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ABSTRACT

Objectives To develop a model to predict future
socioeconomic inequalities in body mass index (BMI) and
obesity.

Design Microsimulation modelling using BMI data from
adult participants of Australian Health Surveys, and
published data on the relative risk of mortality in relation
to BMI and socioeconomic position (SEP), based on
education.

Setting Australia.

Participants 74329 adults, aged 20 and over from
Australian Health Surveys, 1995-2015.

Primary and secondary outcome measures The
primary outcomes were BMI trajectories and obesity
prevalence by SEP for four birth cohorts, born 10 years
apart, centred on 1940, 1950, 1960 and 1970.

Results Simulations projected persistent or widening
socioeconomic inequality in BMI and obesity over the adult
life course, for all birth cohorts. Recent birth cohorts were
predicted to have greater socioeconomic inequality by
middle age, compared with earlier cohorts. For example,
among men, there was no inequality in obesity prevalence
at age 60 for the 1940 birth cohort (low SEP 25% (95% Cl
17% to 34%); high SEP 26% (95% Cl 19% to 34%)), yet
for the 1970 birth cohort, obesity prevalence was projected
to be 51% (95% Cl 43% to 58%) and 41% (95% Cl 36%
to 46%) for the low and high SEP groups, respectively.
Notably, for more recent birth cohorts, the model predicted
the greatest socioeconomic inequality in severe obesity
(BMI >35kg/m?) at age 60.

Conclusions Lower SEP groups and more recent birth
cohorts are at higher risk of obesity and severe obesity,
and its consequences in middle age. Prevention efforts
should focus on these vulnerable population groups

in order to avoid future disparities in health outcomes.
The model provides a framework for further research to
investigate which interventions will be most effective in
narrowing the gap in socioeconomic disparities in obesity
in adulthood.

INTRODUCTION

Obesity has been described as the public
health challenge of our time.' In the last
four decades, high-income Western countries
including Australia have seen unprecedented
increases in age-standardised adult BMI and
the prevalence of obesity.> More recently,
severe obesity (BMI >35 kg/m?) has emerged

Strengths and limitations of this study

» This s an innovative study and the first to use micro-
simulation to increase our understanding of trends
in socioeconomic disparities in body mass index
(BMI) and obesity among adults in Australia.

» The model combines the best evidence pertaining to
obesity progression and mortality in different socio-
economic groups and includes Australian data, and
published meta-analyses of mortality in relation to
weight status and socioeconomic position (SEP).

» The model has been presented transparently and
externally validated using the most recently avail-
able national data on population-level adult BMI
from Australia.

» A limitation is the use of only one indicator of SEP
based on educational attainment, which had some
missing data in the baseline population.

(from 5% to 10% of the adult population).’
This has important implications, because the
upper extremes of the BMI spectrum confer
acute health risks and because healthcare
costs rise steeply with BMI above 35 kg/m®.*

It is well established that in high-income
countries, obesity disproportionately affects
the most socioeconomically disadvantaged
groups.” Furthermore, there are major
disparities in chronic disease outcomes for
which overweight and obesity is a risk factor.®
However, the current literature pertaining
to high-income countries is conflicting on
whether inequalities in obesity are persistent,7
widening® or narrowing.” '

People generally accrue BMI during their
life course'! and, as a result, there has been
great interest in identifying BMI trajectories
through longitudinal studies or modelling
BMI growth trajectories'® to understand
the epidemiology of disease and to identify
atrisk populations. Beyond their value in
epidemiological studies, models are regarded
as powerful tools for informing policy deci-
sions,"” yet current models of obesity rarely
take account of socioeconomic position
(SEP), thus overlooking a key policy-relevant

Dr Eng Joo Tan; as a public health problem, and in Australia ~ determinant of obesity. There are currently
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interventions are most effective in reducing inequalities.

