Modelling the impact of calorie-reduction interventions on population prevalence and inequalities in childhood obesity in the Southampton Women’s Survey
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Abstract 
Background
[bookmark: _Hlk40175290]In the UK, rates of childhood obesity are high and inequalities in obesity have widened in recent years. Children with obesity face heightened risks of living with obesity as adults and suffering from associated morbidities. Addressing population prevalence and inequalities in childhood obesity is a key priority for public health policymakers in the UK and elsewhere. Where randomised controlled trials are not possible, potential policy actions can be simulated using causal modelling techniques. 
Objectives
Using data from the Southampton Women’s Survey (SWS), a cohort with high quality dietary and lifestyle data, the potential impact of policy-relevant calorie-reduction interventions on population prevalence and inequalities of childhood obesity was investigated. 
Methods 
[bookmark: _Hlk40190229]Predicted probabilities of obesity (using UK90 cut-offs) at age 6-7 years were estimated from logistic marginal structural models (MSM) adjusting for observed calorie consumption at age 3 years (using food diaries) and confounding. A series of policy-relevant intervention scenarios were modelled to simulate reductions in energy intake (differing in effectiveness, the targeting mechanisms and level of uptake).
Results
[bookmark: _Hlk40189907]At age 6-7 years, 8.3% of children were living with obesity, after accounting for observed energy intake and confounding. A universal intervention to lower median energy intake to the estimated average requirement (EAR) (a 13% decrease), with an uptake of 75%, reduced obesity prevalence by 1% but relative and absolute inequalities remained broadly unchanged. 
Conclusions
[bookmark: _Hlk40175361]Simulated interventions substantially reduced population prevalence of obesity, which may be useful in informing policymakers. 
Introduction
[bookmark: _Ref26869585][bookmark: _Ref27643827][bookmark: _Ref54942806][bookmark: _Ref54943131][bookmark: _Ref54943073][bookmark: _Ref27649765][bookmark: _Ref54943094]In England, rates of childhood overweight and obesity remain high and, in 2019/20, 23.0% of reception-age school children (4-5 years) were living with overweight or obesity.[[endnoteRef:1]] Children with obesity face heightened risks of living with obesity as adolescents and adults[[endnoteRef:2]] and suffering from associated morbidities.[[endnoteRef:3]] Socioeconomic disadvantage is a key determinant of childhood obesity,[[endnoteRef:4],[endnoteRef:5]] and inequalities in obesity have widened in the UK in recent years.[1] [1:  National Child Measurement Programme. National Child Measurement Programme – England, 2019/20: Tables. [last accessed 26/03/2021] https://digital.nhs.uk/data-and-information/publications/statistical/national-child-measurement-programme/2019-20-school-year. 2021.]  [2:  Simmonds M, Llewellyn A, Owen CG, et al. Predicting adult obesity from childhood obesity: a systematic review and meta-analysis. Obesity Reviews. 2015; doi: 10.1111/obr.12334.]  [3:  Abdelaal M, le Roux CW, Docherty NG. Morbidity and mortality associated with obesity. Annals of translational medicine. 5. 7. 161. 2017; doi:10.21037/atm.2017.03.107.]  [4:  Devaux M, Sassi F. Social inequalities in obesity and overweight in 11 OECD countries. European Journal of Public Health. 2011;23,3:464–469.]  [5:  El-Sayed AM, Scarborough P, Galea S. Socioeconomic Inequalities in Childhood Obesity in the United Kingdom: A Systematic Review of the Literature. Obesity Facts. 2012;5:671-692.] 

