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Abstract

Background

Simulated interventions using observational data have the potential to inform policy and

public health interventions where randomised controlled trials are not feasible. National

childhood obesity policy is one such area. Overweight and obesity are primarily caused by

energy-rich and low-nutrient diets that contribute to a positive net energy imbalance. Using

data from the Avon Longitudinal Study of Parents and Children (ALSPAC), we investigated

whether causal modelling techniques could be applied to simulate the potential impact of

policy-relevant calorie-reduction interventions on population prevalence and inequalities in

obesity in childhood.

Methods

Predicted probabilities of obesity at age 11 (UK90 cut offs) were estimated from logistic mar-

ginal structural models (MSM) accounting for observed calorie consumption at age 7 and

confounding, overall and by maternal occupational social class. A series of population inter-

vention scenarios were modelled to simulate daily calorie-reduction interventions that dif-

fered in effectiveness, targeting mechanism and programme uptake level.

Results

The estimated effect of maternal social class on obesity after accounting for confounding

and observed calorie intake was provided by the controlled direct effect (CDE), in which,

18.3% of children were living with obesity at age 11 years,. A universal simulation to lower

median intake to the estimated average requirement (EAR) (a 6.1% reduction in daily calo-

ries) with 75% uptake reduced overall obesity prevalence by 0.6%; there was little impact on
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inequalities. A targeted intervention to limit consumption to the EAR for children with above

average intake reduced population obesity prevalence at 11 years by 1.5% but inequalities

remained broadly unchanged. A targeted intervention for children of low-income families

reduced prevalence by 0.7% and was found to slightly reduce inequalities.

Conclusions

MSMs allow estimation of effects of simulated calorie-reduction interventions on childhood

obesity prevalence and inequalities, although estimates are limited by the accuracy of

reported calorie intake. Further work is needed to understand causal pathways and opportu-

nities for intervention. Nevertheless, simulated intervention techniques have promise for

informing national policy where experimental data are not available.

Introduction

Evaluation of large-scale policy interventions is desirable, but challenging. A randomized con-

trolled trial, while considered to be the gold-standard, is seldom feasible, ethical, or sufficiently

timely for the investigation of complex policy actions at a population level. However, recent

advances in causal inference methods applied to observational datasets provide opportunities

to address policy concerns by comparing the likely impact of alternative interventions before

they are implemented at scale. Obesity has been the focus of considerable policy attention, as a

consequence of rising rates of childhood obesity in the UK and elsewhere. In the UK since

2006/07, National Child Measurement Programme (NCMP) data show obesity rates have

increased for children aged 4/5 years and 10/11 years [1]. Obesity tracks from childhood to

adolescence and adulthood [2], with associated morbidities including type 2 diabetes and car-

diovascular disease [3]. Socioeconomic disadvantage, whether measured by education, occupa-

tion or income [4], is strongly linked to increased risks of obesity in childhood [5], with

inequalities widening in recent years [1]. Inequalities in obesity are driven by a range of com-

plex determinates: across the socioeconomic gradient there are differences in living conditions,

the built environment, in education and employment opportunities, and in access to health-

care services, all of which affect health behaviours, including dietary choices and physical activ-

ity [6,7]. The accumulation of excess body fat is caused by energy-rich and low-nutrient diets

that result in an energy imbalance [8]; supporting people to reduce calorie intake is one means

to reduce BMI.

Reducing population prevalence and inequalities in childhood obesity is high on the public

health agenda and is a key priority for policy makers. In the UK, the Childhood Obesity Strat-

egy (2016–2019) acknowledges the many drivers of the problem but also that the ultimate

cause of childhood obesity is overconsumption of calories [9]. The strategy comprises a pro-

gramme of policy goals, which seek to address energy balance by reducing dietary intake and

improving diet quality [10]. The policy programme encompasses individuals and families,

healthcare systems, and societies. At an individual level, there has been commitment to actions

that help people make healthier choices for their families. In terms of communities, there is a

particular focus on the school environment, on providing support with the cost of healthy

food, and the positive use of available technologies. In terms of healthcare systems, there is a

key aim of improving the quality of weight management services in order to provide appropri-

ate treatments and enable people to maintain a healthy weight. Finally, there is a strong focus
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on structural action, including fiscal measures, regulation of advertising, and challenging

industry to improve the nutritional composition and healthiness of food products.

It is widely accepted by policy experts that reducing prevalence and tackling inequalities in

obesity requires integrated policy action across individual, community and societal levels [11].

