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Heterogeneous contributions of change in
population distribution of body mass
index to change in obesity and

underweight
NCD Risk Factor Collaboration (NCD-RisC)*

Abstract From 1985 to 2016, the prevalence of underweight decreased, and that of obesity and
severe obesity increased, in most regions, with significant variation in the magnitude of these
changes across regions. We investigated how much change in mean body mass index (BMI)
explains changes in the prevalence of underweight, obesity, and severe obesity in different regions
using data from 2896 population-based studies with 187 million participants. Changes in the
prevalence of underweight and total obesity, and to a lesser extent severe obesity, are largely
driven by shifts in the distribution of BMI, with smaller contributions from changes in the shape of
the distribution. In East and Southeast Asia and sub-Saharan Africa, the underweight tail of the BMI
distribution was left behind as the distribution shifted. There is a need for policies that address all
forms of malnutrition by making healthy foods accessible and affordable, while restricting
unhealthy foods through fiscal and regulatory restrictions.

Introduction

Underweight as well as obesity can lead to adverse health outcomes (Prospective Studies Collabo-
ration et al., 2009; Global BMI Mortality Collaboration, 2016; Emerging Risk Factors Collabora-
tion et al., 2011). For at least four decades, the prevalence of underweight has decreased, and that
of obesity has increased, in most countries with significant variation in the magnitude of these
changes across regions of the world (NCD Risk Factor Collaboration (NCD-RisC), 2017a; NCD Risk
Factor Collaboration (NCD-RisC), 2019).

A shift in the whole distribution of body mass index (BMI) would simultaneously affect mean BMI
as well as the prevalence of underweight and obesity (Razak et al., 2018; Rose and Day, 1990). In
contrast, changes in the shape of BMI distribution — for example, widening or narrowing of the BMI
distribution, becoming more or less skewed, or having a thinner or thicker tail — would affect the
prevalence of underweight and obesity with only small impacts on the population mean, as shown
schematically in Figure 1. Understanding these two mechanisms is essential as they may require dif-
ferent public health and clinical responses (Penman and Johnson, 2006). But it is unclear how much
the two mechanisms have contributed to the observed decline in underweight and rise in obesity in
different world regions.

Some studies have investigated whether the rise in obesity or the decrease of underweight over
time, or differences across countries, were due to a shift in BMI distribution versus changes in the
low- or high-BMI tails of the distribution (Razak et al., 2018, Wang et al., 2007; Wagner et al.,
2019; Vaezghasemi et al., 2016; Razak et al., 2013; Popkin and Slining, 2013; Popkin, 2010;
Peeters et al., 2015; Ouyang et al., 2015; Monteiro et al., 2002, Midthjell et al., 2013;
Lebel et al., 2018, Khang and Yun, 2010; Helmchen and Henderson, 2004; Hayes et al., 2015;
Green et al., 2016; Flegal and Troiano, 2000; Stenholm et al., 2015, Hayes et al., 2017,
Flegal et al., 2012; Bovet et al., 2008). Most of these studies focused on a single or small number
of countries over relatively short durations or covered only one sex, a narrow age group, or specific
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Figure 1. Schematic diagram of contribution of change in mean body mass index (BMI) to change in total prevalence of underweight or obesity. (A)
Change in the prevalence of underweight and obesity if the distribution shifts, represented by a change in its mean and its shape. In this example, the
change (shown as the difference between blue and gray) results in a small decrease of underweight and a large increase in obesity. (B) Change in

the prevalence of underweight and obesity when only mean BMI changes (shown as the difference between orange and gray), without a change in the

shape of the distribution.

social groups. To understand whether weight gain occurs across all BMI levels or disproportionately
affects the underweight or obese segments of the distribution, and how this phenomenon varies
geographically, there is a need for a population-based study that simultaneously investigates both
underweight and obesity in relation to mean BMI in different regions of the world. We used a com-
prehensive global database to investigate how much change in mean BMI can explain the corre-
sponding changes in prevalence of adults with underweight (defined as BMI <18.5 kg/m?), total
obesity (BMI >30 kg/mz), and severe obesity (BMI >35 kg/mz) over three decades from 1985 to
2016 in different regions of the world.