[bookmark: _Hlk43903078]Addressing population prevalence and inequalities in childhood obesity is a key priority for public health policymakers in the UK and elsewhere and has been undertaken in various ways. Policy goals to address the ‘top down’ determinants of obesity, including food systems and industry, have been introduced. For example, the soft drink industry levy in the UK was a fiscal measure introduced as part of a challenge to all sectors of the food industry in 2015 to reduce sugar by 20% in food categories that primarily contribute to children’s sugar intake.[[endnoteRef:6]] Policy goals also relate to enabling healthier lifestyles with ‘bottom up’ approaches, often focussing on lifestyle interventions that aim to reduce prevalence in obesity through behaviour change. Typically, prevention and treatment interventions aim to address energy balance by reducing intake, improving diet quality or by increasing physical activity.  [6:  Public Health England. Sugar reduction: Report on progress between 2015 and 2018. September 2019. https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/839756/Sugar_reduction_yr2_progress_report.pdf] 

[bookmark: _Hlk43884713][bookmark: _Ref54943725]Trials of prevention and treatment interventions in children with obesity are often small in scale. Conducting trials at a population level is often not feasible, given the large-scale, or timely, given the required recruitment and follow up times, for the investigation of interventions to inform national policy goals. Scaling up small-scale interventions that have shown effectiveness to general populations can also be problematic.[[endnoteRef:7]] While it is reasonable to extrapolate effect sizes from trials to population models, scaled up prevention interventions are likely to have lower effects than the preceding efficacy trials. This is often due to interventions being trimmed back in order that they are responsive to implementation in real world contexts; additionally, the efficacy of large-scale interventions are more difficult to assess.[[endnoteRef:8]] Treatment interventions that have established trial effectiveness in reducing BMI are also likely to be less effective when scaled up.[8] Despite the potential difficulties, there is a policy need to produce evidence that can inform the development of calorie-reduction policy goals. [7:  Pfadenhauer LM, Gerhardus A, Mozygemba K, et al. Making sense of complexity in context and implementation: the context and implementation of complex interventions (CICI) framework. Implementation Science. 12. 2017.]  [8:  McCrabb S, Lane C, Hall A, et al. Scaling‐up evidence‐based obesity interventions: A systematic review assessing intervention adaptations and effectiveness and quantifying the scale‐up penalty. Obesity Reviews. 2019;20:964–982. ] 

[bookmark: _Ref54943628]This work builds on previous research using causal modelling techniques in the Avon Longitudinal Study of Parents and Children (ALSPAC) that applied calorie-reduction interventions to children aged 7 years and measured the potential impact on population prevalence and inequalities in childhood obesity at 11 years.[[endnoteRef:9]] This work sought to replicate previous analysis among younger children and in a second cohort, the Southampton Women’s Survey (SWS), a longitudinal cohort of Southampton women and their children. Scenarios were modelled to represent interventions (reductions in energy intake at age 3 years), which varied in effectiveness, uptake and targeting, with estimated impacts on prevalence and inequalities in obesity at age 6-7 years. Given that randomised controlled trials are not always possible for general population interventions, these analyses may be useful to policy makers in demonstrating the potential impact of calorie-reduction interventions on population prevalence of childhood obesity. [9:  Russell SJ, Hope S, Croker H, et al. Is it possible to model the impact of calorie-reduction interventions on childhood obesity at a population level and across the range of deprivation: Evidence from the Avon Longitudinal Study of Parents and Children (ALSPAC). Preprint from Research Square; 2020. DOI: 10.21203/rs.3.rs-30185/v1.] 

Methods
Data sources
[bookmark: _Ref54943780]The SWS was used, a large prospective cohort study of mothers and children that recruited 12583 non-pregnant Southampton women aged 20 to 34 years from the general population between 1998 and 2002. Between 1998 and 2007, 3158 participants became pregnant and were invited to take part in the pregnancy phase of the survey. The survey followed up children with home visits at six months, one year, two years, and three years; further samples of children were seen at 4 years and  6-7 years. Further details of the cohort profile have been previously published.[[endnoteRef:10]] Ethical approval was granted by the Southampton and South West Hampshire Local Research Ethics Committee. [10:  Inskip HM, Godfrey KM, Robinson SM, et al. Cohort profile: the Southampton Women’s Survey. International Journal of Epidemiology. 2006;35:42–8.] 

