[bookmark: _Hlk32503065][bookmark: _Toc8114124]Improving the school food environment for the prevention of childhood obesity: what works and what doesn’t

[bookmark: _Hlk39243541]Abstract
The food environment has a significant influence on dietary choices, and interventions designed to modify the food environment could contribute to the prevention of childhood obesity. Many interventions have been implemented at the school level but effectiveness in addressing childhood obesity remains unclear.
[bookmark: _Hlk48135450]We undertook a systematic review, a meta-analysis and meta-regression analyses to assess the effectiveness of interventions on the food environment within and around schools to improve dietary intake and prevent childhood obesity. Estimates were pooled in a random-effects meta-analysis with stratification by anthropometric or dietary intake outcome. Risk-of-bias was formally assessed. One hundred papers were included. Interventions had a significant and meaningful effect on adiposity (BMI z-score, Std.  Mean Dif.: -0.12, 95%CI: 0.15, 0.10) and fruit consumption (portions per day, Std. Mean Dif: +0.19, 95%CI: 0.16, 0.22) but not on vegetable intake. Risk-of-bias assessment indicated that n=43 (81%) of non-randomized controlled studies, presented a high risk-of-bias in the study design by not accounting for a control. Attrition bias (n=34, 79%) and low protection of potential contamination (n=41, 95%) presented the highest risk-of-bias for randomized controlled trials. 
Changes in the school food environment could improve children’s dietary behaviour and BMI but policy actions are needed to improve surrounding school food environments to sustain healthy dietary intake and BMI.
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STOP: Science & Technology in childhood Obesity Policy project 

Introduction
Obesity is a complex public health issue that requires large-scale and population-based solutions1-3. Schools are the places where children spend most of their time and have access to a significant part of the food they eat; therefore, they are key settings for the prevention of obesity4. The food environment exerts important influences on dietary intake and the prevention of childhood obesity5,6. The food environment is defined as a combination of physical, economic, political, and sociocultural surroundings as well as opportunities and conditions that influence food choice7. It encompasses geographic access, food availability, food affordability and food quality7.
The food environment within schools includes canteens, kiosks, and vending machines8, whilst the food environment around or outside schools includes the location and concentration of food retailers such as convenience stores, take-aways and fast-food outlets9. Vending machines within schools and fast-food outlets around schools have been associated with low dietary quality and higher body mass index (BMI) among children10,11. Other reviews12-15 have focused on policies that target the provision of food or physical activity programmes. A previous review of the effectiveness of school food environment policies16 included a meta-analysis of studies published up to 2014 for a range of food and nutrient intakes, but did not detect significant effects on total calorie intake. 
Several studies published in the past seven years have identified effects of school food environment policies on children’s BMI, providing an opportunity to capture a broader range of effects of such policies. Therefore, we have designed a new systematic review, meta-analysis and meta-regression aimed at assessing the effectiveness of school food environment interventions in the prevention of childhood obesity, with a focus on adiposity and dietary intake outcomes, based on studies published up to 2020. In this review, we define school food environment interventions as programmes, strategies, guidelines, policies, or laws that modify food choice architecture, built environment or a physical aspect of the food environment, within and around schools, to prevent childhood of obesity. Food choice architecture and physical aspects of the food environment refer to all related aspects of how food choice is framed and how it influences food selection, including school ambience modifications, placement, presentation, availability, and accessibility of food within and around schools17. 

[bookmark: _Toc8806539]Methods 
Search strategy
[bookmark: _Hlk51156686]We systematically reviewed the effects of school food environment interventions aimed at improving children’s obesity-related outcomes and identified features of interventions of the food environment within and around schools that enable or impede their implementation or effectiveness. The search strategy was based on the population, intervention, comparison, and outcome (PICO) framework shown in Table 1. We included school food environment interventions that aimed to prevent obesity and improve food choice selection (e.g. increased consumption of fruit and vegetables) through modifications of the school’s built or physical food environment, food choice architecture, modification and implementation of guidelines, or direct food provision (Table 1). The search strategy was designed in consultation with a specialist subject (health) librarian from Imperial College London. CINAHL, EMBASE, Global Health, Medline, Scielo and Cochrane databases were searched for relevant articles published in scholarly journals until January 2020 through keyword searches (Supporting Table S1). Additional articles were added using a snowballing approach. The search strategy was refined by conducting a sensitivity analysis in EMBASE with a test set of ten key papers selected from existing systematic reviews. The protocol was registered with Prospective Register of Systematic Reviews (PROSPERO, CRD42019125039). A second reviewer conducted a reliability check on 10% of publications. This step was carried out during the title and abstract revision of papers for their inclusion or exclusion in the review. The reference managing software Rayyan was used to carry out this process. Inter-coder reliability for the 10% of manuscripts with reliability checks was assessed using Cohen's kappa (κ). The 10% reliability check led to 16 conflicts, all resolved after discussion, and the relevant papers were subsequently included for full-text review. The intercoder reliability for the 10% of manuscripts for this review indicated a reliability of 85% (κ=0.85).

Data extraction
After study selection, the following information was extracted from each retrieved article: type of document, school setting, country, number of intervention components, type and elements of intervention, analytical sample size, age groups, ethnicity and socioeconomic position (SEP) of population; baseline and follow-up outcome measures, obesity measure, inclusion of physical activity, statistical method of assessment, study design, intervention duration, effectiveness of intervention, sustainability of intervention, main findings and study limitations. Reported outcomes were taken directly from published studies.

