesity/di, dm, ep, et, pc [Diagnosis, Disease Management, Epidemiology, Etiology, Prevention] 1226
18 | childhood obesity/di, dm, ep, et, pc [Diagnosis, Disease Management, Epidemiology, Etiology, Prevention] 3482
19 | malnutrition/di, dm, ep, et, pc [Diagnosis, Disease Management, Epidemiology, Etiology, Prevention] 7850
20 | protein calorie malnutrition/di, dm, ep, et, pc [Diagnosis, Disease Management, Epidemiology, Etiology, Prevention] 1032
21 underweight/di, dm, ep, et, pc [Diagnosis, Disease Management, Epidemiology, Etiology, Prevention] 789
22 | stunting/di, dm, ep, et, pc [Diagnosis, Disease Management, Epidemiology, Etiology, Prevention] 355
23 | chronic wasting disease/di, dm, ep, et, pc [Diagnosis, Disease Management, Epidemiology, Etiology, Prevention] 234
24 | body mass index/ 404144
25 | anthropometry/ 47377
26 | (malnutrition or malnourish* or overnutrition or undernutrition or obese or obesity or overweight or adiposity or stunting or 859208
stunted or underweight or (wasting adj2 disease) or wasted or "body mass index" or BMI or anthropometr®).ti,ab,kw.
27 | or/15-26 961836
28 |14 and 27 7182
29 | limit 28 to english 6810
4
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30 | exp adolescence/ or exp adolescent/ or exp child/ or exp childhood disease/ or exp infant disease/ or (adolescen™ or babies | 4255302
or baby or boy? or boyfriend or boyhood or girlfriend or girlhood or child* or girl? or infan* or juvenil* or juvenile* or kid? or
minors or minors™ or neonat* or neo-nat* or neo-nat* or newborn* or new-born* or paediatric* or peadiatric* or pediatric* or
perinat* or preschool* or puber* or pubescen* or school or school child* or school* or schoolchild* or schoolchild* or
pediatric* or paediatric* or infan* or child* or adolescen* or young).jn,jw. or (pediatric* or paediatric* or infan* or child* or
adolescen” or young).in. or (teen* or toddler? or underage? or under-age? or youth*).ti,ab,kw.
31 | 29and30 2812
32 | limit 31 to conference abstracts 541
33 | limit 31 to (book or book series) 10
34 | limit 31 to (books or chapter or conference abstract or letter or note or "review" or short survey) 774
35 | limit 31 to (meta analysis or "systematic review") 38
36 | 320r330r34o0r35 794
37 |31 not36 2018
5
6
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Table S3 Search strategy for Scopus.

# | Searching words Results
# | TITLE-ABS-KEY ( (iron OR ferritin OR hemoglobin OR zinc OR "vitamin 60369
1] A" OR retinol) AND (serum OR blood OR plasma) AND (inadequa* OR insufficien®* OR deficien*))
# | TITLE-ABS- 887265
2 | KEY ( malnutriton OR malnourish* OR overnutrition OR undernutrition OR obese OR obesity OR overweight OR a
diposity OR stunting OR stunted OR underweight OR (wasting W/2 disease ) OR wasted OR "body mass
index" OR bmi OR anthropometr* )
# | (TITLE-ABS-KEY ( (iron OR ferritin OR hemoglobin OR zinc OR "vitamin W/0 7,726
3 | A" OR retinol) AND (serum OR blood OR plasma) AND (inadequa* OR insufficien* OR deficien*))) AND (TIT
LE-
ABS ( malnutrition OR malnourish* OR overnutrition OR undernutrition OR obese OR obesity OR overweight OR a
diposity OR stunting OR stunted OR underweight OR (wasting W/2 disease ) OR wasted OR "body mass
index" OR bmi OR anthropometr* ) )
# | (TITLE-ABS-KEY ( (iron OR ferritin OR hemoglobin OR zinc OR "vitamin W/0 7,173
4 | A" OR retinol) AND (serum OR blood OR plasma) AND (inadequa* OR insufficien* OR deficien*))) AND (TIT
LE-ABS-
KEY ( malnutriton OR malnourish* OR overnutrition OR undernutrition OR obese OR obesity OR overweight OR a
diposity OR stunting OR stunted OR underweight OR (wasting W/2 disease ) OR wasted OR "body mass
index" OR bmi OR anthropometr*)) AND (LIMIT-TO (LANGUAGE , "English"))
# | (TITLE-ABS-KEY ( (iron OR ferritin OR hemoglobin OR zinc OR "vitamin W/0 3,036
5] A" OR retinol) AND (serum OR blood OR plasma) AND (inadequa* OR insufficien* OR deficien*))) AND (TIT
LE-ABS-
KEY ( malnutriton OR malnourish* OR overnutrition OR undernutrition OR obese OR obesity OR overweight OR a
diposity OR stunting OR stunted OR underweight OR (wasting W/2 disease ) OR wasted OR "body mass
index" OR bmi OR anthropometr*)) AND ( ( TITLE-ABS-
KEY ( adolescen* OR babies OR baby OR boy? OR boyfriend OR boyhood OR girlfriend OR girlhood OR child*
OR girl? OR infan* OR juvenil* OR kid? OR minors OR minors* OR neonat* OR neo-
nat* OR newborn* OR new-
born* OR paediatric* OR peadiatric* OR pediatric* OR perinat* OR preschool* OR puber* OR pubescen* OR scho
ol* OR teen* OR toddler? OR underage? OR under-age? OR youth*))) AND ( LIMIT-
TO (LANGUAGE, "English"))
# | (TITLE-ABS-KEY ( (iron OR ferritin OR hemoglobin OR zinc OR "vitamin W/0 2,683
6 | A" OR retinol) AND (serum OR blood OR plasma) AND (inadequa* OR insufficien* OR deficien*))) AND (TIT
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LE-ABS-

KEY ( malnutrition OR malnourish* OR overnutriton OR undernutrition OR obese OR obesity OR overweight OR a
diposity OR stunting OR stunted OR underweight OR ( wasting W/2 disease ) OR wasted OR "body mass

index" OR bmi OR anthropometr*)) AND ( ( TITLE-ABS-

KEY ( adolescen* OR babies OR baby OR boy? OR boyfriend OR boyhood OR girlfriend OR girlhood OR child*
OR girl? OR infan* OR juvenil* OR kid? OR minors OR minors* OR neonat* OR neo-

nat* OR newborn* OR new-

born* OR paediatric® OR peadiatric* OR pediatric* OR perinat* OR preschool* OR puber® OR pubescen* OR scho
ol* OR teen* OR toddler? OR underage? OR under-age? OR youth*))) AND ( LIMIT-

TO (LANGUAGE , "English")) AND (LIMIT-TO (DOCTYPE, "ar"))
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10 Table S4 Search strategy for Cochrane.