Analytic sample 
The whole SWS sample comprised 3158 mothers; there were complete data on maternal education (exposure) for 3149 (99.7%) mothers, and on BMI (outcome) for 2007 children at age 6-7 years (63.6%).  Total daily calories were available from 2-day food diaries recorded for 893 children at age 3 years (28.3%). There were also 247 records with missing data for confounding variables, resulting in a complete case sample of 646 (20.5%) children. The analytic sample was derived by restricting the total sample to children with complete data on maternal education (exposure) and BMI at age 6-7 years (outcome) (n=2001). Multiple imputation by chained equations (assuming data were missing at random) was used to deal with attrition and missing data for the mediator and confounding variables (Supplement 1).[[endnoteRef:11]] While the sample of participants that completed food diaries was small, the analytic sample (using imputed data) was found to be similar to the whole sample (Table 2). [11:  Azur MJ, Stuart EA, Frangakis C, et al. Multiple Imputation by Chained Equations: What is it and how does it work? International Journal of Methods in Psychiatric Research. 2012;20.1:40-49.] 

Measures
Exposure (maternal education) – pre pregnancy
Given the relationship between socioeconomic disadvantage and childhood obesity, highest maternal education (recorded pre-pregnancy) was conceptualised as an upstream marker of inequalities and used as a household measure of socioeconomic position. Due to small numbers, the original six categories were collapsed into three groups for analyses: high level of education (‘Degree’), middle level of education (‘O level’, ‘A level’ or ‘Higher National Diploma’), and low level of education (‘None’ or ‘CSE’).
Outcome (obesity) at 6-7 years
[bookmark: _Ref40180876][bookmark: _Ref40180889]Weight and height were objectively measured by research nurses and used to calculate BMI z-scores using the UK90 reference data.[[endnoteRef:12]] Cut offs for epidemiological application[[endnoteRef:13]] were applied for overweight (>85th percentile) and obesity (>95th percentile). [12:  Cole TJ, Freeman JV, Preece MA. Body mass index reference curves for the UK, 1990. Archives of Disease in Childhood. 1995;73:25–29.]  [13:  Troiano RP, Flegal KM, Kuczmarski RJ, et al. Overweight prevalence and trends for children and adolescents: the National Health and Nutrition Examination Surveys, 1963 to 1991. Archives of Pediatrics and Adolescent Medicine. 1995;149:1085–1091.] 

Mediator (total daily calorie consumption) at 3 years
[bookmark: _Ref54942850]Calorie-intake was considered a downstream mediator of the relationship between disadvantage and obesity. In SWS, dietary data were collected at all data collection waves using food frequency questionnaires, supplemented at age 3 years with 2-day prospective food diaries. For these analyses, food diaries were used to calculate daily calorie intake as they were judged to represent dietary intake more accurately than food frequency questionnaires (diaries require less recall and recorded actual intake for specific days).[[endnoteRef:14]] Following an interview, mothers were invited by a research nurse to complete diaries on behalf of the child, recording in their own words all food and drink consumed by the child from midnight the day following the interview until midnight two days later.[[endnoteRef:15]]  Food and drink items were described by number, measure (e.g. tablespoon), size and weight; cooking methods and dietary supplements were also recorded.[15] Completed diaries were returned by post and were checked for completeness by a member of the research team. Mothers/caregivers were contacted for clarification if there were missing or illegible data. Nutrient intakes from diet diaries were calculated by multiplying portion weights and nutrient contents of each food; food composition was based on McCance and Widdowson 5th Edition[[endnoteRef:16]] and supplementary volumes. Where required, food recipes and composition of dietary supplements were provided by manufacturers.  [14:  Shim, J.S., Oh, K., Kim, H.C. (2014). Dietary assessment methods in epidemiologic studies. Epidemiol Health. 36: e2014009.]  [15:  Jarman M, Fisk C, Ntani G, et al. Assessing diets of 3 year old children: evaluation of a food frequency questionnaire. Public Health Nutrition. 2014;17.5:1069–1077.]  [16:  McCance RA. The Composition of Foods. 5th ed. The Royal Society of Cambridge; Cambridge: 1991.] 

