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BACKGROUND: The relation between socioeconomic position (SEP) and obesity measured by body mass index (BMI), a measure of
weight for height, has been extensively reviewed in children, showing consistent associations between disadvantaged SEP and
higher BMI in high-income countries (HICs) and lower BMI in middle-income countries (MICs). Fat mass (FM), a more accurate
measure of adiposity, and fat-free mass (FFM) are not captured by BMI, but have been shown to track from childhood to adulthood,
and be important for cardiovascular health and functional outcomes in later life. It is not clear whether body composition is
associated with SEP. We systematically reviewed the association between SEP and body composition in childhood.

METHODS: A systematic review was carried out following PRISMA guidelines. The protocol was pre-registered with PROSPERO
(CRD42019119937). Original studies in the English language, which examined the association between SEP and body composition
in childhood, were included. An electronic search of three databases was conducted. Two independent reviewers carried out
screening, data extraction and quality assessment. Due to heterogeneity in results, a narrative synthesis was conducted.
Heterogeneity in findings according to SEP, sex, body composition measure and country income level was investigated.
RESULTS: 50 papers were included, the majority from HICs. No papers were from low-income countries. Disadvantage in childhood
was associated with greater FM and lower FFM in HICs, but with lower FM and lower FFM in MICs. When measures of FFM indexed
to height were used there was no evidence of associations with SEP. In HICs, more studies reported associations between
disadvantaged SEP and higher FM among girls comparative to boys.

CONCLUSIONS: Inequalities in FM are evident in HICs and, in the opposite direction, in MICs and follow similar trends to
inequalities for BMI. Inequalities in height are likely important in understanding inequalities in FFM.

International Journal of Obesity; https://doi.org/10.1038/s41366-021-00899-y

Childhood obesity is a globally recognised public health
challenge and is a major determinant of obesity in adulthood
[1]. Previous systematic reviews investigating the link between
socioeconomic position (SEP) and obesity measured through
body mass index (BMI) in childhood have predominantly found
disadvantaged SEP to be associated with higher levels of obesity
in high-income countries [2, 3], especially when SEP was
measured by parental education [2]. In low- and middle-
income countries, disadvantaged SEP is associated with lower
levels of obesity [4]. Compared with studies in adults where sex
differences have been observed, with women typically demon-
strating greater evidence of inequalities, little evidence of
stronger associations in girls compared to boys in high-income
countries has been found [2].

The majority of evidence on inequalities in overweight and
obesity in children comes from studies using BMI, a measure of
weight for height which does not distinguish fat mass (FM) from
fat-free mass (FFM) and therefore may under or overestimate
adiposity. Measures of body composition can provide information
about the location of FM and estimates of the proportion of FM to
FFM. FFM includes bone mass and lean mass (LM) and is most
frequently measured by bioelectrical impedance analysis (BIA). LM
is a measure that excludes bone mass and is most frequently
measured through dual x-ray absorptiometry (DXA) [5]. In adults, a
higher proportion of fat-to-lean mass is associated with a higher
risk of cardiovascular disease [6]. Both total and proportion of fat
mass have been associated with cardiovascular and metabolic
disease, with higher central adiposity and android-to-gynoid fat
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mass ratio implicated in increased risk [7-10]. In addition, LM plays
a role in development of insulin sensitivity, with muscle tissue
being a site of glucose uptake, therefore having the potential to
reduce and delay the onset of metabolic disorders [11, 12].

Studies using serial data in children have shown secular
changes in body composition, with an increasing trend for FM
index (FMI) from 1960 to 1999 in the US [13]. In the UK, decline in
muscle fitness, as measured by strength, power and strength-
endurance, has been observed among children, when adjusted for
height and weight, between 1998 and 2014 [14]. It is possible that
such secular changes in body composition are accompanied by
increases in socioeconomic inequality in body composition, as has
been observed for BMI [15], where increases in inequalities are
particularly evident across childhood [16]. Additionally, secular
changes in muscle and fat acquisition in childhood may
subsequently result in detrimental secular changes in adult body
composition. As people age, BMI increases are more likely to
reflect fat acquisition than muscle [17] and tracking of body
composition from childhood to adulthood has been demon-
strated [18, 19].

We therefore carried out a systematic review to assess the
association between SEP and measures of body composition (in
particular FM, FFM, and the location of FM) in children (up to and
including 18 years) from general population samples. Additional
aims were to assess secular changes in socioeconomic inequalities
in body composition and explore heterogeneity by sex, SEP
measure, body composition measure and income level of country
of study.

METHODS

The protocol for this review, which is the second part of a larger
systematic review investigating socioeconomic inequalities in
adults [20], was registered with the PROSPERO database
(CRD42019119937). The review has been carried out according
to Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) checklist (Supplementary File 1). Further details
of the methods can be found in the published protocol [21].

Eligibility

Peer reviewed papers written in the English language were
included in this review if they reported an association between
SEP and body composition in children (under 18 years of age)
using data from an observational study including a sample from
the general population. Associations between any recognised
indicator of SEP (e.g., income, education, overcrowding, area-level
deprivation) and a measure of body composition, measured at the
same, or later, time point to SEP were included. As studies in this
review are in children, measures of SEP, such as occupation and
education, relate to parents, other markers such as overcrowding
reflect the home in which the child lives, and some markers of
education are based on the type of school attended. Body
composition (i.e.,, measured using BIA or DXA) was defined as any
measurement related to total FM and FFM, location of FM and FFM
or any proportion or ratio of measures of FM and FFM.

Search strategy

CBS conducted an electronic search of three databases (MEDLINE
and Embase Classic + Embase using OvidSP as the interface,
SPORTDiscus using EBSCO as the interface) from the earliest entry
up until the 30th of January 2019. The search terms used are
shown in Table 1 and include adult as well as childhood samples.
The results of the search were de-duplicated and stored in the
reference manager, Endnote. This database was exported to
Rayyan Qatar Computing Research Institute (QCRI) [22] to conduct
screening. CBS, AG, and JB conducted title and abstract screening
for eligibility, and subsequent full text screening of eligible papers
for inclusion in the review. Additionally, the reference list of
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eligible full texts were screened and searches of publications from
key studies with relevant data were used to identify further
papers.

Extraction and quality assessment

Relevant information was double extracted using a data extraction
form by CBS, AG, JB, MA, and EW. Data extracted included citation
details (author, title, publication year, publication type), study
details (cohort or sample description, study design, country,
participant numbers), participant details (birth year or age of
participants, sex of participants), exposure and outcome details
(type of SEP and body composition variables presented, age at
which variables were recorded, how the variables were ascer-
tained and measured) and statistical methods and information on
adjustment for potential confounders and mediators. All available
statistics relating to the association under study were extracted,
along with statements of direction in text where statistics were
not presented.

Assessment of study quality was carried out by CBS, AG, JB, MA,
and EW, using an amended version of the Newcastle-Ottawa
Quality Assessment scale [23]. Quality assessment was not used to
exclude papers from the review, but to inform on the variability of
quality across the papers and potential bias arising. The quality
assessment form was amended after the protocol was published
to account for the variability in statistical reporting and the large
number of cross-sectional studies identified (questions 3bi, 3bii
and 4 - Supplementary File 2). Google Forms was used to aid
extraction and WebPlotDigitizer [24] was used to extract data only
presented in graphs.

Two reviewers (CBS and either AG, JB, MA or EW) worked
independently to complete screening, quality assessment and
data extraction. Any disagreements were resolved through
discussion.

Synthesis

A meta-analysis was not possible due to the considerable
variability in analytic methods used and presentation of results.
As such, it was not possible to assess the degree of publication
bias across studies through use of a funnel plot. Instead, a
narrative synthesis was conducted, guided by the Economic and
Social Research Council Methods Programme guidelines [25], with
a focus on identifying and exploring sources of heterogeneity. The
current review reports results only for associations in childhood
due to the large number of papers included. The results for
adulthood are reported elsewhere [20].

Multiple relevant associations were frequently presented in a
single paper. The individual association, as opposed to the paper,
were thus considered the unit of analysis, similar to methods
adopted by McLaren [26], and Ball and Crawford [27]. This will
have resulted in greater contribution of results from a single paper
where multiple associations were reported.

Each association reported was categorised as either a positive
association (those reporting greater socioeconomic advantage
associated with higher body composition measure), negative
association (those reporting greater socioeconomic advantage
associated with lower body composition measures), non-linear
association or no association. We removed the non-linear group
from the summary tables, similar to the approach of McLaren [26], as
only one association fell into this category. Associations were
assigned to groups based on the effect estimates and 95%
confidence intervals. Where estimates were not reported, assignment
was based on trends identified in descriptive data or statements of
direction reported in text alongside P values. Use of P values on their
own only occurred if they indicated a non-significant relationship in
absence of information on the direction of association.