Simulation models may provide insights in this context
that are not possible with traditional statistical methods,'”
but their use is just beginning.'®

In this study, we present a new version of a microsimula-
tion model for Australia adults'” which projects obesity in
different socioeconomic subgroups, based on educational
attainment. In microsimulation, individuals are modelled
separately, and these methods are well established in
health economics as a way of predicting outcomes based
on individual characteristics.”® An important consid-
eration before gaining insights from a model is that it
predicts consistently across SEP groups.'* Accordingly,
in this study, we validate our model projections against
observed BMI trajectories and obesity progression, strati-
fied by SEP, and then use the model to determine future
trends in socioeconomic inequalities in obesity—both
within and between generations.

METHODS

Study populations

Study populations included survey respondents of four
Australian National Health Surveys between 1995 and
2015, including the 1995 National Nutrition Survey
(NNS) and National Health Surveys in 2007/2008,
2011/2012 and 2014/2015.° "*! Height and weight
were objectively measured by trained interviewers and
participation was voluntary. A stadiometer was used to
measure height to a maximum of 210 cm and correct to
one decimal point. Weight was measured using digital
scales measuring to a maximum of 139.9kg (1995 survey)
and to a maximum of 150kg (later surveys) and reported
correct to one decimal point. Body mass index (BMI) was
determined from weight in kg divided by height in metres
squared (m®). SEP was based on completion of high
school and derived from responses to the survey question
‘whether completed secondary school” in NNS 1995 and
‘highest year of school completed’ for subsequent health
surveys (2007/2008 and beyond). Data from the 1995
and 2011/2012 surveys were used to derive equations
for age-related annual weight gain, and all health surveys
beyond 1995 were used in validation of model predictions
until 2014/2015.

Overview of the simulation model

Our approach uses individual-level (microsimulation)
modelling and predicts BMI trajectories for members
of the Australian adult population. Microsimulation
accounts for heterogeneity within a population and
thus can model obesity progression based on individual
characteristics such as age, sex and SEP. The model is
initialised with nationally representative individual-level
data from participants of national health surveys that
have characteristics of age, sex, SEP and measured BMI.
The model runs on discrete time steps, in which individ-
uals grow older by lyear, they may gain or lose weight
and/or they may die in any annual cycle. BMI is modelled

as a continuous variable, age is modelled in individual
years and SEP is a binary variable defined by comple-
tion of high school. The model equations predicting
annual BMI change (online supplementary methods 1.1)
are based on Australian national data, using a synthetic
cohort technique.” The modelling of age, sex and
SEP-specific mortality (online supplementary methods
1.2) is based on the 2011/2012 Australian life table,?® a
published meta-analysis of the association of BMI and
all-cause mortality,”* and the published relative risk of
mortality by SEP from a large Australian cohort study.”
This involves apportioning the conditional probability of
death to those of different weight status and SEP, using
established methods.*

Validation and prediction of BMI and obesity trajectories by
SEP

We carried out validation of the model predictions, for
four birth cohorts 1966-1975, 1956-1965, 1946-1955
and 1936-1945 (centred around 1970, 1960, 1950 and
1940 and aged 20-29, 30-39, 40-49 and 50-59 years in
1995). Starting with a baseline population representing
4.5million adult men and 4.9million adult women in
1995, we simulated BMI trajectories and determined the
prevalence of healthy, overweight, obesity and severe
obesity over three decades to 2025, stratified by SEP.
Predicted mean BMI and prevalence of weight status
groups, using standard BMI cut-points, were compared
with health survey data from 2007,/2008, 2011/2012 and
2014/2015, matched to the same birth cohorts. As only
the 1995 and 2011/2012 data were used in the derivation
of model equations, this represents both internal and
external validation.?” Survey estimation (svy command
in STATA) was used throughout the analysis of health
survey data and when preparing summary results of simu-
lated data. These weights take account of the multistage
sampling, and summary data such as mean BMI or preva-
lence of obesity can be inferred at a population level.