Results

Data sources

The Non-Communicable Disease Risk Factor Collaboration (NCD-RisC) database contains 2896 pop-
ulation-based studies conducted from 1985 to 2019 with height and weight measurements of 187
million participants. Of these, 2033 studies had measurements of height and weight on 132.6 million
participants aged 20-79 years. The number of studies with participants aged 20-79 years in different
regions ranged from 53 in Oceania to 637 in the high-income western region. The number of data
sources by country is shown in Figure 2. The list of data sources and their characteristics is provided
in Supplementary file 4.

Change in mean BMI and prevalence of underweight, obesity,

and severe obesity by region

In 2016, the age-standardised prevalence of underweight was highest (>16% in different sex-age
groups) in South Asia; it was <2.5% in Central and Eastern Europe; the high-income western region;
Latin America and the Caribbean; Oceania; and Central Asia, the Middle East, and North Africa for
most age and sex groups. The age-standardised prevalence of obesity was highest (>24%) in these
same regions for most age and sex groups. It was lowest (<7%) in men and women from South Asia;
the high-income Asia Pacific region; and men from sub-Saharan Africa. The age-standardised preva-
lence of severe obesity was highest (12-18%) in women aged 50-79 years from Central Asia, the
Middle East, and North Africa; the high-income western region; Central and Eastern Europe; and
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Figure 2. Number of data sources with participants aged 20-79 years.

Latin America and the Caribbean. It was lowest (<2%) in South Asia; East and Southeast Asia; the
high-income Asia Pacific region; and men in sub-Saharan Africa.

From 1985 to 2016, age-standardised mean BMI increased by 1-4 kg/m? in all regions, with the
exception of women in the high-income Asia Pacific region and Central and Eastern Europe whose
mean BMI changed by less than 1 kg/m? (Figure 3). The prevalence of underweight decreased or
stayed unchanged and that of obesity and severe obesity increased from 1985 to 2016 in all regions,
with the exception of an increase in the prevalence of underweight in younger women in the high-
income Asia Pacific region. The largest absolute decrease in underweight prevalence from 1985 to
2016 was seen in South Asia; East and Southeast Asia; and sub-Saharan Africa, where it declined by
14-35 percentage points in different age-sex groups (Figure 4). Nonetheless, underweight preva-
lence remained higher in these three regions than elsewhere in 2016. Prevalence of underweight
changed only marginally in regions such as Central and Eastern Europe and the high-income western
region, where prevalence was already low in 1985.

The largest absolute increase in obesity prevalence from 1985 to 2016 occurred in Central Asia,
the Middle East, and North Africa; the high-income western region; Latin America and the Carib-
bean; Oceania (women); and Central and Eastern Europe (men) (Figure 4). Women in these regions
also experienced the largest increase in severe obesity prevalence, along with men in the high-
income western region. In these regions and sexes, obesity prevalence increased by 16-24 percent-
age points in different age groups, and severe obesity increased by 5-13 percentage points. The
increase in obesity was less than five percentage points in the high-income Asia Pacific region; South
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Figure 3. Change in mean body mass index (BMI) from 1985 to 2016 by region, sex, and age group.

Asia; and in men in sub-Saharan Africa; in the same regions, along with East and Southeast Asia, the
increase in severe obesity was less than two percentage points.

Associations of underweight, obesity, and severe obesity prevalence
with mean BMI
There was a strong association between the prevalence of underweight, obesity, and severe obesity
with mean BMI as measured by R-squared of the regressions of prevalence on mean
(Supplementary files 1 and 2). These indicate that 93% (men) and 96% (women) of variation in obe-
sity, and between 83% and 92% of variation in underweight and severe obesity, were explained by
mean BMI and other variables (year, region, and age group) in the regression models. The coeffi-
cients of the mean BMI terms represent the changes in (probit-transformed) prevalence associated
with a unit change in mean BMI, and their interactions with region represent variations in this associ-
ation across regions. For all three outcomes, the association of prevalence with mean BMI varied

across regions.