It is also accepted that the complex aetiology of the problem requires interventions that target

the structural and socioeconomic determinants of obesity [11]. There is some evidence relating

to the effectiveness of preventative and behaviour changing interventions for children of all

ages. In terms of preventative interventions, there is weak evidence that dietary interventions

alone are effective for any age group and better evidence that dietary and physical activity

interventions may be effective in preventing childhood obesity [12]. In terms of individual

behavioural interventions, trial evidence from high income countries showed that multi-com-

ponent behaviour change interventions may achieve reductions in body weight in children of

all ages but that the effective components of these interventions remains unclear [13]. The

scale up of trial evidence to populations is also problematic given that small scale interventions

require effectiveness trials in real world settings and may not function in the same way at a

population level [14]. In terms of individual and community interventions that focus on tack-

ling inequalities in childhood obesity, evidence is mixed and UK evidence is low quality [7].

There is also very little evidence as to the effectiveness of policy-based obesity interventions at

a population level or relating to societal or multilevel interventions in the UK [15].

There is a need to produce evidence-based policy, despite the challenges of developing and

assessing interventions at a population level. Using methods applied elsewhere to the simula-

tion of population interventions [16] this work sought to investigate whether causal modelling

techniques could be applied to model the potential population impact of policy action or hypo-

thetical interventions on prevalence and inequalities in obesity. Using longitudinal cohort

data, scenarios were modelled to represent reductions in energy intake at age 7y, with esti-

mated impacts on population level obesity at age 11y. Within a social determinants framework,

we conceptualised the exposure as an upstream marker of inequalities (maternal social class)

which would be associated with obesity through downstream risk factors (mediators, such as

energy intake), where the mediator would be the easiest point of policy action. This framing of

policymaking as a mediation analysis allowed us to investigate the extent to which downstream

policy targets might ameliorate the effects of disadvantage on child obesity.

Given the inequalities in obesity, maternal social class was used as the exposure variable in

the model; impacts were reported by level of disadvantage, with relative and absolute inequali-

ties in obesity also estimated. Interventions differed in effectiveness, programme uptake level,

were targeted based on income or reported calorie intake levels, or were indicated based on

prior weight status.

Methods

Data sources

ALSPAC is a geographically defined longitudinal birth cohort in the old administrative county

of Avon in Southwest England. Pregnant women resident in Avon, UK with expected dates of

delivery 1st April 1991 to 31st December 1992 were invited to take part in the study. The initial

number of pregnancies enrolled was 14541. Of these initial pregnancies, there was a total of

14676 foetuses, resulting in 14062 live births and 13988 children who were alive at 1 year of

age [17,18].

When the oldest children were approximately 7 years of age, an attempt was made to bolster

the initial sample with eligible cases who had failed to join the study originally. As a result,

when considering variables collected from the age of 7 onwards (and potentially abstracted
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from obstetric notes) there are data available for more than the 14541 pregnancies mentioned

above. The number of new pregnancies not in the initial sample (known as Phase I enrolment)

that are currently represented on the built files and reflecting enrolment status at the age of 24

is 913 (456, 262 and 195 recruited during Phases II, III and IV respectively), resulting in an

additional 913 children being enrolled. The phases of enrolment are described in more detail

in the cohort profile paper and its update [17]. The total sample size for analyses using any

data collected after the age of seven is therefore 15454 pregnancies, resulting in 15589 foetuses.

Of these 14901 were alive at 1 year of age.

ALSPAC is a dataset which has frequent follow ups, and includes 34 child-completed ques-

tionnaires and 25 mother- or caregiver-completed questionnaires [17]. The ALSPAC study

website contains details of all data available through a fully searchable data dictionary and vari-

able search tool [19]. Ethical approval for the study was obtained from the ALSPAC Ethics and

Law Committee and the Local Research Ethics Committees. Informed consent for the use of

data collected via questionnaires and clinics was obtained from participants following the rec-

ommendations of the ALSPAC Ethics and Law Committee at the time.

Analytic sample

Observations without a unique pregnancy identifier, twins, any child not alive at year one, and

observations where consent was withdrawn were deleted, leaving a sample of 14304 children.

There were complete data on total daily calories for 7081 children at age 7 (49.5% of the work-

ing sample); 3326 had missing data for confounding or outcome variables, resulting in a com-

plete case sample of 3755 children.

The analytic sample included all children with data on the exposure variable (maternal

social class; n = 10680). Multiple imputation by chained equations was used to deal with miss-

ing data and attrition; fifty datasets were generated, assuming that data were missing at ran-

dom (see S1 Appendix) [20].

Measures

Exposure (maternal social class)

Maternal occupational social class recorded at baseline (32 weeks gestation) was used as a

measure of household deprivation. It comprised six categories, which were collapsed into

three groups for these analyses: high social class (professional, managerial and technical), mid-

dle social class (skilled non-manual), and low social class (skilled manual, part-skilled and

unskilled).