Estimated average requirements 
[bookmark: _Ref36050158][bookmark: _Ref40178489][bookmark: _Ref40179335]To inform interventions, estimated average requirements (EAR) were used to indicate food energy needs for children aged 3 years.[[endnoteRef:17]] EARs are derived by multiplying the basal metabolic rate (BMR) with physical activity level (PAL), after adjusting for growth and development.[17]  The EAR for children aged 3 years is estimated to be 1171.0 kcals for boys and 1076.0 kcals for girls. Median intake in calories in this sample at age 3 years (taken from food diaries) was estimated to be 1311.5 for boys and 1273.5 for girls. A quantitative estimate of effective and healthy long-term weight loss was adapted from recommendations for adults.[[endnoteRef:18]]   [17:  SACN. Dietary Reference Values for Energy. Scientific Advisory Committee on Nutrition. London TSO. www.sacn.gov.uk. 2011.]  [18:  American Medical Association. Food and Nutrition: Healthy Weight Loss. JAMA. 2014;312.9:974. ] 

Confounding 
Confounding factors were identified using a directed acyclic graph (Figure 1), which demonstrates the associations between disadvantage (exposure) to childhood obesity (outcome) with energy intake (mediator), accounting for potential baseline and intermediate confounding. 
Baseline confounding
Child ethnicity, categorised as ‘white’ and ‘non-white’. 
Intermediate confounding 
Standardised birthweight was obtained from obstetric data, categorised as low (less than 1SD below the mean), mid (-1SD to +1SD), or high (greater than 1SD above the mean). All other variables were from mother-report at 3 years: general health of the child (categorised good health versus fair/bad health); moderate daily physical activity of the child (categorised as low (0-4 hours per day), mid (5-8 hours per day) and high (9-12 hours per day); and daily TV time of the child, categorised as low (less than 1 hour per day), mid (1.5-2.5 hours per day) and high (more than 3 hours per day). 
Figure 1. Directed acyclic graph showing theoretical associations between exposure (maternal education at pre-pregnancy), mediator (estimated energy intake in calories at 3 years) and outcome (BMI z-scores at 6-7 years)
<<<FIGURE 1 HERE>>>
Targeted and indicated variables
Interventions were either universal (for all children), targeted based on risk of obesity, or indicated based on prior obesity. Variables used in targeted and indicated scenarios were recorded at approximately the same time as daily calorie intake.
Deprivation
Index of Multiple Deprivation (IMD) recorded in 2004 was used as a targeting variable for an intervention as children from deprived areas were determined to be at heightened risk of obesity.[4,5] A geographically targeted intervention could indirectly address inequalities in obesity.
High energy intake
High estimated energy intake (boys and girls with estimated intake greater than the EAR) was used for an intervention to target children at greater individual risk of obesity. 
Prior obesity
Prior weight status (BMI at age 3 years) was used as an indicator variable for children at heightened risk of obesity.[2] Obesity at age 3 years was indicated using z-scores from UK90 reference data[12] and cut-offs for epidemiological application.[13]
Data analysis
Regression analyses were conducted to estimate relationships between maternal education (the exposure at baseline), average daily calorie intake (the mediator at age 3 years), z-scores for BMI (the outcome at age 6-7 years), and confounding variables. The distribution of energy intake was skewed and therefore median daily calories were shown in descriptive statistics. Obesity prevalence at 6-7 years was reported by maternal education group with relative and absolute inequalities. 
[bookmark: _Ref33610552][bookmark: _Ref40181517][bookmark: _Hlk40427793]Logistic regression within a marginal structural modelling (MSM) framework[9,[endnoteRef:19],[endnoteRef:20]] was used to model the association between maternal education and BMI at 6-7 years. In the unadjusted model, predicted probabilities with 95% confidence intervals were used to estimate childhood obesity prevalence overall and by maternal education group. For the adjusted model, average daily calories was included as a continuous variable and baseline and intermediate confounding were accounted for using inverse probability weights (IPWs; truncated between 1% and 99%). Probabilities from the adjusted model were used to derive the control direct effect (CDE), which gives the estimated effect of maternal education on obesity when daily energy intake was fixed at the observed level.[[endnoteRef:21]] The CDE was the model against which effect size estimates from simulations were compared.  [19:  Pearce A, Hope S, Griffiths L, et al. What if all children achieved WHO recommendations on physical activity? Estimating the impact on socioeconomic inequalities in childhood overweight in the UK Millennium Cohort Study. International Journal of Epidemiology. 2018;doi: 10.1093/ije/dyy267.]  [20:  Robins JM, Hernan MA, Brumback B. Marginal structural models and causal inference in epidemiology. Epidemiology. 2000;11:550–560.]  [21:  VanderWeele TJ. Controlled direct and mediated effects: definition, identification and bounds. Scandinavian Journal of Statistics, Theory and Applications. 2011;38.3:551–563.] 