The inter-regional variation in the prevalence-mean association was stronger for obesity and
severe obesity than underweight, as seen in larger inter-regional range of the interaction terms. The
extent to which prevalence changes with any variation in mean BMI in each region is an outcome of
the main BMI term and its interaction with region; to be epidemiologically interpretable, this will
have to be converted from probit-transformed to original prevalence scale. For example, in the year

NCD Risk Factor Collaboration (NCD-RisC). eLife 2021;10:e60060. DOI: https://doi.org/10.7554/eLife.60060

4 of 35


https://doi.org/10.7554/eLife.60060

e Llfe Research article

Epidemiology and Global Health

Women
Prevalence of underweight (%) Prevalence of obesity (%) Prevalence of severe obesity (%)
Central Asia, Central Asia, Central Asia,
Central and 5 y East and Central and ¥ g East and Central and i , East and
Eastern Europe the mgﬂ!&%ﬁ:a"d Southeast Asia Eastern Europe the h‘lgz‘:lrI‘eAEf:;and Southeast Asia Eastern Europe he mfr?:‘eAE'raig;and Southeast Asia
60 60 604
40
20+
04 \_...-
High-income High-income Latin America and High-income High-income Latin America and High-income High-income Latin America and
Asia Pacific western the Caribbean Asia Pacific western the Caribbean Asia Pacific western the Caribbean
60 - 60 - 604
40+
201,
\/ —————
0-
Oceania South Asia s Aﬁ:}haaran Oceania South Asia S Azlacr;amn Oceania South Asia Sub;?;iac:aran
60 60 604
40 40
204 " ) y _/
|| ||| S N | | ] caeoestaeses
04 01

ﬁ?ﬂ?\&é‘@«‘*‘3@&‘@@“«‘3'@@@@@@ 'L ﬂ?&@@«‘* ﬂ?@@@«‘”w @‘*@@@«‘*
FITS IS SIS TSI fa“\9@“@4“*909@@Q@@@@@@Q SENS

2 @@@é‘«q @@@é‘«%w %‘M@@é‘«q
R “@“@“«““@@@0@“«0@"9»“@ SRS

Age group (years) Age group (years) Age group (years)
— 1985 --- 2016 decrease increase
Men
Prevalence of underweight (%) Prevalence of obesity (%) Prevalence of severe obesity (%)
Central Asia, Central Asia, Central Asia,
Central and i y East and Central and i g East and Central and i g East and
Eastern Europe the I\’\I‘I:jdrt!i'!‘eAEﬁai:and Southeast Asia Eastern Europe the “'\"Ig?:‘eAEfrai;a"d Southeast Asia Eastern Europe he “N’If:rl‘eAE'raé;and Southeast Asia

60 - 60 - 604
40+
“ \/

High-income High-income Latin America and High-income High-income: Latin America and High-income High-income Latin America and

Asia Pacific western the Caribbean Asia Pacific western the Caribbean Asia Pacific western the Caribbean
60 60 604

Sub-Saharan Sub-Saharan

Sub-Saharan

Oceania South Asia Africa Oceania South Asia Africa Oceania South Asia Africa
60 - 60 - 604
40+ 40
20 i 20+
04 "

S e e e i e s e e i e LI e e e T
EAT XL L CY LY LTS PALDERD DS S SO PSS DD 250
FIFFEEF I FFIIF S TSI SIS FEF S TS SIS S S W EA

Age group (years) Age group (years) Age group (years)
— 1985 --- 2016 decrease increase

Figure 4. Change in prevalence of underweight, obesity, and severe obesity from 1985 to 2016 by region, sex, and age group.
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2016, for women aged 50-59 years, at a mean BMI of 25 kg/m? (which was approximately the global
age-standardised mean level of BMI) (NCD Risk Factor Collaboration (NCD-RisC), 2017a), preva-
lence of underweight would have varied by seven percentage points across regions, being lowest in
Central and Eastern Europe and highest in sub-Saharan Africa; a unit increase in mean BMI would
have been associated with a relative change in prevalence ranging from —49% in the high-income
Asia Pacific region to —14% in Oceania. Also for women aged 50-59 years and a mean BMI of 25
kg/m?, the prevalence of obesity and severe obesity would both have been the highest in Oceania
and the lowest in the high-income Asia Pacific region, with a difference of 12 and 6 percentage
points, respectively, for the two outcomes; a unit increase in mean BMI would have been associated
with a relative change ranging from 21% to 46% for obesity and from 30% to 59% for severe obesity,
the smallest change for both being in Oceania and the largest in East and Southeast Asia. There was
similar inter-regional variation in the other year-age—sex strata.