Outcome (obesity)

Objectively measured height and weight was recorded at age 11 years. Height was measured

to the nearest 0.1cm using a Harpenden stadiometer and weight was measured to the nearest

0.1 kg using a Tanita scale [21]. Z-scores were calculated for BMI at age 11 years using the

UK90 reference data [22] and cut offs for overweight (>85th percentile) and obesity (>95th

percentile) for epidemiological application [23] were applied.

Mediator (total daily calorie consumption)

Total daily calorie intake at age 7 years was calculated from mother-reported three-day diet

diaries and subsequent clinic assessments. Parents were sent structured diaries to record all

food and drink consumed by the child over two week days and one weekend day. Completed

diaries were brought to the clinic and interviews were carried out with parents if clarification

was required or if there were anomalies [24,25]. Portion size and nutrient content were calcu-

lated for all items in the diary, from which average total daily calorie intake for each child was

estimated [26,27]. The 5th edition of McCance and Widdowson’s food tables [28] and
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supplementary volumes were used for the nutrient analysis of diet diaries. Observations which

were beyond the estimated range of normal measurement error, deduced by 95% confidence

intervals, were excluded [29,30].

Estimated average requirements (EAR) was used as an estimate of food energy needs for

children aged 7 years [31]. The EAR is derived by multiplying basal metabolic rate (BMR) and

physical activity level (PAL), accounting for growth and development [31]. A measure of effec-

tive and healthy long-term weight loss was provided by applying recommendations for adults

[32].

Confounding. The causal diagram showing the hypothesised relationship between socio-

economic circumstances, calorie intake and childhood obesity, accounting for confounding

(Fig 1).

Baseline confounding

Child ethnicity, categorised as ‘white’ and ‘non-white’.

Intermediate confounding

Birthweight, recorded in grams from obstetric data, standardised and categorised as low

(<1SD below the mean), mid (-1 to 1), or high (less than 1SD above the mean); physical health

of the child at 5 years, re-categorised as generally healthy and sometimes/almost always unwell;

child activity score (a sum score provided by ALSPAC of various activities, classes, clubs or

groups attended by the child) at 7 years re-categorised from 0–60 into three groups based on

the distribution: low (1–10), mid (11–20) and high (21+); and child’s weekly TV time at 7

years, combining typical weekday and weekend day TV viewing into three categories: low (less

than or equal to 14 hours per week), mid (between 14 and 26 hours) and high (greater than 26

hours per week). All confounders except birthweight were maternal-report.

Data analysis. Descriptive analyses using linear, logistic and multinomial regression were

conducted to assess relationships between maternal social class (exposure at baseline), total

daily calories (mediator at age 7 years), BMI (outcome at age 11 years), and confounders. Total

Fig 1. Directed acyclic graph showing theoretical associations between exposure (maternal social class at 0 years),

mediator (total daily calories at 7 years) and outcome (BMI at 11 years). a The controlled direct effect was provided after

adjusting total daily calories (accounting for baseline and intermediate confounding) and estimating the effect of maternal

social class on obesity. Intervention scenarios were modelled by simulating reductions to calorie intake (varying in

effectiveness, targeting and uptake) with impacts on population prevalence and inequalities in obesity observed.

https://doi.org/10.1371/journal.pone.0263043.g001
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daily calories were not normally distributed; therefore, median daily calories were reported

and used to inform simulations (Table 2). Prevalence of obesity at age 11 years by maternal

social class was reported with relative and absolute inequalities (Table 3). Stata SE 15.1 was

used to perform all analyses [33].

Logistic regression was used to model the association between maternal social class and

BMI at 11 years within a marginal structural modelling (MSM) framework [34]. Inverse proba-

bility weights (IPWs) were constructed between the exposure with baseline confounding

(weight 1) [34]. This weight represented the change in probability of social class after adjust-

ment for baseline confounders. Weights were stabilised and trimmed (between 1% and 99%)

to deal with the potential influence of outliers (see S2 Appendix) [16]. Predicted probabilities

obtained from the regression models were used to estimate the prevalence of obesity overall

and by maternal occupational social class. This provided the total direct effect (TDE) of mater-

nal social class on obesity [16].

Relative and absolute inequalities (differences in obesity prevalence by social class) were

estimated by repeating regression models using maternal occupational social class as a contin-

uous term. Relative inequalities (risk ratios) were given by the ratio of fitted probabilities of

overweight and obesity between the highest and lowest maternal occupational social groups,

while absolute inequalities (risk differences) were given by the difference between the fitted

probabilities between the highest and lowest maternal occupational social groups.