Relative inequalities are given as risk ratios (the ratio of fitted probabilities of obesity for the highest to the lowest maternal education groups) and absolute inequalities are given as risk differences (the difference between the fitted probabilities between the highest and lowest maternal educational groups), with maternal educational level entered as a continuous term. Stata SE 15.1 was used to perform all analyses.[[endnoteRef:22]] [22:  StataCorp.  Stata Statistical Software: Release 15. College Station, TX: StataCorp LLC. 2017.] 

Simulations
To simulate policy actions or interventions that reduced energy intake, adjustments (reductions) were made to the mediator (daily calorie intake). Simulation scenarios represent potential interventions according to: effectiveness (magnitude of calorie reduction); targeting or indicated (high deprivation, prior weight status, or reported calorie intake); and, uptake of intervention among eligible children (table 1). Variability was reflected in each reduction. 
Scenario 1 modelled the impact of a universal intervention that reduced population intake of calories for children aged 3 years. All children were considered eligible and uptake of the intervention was set at 75%. The reduction applied was based on the difference between the observed median intake and the EAR. Sex-specific reductions were applied with variation by creating a normal distribution around the adjusted level. To reduce median intake to the EAR, boys’ intake was reduced by 140.5 calories (a 10.7% decrease in observed intake) and girls’ by 197.5 (a 15.5% decrease). This equated to an overall reduction in calories in the sample population of 13.0%. 
Scenario 2 modelled an intensive intervention with increased effectiveness (a greater reduction), targeted to children living in deprived areas, with uptake of eligible children set at 75%. Using IMD 2004, deprived areas were defined as 1 SD above the mean sample score. The effectiveness (reduction in calories) was greater in this simulated intervention as it was administered to children at heightened risk of obesity. The reduction was informed by EAR values for adults (sex and age groups combined),[17] and the effectiveness was guided by a recommendation for healthy, long-term weight loss in adults (reducing intake by 500 fewer calories per day).[18] The intensive intervention equated to a 21.3% decrease in daily energy intake for the targeted group. The intensive intervention was not sex-specific as it was adapted from generic weight loss guidance for male and female adults.
Scenario 3 modelled the intensive intervention described in Scenario 2 (a 21.3% reduction in daily intake) for children at heightened individual risk of obesity. This was indicated by past weight status; all children living with obesity at age 3 years (6.7%) were eligible and received this intervention. 
Scenario 4 modelled a targeted intervention that limited intake in children reported to be consuming high daily calories. This intervention truncated the population distribution of energy intake. For the targeted children, intake was reduced to the level of the EAR so that every boy (1171 kcals) and girl (1076 kcals) in the analytic sample had an intake that was equal to or less than the EAR. 
In scenarios 1 and 2, uptake was set at 75% since not all children in a population would be expected to comply with an intervention. In scenarios 3 and 4, uptake was set at 100% and total engagement with the interventions by target populations was assumed.  
[bookmark: _Ref54943710]For all simulations, a lower bound was set at 2SD below mean intake reported from food diaries in the analytic sample for all simulations, guided by the lower nutrient intake bound,[[endnoteRef:23]] and was set to prevent energy intake being reduced among children with low calorie intake.  [23:  Department of Health. Dietary Reference Values for Food Energy and Nutrients for the United Kingdom – Report of the Panel on Dietary Reference Values of the Committee on Medical Aspects of Food Policy. London HMSO. 1991.] 