As outlined in the protocol, heterogeneity in associations was
explored according to body composition measure (FM, FFM, ratio
and distribution), SEP measure and sex. Results from analyses
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Table 1. Search terms.

Search terms
Database
Medline

Embase + Embase Classic

SPORTDiscuss

Free Text Search Terms
Body composition

Body composition Measures

Socioeconomic position

MeSH Terms

Body Composition — exp Body Composition/; Adipose Tissue/; exp Body Fat Distribution/; Obesity/or obesity,
abdominal/.

Body Composition Measures - Electric Impedance/; Magnetic Resonance Imaging/; Tomography, X-Ray Computed/;
Densitometry/; Whole-Body Counting/; Plethysmography/.

Socioeconomic Position - socioeconomic factors/ or poverty/ or poverty areas/ or social class/; Educational status/ or
income/ or occupations/ or social conditions/.

Body Composition - Body composition/ or body distribution/ or body fat/ or body fat distribution/; Obesity/; lean
body weight/; Fat mass/.

Body Composition Measures - Impedance/; nuclear magnetic resonance imaging/; computer assisted tomography/;
densitometry/; whole-body counting/; Total body water/; plethysmography/.

Socioeconomic Position - socioeconomics/ or educational status/ or income group/ or poverty/; income/ or
occupation/ or household income/; social status/ or social background/ or social class/; education/;

Body Composition - ((DE “BODY composition” OR DE “HUMAN body composition”) OR (DE “OBESITY")) OR (DE
“ADIPOSE tissues”)

Body Composition Measures - (((DE “BIOELECTRIC impedance”) OR (DE “COMPUTED tomography”)) OR (DE
“MAGNETIC resonance imaging”)) OR (DE “BONE densitometry”)) OR (DE “PLETHYSMOGRAPHY")

Socioeconomic Position - ((DE “EDUCATION”) OR (DE “EDUCATIONAL attainment”)) OR (DE “HEALTH & income”)

. Body Composition MeSH Terms
Body adj3 (composition or distribution))

o

. ((fat or adipos*) adj3 (composition or distribution or mass or index or kg or total))
. ((muscl* or lean) adj3 (composition or distribution or mass or index or kg or total))
o

1
2
3
4
5. ((fat-free) adj3 (mass or kg or total))

6. ((android or gynoid or visceral or appendicular or abdominal or intra-abdominal) adj3 (fat or lean or muscle or
mass or adipos*))

7.10R20R30OR40R50R6

8. Body Composition Measures MeSH Terms

9. ((impedance) adj3 (bioelectrical or foot-to-foot or hand-to-foot or analy?is))
10. (bioimpedance or body fat analy?er or body composition analy?er or tanita)
11. (dual x-ray absorptiometry or DEXA or DXA or dual-energy X-ray absorptiometry)
12. (magnetic resonance imaging or MRI)

13. (Computed tomography or CT or CAT scan)

14. (densitometry)

15. ((neuron activation or total body counting or whole-body counting))

16. (total body water)

17. (air-displacement plethysmography)

18.8 OR9OR 10 OR 11 OR 12 OR 13 OR 14 OR 15 OR 16 OR 17

19. 7 AND 18

20. Socioeconomic Position MeSH terms

21. (social class or social status or social position or socio-economic or socioeconomic or social circumstance¥)
22. (sociodemo®)

23. Occupation*

24. Educat*

25. (income* or manual or class)

26. (depriv* or poverty or overcrowding)

27.20 OR 21 Or 22 OR 23 OR 24 OR 25 OR 26

28. 19 AND 27

29. Limit to English Language (and Human in OvidSP)

MeSH terms are main heading descriptor terms available in each database and are determined by the indexing method adopted by each database. Free text
search terms were entered into all databases, along with the results of the database specific MeSH terms.

International Journal of Obesity
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using boys and girls combined were the primary results selected
for summary. Where results were only presented for girls and boys
separately, both associations were included in the summary
results. It was not possible to investigate differences in body
composition by birth year as outlined in the protocol, due to lack
of information provided on birth year across studies. On
extraction, it became clear that country income level should also
be considered a source of heterogeneity. Studies were thus
categorised into those in high-income countries (HIC), upper
middle and lower middle-income countries, according to the
World Bank classification in 2019 [28]. Those papers from “upper
middle” and “lower middle” income countries will all be referred
to as “middle-income countries” (MIC). On the suggestion of a
reviewer, we also investigated impact of paper quality on the
findings.

RESULTS

In total, 7145 papers were identified from the database searches
for studies in both children and adults, with 5725 once duplicates
were removed. Title and abstract screening resulted in 513 papers,
with 92 papers remaining following full text screening. Searching
the reference lists for additional papers returned three, bringing
the total included papers to 95. Of those, 48 investigated
associations between SEP and childhood body composition. A
search of papers from key studies resulted in two further papers in
children being identified, bringing the total number of included
papers to 50 [18, 29-77]. The selection process, as outlined in the
PRISMA flow chart, is shown in Fig. 1. Descriptive results for the
included papers are shown in Table 2. The majority of papers were
rated as medium quality in the adapted Newcastle-Ottawa
assessment and eight studies were rated as high quality (=7%)
and ten as low quality (<3*). Those rated as high quality all
presented full statistical results, including effects estimates and
confidence intervals, whilst those rated as low quality typically had
statistical reporting deemed inappropriate or incomplete. Only
one paper presented P values alone to report a non-significant
result without provision of effect estimates, descriptive data or
statement of direction in text.

Characteristics of included studies

There were 38 distinct samples studied across the 50 papers. The
Avon Longitudinal Study of Parents and Children (ALSPAC) and a
sample from Merida, Mexico were the most commonly included
studies, appearing in four and three separate papers, respectively.
The majority of papers were conducted in population samples
from high-income countries (n =36, 72%) with the remaining
papers from MICs (n = 14). The UK and the US contributed the
most papers (n =10 in the UK, n=28 in the US), with 7 unique
studies in both. Sample size across the papers ranged from 74 to
14,314, with a median sample size between 485 and 502.

There was substantial variation in body composition measures
used, the definitions of which are outlined in Supplementary Table
1. In this review, we use fat-free measures as a general term
referring to any measure of body composition not including fat
mass. These measures include FFM, which represents total mass
with fat mass excluded, and lean body mass (LBM), a measure of
FFM plus essential fats, which are most commonly measured by
BIA [78]. Other measures are dry lean mass (DLM), which is LBM
without body water, and lean mass (LM), a measure of FFM that
excludes bone and is more similar to what is colloquially
understood as muscle [79] and is most often measured by DXA.
In this review, appendicular skeletal muscle is considered a total
body fat-free measure, as muscle mass in the limbs captures 75%
of total skeletal muscle mass (SMM), and therefore is a good
indicator of total body muscle [79, 80].

Fat measures were considerably more frequently reported than
FFM measures (in 46 papers compared to 22), with percentage
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body fat being the most commonly analysed (29 papers). Among
papers that investigate fat-free measures, LM was the most
frequently used (8 papers). The majority of papers used either dual
x-ray absorptiometry (DXA) (n=25), or bioelectrical impedance
(BIA) analysis (n=22) to measure body composition, with two
papers using both methods. Five studies used air-displacement
plethysmograph with one of these also using BIA. One other paper
used deuterium dilution in combination with DXA and plethys-
mography. The SEP variable most frequently reported was
parental education (n = 25).

A similar number of studies were conducted in children aged, or
with a mean age, between four and ten (n=21) as were
conducted in those children and adolescents over the age of
ten (n = 24). One study was conducted in new-borns and was the
only study to be conducted in children under the age of four.

Childhood SEP and total fat mass measures

Table 3 provides a summary of the patterns of association
reported for total FM measures. There were 124 associations
tested across 46 papers. Negative associations, where more
advantage SEP was associated with lower fat, were reported most
often, in 42% (52 association across 31 papers) of the 124
associations. The remaining associations were split between
positive associations (27%, 33 associations from 7 papers), where
more advantaged SEP was associated with greater fat, and no
association (31%, 39 association from 19 papers).

In HICs, associations were predominantly negative (66%, 46
associations from 28 papers) with greater socioeconomic advan-
tage being associated with less fat. The remaining associations in
HICs all showed no overall pattern of association (24 association
from 13 papers). In MICs, the majority of associations were positive
(61%) with greater socioeconomic advantage associated with
higher levels of fat. Only 11% (6 associations from 3 papers)
reported negative associations, with the remaining associations
(28%, 15 associations from 6 papers) reporting no overall pattern.