#1 | MeSH descriptor: [Iron, Dietary] explode all trees and with qualifier(s): [blood - BL] 54
#2 | MeSH descriptor: [Iron] explode all trees and with qualifier(s): [blood - BL, deficiency - DF] 933
#3 | (((iron or ferritin or hemoglobin) and (serum or blood or plasma)) and (inadequa* or insufficien* or deficien™)):ti,ab,kw 5477
#4 | MeSH descriptor: [Anaemia, Iron-Deficiency] explode all trees 1330
#5 | #1 or #2 or #3 or #4 6310
#6 | MeSH descriptor: [Zinc] explode all trees and with qualifier(s): [blood - BL, deficiency - DF] 648
#7 | (((zinc) and (serum or blood or plasma)) and (inadequa” or insufficien* or deficien*)):ti,ab,kw 870
#8 | #6 or #7 1243
#9 | MeSH descriptor: [Vitamin A] tree(s) exploded and with qualifier(s): [blood - BL] 497
#10 | (((retinol or "vitamin A") and (serum or blood or plasma)) and (inadequa* or insufficien* or deficien*)):ti,ab,kw 706
#11 | #9 or #10 977
#12 | #5 or #8 or #11 7724
#13 | MeSH descriptor: [Obesity] explode all trees 14007
#14 | MeSH descriptor: [Thinness] explode all trees and with qualifier(s): [blood - BL, diagnosis - DI, etiology - ET, metabolism - 111

ME, epidemiology - EP, prevention & control - PC]
#15 | MeSH descriptor: [Malnutrition] explode all trees and with qualifier(s): [blood - BL, diagnosis - DI, etiology - ET, metabolism - | 1969
ME, epidemiology - EP, prevention & control - PC]
#16 | MeSH descriptor: [Overweight] explode all trees and with qualifier(s): [blood - BL, diagnosis - DI, etiology - ET, metabolism - | 6395
ME, epidemiology - EP, prevention & control - PC]

#17 | MeSH descriptor: [Protein-Energy Malnutrition] explode all trees 250
#18 | MeSH descriptor: [Body Mass Index] explode all trees 10188
#19 | MeSH descriptor: [Anthropometry] explode all trees 23419
#20 | (malnutrition or malnourish* or overnutrition or undernutrition or obese or obesity or overweight or adiposity or stunting or 99958
stunted or underweight or (wasting NEAR/2 disease) or wasted or "body mass index" or BMI or anthropometr*):ti,ab,kw
#21 | #13 or#14 or #15 or #16 or #17 or #18 or #19 or #20 109600
#22 | #12 and #21 1831
#23 | MeSH descriptor: [Adolescent] explode all trees 104274
#24 | MeSH descriptor: [Child] explode all trees 56347
#25 | MeSH descriptor: [Infant] explode all trees 32245

#26 | (infant disease™ or childhood disease*):ti,ab,kw or (adolescen™ or babies or baby or boy? or boyfriend or boyhood or girlfriend | 308863
or girlhood or child* or girl? or infan* or juvenil* or kid? or minors or minors* or neonat* or neo-nat* or newborn* or new-born*
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or paediatric* or peadiatric* or pediatric* or perinat* or preschool* or puber* or pubescen* or school* or teen* or toddler? or
underage? or under-age? or youth*):ti,ab,kw

#27 | #23 or #24 or #25 or #26 308863
#28 | #22 and #27 in trials 882

11
12
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Table S5 Characteristics of studies (n=46) assessing the association between iron and under- and overnutrition.

First Author,

Study Design,

Malnutrition and Biochemical

Quality

Year, Participant (n), Indicators! Findings? Association Rating
Country Age
Both (n=10)
. . . Overnutrition:
Cobayashi, Cross-sectional, | OW: BAZ>1; stunting e Inverse
2013, 1139, ID: SF<12pg/L (<5y), <15pg/L (25), or Eé\?T IDT OW/ID: PR= 1.64 (1.07, 2.53) for Positive
0 i
Brazil 0-10y sTfR>8.3mg/L Undernutrition: NS NS
El Khoury, | Cross-sectional, BMI category
2020, \ 903, ID: SF<15ng/mL; CRP>10mg/L excluded Both over- and undernutrition: NS NS Neutral
Lebanon 8-18y
g(f)tglg hari, 4C?:(1)ss-sectlonal, BMI category Both over- and undernutrition: Inverse Neutral
El ) . 0, = _ H H
rand 13-20y ID: SF<12ug/L, TS<16% BMI1 SF| B=-0.21 for girls with ID
Li, Cross-sectional,
2017, 14559, I';IéZ BAZ Both over- and undernutrition: NS NS Positive
Colombia* 1-17y
glloaoséova, gé?js—sectlonal, BAZ Both over- and undernutrition: Direct Positive
Colombia’ 512y ID: PF<15 or 30ug/L if CRP>10mg/L PF| BAZ| ID/BAZ: B=-0.22 (-0.42, -0.03)
Onabanjo, Cross-sectional, | Underweight: BAZ<5" centile g,\‘;ﬁ"gu’:mgw: OB: r= 0.505, 0.556 (male); Direct
2014, 127, OW, OB: BAZ>85™ & 95! centiles T T Lo AR ’ Neutral
Nigeria® 10-19 SF OW, OB: r=0.782, 0.838 (female)
9 y Undernutrition: NS NS

10
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20.1)

Perng, Cohort study, Overnutrition: Direct
2013, 2714, Eéz HAZ BAZt PF1 Positive
Colombia’ 5-12y Undernutrition: NS NS

Overnutrition:
Tan, Cross-sectional, | BAZ, WAZ, HAZ, stunting ﬁﬁ‘ﬁ;ﬁﬁ;ﬁ’&zﬁ SF1
iAOaZI:, Gt ;_7161, :B':A.S::waggé;rg;aemla: Hb<115g/L; SF| HAZ| ID/stunting COR= 2.4 (1.6, 3.7) Direct Positive

y y S SF, Hb| HAZ| IDA/stunting AOR=2.3 (1.2,
4.3)
i . BMI category (Working Group on Obesity | Overnutrition: Inverse
Zhu, Cross-sectional, | ;) ching) BMIt Prevalence of ID 1 SI|
2019, 1866, Neutral
China® 718 SF, S| | BMIt SF1
y ID: SI<45pg/dL Undernutrition: NS NS