Table 1. Simulated intervention scenarios
<<<table 1 here>>>
Sensitivity analyses
Three sensitivity analyses were carried out. Firstly, models were estimated in a complete case sample (n=646). Secondly, analyses were repeated using maternal social class as an alternative indicator of socioeconomic circumstances. Thirdly, S1 was run with higher and lower levels of intervention uptake (100% and 50%) reflecting compliance with a policy measure or intervention. 
Results 
Descriptives
Of mothers in the analytic sample, 12.5% were from the lowest education group (table 2). At age 3 years, median energy intake was 1292.6 kcals overall and 1311.5 kcals for boys and 1273.5 kcals for girls, which equated to an excess of 140.5 and 197.5 calories respectively compared to the EAR. The percentage of children with reported energy intake equal to or less than the EAR was 33.5% for boys and 22.0%  for girls. Obesity prevalence at age 6-7 years was 8.3%. 
[bookmark: _Hlk44421521]Maternal education was associated with childhood obesity at age 6-7 years but in these analyses the marker for disadvantage was a property of the mother, not the child. Children with mothers in the low educational group were 2.2 times more likely to be living with obesity compared to those with mothers in the highest educational group. Daily calorie intake reported from food diaries at age 3 years was positively associated with higher BMI z-scores and obesity status at age 6-7 years (p=0.01). Median calorie consumption was greatest in children with mothers in the highest educational group, but there was no apparent relationship between maternal educational and energy intake (Table S2). Potential baseline and intermediate confounders were associated with maternal education (exposure) and childhood obesity at age 6-7 years (outcome) but were not associated with estimated energy intake (mediator). Relationships between confounding variables and exposure, mediator and outcome variables are shown in Table S3.
Table 2. Descriptive statistics of the SWS across analytical samples
<<<table 1 here>>>
Simulated interventions 
In the unadjusted model, population prevalence of obesity for children aged 6-7 years was 8.4%; 10.1% in the lowest education group and 4.8% in the highest. The estimated population prevalence of obesity for children aged 6-7 years in the CDE model was 8.3% (after adjustment for children’s reported energy intake at age 3 years and confounding) with inequalities observed (Table 3). Children in the lowest education group were found to be 2.1 times more likely to be living with obesity when compared with the highest. Prevalences in the unadjusted and CDE models were similar, suggesting that reported energy intake did not strongly mediate the relationship between maternal education and childhood obesity. 
[bookmark: _Hlk35956194]Scenario 1 (a universal calorie reduction of 13%). Overall obesity prevalence reduced by 1.0%, to 7.3%. Relative inequalities remained unchanged and absolute inequalities slightly narrowed, reflecting the decrease in the population prevalence. The proportion of children with calorie intake equal to or less than the EAR increased from 33.5% to 51.7% for boys and 22.0% to 37.7% for girls in this scenario.   
Scenario 2 (an intensive 21.3% reduction in energy intake, targeted to children living in deprived areas). Obesity prevalence reduced and absolute inequalities remained unchanged.
Scenario 3 (an intensive 21.3% reduction in energy intake targeted to children with obesity at age 3 years). Estimated prevalence and inequalities in obesity were unchanged.
Scenario 4 (an intervention targeted at children with daily intake exceeding the EAR). Reductions were applied to children consuming in excess of the EAR so that the maximum calorie intake was limited to the average requirement for children aged 6-7 years. Obesity prevalence was reduced, relative inequalities were unaffected, while absolute inequalities were reduced, likely driven by general trends in prevalence.
Table 3. Prevalence of obesity at age 6-7 years by maternal educational group with risk ratios and differences for relative and absolute inequalities, for intervention scenarios 1-4
<<<table 3 here>>>
Sensitivity analysis
Results from models using social class as an alternate exposure were similar to those reported for maternal education (Table S4). Simulation 1 was repeated with 100% and 50% uptake. As expected, the pattern of results was similar but with a greater reduction in obesity prevalence for 100% uptake and a smaller reduction in obesity prevalence for 50% uptake (Table S5).  
Discussion  
Childhood obesity is common in reception age children (4-5 years) and there is a social gradient with the most disadvantaged being the most likely to be obese. In these analyses, obesity prevalence was 8.3% for children age 6-7 years and was predicted by maternal education. Models simulating the effects of reducing energy intake at age 3 years reduced obesity prevalence and reductions were proportional to the effectiveness of the hypothetical intervention. In simulations of universal interventions, decreases in obesity prevalence were greatest in the lowest maternal education group but the percentage change (proportional to the prevalence in the CDE model) was greatest in the highest education group. In this and prior work, estimated calorie intake was not associated with indicators of disadvantage, and inequalities remained broadly unchanged following simulations, likely due to the lack of social patterning of energy intake. Prevalences in the unadjusted and CDE models were similar, meaning that energy intake showed little mediating effect on the exposure-outcome pathway. These findings highlight the strength and complexity of the association between disadvantage and obesity.
Improving dietary behaviour is a key focus of policy makers in the UK[23] and elsewhere, and reducing the amount of energy consumed has been identified as an important step in tackling childhood obesity. Extrapolation of trial evidence can be problematic given that scaled up prevention and treatment interventions have been shown to be less effective than when carried out in treatment trials.[8,[endnoteRef:24]] Given that the potential impact of policy action to limit dietary intake in children in unknown, simulating potential calorie-reduction interventions can provide useful insight to policy makers.  [24:  Kilbourne AM, Neumann MS, Pincus HA, et al. Implementing evidence‐based interventions in health care: application of the replicating effective programs framework. Implementation Science.2007;2.1:42.] 