The total body fat measure most frequently reported was FM%,
being used 60 times (across 29 papers), followed by FM used 38
times (18 papers), and FMI used 26 times (13 papers). In HICs,
using FM or FM% yielded a slightly greater number of negative
associations, where greater advantage is related to lower levels of
fat, (67% and 68%, respectively) compared to FMI (60%). In MICs,
FM and FMI presented almost exclusively positive associations,
where greater advantage is related to higher levels of fat (79% and
82%, respectively). FM% exhibited more mixed results with 45%
finding positive associations, 17% finding negative and the
remaining 38% finding no association.

Parental education was the most commonly used SEP measure
across the papers, used in 53 associations across 24 papers. In
MICs, composite measures of SEP were the most frequently
recorded SEP measure, used in 22 associations across nine papers.
Among HICs, negative associations were reported in the majority
of associations (= 60%) for all SEP measures, with the exception of
parental or household income, used in six papers, where no
association was most frequently reported (6 association from four
papers, out of 10 associations). In MICs, parental education, used
in seven papers, yielded a higher number of positive associations
(15 association from five papers, out of 18 associations, 83%)
compared with composite SEP measures (14 associations from
four papers, out of 22 associations, 64%).

Sex-specific analysis was presented in 15 papers in HICs and
eight papers in MICs, with 44 and 37 associations reported,
respectively (Fig. 2). Negative associations were more frequently
reported among girls (83%) compared with boys (43%) in HICs. In
MICs positive associations were somewhat more commonly
reported in girls (78%) compared to boys (63%). Boys in both
HICs and MICs were more likely to show no association between
SEP and fat measures (HIC: 57%; MIC: 26%) compared to girls in
either (HIC: 19%; MIC: 17%).

International Journal of Obesity
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Records identified by database searching
(n=17,145)

|

Records after duplicates removed
(n=5725)

—_—

Records excluded through abstract and title

screening
(n=5,212)

v

Full-text articles assessed for eligibility
(n=513)

Full-text reports excluded with reasons (n= 422):

Studies not fully meeting inclusion criteria (n=398)

y

Incorrect publication type (i.e review) (n=67)
Incorrect study design (n=10)

Ineligible population (n=24)

Ineligible exposure (n=18)

(n=91)

Full-text identified as suitable for data extraction

Ineligible outcome (n=57)
Duplicates (n=5)

|

Additional records identified through screening of
reference lists

(n=3)

Full-texts included in the review for data extraction
(n=94)

A 4

Limit to studies in children (Part 2)

(n=48)
Additional records identified through hand
search of the literature
(n=2)
'

(n=50)

Final full-texts included in the review for children (Part 2)

f (n=47) !

Fig.1 Study selection process outlined with PRISMA flow chart. Because reasons for exclusion are not mutually exclusive, numbers given for
reasons for exclusion during full text-screening stage equal more than the total excluded at this stage (n = 422). Number of studies identified
in adults and children is greater than total full texts included in the review, as one paper covered childhood and adulthood and was used in

both reviews. ' Studies in adults are reported on elsewhere.

When considering results in high quality papers only (rated >7*
in the quality assessment), findings were similar to the full analysis.
In HICs nine associations out of 13 (69%), reported across six
papers, showed greater socioeconomic advantage associated with
higher levels of fat. In MICs, three out of five associations (60%),
reported in two papers, found greater advantage associated with
higher FM. In low-quality papers (<3*) eight out of 13 associations
(62%) from five papers reported negative associations similar to
that in high quality papers. However, in MICs, the low-quality
papers, contrasting with results in the full analysis, showed
predominantly negative associations. However, the findings were
from only two papers both conducted in the same population
sample.

Childhood SEP and total fat-free mass measures

Table 4 provides a summary of the patterns of association for total
body FFM measure. There were 69 associations tested across 22
papers. Approximately half (33 associations in 13 papers) found
positive associations (48%), with greater socioeconomic advan-
tage being related to greater FFM. Only 12% demonstrated
negative associations, with the remaining 41% reporting no
association. Positive associations were reported more frequently in
HICs (55%) compared to MICs (43%), whilst negative associations
were only reported in MICs (20%).

International Journal of Obesity

Raw fat-free measures, used in 14 papers, show positive
associations in 59% of analyses (20 associations coming from
nine papers, out of 34 associations), more frequently than both
percentage measures (50%, 11 associations coming from six
papers, out of 22 associations across eight papers) and
considerably more often than indexed measures (15%, two
associations coming from two papers, out of 13 associations
across five papers). Measures that include bone in their assess-
ment show positive associations slightly more often (54%) than
those which exclude bone (42%).

Parental education was the most frequently investigated SEP
measure, used in 24 associations. Composite measures of SEP
were also frequently used (n=18), with all except one such
association tested in MICs. Parental occupational social class and
measures of area-level SEP were used in eight and nine
associations respectively, although for area-level SEP, eight were
all tested in the same paper. Parental income was used three
times in two papers. In MICs there was a slightly higher number of
positive associations reported when using composite measures of
SEP (53%) compared to education (40%). In HICs, approximately
one-third of associations with both education and occupational
social class were observed to be positive. In the small number of
analyses including area-level SEP and income in HICs, only positive
associations were seen.

SPRINGER NATURE



C. Bridger Staatz et al.

4

*

8

*

14

14

=

L

*

a103s fyjend

abe |euoneisan
(s19=m) Zi'6€

¢ abe sainseawl
d3sS £ uesiy

(L6-¥'6
‘ueswl) gL-/Z

(€0) €€
abe painsesw
d3s (0's
uesw) z'S-8v

/'8 abe uesw
spesb payL

‘9'G abe ueaw
uayebispury|
:sdnoib abe om|

0¥

€ Jo obe 21099
painseaw 43s

(1'0) L'ty ‘uesy

(€58 :uesw)
0L-9
Z1-0L pue 8-9

aby

AydeisbowsAyo|d
Juswade(dsIp-11y

V¥Xa pue vig yiog

vXxa

vXxa

(.;pod pog,)
ydesbowsAyiaid

pue v|g

VvXa pue vig yiog

vid

vigd
viga

anbiuyday

W4%

INEERINE]

1VVL ‘WA
yunap

W4

W4 ‘4%

N1 ‘4% ‘WA

INEERVE]

IN4

W4
sainseaw
uonisodwod
Apog

uonesnpa |eusdlew
Aq painseaw) s35

Sawodu| ‘uofesnpy
[SEININ

(sse|> |eos
JO Xspul 101oe}
-v pesysbuloH) d3S

SWodU| pjoyasnoH
‘uonednp3 |eusdle|y

uonesnp3 sivyied
‘uonesnp3 s1BY1oN
3WodU| pjoyasnoH

uonesnp3 SIBYIoW
‘uoneonpy siay3ed
‘uonednddQ |ejuaied

uonesnp3 [eluaied
‘uoneonp3 sy

(Butpmoud pjoyasnoy
pue uonednddo
s,J2Y1e} ‘uonesnps
sJaylow bBuisn

21025 aysodwod) |35

awodu| Ajiwed

sainseaw d3s

ab1e| woly pads|es
oLz Kjwopues uswopn

1444 JAIVTS

‘eale eweqe|y
‘weybuiwg

woJj uedlswy

oluedsiH Jo ‘uedusWY
ueadoun3 ‘ueduswy

uedyy se buikynuspl

£L9C -§|9S usIp|iy>
"91IYyM Y10q 1o ¥de|q

y10q Jayue syuaied

yum pue ‘quswdojansp

pue ymoub

Bbunoaye swsajqoud

y1jeay d1uoiyd INoYuMm

“J91je JO WIS} [|N4 UIog
110y0d dAdadsoid

e Jo ued ualp|iyd

€LE pabe |jooydsaid

‘usapjiyd

uellemeH aAleU

Jo Buidwesisno yum
Jed 01 panaul
2J9M llemeH ‘O|IH 3y}
ul sjooyds Aiejuswis|d

b1 ul speib

pa1y1 Jo usrebispury

14} 1SS Ul ualp|iyd
‘wepianoy

ul jooyds Aiepuodss

auo pue Arewnd

991y} WOy spusdsajope

€0  pue uaip|iyd ueisesned)