Both over- and undernutrition:
Zimmermann, Cross-sectional, | BAZ BAZt BIS| y= -0.6256x+3.194; B= -0.658
2008, 1688, SF, TR (-0.466, -0.850) Inverse Neutral
Morocco, India'® 9.3+2.5y BIS (SF/TR) BAZ?t SF1 B=1.873 (1.587, 2.519)

BAZ? sTfR1 B=1.873 (1.587, 2.159)

Overnutrition (n=21)
Abd-El-Wahed, Case-control, NW, OB: BMI<85t" & 95" centiles
2014, 120 (60+60), | ID: =2 abnormal parameters: MCV<76fL, | BMI? ID1 ID/OB: COR= 7.09 (3.16, 15.92) Inverse Neutral
Egypt" 6-12y TS<15%, SF<10ug/mL
OW, OB: WHZ>85™ & 95" centiles
Brotanek, Cross-sectional, | ID: 22 abnormal parameters: TS<10%, ) _
2007, 1641, SF<10ug/l, red  blood  cells \1’\6'*12‘,; IDT ID/OW: AOR= 334 (1.10,| | orce | Positive
us™ 1-3y EP>1.42umol/L (1-2 y); <12%, 10umol/L, 12)
and>1.24umol/L (3y)
Cabarias Pujadas, | Cohort study, OB: BAZ>2 2’2? Sy Bf 72:4(-46,-01)
. 1 SF1 B=13.9 (7.2, 20.5) i

2022, 1347, SF, Serum transferrin, CRP BAZ{ serum transferrini = 12.0 (3.9 Inverse Positive
Spain'® 9y ID: TS<16% - =

11
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Cepeda-Lopez,

Cross-sectional,

OB, OW: BMIz>1 & 2 SD

BMIz? ID1 ID/OB: AOR=3.96 (1.34, 11.67)

2011, 1174, TIBC, CRP a Inverse Positive
Mexico™ 512y ID: low S| or TIBC >36 pg/L: TS<20%. | BMIz1 TIBC1r=0.04
Cheng Cross-sectional in OW/OB women
: ' | BMIZ27.5 BMI? SI| B=-0.379 (0.139) ”
2013, 114, Inverse Positive
Australia’s 18.95 SI, TS, SF BMIt TS| B= -0.588 (0.222)
y BMIt SF?

de Araujo, Cross-sectional, | WHZ . _ .
2022, 104, ID:  Hbs>11g/dL, ferritinci2ugll  if ‘évﬁzzwagwﬁﬂ?'f’:?ﬂﬁgﬁ% (1.38,56) | |nverse Neutral
Brazil'® 7-9m CRP<5mg/L, or 30ug/L if CRP>5mg/L ’ ’ ’
Ferrari, Cross-sectional, | Thinness: BMI<18; OW, OB: BMI>25 & | SMIT SF1 male: = 0.055 (0.029, 0.082)

BMIt sTfRT female: p= 0.017 (0.001, .
2015, 876, 30 0.033) Inverse Positive

317 n .

Europe 13.9-16y SF, sTfR, CRP BMIt CRP1
Grant, Cross-sectional, | BMI>16.5 & 18.5 . _
2007, 416, ID: NHANES standard: =2 abnormal '13(')\/' é%lmaﬁvl\glzgﬁllg';?_ 4.34 (1.08, Inverse Positive
New Zealand'® 6-23 m parameters: SF, TS and EP. : :

BMIzt serum transferrint
Higgins, Cross-sectional, | NW, OW, OB: BMI>3d, 85" & 97" | B:BMlz/transferrin: 0.061 (0.037, 0.085)
2020, 1332, centiles BMIzt Sl BMlIz/iron: B= -0.768 (-1.31, - Inverse Positive
Canada'® 5.1-<19.0y SI, serum transferrin 0.229) (male), -0.870 (-1.41- -0.329)

(female)
Kassem, Cross-sectional, | OW, OB: WHO standard
2022, 146, SF, TS DAZT provatence of ID1 Inverse | Positive
Israel?0 10-12y ID: SF<15pg/dL 1151, SF1

. . BMIT ID, IDAT

Manios, Cross-sectional, %’;’C’e)OB (International - Obesity Task | 5" AQR= 2.46 (1.52, 3.96) (male),
2013, 2492, ID:TS<16% AOR=2.05 (1.19, 3.51) (female) Inverse Positive
Greece?' 9-13y ' ° OB/IDA: AOR= 3.13 (1.01, 7.91) (male),

IDA: ID + Hb<120g/L

AOR= 3.28 (1.15, 9.33) (female)
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OW, OB (International Obesity Task