These analyses built upon previous work[9] and further established MSMs to be potentially useful in estimating the effects of hypothetical interventions that reduce energy intake at a population level. A simulation approach was applied, using the SWS cohort, to estimate the potential impacts of calorie reduction interventions on population prevalence and inequalities in childhood obesity. These analyses were carried out on younger age groups; prior work considered energy intake at age 7 years and impacts on obesity at age 11 years, whereas these analyses considered the mediator at age 3 years and the outcome at age 6-7 years. Children aged 3 years in the SWS cohort were found to be overeating relative to the EAR and proportionally more than children aged 7 years in the ALSPAC cohort. Energy-reduction interventions were found to reduce population prevalence of obesity in children and effect sizes were greater than in the ALSPAC cohort (for older children) both in terms of absolute reductions and change in prevalence relative to the CDE. 
The findings from these analyses are likely to be relevant to contemporary populations since rates of obesity (and assumed intake) have remained relatively stable for reception-age children since the data collection periods (pre-2007 in the SWS).[1] However, for older children, rates of obesity have increased; therefore, higher levels of intake that are likely among contemporary populations would require greater reductions in calorie consumption in order to meet the average requirements. That greater effect sizes were observed for hypothetical interventions at age 3 years compared with age 7 years in the ALSPAC cohort, imply that calorie reduction interventions may be more effective when administered earlier in childhood. However, it is not possible to disentangle the varying effects of age, period of data collection or the cohorts studies themselves.
Population interventions to reduce calorie intake in early childhood would be likely to reduce prevalence of childhood obesity. This research used high quality longitudinal data from a regional cohort, including objectively recorded BMI, food diaries to generate average daily energy intake, and a number of potential confounding factors. Estimated average requirements were used to guide adjustments to calorie intake (the effectiveness of hypothetical interventions). Given the high and increasing rates of obesity in the UK, these estimates are based on an approach that referenced body weights consistent with good long term health.[17] The 95th centile of BMI was used as the cut-off for the obesity outcome, as this cut-off has policy relevance and comparability across data sets. 
Uptake was set at 75% for the universal intervention and the targeted intervention for children in deprived areas, and 100% for children living with obesity and with high levels of reported intake. It is acknowledged that modelled uptakes are high and may not be achievable in the real world. In sensitivity analyses, a lower level of uptake was modelled with a resulting pattern of results that was similar to those reported in the main analyses. Scenarios were modelled to be relevant to the real world and were targeted or indicated based on deprivation, prior weight status or eating behaviour in order to provide insight as to the potential impacts on sub-groups using different indicators of risk. 
There are limitations with the regional dataset; the city of Southampton is generally more deprived and less ethnically diverse than England and Wales nationally.[10] A slightly lower proportion of SWS mothers had university degrees compared to the national average during the same time period.[[endnoteRef:25]] The cohort of children were born pre-2007 and may not reflect the  experiences or behaviours of contemporary children but the overall associations are unlikely to be affected. [25:  Office for National Statistics. Annual Local Labour Force Survey Summary Publication 2000/01. Office for National Statistics; London: 2004. ] 