A3AING S,USWOAN

/85 uoydweyinos
‘spunoibjoeq

21WOU0D30I20S

9SIDAIP YUM S|o0YDs

91eAud pue dnqnd

ybnouyl pauniday

"0DIX3|N ‘epUSAl

woJj S3IpNIs |RUOIIDSS

-SS0ID OM] WOJj Uaxe)l

/61 spefp pjiyo-1ayrol
vLEYL SOW
a|dwes jo

uondudsaq /(paweu

N 31) pasn 33s ejeq

|izeig £10¢C
puejesz msN LLoC
vsn (44

vsn 9002

vsn L0z
SpuepayIaN L661
N 9Lot

OOIXa 9lLoc

AN 9lLoc
paysijqnd

Anuno) ST-CY N

[£€] onsed

[9€] 1sieD

[s€] 1spied

[¥€] enaping

[e€] umoug

[z€] 1009

[L€] pireg

[0€] ea0dzY
[62] Aonody

Joyiny isai4

's9IpNIs papn|pul Jo sonsuedeleyd aandudsag 7 d|qel

International Journal of Obesity

SPRINGER NATURE



C. Bridger Staatz et al.

%9

a103s fyjend

Pamoj[o4 ‘90l
uesw auleseg
(8L :spb

ueaw /| :skoq
uesw) G'ZL-SCl

(06°€L 1B
ueawl

101 :shkoq
ueaw) 91—l

vl-€l

(191 :ueaw)

L1-GL

S/LLe

dn mojjo} ‘51

uesw auljeseg

(£°11 :ueaw)
0zt

sieak G/

Jan0 syuiod
9|dinw 1e dn
pamo||04 ‘€1-6
abe aujijaseg

aby

vig

vid

vig

vig

vid

vig

(¥X@ ‘uonnjip
wnuInag
‘AydesbowsAyis|d
Juswade(dsIp-11y
JO uOIRUIqWOD)
[9POW DF

vXxa

anbiuyda)

W4% ‘W4

W4%

W1a ‘W44
% ‘W4%

W4 ‘W4%
‘W44% ‘W1a

W1a ‘%4

IN4

IW44 ‘N4

W1 ‘W4

sainseaw
uonisodwod
Apog

uonesnp3 [eluaied

uonesnpy siualed

((91eA1d

‘6'9) 2ued |edIpawW

Jo 2dA ‘(eAnd

‘69) |ooyds jo adAy
‘uonednd0 siayiey
‘uonesnps ,sIaylow uo
paseq) S3S ‘uonednp3
si9ylo| ‘@dA] jooyds
(2anupuadxa

pooy pjoyasnoy
Alyauow ended

19d pue uonednddo
,S1ay1ey ‘uonesnpa
Siuaied ‘adfy

Jooyds uo paseq) SIS
uonedn>Q

SISYIO\ ‘(Xapul
Buipmoud ‘ainyipuadxa
pooy pjoyasnoy
Alyauow ‘vonednddo
s1ayiey} ‘uolednpa
Siuaied ‘adfy

Jooyds uo paseq) SIS

(9po2 15s0d uo
paseq) S3S [9A97] ealy

(uonedyissepd
Jeuoniednddo piepuels
3y} Buisn) sse|d |edos

uonesnp3 sjuslied

(suonipuod
Buisnoy pue

sainseaw d3s

899 MOvdL

Lzl SSO-YNIT13IH

‘uelednp ‘epusiy

ul sjooyds areAnd

pue s1gnd wo.y

P3123|9s sjuadss|ope

jo 3jdwes Ayjigeqoid

0/T -uou ‘anisoding

"02IX3N
‘epuUS\ Ul S|ooyds

wouy skoq y1-€1 Jo

VL Apnis [euondas $so1D

‘uejednA
‘epuUS\ Ul S|ooyds
91eAud pue diqnd

woJj spuddssjope
jo 9|dwes Aujiqeqoud

(k43 -uou aAlsoding

Apnis 10yod

9aAndadsoud

8CL S100d =YL
‘Yinow Jo piom

pue ‘si;adedsmau |ed0|
‘1suenul sy} ‘sqnjd

uods pue sjooyds

Ul SJUSWISSIISAPE

ybnouiyl paynidal
‘2a1ysabpuquied

pue uopuo

191e9J5) WOy Wi}

L6€ uioq ualp|iyd AyyesH
‘puejul4 |enua)

ul sbuipunouins

S) pue ejAyseasr

ul sjooyds |9 ul

s1ayoea} ssed ybnoiyy

9€T pa312e1uod SPIH
‘lizeag ‘A1d ojneq oes

ejdsoy Ajuisiew
a|dwes jo
uondunsag /(paweu

N J1) pasn 39s ejeq

vsn £10T [¥] epmoQ

[ev]

,o1dninpy LLoz 1PUsLA 2@

[zv]

0DIXaN qrLoz yiueg eneq

[L¥]

o=y CI LLoz Sliueg eneq

[ov]

02IXaN ey 10T Yiueg exeq

MN sLoz  [6€] sbuyod

[8€]

N 800T oyiwoyd

puejuiy 600¢ [81] Buayd
paysijqnd

Anuno) 1ed A Joyiny isai4

psnuiuod g ajqel

SPRINGER NATURE

International Journal of Obesity



C. Bridger Staatz et al.

%9

%8

a103s fyjend

uoneysab
S)oIM Z€

1e Pa129||0d
d3S 6 Uesiy

6 Ued
uoinelsab
S)o9M T€

1e Pa129)|0d
d3S 6'6 Uesiy
(uaAIb j0u

abe 1dexa) yuiq
1e painseaw
9q 0} pawnsse
d3s €6l

0L-6 pue yuiq
1e sainseaw

d3s (¢L'6
ueaw) 01-6

9| abe pue
Aoueyul
ul sainsesw

d3S 91 :uesiy

(8L uesw)
SL1-SCL

891 :SMIb uespy
691 :SAoq ues|y
89| :sHIb uespy
691 :SAoq ues|y

1°G ‘Ues|y

('8 ueaw) L1-g

sieak jooyds
OM} 10}

aby

vXa
vXa

vXa

vXxa

vXxa

vXa

vXxa

ydeisbowsAyis|d
Juswde(dsip-ay

ydesbowsAyiaid
Juswade(dsIp-i1y

vig

vid

anbiuyday

IN4
IAE|

W4

W4% ‘WSY%

IR EIE]

W1 ‘W4

W1
W44 ‘W4 ‘W4%

‘W4% ‘W4

W4% ‘W4

W%

sainseaw
uonisodwod
Apog

uoledNp3 SIBYIoN
uoiesnp3 SIBYIoW

uopeonp3
SJ9UY10[\ 10} |IS

uonednp3 |ejuaied

(s2anseaw

s|dnjnw jo ydd buisn
pa3easd) xapul s3S
X3pu| dlwouod]
pooyinoqybisN
JuswuoliAug

|]ooydS Jo Xapu|
‘diysisumQ swoH
‘uonedNp3 |eusaleN
uoizednddQ siayied
‘uonednddQ SISYIo0N
‘uonednp3 siayieq
‘uonedNpa SIBY10WN
‘3]ex5 dULN Y

uonednddQ siSYIoN

uoiesnp3 [eulaie|y

uoneonp3 siayied
‘uonesnp3 sidYIoN
‘uonesnpy sjuaied
(wid1sAS

uoneoyisse|d 9|12sp
uonesnp3 jo Ansiuipy
Buisn pajewnnss)

S3S [9A9] |00YdS

sainseaw d3s

605
2049

CLLL

0s

L8¢

ave

[44%

8¢

Svy

s

6cCcClL

JVdS1V
JVdSTV

JVdSTV

110yod yuiq,z661l 0
uaIp|iyD, s,buoy buoH

0cig

oad

VN3IT13IH
S3AIMs

S3AIMs

'SuojuR) SSIMS
OM} U] 9dusjeAasd
jueibiw ybiy

Y1IM S9558|D O WOy
uaJp|iyd> usyebispuny
pa129)9s Ajwopuey
‘puejesz

M3U/ ‘pueppny

ul sjooyds Arewnd
/T WoJ} pa133|9s
A|lwopuel uaip|iyd

s|dwes jo
uondidsaqg /(paweu
J1) pasn 39s ejeq

AN
AN

AN

Bbuoy buoH

edUyY YInos

eJLYY Yinos

uleds
uspamg

uspams

pueaZUMS

puejesz MaN

Anuno)