Total daily calories was then included in the model as a continuous variable with IPWs for

baseline and intermediate confounding (weight 2). This weight represented the change in

probability of calorie intake given social class after adjustment for baseline and intermediate

confounders. This provided the controlled direct effect (CDE) from the adjusted model i.e. the

estimated effect of maternal social class on obesity when total daily calories was fixed at

observed levels [16,35]. The final weight for the CDE was given by multiplying weights 1 and

2. The CDE was the model against which simulated scenarios were compared.

To simulate intervention scenarios, the mediator was adjusted to reflect reductions in calo-

rie intake. Predicted probabilities of obesity prevalence and inequalities were re-estimated for

each intervention scenario and compared to the original CDE model.

Effectiveness for intervention scenarios was modelled by simulating various reductions to

calorie intake. For each reduction in calories, a normal distribution was generated around the

adjusted level in order that likely variability was reflected, meaning reduction of intake varied

between individual children receiving the intervention.

Interventions were either universal (for all children; scenario 1), targeted (based on elevated

family or individual risk of future obesity; scenarios 2 and 4) or indicated on past weight status

(scenario 3). Family based targeting was income-based, where children of low income families

(less than 60% the UK median [36,37]) received an intervention (scenario 2) or individual-

based, where children with reportedly high consumption received an intervention (scenario

4).

An indicated intervention (scenario 3) was simulated for children living with obesity at a

prior age. Obesity at age 7 was defined using z-scores BMI using the UK90 reference data [22]

and cut-offs for epidemiological application [23].

In each scenario, only eligible children received an intervention. In the universal scenario,

all children were eligible for an intervention but in scenarios 2–4 eligibility was determined

according to targeted and indicated criteria.

In terms of uptake of eligible children, for simulations 1 and 2, 75% of children were ran-

domly assigned to the intervention group given that compliance with an intervention would

be less than 100%; however, there was no evidence of relevant population interventions to

guide a realistic uptake level. When targeting on individual risk (scenario 4) and with the
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indicated intervention (scenario 3), all children with high consumption or living with obesity

at an earlier age were eligible for an intervention.

Simulations (Table 1)

Each scenario represents a potential population policy action or intervention and follows a

structure with a level of effectiveness (extent of calorie reduction), targeting or indicating

based on income or risk of future obesity, and a level of uptake of eligible children.

Scenario 1 modelled the impact of a universal intervention that reduced population intake

of calories for children aged 7 years; uptake of the intervention was set at 75%. The population

distribution of intake was shifted down by reducing median calorie intake to the EAR. Median

intake in calories (taken from food diaries) was 1732.4 for boys and 1654.1 for girls, while the

EAR is estimated to be 1649 for boys and 1530 for girls. Therefore, to bring median intake in

line with EAR, boys would need to consume 83.4 less calories (4.8%) and girls 124.1 (7.5%),

which equated to a 6.1% overall decrease overall. For boys, this daily decrease is approximately

equivalent to a fun size Mars bar and for girls a fun size Mars bar plus a Maryland cookie. Sex-

specific reductions were applied with random variation.

Scenario 2 modelled a more intensive intervention and was targeted to children of low-

income families; uptake among eligible children was set at 75%. The intensive intervention

was designed to represent a healthy weight loss intervention and was informed by EAR values

for adults (sex and age groups combined) [31] and the recommendation for adults to eat 500

calories fewer per day to achieve healthy, long-term weight loss [32]. Based on this, the effec-

tiveness of the hypothetical intervention, equated to a 21.3% decrease in daily intake. Given

the relationship between disadvantage and obesity [5], children from low-income families

were targeted as they are at heightened risk.

Scenario 3 modelled the same intensive reductions in intake based on recommendations

for effective, healthy and long-term weight loss in adults (as in scenario 2, this equated to a

-21.3% decrease in daily intake). This intervention was for children living with obesity at a

prior time, given that obesity in children tracks through adolescence and into adulthood [2].

Eligible children were indicated using weight status; uptake (all children living with obesity at

age 7 years) was 9.3%. Scenarios 2 and 3 represented a substantial reduction in daily calories

and were only applied to children living with or at elevated risk of obesity.

Scenario 4 modelled the impact of a targeted intervention that reduced intake among chil-

dren reported to be consuming the most. This intervention effectively truncated the popula-

tion distribution of intake by targeting children with intake exceeding EAR. For these

children, intake was then fixed at the level of the EAR in order that every child’s intake was

equal to or less than the EAR (1649 and 1530 daily calories for boys and girls respectively).

For all simulations, as guided by the lower nutrient intake bound [38], a lower bound was

set at 2SD below the mean intake as reported from food diaries in the ALSPAC analytic

Table 1. Simulated intervention scenarios.