Estimated intake was based on two-day mother-report food diaries, which are generally thought to be valid[[endnoteRef:26],[endnoteRef:27]] but may contain a level of report bias.[[endnoteRef:28]]. Furthermore, food diaries were only returned by a minority of mothers, who tended to have higher levels of education than those who did not, and to have children who were less likely to be living with overweight or obesity. These limitations would not have undermined the estimated reductions in prevalence or the relationships within the model, suggesting that the underlying mechanisms linking the exposure, mediator and outcome are likely to be generalisable. There may be potential caveats with the hypothesised causal pathway and the limitations of quantifying this structure using survey data. There may be remaining unmeasured confounding in the conceptualised model, meaning causation cannot necessarily be assumed from these analyses.[[endnoteRef:29]]  [26:  Gibney M, Margetts B, Kearney J, et al. Public Health Nutrition. Blackwell Publishing; Oxford. 2004. ]  [27:  Lennox A, Bluck L, Page P, et al. Misreporting in the National Diet and Nutrition Survey Rolling Programme (NDNS RP): Summary of results and their interpretation. Appendix X, National Diet and Nutrition Survey (2008/2009 – 2011/12). 2012.]  [28:  Glynn L, Emmett P, Rogers I. Food and nutrient intakes of a population sample of 7‐year‐old children in the south‐west of England in 1999/2000 – what difference does gender make? Journal of Human Nutrition and Dietetics. 2005;18:7–19.]  [29:  Valente MJ, Pelham III WE, Smyth H, et al. Confounding in Statistical Mediation Analysis: What It Is and How to Address It. Journal of Counseling Psychology. 2017;64.6.659–671.] 

Conclusions
Calorie reduction interventions are a promising area for policy focus and may be helpful in tackling high rates of childhood obesity. This work supports the findings from previous studies and suggests that policy actions or interventions to reduce energy intake would be likely to lower the prevalence of childhood obesity. This work also implies that calorie reduction interventions may be more effective when administered earlier in childhood. While universal interventions did not significantly narrow relative inequalities, targeting children from highly deprived areas was effective in substantially reducing obesity prevalence among the lowest educational group. Given the stark and increasing inequalities in childhood obesity, policy actions and interventions that tackle inequalities should remain top of the public health agenda.
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