Moschonis, Cross-sectional, Force) BMIt ID?
2012, 1493, ID-TS<16% OWI/ID: AOR=2.13 (1.27, 3.60) (male) Inverse Neutral
22 _ . ° . —
Greece 9-13y IDA: ID + Hb<120g/L OB/ID: AOR= 2.25 (1.14, 4.46) (female)
Nead, Cross-sectional, | OW, OB: BMI>85" & 95t centiles BMIt ID 1
2004, 9698, ID: 2 2 abnormal parameters: TS, EP and | ID/OW: AOR= 2.0 (1.2, 3.5) Inverse Positive
us= 2-16y SF ID/OB: AOR= 2.3 (1.4, 3.9)
’ . OW, OB (International Obesity Task
(2)526 Perez, %gss'se"t'o”a" Force) BAZ? SF, CRP, sTfR1 r= 0.14, r= 0.43, r= Direct Neutral
Spair?t 1216 SF, CRP, sTfR, Sl 0.17, respectively u
P y elevated CRP were excluded.
Pompano, Cross-sectional, OW. OB: WHO standard
2022, 518, SF ’ ’ BAZt SF1r=0.12 Direct Positive
Chile® 16-17y
Shattnawi Cross-sectional
’ > OW: BMIz: CDC standard . .
2018, 873, BMIt PFt Direct Positive
Jordan® 146410y PF, elevated CRP were excluded.
. . OW, OB: WHO standard BAZ1 SF1 r=0.214;
gg;em]””ak“" gégss'se"“o”a" ID: 22 abnormal parameters: TS<16%, | BAZ} sTfR1 r= 0.207; Direct Neutral
Thailénd” 6_12’ SF<15ug/mL, and sTfR>5mg/L BAZt TS| r=-0.132; u
y IDA: ID + anaemia BAZt TIBCt r=0.209
. BMI? ID, SF1
Sypes, Cross-sectional, | BMIz : _
2018, 1607  children, | ID: SF<12ug/L SM:ZL?GQ;R_SL%BS '1_8’01620)(_0 093. - Inverse Positive
Canada?®® 1-3y CRP>10mg/L was excluded 0.031) : : U
Thillan, Case-control, .
2021, 324, Q. 0B+ WHO standard BMIt SF1 in boys Direct Positive
Sri Lanka?® 89y
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Tussing- canti Heavier weight: BMI=85™ centile - a
Humphreys, ;r(())ss sectional, ID: 22 abnormal parameters: MCV<82fL AB{I\7/I1IT) IDT BMI>85%ID: AOR= 2.32 (1.14, Inverse Positive
2009, 12_1’7 for 12-14y and<85fL for 15-17y, free B.MIT log SI| B= -0.004
us® y EP >70pg/dL and TS<16%. 9 :
Yalcin, Case-control, .
2019, 120, \?v‘hNaSE{oEﬁ?n &28D NS NS Positive
Turkey® 6-10y
Undernutrition (n=15)
Alaofe, Cross-sectional, itnuan;inq?a_ WHO standard HAZ1 ID, IDA?T
2017, 647, ID: SF ad'. sted by medical status at birth Stunting/ID: AOR= 2.17 (1.17, 4.02) Direct Positive
Benin® 6-59 m - O agjusted by mea us atbifth | stunting/IDA: AOR= 2.16 (1.05, 4.46)
IDA: anaemia + ID
Al-Hussaini, Case-control, . N i
2022, 7931, ;T"é”lfss (wasting): BAZ<-2 SD NS NS Neutral
Saudi Arabia®® 6-16y ’
Andre, Cross-sectional, HAZ
2017, 457, SF NS NS Positive
Brazil® 4-7y
. . HAZ| IDt
gggskwe, f;g;s'se"t'ona" Stunting Stunting/ID (Ferritin): AOR= 1.61 (1.18, Direct Positive
' a5 ’ ID: SF<12.0ug/L or StfR>8.3mg/L 2.18); Stunting/ID (StfR): AOR=1.69 (1.20,
Nepal 6-59 m 2.38)
Ernawati, Cross-sectional, . .
2021, 1008, gtF””“”g’ severe stunting NS NS Positive
Indonesia®® 11-16y
Ghosh, Cross-sectional, o
2012, 192, gtF””t'”g' HAZ<-1 SD HAZt SF1 B=0.217 Direct Negative
Nepal®” 6-10y
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Habib, Cross-sectional, | Stunting, Underweight: WAZ<-2 SD :"gg)l IDA? stunting/IDA: AOR=1.42 (1.23,
2016, 7138, IDA: Hb<110g/L, SF<12ug/L ' . _ Direct Positive
Pakistand® 6-59 m Hb adjusted for altitudes 2’:”?? 1'3’3; underweight/IDA COR= 1.28

. . Thinness: BAZ<-2 SD . . . .
mr']?:w; Cross-sectional, | Anaemia: Hb<120g/L g::;ﬁ::_"g with female patients with
2006, 133{2 I%% . 5An7|<_emla z+ PP>§g<12+|J/9/'-i BAZ| IDA? thinness/IDA: AOR= 5.1 (1.34, Direct Negative
Indonesia® ey s Mgk, n HMOYMOt 49 00)

heme.

Khatib, Cross-sectional, Stuntin
2009, 560, oF 9 HAZ| SF| Direct Neutral
Jordan“° 55-10y
Kumari, Case-control,
2022, 202, o BAZ DS o1 Direct Neutral
India*! 15y TS r=0.
Matsungo, Cross-sectional, | Stunting: LAZ<-2 SD
2017, 750, Anaemia: Hb<110g/L LAZ| ID1, IDA?T Direct Positive
South Africa*? 0-6m ID: sTfR>8-3mg/L; IDA: ID + anaemia
(2)(;;?”90’ gsr‘:ss'seCt'O”a" HAZ, WHZ HAZ 1 IDA| HAZ/IDA: AOR= 0.74 (0.56, Direct Positive
Ethiopia® 25y IDA: Hb <110g/L, adjusted SF<12ug/L 0.98)
Park, Cross-sectional, HAZ, WAZ, WHZ N
2012, 101, ID: SF<12ng/mL and/or TS<15% NS NS Positive
South Korea* 11.122.0 m ' 9 °
Sethy, Cross-sectional, | Underweight: WAZ<-2SD _
2014, 144, Stunting m\-‘zleill (mean level, but r=-0.175) Direct Negative
India®s 25y SI LSk
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Shukla,
2023,
India*®

Case-control,
442,
6-60 m

SAM: MUAC<11.5cm
SF

MUAC| SF| Direct Neutral

'Stunting refers to HAZ<-2 SD unless noted
20OR shown as OR (95%Cl) unless noted; B coefficient shown as B (95%CI) unless noted

Abbreviations:

AOR: adjusted odds ratio; BAZ: BMI-age z score; BIS: body iron store; BMI: body mass index; COR: crude odds ratio; CRP: C-reaction protein; HAZ: height-
for-age z score; Hb: haemoglobin; fL: femtoliter; ID: iron deficiency; IDA: iron deficiency anaemia; EP: erythrocyte protoporphyrin, NW: normal weight; NS: not
significant; MCV: mean corpuscular volume; OB: obese; OR: odds ratio; OW: overweight; PF: plasma ferritin; PR: prevalence ratio; SF: serum ferritin; SI: serum
iron; sTfR: serum transferrin receptor; TfR: transferrin receptor; TS: transferrin saturation; WAZ: weight-for-age z score; WHO: World Health Organization; WHZ:

weight-for-height z score; SAM: severe acute malnutrition; ZnPP: zinc protoporphyrin.
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23  Table S6 Characteristics of the studies (n=28) assessing the association between zinc and weight status.

First Author, Study Design o i
2 ’ | Malnutrition and | o.. ... Y - Quality
Year, Participant (n), Biochemical Indicators' Significant findings Association Rating
Country age
Both (n=4)

Dehghani, Cross-sectional, | Wasting, stunting, BMI | Overnutrition: NS NS
2011, 902, percentiles Undernutrition: Neutral
Iran*’ 3-18y Serum Zn Serum Zn| prevalence of mild wasting, stunting 1 Direct
Habib, Cross-sectional, . Overnutrition: NS NS
2022, 454, o percantles, HAZ Undernutrition: Positive
Iran*® 2-18y HAZ |Serum Zn| Direct
Li, Cross-sectional,
2017, 4279, g:ri’mBér% Both over- and undernutrition: NS NS Positive
Colombia* 1-17y

Overnutrition:
Lu, Cross-sectional, | Stunting: WS/T 456-2014 BMIt ZzD| ZD/OW: AOR= 0.881 (0.808, 0.960); Direct
2023, 64850, OwW, OB: WS/T 586-2018 ZD/OB: AOR= 0.776 (0.702, 0.857) Positive
China*® 6-18y Serum Zn Undernutrition:

HAZ| ZD1 AOR= 1.443 (1.19, 1.75)

Overnutrition (n=8)

Serum Znt BMI|
Fan, Cross-sectional, . . Serum Zn Q4/0W: AOR= 0.65 (0.47, 0.89)
2017, 5404, (S)Z\rllln?%h B(\'\/"S' gﬁr)ce”“'es Serum Zn Q3/0OB: AOR= 0.62 (0.41, 0.92) Inverse | Positive
usso 6-19y (Serum Zn-BMI) male: B= -0.161 (-0.315, -0.007),

female: B=-0.184 (-0.343, -0.025)
Ho Cross-sectional,

; 726, OW, OB (BMI z scores)
o7, s 8y (n=436), 15y | Plasma Zn NS NS Neutral
(n=290)

Perrone, Case-control, . h .
1998, 207 (143+164), (s)srh BM}>95 centile BMIt Serum Zn, Inverse | Neutral
ltaly5? 4-16y

17

Tan X, et al. BMJ Glob Health 2024; 9:015135. doi: 10.1136/bmjgh-2024-015135



Supplemental material

R T ekl kg o et Bt ST by ST Y e

BMJ Glob Health

Tan et al.

Supplementary Material

Sharif, Cross-sectional, | OW: BAZ=1 SD
2019, 4261, Quartiles of Zn levels (vs | NS NS Positive
Iran3® 15-23 m Q1);
Thillan, Case-control, .
2021, 324, g;’\rtggh WHQO standard BMI{ Serum Znt (male) Direct Positive
Sri Lanka®® 89y
Yalcin, Case-control, .
2019, 120 (40+80), | OW, OB:BAZ>1&2SD | gyyis \whole blood Znt Direct | Neutral
a1 Whole blood Zn
Turkey 6-10y
Zhu, Cross-sectional, g&q’ é)OB: BMI (WS/T 586—
2021, 3241, Quartiles of Zn levels (vs Serum Zn 1 BMI 1 Direct Positive
China®* 6-17y Q1):
Zou, Cross-sectional, | OW, OB: BMI (WS/T 586—
2022, 2818, 2018) NS NS Positive
China® 6-17y Serum Zn
Undernutrition (n=16)
Al-Hussaini, Case-control, Thinness(wasting): BAZ<-
2022, 7931, 2SD NS NS Neutral
Saudi Arabia® 6-16y Serum Zn
Engle-Stone, Cross-sectional,
2014, 817, 'F','Qim‘g’gf HAZ, WHZ| Plasma Zn| Direct | Positive
Cameroon®® 12-59 m
Galetti Cross-sectional
’ " | HAZ Plasma Znt HAZ? . .
2016, 59, Plasma Zn HAZ/Plasma Zn: B= 0.15 (SE= 0.06) Direct | Positive
Benin 1-10y
Gibson, Case-control, .
2007, 230 (58+172), gte“rﬂtr':%n NS NS Positive
Thailand®® 6-13y
Goyena, Cross-sectional, .
2021, 2892, SoTINGG standard ?Sﬁﬁ?ﬁg- AOR= 1.36 (1.06, 1.76) Direct | Positive
Philippine®® 6-71m ) ) ) T
ggggsbak, g;gss-sectlonal, Stunting HAZ| Serum Zn| stunting was associated with Direct Positive
’ 60 ’ Serum Zn 0.2umol/L lower Serum Zn.
Bangladesh 3-7y
Kumari, Case-control, WHZ, BAZ BMIt Serum Znt r=0.201 .
2022, 202, Serum Zn WHZ1 Serum Zn? Direct | Neutral
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India*! 1-5y
. . Underweight: WAZ<-2 SD,
Marashinghe, Cross-sectional, stunting, wasting/thinness: | HAZ1 Serum Zn1t severe stunting vs. normal .
2015, 340, ; Direct Neutral
Sri Lanka®' 5.5 WHZ<-2 SD WAZ1 Serum Znt severe underweight vs. normal
y Serum Zn
Nasiri-Babadi, Cross-sectional, | Wasting (BAZ<-1) .
2021, 425, Serum Zn, tertiles of Zn | gorm 201 WIOhL BAZT 031, 091) Direct | Positive
Iran®? 57y levels (vs T1) 9 ) - T
Naupal-Forcadilla, | Cross-sectional, HAZ HAZt ZD| HAZ/ZD: AOR= 0.86 (0.78, 0.96)
201_7, _ 149, ZD: IZINCG standard ZD was less likely to occur among children with normal Direct Positive
Philippines 2-3y HAZ
Okafor, Cross-sectional, | Stunting
2021, 380, Serum Zn NS NS Positive
Nigria®* 6-12y ZD: serum Zn<80ug/dL
Park, Cross-sectional, | HAZ, WAZ, WHZ: <-1 SD
2012, 101, Hypozincaemia: serum | NS NS Positive
South Korea** 6-24 m Zn<70ug/dL
Sethy, Cross-sectional, | Stunting, wasting: WHZ<-2 HAZ| Serum Zn| (mean level, but r= -0.193): . .
2014, 144, SD WHZ1 S Z level. but = -0.278 Direct Negative
Indias 2.5y Serum Zn | Serum Zn| (mean level, but r=-0.278)
. HAZ, WAZ
Tessema, Cross-sectional, Serum 7n
2019, 1776, adjusted by CRP’ NS NS Neutral
i in65 _ ’
Ethiopia 6-59 m AGP
Van Nhien, | Cross-sectional,
2009, 245, oM<17 NS NS Neutral
Vietnam®® 1117y
FTT: WAZ<5" centile;
Yazbeck, Case-control, . 5
2016, 161(78+83), fg%ﬁfgmz HAZ<2SDor | \g NS Neutral
Lebanon®” 1-10y y

ZD: Plasma Zn<65ug/dL

Stunting refers to HAZ<-2 SD, severe stunting refers to HAZ<-3SD unless specific noted.
20OR were shown as OR (95%Cl) unless specific noted; B coefficient were shown as B (95%Cl) unless specific noted. NS: not significant.