Scenarios Calorie reduction Target Uptake

1. Universal intervention to meet estimated average

requirements (ear)

-6.1% (-4.8% for boys,

-7.5% for girls)

All children 75%

2. Targeted intensive intervention for children of

low income families

-21.3% Children from low income families (33.7%) 75%

3. Indicated intensive intervention for children with

prior obesity

-21.3% Children living with overweight or obesity at age 7 years (9.3%) 100%

4. Targeted intervention for children consuming

excess total daily calories

Variable Boys consuming >1649 kcal per day (55.7%) and girls consuming >1530

kcal per day (70.7%) (62.9% overall)

100%

https://doi.org/10.1371/journal.pone.0263043.t001
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Table 2. Descriptive statistics of ALSPAC across analytical samples.

Whole sample n = 14,304 Complete Case n = 3,652 Imputed sample (m = 50) n = 10,680

Sex Male (7330) 51.2% (1843) 50.5% 51.9%

Female (6974) 48.8% (1809) 49.5% 48.1%

Exposure

Mother Social Class Low (2749) 25.7% (671) 18.4% 25.7%

Mid (4561) 42.7% (1531) 41.9% 42.7%

High (3370) 31.6% (1450) 39.7% 31.6%

Missing (3,624) - -

Baseline confounding (0 years)

Ethnicity White (11173) 95.0% (3558) 97.4% 95.7%

Non-white (591) 5.0% (94) 2.6% 4.3%

Missing (2540) - -

Mediator

Total daily calories Median kcal (SE) 1702.8 (3.8) 1700.3 (6.3) 1694.3 (5.3)

Missing (7223) - -

Intermediate confounding

Birthweight Low (1850) 13.3% (414) 11.3% 13.2%

Mid (10176) 73.2% (2668) 73.1% 72.3%

High (1869) 13.5% (570) 15.6% 14.5%

Missing (409) - -

Child physical health Very healthy/healthy (8614) 97.0% (3565) 97.6% 97.1%

Sometimes/always unwell (265) 3.0% (87) 2.4% 2.9%

Missing (5425) - -

Child activities score Low (624) 7.3% (210) 5.8% 7.2%

Mid (5638) 66.3% (2364) 64.7% 66.4%

High (2238) 26.3% (1078) 29.5% 26.4%

Missing (5,804) - -

TV time Low (< = 14hrs) (736) 9.1% (347) 9.5% 7.6%

Mid (>14hrs and < = 26hrs) (6382) 78.8% (2982) 81.7% 80.9%

High (>26 hours) (977) 12.1% (323) 8.8% 11.6%

Missing (6209) - -

Outcome

BMI status (11 years) Not obese (4531) 65.5% (2444) 66.9% 65.6%

Overweight (85th-95th) (1056) 15.3% (587) 16.1% 16.1%

Obese (>95th centile) (1327) 19.2% (621) 17.0% 18.3%

Missing (7390) - -

Informing/targeting variables for interventions

BMI status (7 years) Not overweight/obese (6316) 79.1% (2951) 80.8% 79.0%

Overweight (85th-95th) (856) 10.7% (391) 10.7% 11.7%

Obese (>95th) (809) 10.1% (310) 8.5% 9.3%

Missing (6323) - -

Income 1 <£100pw (301) 4.1% (61) 1.9% 4.0%

2 £100-£199pw (834) 11.3% (256) 7.8% 11.6%

3 £200-£299pw (1350) 18.3% (558) 17.1% 19.1%

4 £300-£399pw (1649) 22.4% (791) 24.2% 22.9%

5 >£400pw (3235) 43.9% (1605) 49.1% 42.4%

missing (6935) - -

https://doi.org/10.1371/journal.pone.0263043.t002
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sample. This lower bound prevented simulations from reducing calorie intakes for children

with low reported consumption. Variables used in targeted and indicated scenarios were

recorded at the same time as the mediator and were independent to the model.

Sensitivity analyses. Four sensitivity analyses were carried out. In the first, the models

were estimated in a complete case sample (n = 3755). In the second, analyses were repeated

using maternal education as an alternative measure of socioeconomic circumstances. In the

third, simulations were repeated with higher and lower levels of uptake (100% and 30%) to

represent complete and lower compliance with a policy change or hypothetical intervention;

there was no clear evidence to inform compliance with interventions so we sought to describe

a pattern of results across varying uptake levels. Fourth, simulations were repeated with an out-

come of combined overweight and obese categories.

Results

Descriptives

Of mothers in the analytic sample, 25.7% were from the lowest social class (comprising ‘skilled

manual’, ‘part-skilled’ and ‘unskilled’ occupations; Table 2). At age 7, median daily calorie con-

sumption was 1732.4 for boys and 1654.1 for girls, which was 83.4 and 124.1 calories higher

than the EAR respectively. The percentage of children with daily intake equal to or less than

the EAR was 44.3% and 29.3% for boys and girls respectively. Obesity prevalence at 11 years

was 18.3%.