800¢C [sS] uosuyor

€lLoc [¥S] smoH
oLoc [€S] amoH
10T [cs] noH

800¢C (18] sy

€10C [0s] sy

[6v]
Z7L0Z  OdJepy-epein

900C [8t] punia3

S00¢ [£¥] punia3

[ov]
1102 19b663uaq3

800¢C [S¥] uesoung

paysiqnd

1ea) Joyiny isai4

panunuod Z ajqel

International Journal of Obesity

SPRINGER NATURE



C. Bridger Staatz et al.

%9

%€

%S

«

%9

%S

%9

%€

<«

a103s fyjend

uonelsab
YEEI W43
painseaw
d3S ‘6'6
(€9S5L 01
89'€l woly
uesw) gL-¢l

(9L ueaw)
8Ll

(9 ueaw) /-

/Ll pue gL
:sdnoib abe om|

ua1piIyd

(971 uesw)
/L1-8

aby

vXxa

vXa

vid

v

o

vid

vXa

vXxa

viga

vXa

anbiuyda)

W4 Sunip
W WA

WSY%

W4%

W44 JO %

se WSV ‘oney
1e4:32sNI\
RIV[SIETYY

Apog Jo %

se NSY ‘W44
% ‘WSV ‘W44

W%

“Jeq ploipuy
% qW4%

1% ‘W4
% ‘N1 ‘W4

W4%

NERE
sainseaw
uonisodwod
Apog

(uonednddo

uo paseq uoMedYISse|d
sAsAIng pue

sasnsua) uofe|ndod

40 324jO AN L66LaYyd
Buisn) sse|d [e1p0s

SWodU| pjoyssnoH

(s@20]q snsuad

JO [9A9)] |eUOIIRDNPD
Aq painseaw)

S3S [9A9)- ealy

(Ss|esw jooyds 231y

10} 3|q161[> UIP|IYD JO
abejusdiad uo paseq)
d3s [9A97 |ooYdS
uonesnp3 sivyied
‘uonesnpy [eusalepy
‘swodu| ‘adKk] jooyds

eyded Jad swodu|
‘uoneonp3 sIBYIoN

uonesnp3 sisyie

S35 siayIoW
‘S35 s1ayned

(91e3s d1Wwou0130120S
Awemsnddny) 535

sainseaw d3s

L16S

€ecl

S9¢

L6TC

1214

S8l

sabe aAndadsal
1e 671 pue £0¢

999

06¢€

JVdSv

SANVHM

N3dI

'$913UN0> Bulpunoins
JUSN|Je SI0W WOy pue
uopuoT A11d Jauul wouy

uaIp|Iy> ueisesned)

3170DSI

‘|izelg

15e3YINO0S ‘esOdIA

Jo Aud 3y} ur (OY10Yd)
Buipasjpsealq

0} weiboid 1oddns

e Aqg o] JO syuow
151y 3y Joj paJojiuow
913M OYyMm 110Yyod
9A1323d50.331 B WOy
L—v pabe uaipjiyd

‘USpPaMS ‘ueneyjjol|
UMO]} |eLiISNpul WoJy
1915163, uoneindod
woJj spuadssjope

JO UOoI3123[3S wopuey

‘[ebnyiod 121sIp
0110d Y1 Ul S|ooyds 9
woly usipjiyd

‘elpu] ‘aund ui sabsjj0d
pue sjooyds wniens
2IWOU03-0120S JOMO|
pue J1aybiy wouy suIb
po1239)9s A|jwopuey
a|dwes jo

uondunsag /(paweu
J1) pasn 39s ejeq

AN

e210Y

ueds

AN

lizeag

lizeag

uspams

|lebnyiod

elpu|

Anuno)

S002 [¥9] ssoN
810T [€9] uoon
[¢9] epien

£10T -euljopy
[L9]

5102 AYymeddpy

910¢  [09] opnsiey

[65]
zLoe saey|ebepy
800¢ [8G] zaueT

¥10T [£S] [eobeT

10z [95] Jexyjipeyy

paysiiqnd

FL-CYN Joyiny isai4

psnuiuod g ajqel

SPRINGER NATURE

International Journal of Obesity



C. Bridger Staatz et al.

10

%9

%L

<

<V
%€

%9

%S

xC
P4
%L

a103s fyjend

(£'6 :uesw) 01-6

(£°G :uesw) 9-g

(Lp) uesw)
8l-11

(6'LL :uesw)
€1-01

o'LL :uealy

8’0 Ues|y

(98'8 uesw)
1=

91-9
61-8
61-8

aby

vig

viga

vXa

vxa
vXxa

AydeisbowsAyis|d
Juswade(dsIp-i1y

vid

vid
vXa
vXxa

anbiuyday

W4%
‘WA
% ‘INT ‘IN4

W%

W4%

W4%

W44% ‘W44
‘IWA ‘W4% ‘WA

WH%-Z ‘qW4%

W4
IW4 ‘g%
‘W4% ‘WA
sainseswl

uonisodwod
Apog

(Anwey
9y) JO pesay) swodu|

‘uonednd>Q ‘uonesnpy

siayie4 ‘uopeonpy
SIBYIO Xapu|
BuiAl] Jo piepuels

uoiedNp3 SIBYIoW

(sa1iwey
Jo 1amod Buiseydind
uo paseq) 43S

SWOdU| ploYyasnoH

(dWY4) wesboad
|eaw padnpaJ 1o 334
uonesnp3

|eusalely ‘s3s

(Sjesws jooyds

921} Joy 9|q1bIe
uaJp|iyd jo abejusdniad
pue uonedso|

|ooyds uo paseq)

d3S [9A97 |00YdS

uonesnp3 [elualed
did
did

sainseaw d3s

(04

5961

S/9

veC

L

0S€€

86¢C

CSES
(VA4
9EVS

Apmas 110y0D yuig
uouayued a10sAW

ansav

‘sapyjeddIUNW

19410 6C

pue ‘|izeig ‘4d-eqnund
J0 A3d 3y} wouy
(Adueubaid Bundadsns
10U 219M pue Joud
3oam e Aydesbowoy
paindwod
/Aydesboipes
suobispun 3,usney
‘wndjed bujuieyuod
supipaw bupjel Jou
‘pasuoyine syualed)
eLI3ID uoisn|pul
Bunssw syusdsajopy

's91e1S Ueljessny
991 WOJj SJU9dS3|ope
brom Ayyesy

pue asaqo jo Apnis
|041U0D-958D BUUD
-IInw abie] wouy eleq

o)

10YyoD Yuig seroled
'UOpPUOT 1S9

pue auysabpuqued
211Yyspioj1isH ul buiall
uaIp|Iy> Wolj puodS
9Y) pue uopuo ise3 ul
U3Jp|Iyd WoJy 1Sy Y3
's19s ejep snoiaaid omy
woJj uaey spPafgng

Apn1s uonuanaid
Aisaqo o1y
SANVHN

SANVHN

s|dwes jo
uondidsaqg /(paweu
J1) pasn 38s ejeq

elpuj

spueayieN

lizeig

sny
vsn

lizeag

AN

Auewsn)
vsn
vsn

Anuno)

10¢

(4114

810C

810¢C
600C

710C

LL0c

sloc
LL0Z
(4114

paysiqnd
Jed

[7£] eusap

[e/]
biag usp uep

[e/] WpuqIn

[LZ] Ieys
[0£] 1949BYS

[69] sowues

[89]
eipey-luewes

[£9]
Slizlueq
-elyoe|d

[99] uaAnbN
[59] uaAnbBN

loyny 3sai4

panunuod Z ajqel

International Journal of Obesity

SPRINGER NATURE



C. Bridger Staatz et al.

11

‘wnibjag ‘uteds ‘833319 ‘K1ebuny ‘elisny ‘USPams,

"P3INSEAW SNONUIUOD P3JedIPUl BY) UO P3Seq (38 SS9DX3/1e) [eLIOU/3eyIapun 1) 3|qeLeA SNOWoloYdIp 1o [ednobaled e pajeald aney siaded,

"Aluo 1densge sa1edipul,

*Apnis spiy ul sabueyd A1AIDY pue su uel] syl Yoyl ‘Apnis uswdopasg yBIap WIoyy01s 3y