AGP: a-acid glycoprotein; AOR: adjusted odds ratio; AOR: adjusted odds ratio; BAZ: BMI-age z score; BMI: body mass index; CRP: C-reaction protein; FTT:
Failure to thrive; HAZ: height-for-age z score; IZINCG: International Zinc Nutrition Consultative Group; MUAC: mid-upper arm circumference; OB: obese; OR:
odds ratio; OW: overweight; SE: standard error; WAZ: weight-for-age z score; WHZ: weight-for-height z score; Zn: zinc; zinc deficiency: ZD.
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First Author, | study Design, . . . .
Year Participant (n), | manuition and Blochemical | gignificant findings? Association | Quality
’ ndicators Rating
Country age
Both (n=5)
. Overnutrition: Inverse
Egggze”’ fggzs'sec“ona" HAZ, BAZ BAZ? plasma retinol | Positive
Braziies 12_5é m VAD: plasma retinol<0.7umol/L | Undernutrition: Direct
HAZ| VAD? APR=4.75 (2.10, 10.73) plasma retinol|

Disalvo, Cross-sectional, WAZ. BMiz Overnutrition: BMIz{ Serum VA7
2019, 624, Serur,n retinol Undernutrition: Direct Neutral
Argentina® 1-6y WAZ| Serum retinol|
Li, Cross-sectional, o
2017, 3844, ggfmeC/Z\ gztzh ”S’(‘a‘:j& f‘/'/ld overnutrition: Direct | Positive
Colombia* 1-17y T T
Maslova Cross-sectional -

’ ’ BAZ Both under- and overnutrition: . -
2009, 2811, . . Direct Positive
Colombia® 512y Plasma retinol Plasma retinolt BAZ?1

. Overnutrition:
Tan, Cross-sectional, | BAZ, HAZ, WAZ . BAZ? retinol, RBP1; WAZ? retinol, RBP? . ”
2023, 776, VAD: Both plasma retinol and e Direct Positive
Malaysia® 741y RBP<0.7pumollL Undernutrition:
’ Serum VA| HAZ| VAD/stunting: COR= 2.9 (1.8, 4.7)
Overnutrition (n=12)
Cobayashi, Cross-sectional, OW: BAZ>1 N
2013, 582, . OW1 VAD? PR= 1.97 (1.13, 3.41) for =25y Inverse Positive
i VAD: plasma VA<20ug/dL

Brazil 0-10y
de Souza | Cross-sectional, OW, OB: BMI>85!" & 95" centiles | BMI{ serum carotenoids| r=-0.192
Valente da | 471, Low serum carotenoids:<40 | BMl/low serum carotenoids: B= 0.92, AOR= 2.51 Inverse Positive
Silva, 717y pg/dL (1.43, 4.39)
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2007,
Brazil™®
Gunanti, Cross-sectional, . th h . BMI1 serum retinolt = 5.56 (3.36, 7.75)
2014, 1154, g:\r’l]rg'?éﬁm'fafd 8:}2%:;”“'93 OW/retinol quartile: AOR= 2.01(1.26, 3.22) Direct | Positive
us™ 8-15y q OB/retinol quartile: AOR= 2.90(1.65, 5.09)
25’6 ] %gss'se"“o”a" BMI BMI{ VAT r= 0.26, B= 4.32+0.93 Direct Positive
China’2 0-19y Serum VA Weightt VA? r=0.37, B= 10.39£1.85
Ortega- Case-control
Senovilla, 141 (70+71), | OB (Cole et al, 2000) BMIt plasma retinol} Direct | Neutral
2019, Plasma all-trans-retinol
i 6-8y
Spain
Paes-Silva, Cross-sectional, OW: BAZ>1; BAZ1 B-carotene
2018, 411, Low B-carotene: Serum - | Low B-carotene/OW, PR=1.46 (1.2, 1.8) (male) Inverse Neutral
Brazil™ 12-19y carotene <0.9umol/L Low B-carotene/NW, PR=1.19 (1.0, 1.4) (female)
Sharif Cross-sectional
’ ’ OW: BAZ>1 i
2019, 4261, - . NS NS Positive
Iran53 15-23 m Quartiles of retinol levels (vs Q1)
Thillan, Case-control, . .
2021, 324, ow; O5: WHO standard NS NS Positive
Sri Lanka®® 89y
' - General OB: WS/T 586-2018 serum VA? general OBt Q4/general OB: AOR= 4.10

o Cross-sectional, | Gentral OB: WC=90" centile (2.88, 5.85) biect | Positive

s ; Quartiles of Serum VA levels (vs | serum VA? central OBt Q4/central OB: AOR= 4.14
China ATy Q1) (3.07, 5.56)
\2’\(’)‘3% %gzs'sec“ona" OB: BMI>95!" centile BMIt VAD/OB: AOR= 2.37 (1.59, 3.55) iverse | Positive
China’® 711y VAD: Serum VA <20ug/dL BMIt Serum VA|
\2(81”59 giggs-sectlonal, OW, OB: BMI>85!" & 95" centiles | BMI{ serum retinolt Direct Positive

g ’ VAD: serum retinol<30ug/dL VAD/NW: AOR= 1.34 (1.10, 1.63), = 0.29
China 7-17y
Zou, Cross-sectional, OW; OB: WS/T 586-2018 serum VAT BMIt Direct Positive
2022, 2818 VAI: Serum VA 20-30ug/dL; sufficient VA/OW: AOR= 1.55 (1.19, 2.02)
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China® 6-17y VAD: Serum VA<20ug/dL

Undernutrition (n=10)
Adamu, Case-control, WHZ
2016, 550 (275+275), Serum retinol WHZ| Serum VA| Direct Neutral
Nigeria’® 6m-5y
Ahmed, Cross-sectional, BMI
2006, 381, Serum VA BMI| Serum VA| r= 0.33, B= 0.26 Direct Positive
Bangladesh™ | 11-16y
Alaofe, Cross-sectional, Stunting
2017, 647 children, | VAD: serum retinol<20ug/dL, | NS NS Positive
Benin3? 6-59 m corrected by infection
Ernawati, Cross-sectional, o .
2021, 1008, Ste‘iz“r:?étsiﬁc‘)’lere stunting HAZ| serum retinol| Direct | Positive
Indonesia® 11-16 y
Khatib, Cross-sectional, . .
2009, 560, gmt;tw_tmg BMI| serum VA| r=0.114 Direct Neutral
Jordan*? 55-10y
Kurugol, Cross-sectional, Stunting . .
2000, 160, Serum retinol HAZ| Serum retinol| Direct Neutral
Turkey?® 6-59 m
Marashinghe, | Cross-sectional, Underweight: WAZ<-2; stunting;
2015, 340, wasting/thinness: WHZ<-2 NS NS Neutral
Sri Lanka®" 25y Serum VA
Oso, Cross-sectional, Stunting
2003, o 213, Serum retinol HAZ| serum retinol| Direct Negative
Nigeria 6m-6y
Samba, Cross-sectional, )
2006, 5722, oz < ritﬁgl WHZ, Serum retinol | Direct | Neutral
Congo®? 0-71m
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Ssentongo,
2020,
Uganda®

Cross-sectional,
4765,
6-59 m

Stunting; severe stunting
VAD: RBP<0.83umol/L, adjusted
by CRP

RBP| HAZ|

VAD/stunting: AOR= 1.43 (1.08, 1.89) Direct Positive
VAD/severe stunting: AOR= 1.64 (1.14, 2.35)

Stunting refers to HAZ<-2 SD, severe stunting refers to HAZ<-3SD unless specific noted.