Contribution of mean BMI to changes in underweight and obesity
prevalence

The rise in mean BMI accounted for >82% of the decline in underweight in different age-sex groups
in South Asia, where underweight prevalence declined by over 16 percentage points for all age-sex
groups (Figure 5). The remainder of the decline was due to change in the shape of the BMI distribu-
tion which reduced underweight prevalence beyond the effects of the population mean. In contrast,
in sub-Saharan Africa and East and Southeast Asia, the total change in prevalence of underweight
(3-12 percentage points) was 20-80% less than what was expected based on the increase in mean
BMI (Figure 5). In other words, in these regions the underweight tail of the BMI distribution was left
behind as the distribution shifted.

Where obesity increased the most — Central Asia, the Middle East, and North Africa; Latin Amer-
ica and the Caribbean; and the high-income western region — the rise in mean BMI accounted for
over three quarters of the increase in different age-sex groups (Figure 5). In Oceania, the actual rise
in prevalence of obesity (8-14 percentage points for all age-sex groups) was about two-thirds to
one-half of what would have been expected by the observed increase in mean BMI in men and
women (Figure 5). Change in mean BMI consistently accounted for a smaller share of the change in
severe obesity than it did for change in total obesity. Specifically, in regions where prevalence of
severe obesity changed by more than one percentage point, the contribution of change in mean
BMI to change in severe obesity in different regions was 53-90% of the corresponding contribution
for total obesity (Figure 5).

In other regions, the change in the prevalence of underweight, obesity, or severe obesity was too
small for the contribution of change in mean BMI to be epidemiologically relevant (Figure 5).

Discussion

We found that the trends in the prevalence of underweight, total obesity, and, to a lesser extent,
severe obesity are largely driven by shifts in the distribution of BMI, with smaller contributions from
changes in the shape of the distribution. The notable exceptions to this pattern were the decline in
the prevalence of underweight in East and Southeast Asia and sub-Saharan Africa and the rise of
obesity in Oceania, which were both smaller than expected based on change in mean BMI.

Our results are consistent with a recent cross-sectional study (Razak et al., 2018) using data from
women in low- and middle-income countries that found a strong association between mean BMI and
prevalence of obesity, and a moderate association between mean BMI and prevalence of under-
weight. Being cross-sectional, this study did not consider changes over time, as we have. Our results
are also consistent with another study which found that changes in median BMI contributed more
than 75% to the increase in obesity in the USA from 1980 to 2000 (Helmchen and Henderson,
2004).

Previous studies used one or more approaches to investigate changes in population BMI distribu-
tion: some analysed percentiles of the BMI distribution (Wagner et al., 2019, Vaezghasemi et al.,
2016; Razak et al., 2013; Popkin and Slining, 2013; Popkin, 2010; Peeters et al., 2015,
Ouyang et al., 2015; Lebel et al., 2018; Hayes et al., 2015), others focused on the change in prev-
alence above or below pre-specified BMI thresholds (Wang et al., 2007; Razak et al., 2013; Pop-
kin, 2010; Peeters et al., 2015; Ouyang et al., 2015; Khang and Yun, 2010; Flegal and Troiano,
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2000), or evaluated how the shape of the BMI distribution has changed via examining metrics such
as standard deviation and skewness (Peeters et al., 2015; Ouyang et al., 2015; Lebel et al., 2018,
Khang and Yun, 2010; Hayes et al., 2015; Flegal and Troiano, 2000). Most of these studies
reached the same conclusion as our study that, as the BMI distribution shifts upwards, the preva-
lence of underweight declines somewhat more slowly than the prevalence of obesity rises.

Our study has strengths in scope, data, and methods: the strengths of our study include present-
ing the first global analysis of how much the rise in mean BMI versus changes in the shape of its dis-
tribution influenced changes in both underweight and obesity prevalence. We used an
unprecedented amount of data from different regions covering three decades and used only mea-
sured data on height and weight to avoid biases in self-reported data.

As with all global analyses, our study has some limitations. Despite using the most comprehensive
global collection of population-based studies to date, some regions, especially Oceania and sub-
Saharan Africa, had less data, especially early in our analysis period. Further, given the large number
of age, sex, and region subgroups of population in our analysis, and its long duration, it was not pos-
sible to visually explore how the shape of BMI distribution has changed in the underweight and obe-
sity ranges where changes in the mean did not fully explain change in prevalence. Finally, there are
variations in characteristics such as response rate and measurement protocol across studies. Some of
these, such as exclusion of studies with self-reported height and weight, were a part of our inclusion
and exclusion criteria. Others may affect population mean or prevalence.