$3@IMS ‘ASAINS uoneUIWEXT UOHIANN pue yyesH |euoneN SINVHN ‘APNIS 1OYoD WNIUUS(IA SOW ‘ASAINS uoleulwex] UORIINN pue yiesH |euoneN ea10y Yyl SINYHY ‘USWuolIAug pue 31A1sa)
‘A1saqQO pooypiiyd Jo Apnis [euoneussiul 3yl 37005/ “Y4OMISN 1USWUOIIAUT 33 pue ALANDY [edisAyd [euoneulalu] 8yl Nid/ ‘Apnis [euoidas-ssosd aduadsajopy ul uonuinN Aq adoun3g ui ajA1saj AyyesH ayl
$SD-YNFTIH ‘@3udds3jopy ul uonuinN Aq adoang ut 31A1sa417 AyiesH syl YNI73H ‘Apnis bune pue Juswanop ‘ANARDY ‘S1A1say1 Ajiwed 3y L JWYT4 ‘AIUsm 03 yuig 0zig ‘UsIp|iyd pue sjudled jo Apnis [euipnybuo
UOAY DVdSTY ‘efoid Aepo] wnipje) arenbapy ayl (DY QusawdopAsg 419yl pue ualp|iyd uiog weptaiswy gdogy ‘onssi] asodipy |eulwopqy [e10] VY. ‘Xapu| SSeyy ues [T ‘ssely uea Aig Wig ‘ssew
uea W7 ‘Xapuj SRsniy [eI219%S Jejndipusddy [ASY ‘DIPSNIA (€IS Jendipuaddy SY ‘XSpU| SSely 9344-184 [ ‘XSPU| SSeN 18 [N4 ‘SSeIN 9944-184 /{4 ‘SSeIN Yed WA ‘sisAleuy usuodwo) ajdipulld vDd ‘weiboid
|e3N padNpay 10 3314 JYH ‘Olrey Swodu| ALIBAOd YId ‘Xapu| Aljenbaul Jo 9do|s /S ‘Sn1e1S JILOUODS0ID0S §IS ‘UOIIISOd DIWLOUOIB0ID0S 435 ‘UoleAudaq a|diyniy JO Xapu| YsilnodS guis ‘Xapu| JILOU0IS0I20S [3S
'ssew e} 3snf se paisi| S| S|qeleA Sy} ‘ssew ey Jo e} Apoq Jayus payiodal aney siaded a19ypn

uoneonp3
SI9YIOW ‘(Ajiwey
Apnis |ereunad JO pesy Jo uonesnps
wouy pue spoob Jawnsuod
sainsesw d3s IWT 1IN ‘1%  uo paseq yDd ybnoiyy
%9 (£'9 ueaw) /-9 vXd ‘W4% ‘WT'W4 p=12n435u0D) 135 €L€E€ Hoyo) yulig seiofed |1zeig 10T [££] wuuez
(uonednado 1040 pIyD-Iaylo
pue uoneonps paseg [9/] afen
%S SL-9 vXa W4%  [eludsed uo paseq) 43S 0S6 -uone|ndod ysiueq jlewusg 14104 -HYyej|yom
‘uedLBWY
JluedsiH 10 ‘ueduBWY
ueadoin3 ‘ueduswy
uedLyy Jayue
se Jodai-§9s ybnoiyx
wsay) payisse|d
(96-7'6 (ssejd |eos sjuaJed asoym
wouy sbue IW4 Sunip JO Xapul 1010e)-{ ‘Apnis [euo11295-550.10
%S suesw) z|-/ vxa [NEERINE peaysbuljoH) d3s ¥Sz  Bulobuo woyy uaipjiyd vsn LL0Z [S2] Bum
sainseaw sjdwes jo
uonisodwod uondunsaq /(paweu paysignd
a10ds Ayjend aby anbiuyday Apog sainseaw d3s N J1) pasn 39s ejeq A1uno> e\ Joyny 3sai4

psnuiuod g ajqel

SPRINGER NATURE

International Journal of Obesity



C. Bridger Staatz et al.

12

‘36eIUBAPE DIWIOUODS0[D0S Ul SESIOUI UR YLM SINSESW 1B} Ul 3SBeaID3p B d1edIpul SUOIIRIDOSSE 9SI9AU] ‘Dbejueape

%t S

%95 0L

%00L  vcl
%C A
%C €
%C €
%L 8
%8 ol
%C €
%€ 14
%t S
%S 9
%91 (174
%€ 14
%C €
%C €
%€ 14
%S 9
%t S
%01 cl
%61 €C
% N

|eloL

[2£] SolL€] selzE] Slov] 5

alort] olorb] S[09] qlzb] o] qlEE]

b€ leg] gle€]

€] [rSlglze] lEe]

[ot] ,[09]
Sal2t]

l68]
Sl€€] L[€€] 5[09]

S9dUd.iaj9y

uoinaiip buoiys/iespd oN

%0S

%99

%ST
%0t

%99

%ST
%09

%0¢

%05
%EE

%S¢C
%05

%0¢C
%Lt

%0€

%

%8C
%ve
%LE

N N O N

N

%L1
%99

%l
= - 0

J8€1  %ee L

[991.[59] 4[S9]  %00L €
S %Szl L

[€2'SS ‘9€] JIv¥]  %Ov b
= - 0

w9 ‘8v] Jzel  %SL €
Jd6zll671 %oy T
Sall?l %Ll L

[£9 '8S ‘o]
elt7S] Gl€S] e[€S] o[TE] 811 olEE] elZ¥] glLY] %SS

=
=

[0/] %S¢C L
5[09] S let] %99 c
[99] 4[991e[S9] %001 €

[89 ‘29 ‘st] %SL €
AL %ee T

[8¥] Slevl Jlz€] %09 €
(9 48] 5oll¥]  %ST €

[€£ "8G ‘O] olLV] glLV] SelTh] olEV] C[EE] ClCE] %Y

o)}

EERITEYEYERY % N

uoneposse aanebaN

"IN € ul pa1anpuod Apnis sa1edipul,
"Ajuo shoq 10y synsas saxedipul,
*Aluo spIB 1oy synsal sa1ed1pu,

2Jnseaw ay) uo pariodas siaded oml ueyl SS3| 2I9YM e SINSEIUW dIS SNOBUE|IISI

%19
%0
%LC

5IWOUO30ID0S Ul dSEIDUI UB YIM SINSEIW 1) Ul 9SBSIDUl U 3)ed|pul SUOIIRIDOSSE dAINSO

(OIW) d3S pauiquiod
(OIH) d3s pauiquiod

d3s pauiquiod

pauIquio) sainspayy b4

SuUONE.IDOSSY Jo uonNquIsig ||_49A0

= - 0
= - 0

= - 0

SILST 5o[60] 51691 5olZ2] 5glLL]  %E9 S
501691 5ql69] 5elL2] 5glLL] %OV
J0S]  %eE L

- - 0

- - 0

501951 5e[69] 5q[69] el£2] 5qlLL]  %E8 S

5[08] 5el69] 5q[69] Selll] SqlL2]  %ST S

vl %Sz L
- - ©

- -0
vl %9l L

S %0z L
selll] 5qlLL150[69] 56691 %EE ¥

>e[69]
»al691 5[681 SlrL] 5olL2] SqlLl]  %9T 9

EERITEYETEYY| % N

uoneosse dA1ISOd

uoneposse uonisodwod Apoq pue ¢3s jo uondalqg

snoaue||adsIy

sse|D [e120S
leuonzedno>Q

did

d3s ausodwo>
uoneonp3 |ejualed
Xapu| SSby 104
snoaue||adsI

sse|D |e1dos
leuonedno>Q

awodu|
d3s susodwo>d

uopnednp3 [ejusied
(6%) 104 Apog
snoaue||adsIy
adA] |jooyds

did

d3s
|9A3] [OOYDS IO Baly

awodu|

sse|D) |eIdos
leuonedno>Qo

d3s ausodwo>

uofesnpy [eyuaied
2bpjuadiad v4 Apog

103ed1pui d3s

*UJP|IYD Ul S2INSE3W 1) pue UoIISOd DIWOUO0II0ID0S USIMID] SUOIIRIDOSSE JO Alewwns  °¢ ajqe]

International Journal of Obesity

SPRINGER NATURE



C. Bridger Staatz et al.

Distribution of associations for fat measures by gender and income level
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Fig. 2 Distribution of associations for fat measures by gender and income level. Girls in HICs (N = 23): 83% negative associations, 0%
positive associations, 0% non-linear associations, 17% show no association; Boys in HICs (N =21): 43% negative associations, 0% positive
associations, 0% non-linear associations, 57% show no association; Girls in MICs (N = 18) 6% negative associations, 78% positive associations,
0% non-linear associations, 17% show no association; Boys in MICs (N = 9) 11% negative associations, 63% positive associations, 0% non-linear

associations, 26% show no association.

In both HICs and MICs, only five papers presented sex-specific
analysis, with 15 and 31 associations reported, respectively.
Positive associations were reported 86% of the time in boys,
and 88% of the time in girls (Fig. 3). Results for sex-specific analysis
in MICs was more similar to the pooled results, although there
were slightly greater number of positive associations in boys
(53%) compared with girls (46%).