20OR were shown as OR (95%CI) unless specific noted; B coefficient were shown as B (95%CI) unless specific noted.

AOR: adjusted odds ratio; BAZ: BMI-age z score; BMI: body mass index; CRP: C-reaction protein; HAZ: height-for-age z score; NS: not significant; NW:
normal weight; OB: obese; OR: odds ratio; OW: overweight; RBP: retinol binding protein; VAD: vitamin A deficiency; WAZ: weight-for-age z score; WHZ:
weight-for-height z score.
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First Author, Year Micronutrient Nutrition Qi Q2 Q3 | Q4 | Q5 | Q6 | Q7 | Q8 | Q9 | Q10 | Overall Rating
Abd-EI-Wahed, 2014 Iron Overnutrition | YES YES NO | NO | YES|YES | YES| NO | YES | NO NEUTRAL
Adamu, 2016 VA Undernutrition | YES YES NO | NO | YES | YES | YES | NO | NO | YES NEUTRAL
Ahmed, 2006 VA Undernutrition | YES YES YES | YES | YES | YES | YES | YES | YES | NO POSITIVE
Alaofe, 2017 Iron, VA Undernutrition | YES YES YES | YES | YES | YES | YES | YES | YES | YES POSITIVE
Al-Hussaini, 2022 Iron, zinc Undernutrition | YES | YES YES| NO | YES| YES | NO | NO | YES | YES NEUTRAL
Andre, 2017 Iron Undernutrition | YES | YES YES| NO | YES | YES | YES | YES | NO | NO POSITIVE
Brotanek, 2007 Iron Overnutrition | YES YES YES | NO | YES | YES | YES | YES | YES | YES POSITIVE
Cabanas Pujadas, 2022 Iron Overnutrition | YES YES YES | NO | YES | YES | YES | YES | YES | YES POSITIVE
Cepeda-Lopez, 2011 Iron Overnutrition | YES YES YES | NO | YES | YES | YES | YES | YES | YES POSITIVE
Cheng, 2013 Iron Overnutrition | YES YES YES| NO | YES | YES | YES | YES | YES | YES POSITIVE
Chitekwe, 2022 Iron Undernutrition | YES YES YES | YES | YES | YES | YES | YES | YES | YES POSITIVE
Cobayashi, 2013 Iron, VA Both YES | YES YES | YES | YES | YES | YES | YES | YES | YES POSITIVE
Dallazen, 2023 VA Both YES | YES YES | YES | YES | YES | YES | YES | YES | YES POSITIVE
de Araujo, 2022 Iron Overnutrition | YES YES YES | YES | YES | YES | NO | NO | YES | YES NEUTRAL
de Souza Valente da Siva, VA Ovemutriton | YES | YES | YES|YES|YES|VYES|YES|YES| NO | NO | POSITIVE
Dehghani, 2011 Zinc Both YES YES NO | NO | YES | YES | YES | NO | NO | YES NEUTRAL
Disalvo, 2019 VA Both YES YES YES | NO | YES| NO | YES | YES | YES | YES NEUTRAL
Eftekhari, 2009 Iron Both YES YES NO | NO | YES | YES | YES | YES| NO | YES NEUTRAL
El Khoury, 2020 Iron Overnutrition | YES | YES NO | NO | YES | YES | NO | NO | YES | NO NEUTRAL
Engle-Stone, 2014 Zinc Undernutrition | YES YES YES | YES | YES | YES | YES | YES | NO | YES POSITIVE
Ernawati, 2021 Iron, VA Undernutrition | YES YES YES | NO | YES | YES | YES | YES | YES | YES POSITIVE
Fan, 2017 Zinc Overnutrition | YES YES YES | NO | YES | YES | YES | YES | YES | YES POSITIVE
Ferrari, 2015 Iron Overnutrition | YES YES YES| NO | YES | YES | YES | YES | YES | YES POSITIVE
Galetti, 2016 Zinc Undernutrition | YES YES YES | NO | YES | YES | YES | YES | NO | YES POSITIVE
Ghosh, 2012 Iron Undernutrition | YES YES NO | NO | YES | YES | NO | NO | NO | NO NEGATIVE
Gibson, 2007 Zinc Undernutrition | YES | YES YES | YES | YES | YES | YES | NO | NO | YES POSITIVE
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Goyena, 2021 Zinc Undernutrition | YES | YES | YES | YES | YES | YES | YES | YES | YES | YES POSITIVE
Grant, 2007 Iron Overnutrition | YES | YES | YES|YES |YES | YES|YES | YES| NO | YES POSITIVE
Gunanti, 2014 VA Overnutrition | YES | YES | YES | YES | YES | YES | YES | YES | YES | YES POSITIVE
Habib, 2016 Iron Undernutrition | YES | YES | YES | YES | YES | YES | YES | YES | YES | YES POSITIVE
Habib, 2022 Zinc Both YES| YES |YES| NO | YES|YES |YES | NO | YES | YES POSITIVE
Higgins, 2020 Iron Overnutrition | YES | YES | YES| NO | YES | YES | YES | YES | YES | YES POSITIVE
Ho, 2017 Zinc Overnutrition | YES | Unclear | NO | NO | YES | YES | YES | NO | YES | YES NEUTRAL
Hu, 2001 VA Overnutrition | YES | YES | YES| NO | YES | YES | YES | YES | YES | NO POSITIVE
Indriastuti Kurniawan, 2006 Iron Undernutrition | YES YES NO | NO | YES|YES | NO | NO | NO | NO NEGATIVE
Kassem, 2022 Iron Overnutrition | YES | YES | YES|YES|YES | YES|YES | NO | YES | YES POSITIVE
Khatib, 2009 Iron, VA Undernutrition | YES | YES NO | YES | YES | YES | YES | NO | YES | YES NEUTRAL
Kongsbak, 2006 Zinc Undernutrition | YES | YES | YES | YES | YES | YES | YES | YES | YES | YES POSITIVE
Kumari, 2022 Iron, zinc Undernutrition | YES NO YES| NO | YES | YES | YES | NO | YES | YES NEUTRAL
Kurugol, 2000 VA Undernutrition | YES | YES NO | NO | YES | YES | YES| NO | NO | YES NEUTRAL
Li, 2017 Iron, zinc, VA Both YES| YES |YES| NO | YES | YES | YES | YES | YES | YES POSITIVE
Lu, 2023 Zinc Both YES| YES |YES| NO |YES|YES|YES | YES| YES | YES POSITIVE
Manios,2013 Iron Overnutrition | YES | YES | YES | YES | YES | YES | YES | YES | YES | YES POSITIVE