SEP inequalities in BMI and obesity by birth cohort

We simulated BMI trajectories from 1995 to 2035 to
predict how the population BMI distribution and obesity
prevalence progresses over time among different birth
cohorts and different SEP groups. In order to compare
outcomes of different birth cohorts at a common age,
we ran simulations over the adult life course. We chose
60 years as a suitable age to compare outcomes, as this is
the age at which obesity-related chronic disease starts to
become apparent.” For the two most recent birth cohorts,
this required running simulations prospectively, that is,
beyond 2015. We then determined inequality, calculated
as differences between high and low SEP in mean BMI,
prevalence of obesity (BMI >30kg/m?) and prevalence of
severe obesity (BMI >35kg/m?) at age 60 years.

Sensitivity analysis
Sensitivity analysis seeks to identify sensitive model param-
eters, that is, those which are most important in driving
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Figure 1 Simulated compared with actual BMI trajectories
for four birth cohorts stratified by SEP. (A) Birth cohort 1966—
1975 for men, (B) birth cohort 1966-1975 for women, (C) birth
cohort 1956-1965 for men, (D) birth cohort 1956-1965 for
women, (E) birth cohort 1946-1955 for men, (F) birth cohort
1946-1955 for women, (G) birth cohort 1936-1945 for men,
(H) birth cohort 1936-1945 for women. Lines=simulated BMI
trajectory and 95% Cl; circles=observed mean (95% CIl) BMI
from national health surveys; turquoise=high SEP; brown=low
SEP. BMI, body mass index; SEP, socioeconomic position.

model outputs.” We changed major model parameters
by their upper and lower 95% confidence limits and
observed the change in the projected prevalence of mean
BMI, overall obesity and severe obesity by age 60years,
when compared with the base model. These sensitivity
analyses were carried out for men and women of high and

low SEP, for four different age and birth cohorts, centred

around: 1940, 1950, 1960 and 1970.

Parameters investigated in the one-way sensitivity anal-
yses were:

a. Changing constants in the weight gain equations for
men and women, by upper and lower 95% confidence
limits.

b. Changing the HR for mortality (1.39 (95% CI 1.08 to
1.79)) of low compared with high education groups by
the upper and lower 95% confidence limits.

Further details are provided in online supplementary

methods 1.3.

Patient and public involvement

Patients and public were not involved in the design of the
research study. This study is a modelling study that used
non-identifiable participant data from National Health
Surveys and collected under the Census Act.

RESULTS
Validation and projection of BMI and obesity trajectories by
SEP
Figure 1 shows simulated and observed BMI trajectories
between 1995 and 2025 for four birth cohorts of men
and women and two SEP groups. Overall, simulated BMI
trajectories predicted a widening or persisting socioeco-
nomic inequality in mean BMI over time. For all cohorts,
the model showed good internal and external validation
as health survey data were within the simulated 95% CI.
Similarly, inequalities in the prevalence of obesity were
also projected to widen over time, and this widening
appeared to be greatest for the 1950 and 1960 birth
cohorts (at least until 2025) which was corroborated by
survey data for each birth cohort (figure 2). Validation
graphs of more weight status groups by SEP are shown in
online supplementary figures 1 and 2.

SEP inequalities in BMI and obesity by birth cohort

Figure 3 shows an example of the simulated progres-
sion of BMI distribution over time, for high and low
SEP, starting with a base population of 20-29 years men.
The baseline BMI distribution of the low SEP group was
already flattered and more right skewed than the high
SEP group in 1995. Simulated data show that by 2015 the
distributions have advanced and the right skew increased
but this is more pronounced for low SEP. By 2035, the
right skew is projected to increase further, resulting in
greater proportion of the distribution above BMI >35 kg/
m? for low compared with high SEP.