Maternal social class at 32 weeks gestation predicted obesity at age 11 years. Compared to

children from the highest social class, those from the lowest social class were 1.4 times more

likely to be living with obesity. Total daily calories reported at age 7 years was positively

Table 3. Prevalence of obesity at age 11 years by maternal social class with risk ratios and differences for relative and absolute inequalities, for intervention scenar-

ios 1–6.

Scenario Consuming < = EAR (boys/

girls)

Prevalence of obesity at 11 years (> = 95th centile) Inequalities in obesitya

Overall (change vs

CDE)

Maternal occupational social class Risk ratiob

(CIs)

Risk differenceb

(CIs)Low (change vs

CDE)

Mid (change vs

CDE)

High (change vs

CDE)

Controlled Direct Effectc

44.3%/29.3% 18.3% 20.3% 18.2% 16.7% 1.21 (1.06–

1.36)

3.52 (1.15–5.88)

Simulation 1: Universal intervention to meet kcal per day recommendation (-6.1% overall), 75%

54.6%/39.3% 17.7% (-3.5%) 19.6% (-3.5%) 17.6% (-3.5%) 16.2% (-3.5%) 1.21 (1.06–

1.37)

3.41 (1.11–5.71)

Simulation 2: Targeted intensive intervention (-21.3%) for children from low income families (35.0%), 75% uptake overall

55.5%/41.8% 17.6% (-3.7%) 19.3% (-4.8%) 17.6% (-3.8%) 16.3% (-2.6%) 1.18 (1.03–

1.33)

2.98 (0.69–5.27)

Simulation 3: Indicated intensive intervention (-21.3%) for children with obesity, 9.3% uptake

48.5%/33.7% 18.0% (-1.4%) 19.9% (-1.6%) 18.0% (-1.4%) 16.5% (-1.3%) 1.21 (1.05–

1.36)

3.41 (1.08–5.75)

Simulation 4: Targeted calorie-reduction simulation for children consuming excess total daily calories to limit intake to EAR, 62.6% uptake overall

100%/100% 16.8% (-8.3%) 18.7% (-8.0%) 16.8% (-8.0%) 15.3% (-8.8%) 1.22 (1.06–

1.38)

3.38 (1.17–5.60)

a Relative and absolute inequalities were estimated using a continuous linear term for maternal social class.
b Risk ratios and differences are likelihoods calculated with reference to non-obese group (<95th centile of zBMI at age 11 years).
c The effect of maternal social class on obesity prevalence at age 11 years, adjusted for baseline and intermediate confounding with mediation of total daily calories held

at observed level.

https://doi.org/10.1371/journal.pone.0263043.t003
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associated with increasing BMI z-scores and significantly predicted obesity at age 11 years

(p<0.001). There was a weak relationship between maternal occupational class and dietary

intake where the highest daily calorie consumption was reported among the highest social

class group (1712.1 kcals, SE = 8.4) compared to the middle and lower social class groups

(1686.1 kcals, SE = 12.9 and 1685.5 kcals, SE = 10.6 respectively; S1 and S2 Tables).

Simulated interventions

Table 3 summarises the estimated prevalences by social class and absolute and relative inequal-

ities, for each scenario with comparison to the CDE. We tested for a multiplicative interaction

between exposure and mediator and found it was not significant; therefore, we did not include

an interaction term in the model or separately estimate the CDE for each level of exposure.

However, we acknowledge that, in situations where the exposure and mediator are both associ-

ated with the outcome, an interaction will be observed on at least one scale. In this case, indi-

cating that an additive interaction will be present, which has not been accounted for in these

models.

The CDE estimated population prevalence of obesity for children aged 11 years after adjust-

ment for reported calorie intake at 7 years; inequalities in obesity were observed. There was

almost no difference in prevalences between the TDE (effect of household disadvantage on

obesity with confounding) and the CDE (including calorie intake in the model), showing that

reported intake had little mediating effect on the relationship between maternal occupational

class and obesity at age 11 years. The relationship was unmediated by calorie consumption

owing to the inverse relationship between intake and disadvantage, where the highest reported

intake was observed in the highest social group.

Scenario 1 modelled the impact of a universal calorie reduction of 6.1% with 75% uptake.

Compared to the CDE there was a reduction in overall obesity prevalence from 18.3% to

17.7%; i.e. a 3.5% reduction in obesity relative to the CDE. There was little change to relative

inequalities, while absolute inequalities were marginally reduced following this intervention.

The percentage of children with daily intake equal to or less than the EAR was increased fol-

lowing this simulation to 54.6% and 39.3% for boys and girls respectively.