Marashinghe, 2015 Zinc, VA Undernutrition | YES | YES | YES| NO | YES | NO | YES | NO | YES | YES NEUTRAL
Maslova, 2009 Iron, VA Both YES| YES |YES|YES|YES|YES|YES|YES | YES | YES POSITIVE
Matsungo, 2017 Iron Undernutrition | YES | YES | YES | NO | YES | YES | YES | YES | YES | YES POSITIVE
Moschonis, 2012 Iron Overnutrition | YES | YES | YES| NO | YES | YES | NO | YES | YES | YES NEUTRAL
Nasiri-babadi, 2021 Zinc Undernutrition | YES | YES | YES | NO | YES | YES | YES | YES | YES | YES POSITIVE
Naupal-Forcadilla, 2017 Zinc Undernutrition | YES | YES | YES | NO | YES | YES | YES | YES | NO | YES POSITIVE
Nead, 2004 Iron Overnutrition | YES | YES | YES| NO | YES | YES | YES | YES| YES | NO POSITIVE
Okafor, 2021 Zinc Undernutrition | YES | YES | YES | NO | YES | YES | YES | NO | YES | YES POSITIVE
Onabanjo, 2014 Iron Both YES NO NO | YES | YES | YES | NO | NO | YES | YES NEUTRAL
Orsango, 2021 Iron Undernutrition | YES YES YES| NO | YES | YES | YES | YES | YES | YES POSITIVE
Ortega-Senovilla, 2019 VA Overnutrition | YES | YES | YES| NO | YES | YES| NO | NO | YES | YES NEUTRAL
Ortiz Perez, 2020 Iron Overnutrition | YES | YES NO | YES | YES | YES | YES | NO | YES | YES NEUTRAL
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Oso, 2003 VA Undernutrition | YES | YES NO | YES | YES | YES | YES | NO | NO | NO NEUTRAL
Paes-Silva, 2018 VA Overnutrition | YES | YES NO | NO | YES | YES | YES | YES | YES | YES NEUTRAL
Park, 2012 Iron, zinc Undernutrition | YES | YES | YES | NO | YES | YES | YES | YES | YES | YES POSITIVE
Perng, 2013 Iron Both YES| YES |YES| NO | YES|YES |YES | NO | YES | YES POSITIVE
Perrone, 1998 Zinc Overnutrition | YES NO NO | NO | YES|YES | YES | NO | YES | NO NEUTRAL
Pompano, 2022 Iron Overnutrition | YES YES YES | YES | YES | YES | YES | NO | YES | YES POSITIVE
Samba, 2006 VA Undernutrition | YES | YES NO | NO | YES | YES | YES| NO | NO | YES NEUTRAL
Sethy, 2014 Iron, zinc Undernutrition | YES NO NO | NO | YES|YES |YES| NO | NO | NO NEGATIVE
Sharif, 2019 zinc, VA Overnutrition | YES | YES | YES|YES |YES | YES | YES | YES | YES | YES POSITIVE
Shattnawi, 2018 Iron Overnutrition | YES | YES | YES | YES | YES | YES | YES | YES | YES | YES POSITIVE
Shukla, 2023 Iron Undernutrition | YES NO YES| NO | YES|YES | NO | NO | NO | YES NEUTRAL
Ssentongo, 2020 VA Undernutrition | YES | YES | YES | NO | YES | YES | YES | YES | YES | YES POSITIVE
Suteerojntrakoo, 2021 Iron Overnutrition | YES | YES | YES|YES|YES | YES| NO | YES | YES | YES NEUTRAL
Sypes, 2018 Iron Overnutrition | YES | YES | YES | YES | YES | YES | YES | YES | YES | YES POSITIVE
Tan, 2023 Iron Both YES| YES |YES| NO | YES | YES | YES | YES | YES | YES POSITIVE
Tessema, 2019 Zinc Undernutrition | YES | YES NO | YES | YES| NO | YES | YES | YES | YES NEUTRAL
Thillan, 2021 Iron, zinc, VA | Overnutrition | YES | YES | YES| NO | YES | YES | YES | NO | YES | YES POSITIVE
Tian, 2022 VA Overnutrition | YES | YES | YES| NO | YES | YES | YES | YES | YES | YES POSITIVE
Tussing-Humphreys, 2009 Iron Overnutrition | YES | YES | YES| NO | YES | YES | YES | YES | YES | YES POSITIVE
Van Nhien, 2009 Zinc Undernutrition | YES | YES NO | YES | YES | YES | YES | NO | YES | YES NEUTRAL
Wei, 2016 VA Overnutrition | YES | YES | YES | YES | YES | YES | YES | YES | YES | YES POSITIVE
Yalcin, 2019 Iron, zinc Overnutrition | YES | YES | YES| NO | YES|YES| NO | NO | YES | YES NEUTRAL
Yang, 2015 VA Overnutrition | YES | YES | YES| NO | YES | YES | YES | NO | YES | YES POSITIVE
Yazbeck, 2016 Zinc Undernutrition | YES | YES NO | NO | YES | YES | YES| NO | YES | YES NEUTRAL
Zhu, 2019 Iron Both YES| YES |YES| NO | YES|YES | NO | YES | YES | UES NEUTRAL
Zhu, 2021 Zinc Overnutrition | YES | YES | YES | YES | YES | YES | YES | YES | YES | YES POSITIVE
Zimmermann, 2008 Iron Both YES | Unclear | YES | NO | YES | YES | YES | YES | YES | YES NEUTRAL
Zou, 2022 Zinc, VA Overnutrition | YES | YES | YES| NO | YES | YES | YES | YES | YES | YES POSITIVE
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Figure S1 Subgroup analysis of associations between iron deficiency and overnutrition
stratified by gender. The vertical line represents no effect (OR=1.00) and the dashed line the
overall effect (OR=1.51).
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Figure S2 Funnel plots for nutrition status and gender. A. nutrition status and B. gender. The
red line represents the odds ratio for each group.
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Figure S3 Leave-one-out sensitivity test for overall and subgroup effect sizes. The red line represents the effect size before omitting any study.

A. Overall, B. obese, C. overweight.

A.
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B.
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