The model predicted that recent birth cohorts will
experience unprecedented levels of obesity and severe
obesity by the time they reach middle age (figure 4)—
and the lower SEP group will be worst affected. Obesity
at age 60 (represented by total bar height in figure 4) is
predicted to be higher for each successive birth cohort.
For the 1970 birth cohort, the model predicts that 50% of
the low SEP group and around 40% of the high SEP will
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Figure 2 Simulated compared with actual obesity

(BMI >30kg/m?) prevalence for four birth cohorts stratified
by SEP. (A) Birth cohort 1966-1975 for men, (B) birth cohort
1966-1975 for women, (C) birth cohort 1956-1965 for men,
(D) birth cohort 1956-1965 for women, (E) birth cohort 1946—
1955 for men, (F) birth cohort 1946-1955 for women, (G)
birth cohort 1936-1945 for men, (H) birth cohort 1936-1945
for women. Lines=simulated obesity prevalence and 95% ClI;
circles=observed obesity prevalence (95% CI) from national
health surveys; turquoise=high SEP; brown=low SEP. BMI,
body mass index; SEP, socioeconomic position.

have obesity at age 60years, approximately double that of
the 1940 birth cohort of around 24%, irrespective of SEP.
Substantial socioeconomic inequalities in mean BMI and
prevalence of obesity at age 60years were predicted for
the three most recent cohorts studied (table 1); a differ-
ence of 1-2 units of BMI, and 10%-15% obesity preva-
lence between low and high SEP. In contrast, there was
virtually no inequality in any of the outcomes at age 60 for
the 1940 birth cohort. While socioeconomic inequalities

A
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Figure 3 Simulated BMI distributions in 1995, 2015 and
2035 for men, 1966-1975 birth cohort. (A) High SEP (B) Low
SEP. Light grey=1995; dark grey=2015; black=2035. Dotted
lines represent obesity and severe obesity cut-points. BMI,
body mass index; SEP, socioeconomic position.

in BMI and obesity (BMI >30) at age 60 were predicted to
widen for the two successive birth cohorts beyond 1940,
there was some attenuation of these inequalities for the
1970 cohort (table 1).

Notably, for the two most recent birth cohorts inves-
tigated (1960 and 1970), socioeconomic inequality
at age 60 years was predicted to be greatest in severe
obesity (BMI >35 kg/m2), with a difference of about 10%
points between high and low SEP groups (figure 4). In
contrast, there was negligible inequality in obesity (30kg/
m2>BMI<35kg/m2) between high and low SEP groups
of the same birth cohorts. In other words, most of the
predicted socioeconomic inequality in BMI above 30kg/

m? is due to inequality at the extreme upper bound

(BMI >35kg/m?).

Sensitivity analysis
The results of the sensitivity analyses are shown in
online supplementary methods 1.3. Changing annual
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weight gain by upper and lower CIs had major impacts
on predicted BMI, obesity and severe obesity at age 60,
but only minimal effects on inequalities. For example,
the prevalence of obesity at age 60 for the 1970 cohort
changed by approximately +25% or ~19% under the alter-
nate weight gain scenarios, yet the inequalities increased
only slightly, by 3%-5%. Furthermore, changing the

hazard of mortality by SEP to upper and lower 95% CI
had little or no effect on projected mean BMI, obesity and
severe obesity at age 60years, and no effect on absolute
inequalities. None of the sensitivity analyses investigated
affected the predicted pattern of obesity being higher
with successive generations and the finding that the three
most recent cohorts would have greater socioeconomic

Table 1 Simulated outcomes at age 60 for different birth cohorts of men and women, and difference (inequality) in outcomes

between lower and higher SEP groups (high minus low)

Mean (95% CI) BMI at age 60

Obesity (BMI >30 kg/mz) prevalence (%) and

Severe obesity (BMI >35kg/m?)

Birth (kg/mz) 95% ClI Prevalence (%) and 95% CI

cohort Low SEP High SEP Difference Low SEP High SEP Difference Low SEP High SEP Difference

Men

1940 27.6 27.7 0.1 245 25.6 1.1 1.4 2.6 1.2
(26.6t028.5) (27.1t028.3) (-1.0t01.2) (15.5t033.4) (18.2t033.0) (0.7to 1.5) (0.0t0 2.9) (0.3t0 4.8) (0.9to 1.5)

1950 28.9 27.6 -1.3 36.3 23.1 -13.2 8.3 7.3 -1.0
(28.2t029.6) (27.1t028.1) (-2.2t0-0.5) (29.3t043.2) (18.3t027.8) (-13.5t0-12.9) (4.6t0 12.0) (4.310 10.3) (-1.3t0-0.7)