In high quality papers (=7*) the percentage of positive
associations reported were lower than in the full analysis, with
only three out of 12 associations (25%), from seven papers, finding
greater socioeconomic advantage related to higher FFM, and the
rest reporting no association. Similar to the full analysis, HICs
reported positive associations more frequently with three out of
seven associations (43%), from five papers, whilst in MICs all five
associations coming from only two papers reported no overall
pattern. In low quality papers (<3%*), the number of positive
associations in HICs is lower compared to the full analysis with
three of nine associations (33%) from four papers reporting such a
finding. In MICs, the seven positive associations out of 12 (58%)
were from just two papers, both using the same sample
population.

Childhood SEP and ratio and distribution measures

Five papers reported on the association between SEP and a ratio
or distribution measure (Table 5). Two papers used the same
sample from the US and the remaining papers reported results
from the UK (n = 2) and Brazil (n=1).

Four papers looked at the association between SEP and a
measure of central fat. Two of these using the same sample found
greater social advantage to be associated with decreases in trunk
FM, total abdominal adipose tissue [35] and trunk FMI [75]. The
other two papers found no association between any SEP variable
considered and central fat [59, 64]. Only one paper looked at a
ratio measure and found a lower mean muscle to fat ratio in lower
parental income groups, except in girls aged 11-14 [61].

DISCUSSION

This systematic review finds evidence of socioeconomic inequal-
ities in body composition in childhood and adolescence, although
the direction and strength of these inequalities varies by measure
of SEP, measure of body composition, sex and economic
development of the country of study. Evidence of negative
associations were generally observed for all measures of fat.

International Journal of Obesity

Negative associations were more frequently observed in samples
from HICs compared with MICs, with positive associations only
observed in studies from MICs. In HICs, negative associations were
found more frequently in girls compared with boys, whilst in MICs
girls more often showed positive associations. Greater socio-
economic advantage was associated with greater FFM in
approximately half of the associations studied, but such associa-
tions were less common with outcome measures indexed to body
size in both HICs and MICs, and in studies rated as higher quality.
The review highlighted a lack of research using area-level
measures of SEP, parental income and using more detailed
measures of body composition, such as ratio and distribution
measures.

Our findings for fat mass are broadly consistent with those from
reviews using BMI as the measure of adiposity. Shrewsbury and
Wardle [2] and Barriuso et al. [3], found associations between
greater socioeconomic disadvantage and higher levels of adipos-
ity among children and adolescents from HICs, identifying almost
no associations in the opposite direction. Sobal and Stunkard [4]
and Dinsa et al. [81] observed consistent evidence of more
disadvantaged SEP being related to lower levels of obesity among
children in MICs. However, where Sobal and Stunkard [4] found
the association between SEP and obesity, measured largely by
BMI, to be inconsistent among children in HICs, we found more
consistent evidence that greater socioeconomic disadvantage was
associated with higher fat mass.

Previous research using anthropometric measures of obesity
have reported that, in HICs, studies using parental education
report inverse associations most frequently [2, 3] consistent with
our findings. Area-level measures of SEP have previously been
shown to be particularly strong predictors of obesity [26], and this
may be due to the close link between area-level measures of SEP
and obesogenic elements in the environment [82, 83]. However,
we found very few studies using area-level SEP and body
composition.

There are a greater percentage of negative associations
between SEP and fat measures among children compared with
those found in our review of adults in HICs [20]. This difference
may indicate life course differences in the association between
SEP and adiposity, or secular changes in inequalities given that the
studies conducted in children typically include individuals born
more recently than those conducted in adults. A comparison of
the British birth cohorts demonstrated increasing inequalities in
BMI with age within the cohorts, and inequalities in childhood and
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Table 4.
SEP indicator

Positive association

N % References
Fat-Free Mass
Miscellaneous 7 100% [69]°° [691*° [69]°° [69]1*° [61]°
[611° [48]
Fat-Free Mass %
SEP 1 25%  [41]°C
Parental Education 1 25% [4217€
Miscellaneous 3 75%  [611° [61]° [421°¢
Fat-Free Mass Index
Occupational 1 33% [38]°
Social Class
Parental Education 0o - -
Miscellaneous 1 50% [36]
Dry Lean Mass
SEP 100%  [42]° [411°€ [40]°
Miscellaneous 40%  [42]P<[421P¢
Lean Mass
Parental Education’ 3 43%  [771*°[771P<[58]
SEP 100%  [771P<[771°[56]*<
Occupational 0o - -
Social Class
Miscellaneous 0o - =
Lean Mass %
Parental Education 1 33% [58]
SEP 0 - -
Lean Mass Index
SEP 0 - -
Parental Education 0o - -
Appendicular Skeletal Muscle
School Level SEP 2 100% [611°[611°
Appendicular Skeletal Muscle %
Miscellaneous 5 100% [63]° [631° [61]° [611° [52]

Overall Weighted Distribution of Associations
Lean Body Measures Combined

Combined SEP 48%
Combined SEP (HIC) 55%
Combined SEP (MIC) 43%

Direction of SEP and body composition association

Summary of associations between socioeconomic position and fat-free measures in children.

Total

Negative association No clear direction

N % References N % References N %

0 - = 0 - = 7 10%
50%  [69]°€[691* 1 25%  [42]° 4 6%
50%  [69]°€[691* 1 25%  [42]°C 4 6%
= = 1 25%  [42]°€ 4 6%

® = = 2 66%  [38° [31] 3 4%

0 - = 3 100% [73]9 [31, 36] 3 4%

0 - = 1 50% [75] 2 3%

0 - 0 - = 3 4%

0 - 3 60%  [4217°[42*€[401° 5 7%

0 - - 57%  [18]° [50][32, 49] 10%

0 - = 0 - = 3 4%

0 - = 100%  [32, 49, 64] 3 4%

0 - - 4  100% [50I[50][50149] 4 6%
66%  [777*[771°< 0 - = 3 4%
100% [771<[771°¢ o0 - = 2 3%

0o - = 3 100% [S1977P€[771°€ 3 4%

0 - = 2 100% [77]*[771°¢ 3%

0 - = 0 - - 2 3%

0 - = 0 - = 5 7%

12% 41% 69 100%

0% 45% 29 42%

20% 38% 40 58%

Positive associations indicate an increase in fat measure with an increase in socioeconomic advantage; inverse associations indicate a decrease in fat measure
with an increase in socioeconomic advantage. Miscellaneous SEP measures are where less than two papers reported on the measure.

%Indicates results for girls only.

PIndicates results for boys only.

“Indicates study conducted in a MIC.
YIndicates lean body mass instead of FFM.

adolescents were only observed in the most recently born cohorts
[84]. Research using the Fels Longitudinal Study demonstrated a
secular increase in FM% in children and adolescents from 1960 to
1999 [13]. Our results on directly measured adiposity in children
compared to our results in adults [20] broadly match the trends
seen in studies demonstrating secular increases in the inequalities
in BMI [15, 84, 85]. Follow up of childhood cohorts into adulthood
will be needed to distinguish a secular trend from an age effect.

Most studies in this review were conducted in children born
post 1984, which means that in HICs they were all born into an

SPRINGER NATURE

obesogenic environment, the onset of which is generally
estimated to be in the 1980s [86, 87]. Disadvantaged SEP, after
the onset of the obesogenic environment, has been associated
with increased proximity to fast food outlets [88, 89], larger
advertising of fast food [90], and worse access to sports facilities
[91] and green spaces [92] in HICs. Children are particularly
influenced by advertising [93] and the food environment
[94] and are less likely than adults to have a beneficial
relationship between the built environment and levels of
physical activity [95].
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Distribution of associations for fat-free measures by gender and income level
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Fig. 3 Distribution of associations for fat-free measures by gender and income level. Girls in HICs (N = 8): 0% negative associations, 87.5%
positive associations, 12.5% non-linear associations, 40% show no association; Boys in HICs (N = 7): 0% negative associations, 86% positive
associations, 0% non-linear associations, 14% show no association; Girls in MICs (N = 15) 27% negative associations, 47% positive associations,
0% non-linear associations, 27% show no association; Boys in MICs (N = 17) 24% negative associations, 53% positive associations, 0% non-

linear associations, 24% show no association.

In contrast to HICs, disadvantaged SEP was associated with
lower levels of body fat for children in MICs. Children of
advantaged SEP in these countries have greater exposure to a
western lifestyle compared to those of disadvantaged SEP, and in
particular greater access to more expensive and energy dense
foods [81]. Transnational food companies that have expanded to
MICs often target children with their adverts, therefore making
children particularly vulnerable to their efforts to increase
purchase and consumption in MICs [96]. In addition, differences
in physical activity may play a role. A study from India found
higher rates of obesity in private schools compared with
government schools [97], explained in part by a greater reliance
on cars or buses to get to private schools, whilst children who
attended government schools were more likely to walk or cycle
[96]. There may also be cultural differences in perception of
obesity between HICs and MICs [98], with overweight children in
MICs being considered healthier by parents [97] and poorer
understanding of the health consequences of obesity among
mothers in MICs [99].