Scenario 2 modelled a 21.3% reduction in calories, targeted to children of low-income fami-

lies, with 75% uptake of eligible children. Overall obesity prevalence was reduced from 18.3%

to 18.0%; i.e. a 3.7% change compared to the CDE. Relative and absolute inequalities were

slightly reduced.

Scenario 3 modelled a 21.3% reduction in calories for children with obese at age 7. Com-

pared to the CDE, estimated prevalence of obesity was slightly reduced from 18.3% to 18.0%;

i.e. a 1.4% change compared to the CDE. There was little change in relative inequalities and a

marginal narrowing of absolute inequalities.

Scenario 4 modelled a variable reduction in calories, targeted intervention to children with

daily intake exceeding the EAR. Limiting maximum intake of all children to the EAR and pro-

duced the greatest overall effect, reducing obesity prevalence at 11 years from 18.3% to 16.8%;

i.e. an 8.3% change compared to the CDE; there was little change in inequalities. In this sce-

nario, all children had daily intake equal to or less than the EAR.

Sensitivity analysis

Results from models using maternal education as the exposure were very similar to those

reported. Analysis repeating scenario 1 (a universal calorie reduction of 6.1%) but with 100%

uptake, demonstrated a stronger pattern of results or lower (30%) uptake, demonstrated a
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weaker pattern of results. The results were also similar when combined overweight and obesity

outcome was used (for sensitivity analyses, S3–S5 Tables).

Discussion

Summary

We have shown that it is feasible to use MSM to estimate the effects of interventions to reduce

calorie intake at age 7 on BMI at age 11 years, within a social determinants framework where

the exposure is occupational social class in early childhood.

Obesity was 18.3% and predicted by disadvantage in children aged 11 years. Children aged

7 were consuming excess calories compared to the estimated average requirement (EAR),

according to food diary report. There was an unexpected social patterning of intake across

social groups, where the highest intake was reported among the highest social group. Models

simulating the effects of reducing calorie consumption at age 7 had some effect on obesity

prevalence and reductions were proportional to the effectiveness of the hypothetical interven-

tion. Inequalities in the outcome remained broadly unchanged following interventions; how-

ever, decreases in prevalence were greatest in the lower social groups, meaning calorie

reduction measures may be impactful for disadvantaged children. The impact of hypothetical

interventions was successfully modelled at a population level; however, the reliability of the

model and the effect sizes is subject to a number of caveats, including the accuracy of mater-

nal-report of intake from food diaries and the social patterning of intake across social class

groups. Further research is needed to better describe causal pathways, exploring the potential

impact of timing and duration of an intervention, and the comparative effects on inequalities

in obesity of interventions on multiple downstream factors, by including, for example, physical

activity in addition to calorie intake.

Research context

Policy makers in the UK [10] and elsewhere have identified reducing dietary intake and

improving dietary quality as key areas for policy action in tackling childhood obesity. How-

ever, there are few intervention programmes that operate at a population level. The meaningful

extrapolation of small-scale trial evidence to populations is also challenging, given that the

effective components of an intervention may be unclear and the contexts in which they are

effective may vary [39]. Given the absence of population data and the challenges of extrapolat-

ing trial data, we adopted a simulation approach to estimate the potential impacts of hypotheti-

cal interventions that result in calorie-reductions on population prevalence and inequalities in

childhood obesity. The nature or characteristics of these interventions are not described and

could include individual behavioural interventions, such as health promotion initiatives, struc-

tural policy actions, such as taxation on unhealthy food and drinks, or be the by-product of

broader policy levers.

Universal, targeted and indicated calorie-reduction interventions were found to reduce

population prevalence of obesity in children but effect sizes were modest. Given that excess

energy intake is the main driver of obesity, we might expect greater impacts on obesity follow-

ing reductions in dietary intake. That observed changes were modest may be symptomatic of

the relationship between obesity and disadvantage, which is likely to increase the risk of weight

gain in multifactorial ways. The pathways between disadvantage and obesity may be direct or

indirect and may be affected by a range of individual, lifestyle, sociocultural and environmen-

tal factors.

Despite the positive association between increasing disadvantage and BMI, the interven-

tions modelled showed that reducing obesity prevalence had little to no effect on inequalities.
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Since higher energy intake predicts overweight and obesity, we expected disadvantage to pre-

dict greater calorie consumption but this trend was not observed. Universal calorie-reduction

interventions reduced prevalence but not inequalities in obesity, likely due to the social pat-

terning of reported intake. Despite this, given the higher prevalence of obesity and that preva-

lence decreases following interventions were greater among lower social groups, targeted

interventions for disadvantaged children are likely to narrow inequalities in obesity.