1960 30.7 28.5 -2.2 47.9 33.6 -14.3 20.3 9.4 -10.9
(30.0t0 31.4) (28.0t029.0) (-3.0t0-1.3) (41.8t054.00 (28.6t038.5) (-14.5t0-14.1) (15.6t024.9) (6.5t0 12.4) (-11.1to -10.7)

1970 31.4 29.7 -1.7 50.7 411 -9.6 24.6 13.9 -10.7
(80.5t032.2) (29.0t030.3) (-2.8t0-0.6) (43.4t058.0) (35.8t046.4) (-9.8t0-9.4) (18.41t030.9) (10.4t017.4) (-11.0t0-10.4)

Women

1940 27.5 27.5 0.0 26.5 24.0 -2.5 9.4 10.4 1.0
(26.3t1028.7) (26.6t028.4) (-1.5t01.5) (17.5t035.5) (16.7t031.4) (-2.9to-2.1) (2.3 t0 16.5) (4.8 to 16.0) (0.6to 1.4)

1950 28.7 27.0 -1.7 38.3 221 -16.2 13.9 9.2 -4.7
(27.9t029.5) (26.2t027.7) (-2.8t0-0.6) (31.4t045.3) (16.8t027.3) (-16.5t0-15.9) (9.2t0 18.6) (4.9t0 13.5) (-5.0 to -4.4)

1960 30.4 28.0 -2.4 43.4 30.4 -13.0 22.7 11.0 -11.7
(29.5t031.2) (27.4t028.6) (-3.4t0-1.3) (37.2t049.6) (25.6t035.1) (-13.2t0-12.8) (17.5t028.0) (7.7 to 14.4) (-11.9to -11.5)

1970 31.7 29.7 -2.0 53.7 423 -11.4 25.8 18.1 -7.7
(30.41t033.00 (29.1t030.3) (-3.4t0-0.6) (46.2t061.3) (37.3t047.2) (-11.6t0o-11.2) (18.9t032.7) (14.1t022.0) (-8.0to-7.4)

Numbers in brackets represent 95% CI.
BMI, body mass index; SEP, socioeconomic position.
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disparities at age 60, when compared with the 1940 birth
cohort.

DISCUSSION

Our study provides insight into the future inequalities
in obesity and severe obesity in a high-income country.
Persistentorwideninginequalitieswere predicted between
1995 and 2025 for all birth cohorts studied. Moreover, the
model predicted that recent birth cohorts will experience
unprecedented levels of obesity and severe obesity by the
time they reach middle age, and greater socioeconomic
inequality, compared with earlier birth cohorts. Of great
concern is the predicted shift towards inequality in severe
obesity, and thus, the associated unequal burden of obesi-
ty-related disease.

The major strength of the study is our novel model-
ling methods which account for age-related BMI change
across the life course and age-related mortality within SEP
groups. BMI is modelled as a continuous variable, thus
allowing for the prediction of prevalence of a range of
weight status groups, including severe obesity, which has
not previously been possible with existing models.*’

Another strength is the validation of model projections
using the most recently available national data on adult
BMI from Australia. This provides confidence in the
model’s predictions into the future. We have adhered to
good reporting practices for modelling” and the model-
ling is comprehensive and transparent. Finally, the model
is informed by objectively measured height and weight,
based on nationally representative population data.

As with any modelling study, there are a number of
assumptions. The first is that age-related and SEP-re-
lated annual weight gain derived from a contemporary
time period, up to 2012, is assumed to hold beyond 2012.
This may be a reasonable assumption, as recent studies
suggest age-related annual weight gain has been stable
or even slowed.” *' Another assumption is that there
are no changes over time in the association between
BMI and mortality among SEP groups. Nonetheless, in
sensitivity analysis, we have investigated the scenarios
of annual weight gain and the HR for mortality being
higher or lower, and the major conclusions pertaining to
the projected widening inequality in obesity and severe
obesity prevalence still hold.