We previously reported on the association between SEP and fat-
free measures in adulthood, finding predominantly no association,
although with slight evidence of positive associations among
women in HICs [20]. In contrast, we found considerable evidence
for inequalities in fat-free measures in childhood, especially in
HICs, and with few differences in associations between boys
and girls.

Greater inequalities in FFM in childhood compared to adult-
hood may reflect a secular decline in levels of FFM, which are likely
to be accompanied by growing inequalities, in the opposite
direction to inequalities seen for adiposity. The Fels Longitudinal
Study has shown mean FFMI to be lower in boys born in the 1990s
compared with boys of the same age born decades before [13].
Serial data more recently has shown a secular decline in muscle
strength, measured by handgrip, sit-ups, bent-arm hang and
standing broad-jump tests, among children in the UK [14]. It is
likely that secular changes in body composition would coincide
with secular change in the inequalities, as has been observed with
BMI [84], especially as changes to body composition have
occurred alongside an overall increase in health inequalities
[100]. Peak muscle function is determined across childhood and
early adulthood and then maintained through midlife [101], and
early development has been shown to be an important
determinant of LM in later adult life [102]. It is therefore probable

International Journal of Obesity

that inequalities in FFM observed in more recent generations in
children are likely to persist into adulthood and old age.

In our review, few studies used indexed measures of FFM that
aim to, at least partially, remove the correlation with height, nor
did they adjust for height. Among those that did, there were fewer
observed positive associations. Associations of greater disadvan-
tage and lower FFM may therefore be explained, at least partially
by height, as there is evidence that disadvantaged SEP is
associated with shorter height across childhood and adulthood
in most populations [103], although in HICs there is evidence this
inequality has narrowed [84]. Positive associations in FFM in MICs
may, however, also reflect that adequate nutrition is required for
the development of muscle tissue as well as height, specifically
intake of protein and micronutrients [104-108]. Increases in fat
mass are accompanied by adaptive increases in lean mass
[17, 109, 110] and this may explain the association between
disadvantaged SEP and lower fat-free measures in MICs, as
children in disadvantaged SEP are more likely to be food insecure
and lack essential macro and micronutrients [111], and therefore
be shorter and have lower levels of both FM and FFM [112].
Further studies which appropriately adjust FFM measures for
height are required to assess this. Few studies adjusted for fat
mass, which is a suggested way of identifying the independent
inequalities in lean mass.

Strengths and limitations

This review was registered with PROSPERO and has been carried
out according to the published protocol [21]. The review has a
generous inclusion criterion, capturing a broad range of evidence,
thereby reducing selection bias. We also reduced bias by having
two independent reviewers conducting each stage of the review,
including selection of studies into the review and extraction of
data, as well as completion of a quality assessment which was
used to inform of the variability in study quality.

The generous inclusion criteria resulted in considerable hetero-
geneity in samples, study design and measures used. This variation,
together with heterogeneity in the analytical approaches and
reporting of results, prevented us from being able to conduct a
meta-analysis. Additionally, the association, not paper, was used as
the unit of analysis since most papers reported more than one
association, meaning that in some cases one paper may contribute
more weight to the overall summary of findings. The same data sets
were also used by multiple authors in multiple papers.
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Findings
trunk FMI (all at p < 0.05). Increase in

advantage was associated with

SEP was negatively associated with
decreases trunk FMI.

Body composition

measure
Trunk FMI

SEP measure
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Children from ongoing cross-sectional study,
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report as either African American, European
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Increase in social advantage associated

with decreases in central adiposity.

Trunk FM, TAAT

SEP

Children self-identifying as African American,

267 7-12

USA

Cardel et al. [35]

European American, or Hispanic American from
Birmingham, Alabama area.

ALSPAC

Trunk FM No association

Social Occupational Class

10
47

5917
1

UK

Ness et al. [64]

%Android Fat No association

Mothers education, Income

per capita

Children aged 4-7 from a retrospective cohort

83

Brazil

Magalhaes et al.

[59]

who were monitored for the first months of life

by a support program to breastfeeding

(PROLAQ) in the city of Vicosa, southeast Brazil.

Lower muscle to fat ratio in low-income
groups in all age groups, except for

females aged 11-14.

Muscle:Fat Ratio

School Level SEP

Caucasian children from inner city London and

from more affluent surrounding counties.

5-14

UK 2 297

McCarthy et al.

[61]

SEP Socioeconomic Position, FMI Fat Mass Index, TAAT Total abdominal adipose tissue, ALSPAC Avon longitudinal Study of Parents and Children.

As it was not possible to conduct a meta-analysis, it was not
possible to assess publication bias. It is, however, possible that
publication bias exists with papers based on small sample sizes
showing positive results are more likely to be published than
those showing null findings. We did, however, include studies that
tested the association of interest as part of a wider set of analyses
instead of just focussing on those studies with a specific
hypothesis on SEP differences, which may have reduced the
impact of publication bias. This included papers that did not
report full results where associations were found to be non-
significant in preliminary analysis. However, this does mean that
associations may not have appropriate adjustment for
confounders.

This review prioritised assigning patterns to associations using
the effect estimates and confidence intervals, which convey more
about the direction and strength of effect, and the accuracy of
these estimates [113, 114] and to overcome problems related to a
reliance on P values [114, 115]. However, many of the papers
included reported P values alongside only descriptive data or
description of the association in the text. As P values are
influenced by the sample size of the study, lack of associations
observed in such studies is likely due to a lack of statistical power.
The studies included in this review were generally small, with a
median sample size between 485 and 502. Additionally, because
of the heterogeneity in SEP measures, outcomes, statistical
approaches and the reporting of results it was not possible to
make comparisons of effect size across papers, even among those
studies that did use appropriate statistical methods. There may
also have been overadjustment as studies have adjusted for
factors which may actually be mediators rather than confounders.

There is inconsistency in the literature relating to the
terminology used to describe FFM [116]. It is not uncommon for
the same terminology to be used for different measures of FFM, or
indeed different terminology to be used for a single measure. We
sought to ensure comparability of results by applying standard
definitions of FFM measures across the review, but some papers
did not provide enough clarity on the measures used to do this
confidently. There is a need for consistent definitions to be
applied across the body composition literature, and for authors to
provide clarity on the measures used.

We amended protocol slightly, due to the need to analyse
heterogeneity by country income level, as more papers were
identified from MICs than expected and it was clear that this was
an unignorable source of heterogeneity. We had no papers
included from LICs, limiting the ability to explore SEP and body
composition associations in countries at an earlier stage of the
nutrition transition, which would have been valuable for under-
standing the changing relationship of SEP and obesity with
economic development.

Implications

In monitoring inequalities, BMI may accurately capture fat mass at
a population level in childhood, given the similarities of our
findings with reviews on social inequalities in BMI. However, our
review suggests contrasting findings on inequalities in FFM in
HICs. This may, assuming such associations are not fully explained
by inequalities in height, mean that BMI underestimates the
inequalities in the health risks related to adiposity. If children from
more disadvantaged SEP groups have lower levels of muscle mass
and strength, as well as higher levels of fat mass, this may have
important implications for inequalities in outcomes which also
require good muscle function. As we have found greater evidence
of inequalities in body composition in children compared with
adults, tracking of body composition through the life course in
more recent generations could have important implications for
inequalities in physical capability in later life. Follow up of these
childhood cohorts is needed to confirm whether these are secular
rather than age-related changes in inequalities.

International Journal of Obesity



It is also crucial that future research appropriately indexes body
composition measures and distinguishes measures that include
bone from those that do not. Inequalities in height are likely to be
an important factor that can explain the observed inequalities in
such measures. The results of this review also highlight the need
for more research investigating the associations of SEP with ratio
and distribution measures of body composition which are related
to metabolic and cardiovascular disease outcomes, especially in
MICs, and greater research on sex differences in both HICs and
MICs. There are also gaps in research looking at the effect of area-
level measures on body composition, a measure of SEP that is
closely linked to the obesogenic environment, particularly in
relation to FFM.

Efforts should be made to address inequalities in both FM and
FFM among children in HICs and MICs by reducing access to, and
advertising of, fast food to children, and promoting and ensuring
equal access to healthy and nutritious food. Promotion of physical
activity and access to sport facilities should also be prioritised in
poorer communities to address inequalities in FFM.
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