The finding that the majority of the rise in the prevalence of obesity from 1985 to 2016 is mostly
the result of a distributional shift points towards an important role for societal drivers, including
lower availability and higher price of healthy and fresh foods compared to caloric-dense and nutri-
ent-deficient foods (Swinburn et al., 2011), and mechanisation of work and motorisation of trans-
port throughout the world that have reduced energy expenditure in populations around the world
(NCD Risk Factor Collaboration (NCD-RisC), 2019; Ng and Popkin, 2012). First, although there is
a genetic component to BMI at the individual level (Silventoinen et al., 2017, Silventoinen et al.,
2016; Locke et al., 2015; Brandkvist et al., 2019), genetics explain only a small part of changes
over time, especially when people have access to healthy food and living environment. When the
environment becomes more obesogenic, some people or population subgroups may gain more
weight than others, implying that the environment remains the main contributor (Brandkvist et al.,
2019). This interplay of genetic predisposition and changes in the environment might account for
some of the excess rise in obesity and severe obesity beyond the effect of distributional shift alone
(Brandkvist et al., 2019). The exception observed in Oceania is possibly because in 1985 obesity
prevalence in this region was already so high (NCD Risk Factor Collaboration (NCD-RisC), 2017a)
that the rise in BMI did not change overall obesity status (but there was a substantial increase in
those with severe obesity, mostly accounted for by the change in mean BMI). The smaller decline in
underweight than expected in sub-Saharan Africa and East and Southeast Asia may be because
underweight is associated with lower socioeconomic status, food insecurity, and for sub-Saharan
Africa widening difference between rural and urban BMI levels which is different from other regions
(NCD Risk Factor Collaboration (NCD-RisC), 2019; Brandkvist et al., 2019; Di Cesare et al.,
2015; Subramanian and Smith, 2006; Di Cesare et al., 2013). If the benefits of economic develop-
ment do not sufficiently reach the poor, they remain nutritionally vulnerable, as has been seen for
height and weight during childhood and adolescence (NCD Risk Factor Collaboration (NCD-RisC),
2020; Subramanyam et al., 2011, Sanchez and Swaminathan, 2005; Pongou et al., 2006; Had-
dad, 2003; Stevens et al., 2012). Together with the rise in mean BMI and obesity (and short stature
which is not a topic of this paper but addressed in other studies) (NCD Risk Factor Collaboration
(NCD-RisC), 2020; Stevens et al., 2012; NCD Risk Factor Collaboration (NCD-RisC), 2016a), this
creates a double burden of malnutrition (Popkin et al., 2020).

In summary, we found that the worldwide rise in obesity and the decline in underweight are pri-
marily driven by the shift in the population distribution of BMI. At the same time, there is an evi-
dence of both excess obesity, and especially severe obesity, and persistent underweight beyond the
distributional shift in some regions, which may be related to growing social inequalities that restrict
access to healthy foods in those at highest risk of undernutrition (Popkin et al., 2020; Wells et al.,
2020; Darmon and Drewnowski, 2015). The response to these trends must motivate ‘double-duty
actions’ that prevent and tackle all forms of malnutrition through both fiscal and regulatory restric-
tions on unhealthy foods, and making healthy foods available, accessible, and affordable especially
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to those at high risks of underweight and obesity (Powell et al., 2013, Hawkes et al., 2020;
Bleich et al., 2017).

Materials and methods
Study design

Our aim was to quantify, for all regions of the world, how much of the change in prevalence of
underweight (defined as BMI <18.5 kg/mz), (total) obesity (BMI >30 kg/mz), and severe obesity
(BMI >35 kg/m?) among men and women aged 20-79 years from 1985 to 2016 could be accounted
for by change in mean BML. In the first step, we used data from a global database of human anthro-
pometry to estimate the associations of the prevalence of underweight, prevalence of obesity, or
prevalence of severe obesity with population mean BMI, including how the association varies in rela-
tion to age group and region. We then used the fitted association to estimate the contribution of
change in the population mean BMI to change in the prevalence of underweight, obesity, or severe
obesity in different regions.