Another limitation of the study is the use of comple-
tion of high school education as the only indicator of
SEP. As high school education is generally completed by
early adulthood, itis a suitable indicator to use in an adult
life course framework.” There is evidence of education
being an important predictor of weight gain® ** and the
use of an individual-level characteristic, is also consistent
with microsimulation. However, the relevance of educa-
tion as a marker of SEP may differ between birth cohorts
because of secular trends in education levels. Interest-
ingly, a recent meta-analysis™ using occupational status as
a marker of SEP reported a very similar HR, for mortality
of low compared with high SEP, to that used in our

modelling, based on educational status. Other socioeco-
nomic determinants such as household income, which
may change over the life course, were not accounted
for in the modelling. Investigations of inequalities in
obesity progression using other measures of SEP will be
an important avenue for future research. Finally, there
were some missing data on education status, in our base-
line population in 1995, particularly for the oldest birth
cohort, which could lead to bias. However, our results
show good internal and external validation, suggesting
that any bias did not have major impact on the overall
results.

To our knowledge, this is the first study in which a
microsimulation model has been developed, validated
and used to increase our understanding of trends in socio-
economic disparities in obesity among adults in Australia.
This study adds to the debate of whether inequalities in
obesity are growing. Our finding of widening inequalities
in obesity corroborates with existing studies in the USA,’
UK,® % Australia® and Europe,”” while other developed
(Organisation for Economic Co-operation and Develop-
ment) countries report stable inequalities,” and a US
study found that socioeconomic inequality in obesity
had largely disappeared by 2012.* The majority of these
studies used traditional statistical analysis. In contrast,
our dynamic model, which accounts for the association
of weight gain and mortality with SEP, has allowed us to
model into the future and hence to compare, side by side,
four different birth cohorts of different SEP, born 10years
apart.

Socioeconomic disparities in obesity prevalence
predicted by our model arise directly from the higher
rate of weight gain among low compared with high
SEP groups. Studies in other countries have also found
disparities in weight gain by educational or occupational
class.*” *! The mediators of inequalities in weight gain
are not clear, but there is some evidence that diet quality
is poorer for low SEP groups in Australia,” and poorer
health behaviours (smoking and physical activity)®
may also play a role. However, the presence of inequal-
ities in obesity at the beginning of adulthood (figure 1)
suggests inequalities in weight gain during childhood also
contribute to inequalities in adulthood. The prediction
that recent generations will have unprecedented levels of
obesity and severe obesity by middle age is probably due
to exposure to obesogenic environments, for a greater
proportion of their lifetime, including wider access to
low-nutrient, high-fat food and lower levels of physical
activity.

Notably, the model predicted that socioeconomic
inequalities in obesity will be greater than in previous
generations, and that severe obesity, which has the
greatest health implications and medical expenditures,*
will disproportionately affect those in lower SEP groups.
This study fills an important gap in our understanding
of how inequalities in obesity develop over time and has
policy implications for targeting of prevention efforts.
Lower SEP groups and more recent birth cohorts are
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at higher risk of obesity, severe obesity and its conse-
quences in middle age. Prevention efforts should focus
on these vulnerable population groups in order to avoid
increasing disparities in the long-term burden of obesity
in the future.

Beyond its use in predicting epidemiology of obesity
within different social strata, this model is part of a wider
research effort to develop a health economic model that
has relevance for different SEP groups. As the epidemio-
logical predictions of the model are sound, we can have
high confidence in its health economic predictions. By
modelling at the individual level, microsimulation will
allow for the investigation of intervention effects targeted
at specific population groups (eg, lower educated young
men who are overweight). Simulation modelling has,
to date, been underused in evaluation of the impact of
interventions on inequalities in health.'® We hope future
research using this model will assist policy-makers in iden-
tifying not only which interventions are most effective
and cost-effective but will also determine which are most
effective in narrowing the gap in socioeconomic dispari-
ties in overweight and obesity in adulthood.
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