Strengths and limitations

There is a lack of evidence of the impact of population interventions to address childhood obe-

sity and this is the first study to our knowledge that has simulated calorie reduction interven-

tions at a population level. A number of hypothetical scenarios were modelled that focussed on

estimated energy requirements for children, general guidance for healthy weight-loss [32] and

policy targets. This study used a large UK regional cohort of children for which the exposure,

mediator and outcome variables were recorded temporally. The ALSPAC cohort includes

objectively recorded BMI data, reliable dietary intake and a number of potential confounding

factors.

There were some limitations of the data. The regional sample was large but not nationally

representative of the wider UK population, notably, ALSPAC mothers were more affluent and

better educated than the UK average. There was also under-representation of the most

deprived groups in the sample population owing to systematic differences between participat-

ing mothers and those who did not enrol [18]. Under-representation of the most deprived

groups may also have occurred within the sample, given that participants of greater disadvan-

tage were disproportionately lost to attrition [18]. These data may under estimate caloric

intake and obesity prevalence for children of lower social class given that rates of drop out are

higher among such groups.

The cohort was based on children born in early 90s, and BMI data were generated in 2002.

Rates are likely to be lower in the analytic sample compared to current populations, given the

trend of increasing obesity since 2002 [1]; it is also likely based on this trend that contempo-

rary UK children consume more calories compared to those in this cohort. Estimate average

requirements were also based on relatively recent data of body weights (2011) [31], meaning

the average requirement in 2002 is likely to have been a lower estimate. Therefore, the extent

that children were overeating based on food diaries was probably underestimated in these

analyses with implications for modelled interventions and reductions in overall prevalence.

Estimated intake was based on food diaries, which have been shown to be valid [40] mea-

sures of dietary intake and have shown good agreement with total energy expenditure [41];

however, concerns remain about potential report bias [25]. Three-day diet diaries are a snap-

shot of behaviour and may not represent normal routines or relate to BMI; the act of observing

and recording intake may also modify mother or child dietary behaviour. Given well-estab-

lished inequalities in obesity, we expected to observe a higher daily intake of calories in disad-

vantaged groups; however, we found that reported intake was similar across the social classes.

There is inconsistent or an absence of evidence that calorie consumption in adults is markedly

different across social groups but strong evidence that dietary quality is socially patterned and

is likely to be a key contributor to inequalities in obesity. Despite some limitations with the

estimates, it is likely that the associations between social class, dietary intake and obesity would

remain [42,43].

We accounted for a number of potential confounders [44,45] but there are likely to be other

factors that we were not able to account. For example, child activities score was used as a proxy

measure for activity but was not an objectively recorded measure of physical activity. A
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limitation of using observational data is that we were limited in the extent that we could infer

causation relating to the pathway to obesity, given that there may remain unmeasured con-

founding factors between the exposure, mediator and outcome relationships [46]. This is par-

ticularly relevant to the pathway from social deprivation to BMI, which is complex. However,

we were successful in describing a minimally sufficient causal diagram, with adjustment to

account for the potential problem of collider bias.

Replicating these models in other cohorts, using more contemporary data and at different

ages will increase our understanding of the likely impact of calorie reduction interventions on

population prevalence and inequalities of childhood obesity.

Implications for policy

Causal inference methods provide a means to simulate the implementation and comparison of

any number of competing population policy actions, before they are trialled, or rolled out

nationally. The adoption of a mediation approach within a social determinants framework

allows for the estimation of the impact on prevalence and inequalities in the outcome of realis-

tic targeting of interventions on downstream risk factors, which mediate the effects of poverty

on child outcomes.

The simulations presented here indicate that policy actions or interventions that reduce cal-

orie intake in children would be likely to reduce obesity prevalence. The reductions in obesity

prevalence following these simulations were small; however, such changes are likely to be

highly meaningful at a population level. Approaches to reduce the incidence of disease are

more effective when the distribution of a risk factor is reduced by a small amount at a popula-

tion level, compared to targeting large reductions among individuals at the highest risk [47].

This is particularly true when the population attributable risk is high, as is the case with obe-

sity, given that the prevalence and the likelihood of associated morbidity are high.

Universal interventions were not found to reduce relative or absolute inequalities providing

further evidence that the pathway from disadvantage to obesity is complex. However, given

that reductions in obesity prevalence following interventions were greatest in the lowest social

groups, targeting disadvantaged children would be likely to result in a narrowing of inequali-

ties. A focus on inequalities should remain at the heart of policy seeking to address the child-

hood obesity problem, given the higher prevalence of obesity in lower social groups, the

tracking of obesity through to adulthood and health impacts across the life course.

Conclusions

The mechanisms by which social disadvantage increases the likelihood of childhood obesity

are complex. Using mediation models, we were able to address concerns of real-world rele-

vance, providing evidence to inform policy decisions on the potential impact of changes in cal-

orie intake on population prevalence and inequalities in obesity.
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