Data sources

In the first step of the analysis, we estimated the prevalence-mean associations, using data from a
comprehensive database on cardiometabolic risk factors collated by NCD-RisC as described below.
In the second step, we needed consistent estimates of mean BMI for all regions. For this purpose,
we used data from a recent comprehensive analysis of worldwide trends in mean BMI from 1985 to
2016 (NCD Risk Factor Collaboration (NCD-RisC), 2017a) which had fitted a Bayesian hierarchical
model to the NCD-RisC data.

Data in the NCD-RisC database were obtained from publicly available multi-country and national
measurement surveys (e.g., Demographic and Health Surveys, WHO-STEPwise approach to Surveil-
lance [STEPS] surveys, and those identified via the Inter-University Consortium for Political and Social
Research and European Health Interview and Health Examination Surveys Database). With the help
of the World Health Organization (WHO) and its regional and country offices as well as the World
Heart Federation, we identified and accessed population-based survey data from national health
and statistical agencies. We searched and reviewed published studies as detailed previously
(NCD Risk Factor Collaboration (NCD-RisC), 2017a) and invited eligible studies to join NCD-RisC,
as we did with data holders from earlier pooled analysis of cardiometabolic risk factors
(Finucane et al., 2011; Farzadfar et al., 2011; Danaei et al., 2011a; Danaei et al., 2011b).

Data inclusion and exclusion
We carefully checked that each data source met our inclusion criteria as listed below:

e measurement data on height and weight were available;

 study participants were 5 years of age and older (as described earlier data used here were for
those 20-79 years);

» data were collected using a probabilistic sampling method with a defined sampling frame;

« data were from population samples at the national, sub-national (i.e., covering one or more
sub-national regions, with more than three urban or five rural communities), or community
level; and

o data were from the countries and territories listed in Supplementary file 3.

We excluded all data sources that only used self-reported weight and height without a measure-
ment component because these data are subject to biases that vary with geography, time, age, sex,
and socioeconomic characteristics (Tolonen et al., 2014; Hayes et al., 2011, Ezzati et al., 2006).
We also excluded data on population subgroups whose anthropometric status may differ systemati-
cally from the general population, including

o studies that had included or excluded people based on their health status or cardiovascular
risk;

» studies whose participants were only ethnic minorities;

 specific educational, occupational, or socioeconomic subgroups, with the exception noted
below; and

« those recruited through health facilities, with the exception noted below.

NCD Risk Factor Collaboration (NCD-RisC). eLife 2021;10:e60060. DOI: https://doi.org/10.7554/eLife.60060 9 of 35


https://doi.org/10.7554/eLife.60060

eLife

Epidemiology and Global Health

We included school-based data in countries and age-sex groups with enrolment of 70% or
higher. We also included data whose sampling frame was health insurance schemes in countries
where at least 80% of the population were insured. Finally, we included data collected through gen-
eral practice and primary care systems in high-income and Central European countries with universal
insurance because contact with the primary care systems tends to be as good as or better than
the response rates for population-based surveys. The list of data sources with participants aged 20—
79 years and their characteristics is provided in Supplementary file 4, with additional information in
Source data 1.

Duplicate data were identified by comparing studies from the same country and year, and then
discarded. All NCD-RisC members are also periodically asked to review the list of sources from their
country, to verify that the included data meet the inclusion criteria and are not duplicates, and to
suggest additional sources. The NCD-RisC database is continuously updated through all the above
routes. For each data source, we recorded the study population, sampling approach, years of mea-
surement, and measurement methods. Only population-representative data were included, and
these were assessed in terms of whether they covered the whole country, multiple sub-national
regions, or one or a small number of communities, and whether rural, urban, or both participants
were included. All submitted data were checked independently by at least two persons. Questions
and clarifications were discussed with NCD-RisC members and resolved before data were incorpo-
rated in the database.

We calculated mean BMI and the associated standard errors by sex and age. All analyses incorpo-
rated sample weights and complex survey design, when applicable, in calculating summary statistics,
with computer code provided to NCD-RisC members who requested assistance.

Additionally, summary statistics for nationally representative data from sources that were identi-
fied but not accessed via the above routes were extracted from published reports. Data were also
extracted for nine STEPS surveys that were not publicly available, one Countrywide Integrated Non-
communicable Diseases Intervention survey, and five sites of the WHO Multinational MONIltoring of
trends and determinants in CArdiovascular disease (MONICA) project that were not deposited in
the MONICA Data Centre. We also included data from a previous global data pooling study
(Finucane et al., 2011) when they had not been accessed as described above.

Here, to estimate the association of underweight, obesity, and severe obesity prevalence with
mean BMI as described below, we used data collected from 1985 to 2019 with measured height and
weight among men and women aged 20-79 years, in 10-year age groups. Data that did not cover
the complete 10-year age groups, for example, 25-29 or 60-64 years, were excluded. We included
data from study-age-sex strata with a prevalence between 0 and 1 to allow probit transformation
and with at least 25 participants in each stratum. These data were summarised into 11,652 study-
age-sex-specific pairs of mean and prevalence of adults with underweight, obesity, or severe
obesity.

Statistical methods

Anonymised data from studies in the NCD-RisC database were reanalysed according to a common
protocol. We calculated mean BMI and prevalence of underweight, obesity, and severe obesity by
sex and age group in each study in the NCD-RisC database from 1985 to 2019. We used data
through 2019 so that the prevalence-mean association is informed by as much data as possible. All
calculations took into account complex survey design where relevant. We excluded study—-age-sex
groups with less than 25 participants because their means and prevalence have larger uncertainty.

We then estimated the relationship between probit-transformed prevalence of underweight, obe-
sity, and severe obesity and mean BMI in a regression model, separately for each of these prevalen-
ces. The correlation coefficient between mean BMI and median BMI was >0.98 in different age-sex
groups, indicating a strong correlation between the two. In our statistical model, described below,
the prevalence of underweight, obesity, or severe obesity depends on population mean BMI as well
as on age group, region, and year.

All analyses were done separately for men and women. We chose a probit-transformed preva-
lence because it changes in an approximately linear manner as the mean changes, thus providing a
better fit to the data. The regressions also included age group in 10-year bands, region and the year
when the data were collected. The regions, used in previous analyses of cardiometabolic risk factors
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(NCD Risk Factor Collaboration (NCD-RisC), 2017a; NCD Risk Factor Collaboration (NCD-RisC),
2019; NCD Risk Factor Collaboration (NCD-RisC), 2020; NCD Risk Factor Collaboration (NCD-
RisC), 2016a; NCD Risk Factor Collaboration (NCD-RisC), 2018; NCD Risk Factor Collaboration
(NCD-RisC), 2017b; NCD Risk Factor Collaboration (NCD-RisC), 2016b; NCD Risk Factor Collab-
oration (NCD-RisC), 2016c), were Central and Eastern Europe; Central Asia, the Middle East, and
North Africa; East and Southeast Asia; high-income Asia Pacific region; high-income western region;
Latin America and the Caribbean; Oceania; South Asia; and sub-Saharan Africa. Countries in each
region are listed in Supplementary file 3. The model also included interactions between mean BMI
and age group, mean BMI and region, age group and region, age group and year, and year and
region. These terms allowed the prevalence-mean association to vary by age group, region, and
over time. The models were fitted in statistical software R (version 4.0.2) (Source code 1). The coeffi-
cients of the regression models are presented in Supplementary files 1 and 2.

We used the fitted regressions to quantify how much of the change over time in the prevalence
of underweight, obesity, or severe obesity in each region and age group can be explained by the
corresponding change in mean BMI. To do so, we first used the region- and age-sex-specific mean
BMI in 1985 and 2016 in the fitted association and then estimated the total change in prevalence of
underweight, obesity, or severe obesity by region. The mean BMI values were from a recent compre-
hensive analysis of worldwide trends in mean BMI (NCD Risk Factor Collaboration (NCD-RisC),
2017a) and are listed in Supplementary file 5. We then calculated the contribution of change in
mean BMI to the change in prevalence of underweight or obesity by allowing mean BMI for each
age group and region to change over time, while keeping year fixed at 1985. Results were calculated
by 10-year age group and then aggregated into two age bands, 20-49 and 50-79 years, by taking
weighted average of age-specific results using weights from the WHO standard population
(Ahmad et al., 2001).
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