Statistical analyses
[bookmark: _Toc8806540]We conducted random-effect meta-analyses to investigate the impact of interventions on BMI z-score (relative weight for child age), and fruit and vegetable intake. These three outcome measures are key in assessing changes in weight and dietary intake associated with obesity18, additionally these outcomes facilitate translation into policies and actions. These outcomes are also the most often reported measures of the impacts of school food environment interventions, which allows wider comparisons between studies and interventions. The numbers of studies using different outcome measures were too small to undertake meta-regressions on those outcomes with reliable estimation of the effects of moderators19. 
[bookmark: _Hlk53397267]We reported the mean difference (MD) between the intervention group and the control group of BMI z-score, fruit and vegetable intake outcomes when values were available (preferentially); alternatively, baseline and follow-up timepoints were considered for each outcome (Figure 2, Figure 3 and Figure 4). 
Equivalent estimates were combined and a pooled estimate and confidence interval for the treatment effect was extracted or calculated when possible. Meta analyses were carried out to assess the effect of school food environment interventions on children’s BMI z-score and dietary intake. Effect sizes were calculated when data was missing. Results are presented by study design. All statistical analyses were conducted in STATA 16.0 (College Station, TX: StataCorp LP). 
Meta-regression analyses
To assess heterogeneity, meta-regression analyses were carried out in studies that assessed intervention and control differences or baseline and follow-up differences for BMI z-score, fruit intake and vegetable intake. Pilot studies, non-peer reviewed studies, and studies that did not clearly state differences between intervention and control groups, or baseline and follow-up measures, were excluded from the meta analyses. Meta-regression analyses tested the association of study design (QED or RCT), type of study, (scientific article, pilot study, policy or programme) school setting (internal, external or both), country (USA, China, Latin American countries, European countries, Middle Eastern countries, UK and others), components (single- and multi-component), type of intervention (vending machines, fruit and vegetable provision, breakfast provision, food placement, food modification, fruit provision, guidelines), duration of the intervention in years (continuous variable), sex (boys, girls or both), SEP (considered or not considered in intervention) and physical activity (considered or not considered in intervention). Mean effect sizes and 95% CI were calculated for intervention and control differences from baseline to follow-up for BMI z-score, fruit intake and vegetable intake. Analyses were carried out in STATA 16.0 (College Station, TX: StataCorp LP). 

Quality and risk-of-bias assessment
A risk-of-bias assessment was carried out using the version 2 of the Cochrane risk-of-bias tool for randomized trials (RoB 2) for randomized controlled trials, and the Risk-of-bias in non-randomised studies of interventions (ROBINS-I) for non-randomized studies to determine the grading quality, certainty of evidence and strength of recommendations. 
For randomized controlled trials (RCT), eight components were evaluated: randomization, allocation concealment, baseline outcome measurements, baseline characteristics, attribution bias, allocation knowledge, contamination protection and selective reporting. An intervention was considered to have an overall high risk-of-bias if ≥4 bias components were high risk, medium risk if 3 components where high risk and low risk-of-bias if <3 bias components were high risk. 
For non-randomized controlled trials, recorded as quasi-experimental design (QED) studies, risk-of-bias assessment was summarized into 1) selection bias (representation of exposed, baseline characteristics and baseline outcome). One point was given if the study sample was representative of the population, participants had a healthy weight with normal variations by sociodemographic characteristics, if baseline characteristics were not statistically significant or differences were controlled for in analyses, and if there was evidence that the outcome of interest was controlled for at baseline. 2) Comparability (adjusted confounders and extra confounders). One point was given if the study controlled for main confounders associated with childhood obesity and respective outcomes (e.g. SEP) and if the paper included covariates that could mediate or moderate the relationship of interest (in addition to including basic covariates such as age, gender, SEP). 3) Study design — one point was given if controls were implemented and if control groups were in the same population. 4) Outcome (outcome ascertain and follow-up) — one point was given if the outcome of interest was obtained objectively and if the paper reported the sample attrition rates and/or discussed the implications of follow up rates. An overall score was generated for each intervention study which represented the sum of obtained points in relation to selection bias, comparability, study design and outcome measure.

Results 
The search strategy retrieved 4,307 studies, and searches in the grey literature and reference lists of included studies led to 63 additional papers (Figure 1). The full text of 177 papers was checked against eligibility criteria, and 100 peer-reviewed papers were selected.
The revised literature consisted of 76% interventions, 14% policies, 3% government programmes and 6% pilot studies related to food environment interventions and obesity. In terms of setting, 92% of studies focused on the food environment within schools or food choice architecture interventions (e.g., the relative availability and presentation of different foods), whilst 4% focused on the food environment around schools. Most interventions were carried out in the USA (53%), 10% in the UK, 6% in Norway and 6% in Latin America. In terms of the interventions, 63% involved a single component, such as food provision, whilst 37% encompassed multiple components. For single component interventions, n=31 (49% out of the n=63 single component interventions) were effective in the reduction of BMI or in the increase of fruits and/or vegetables whilst for multi-component interventions n=21 (57% out of 37 multi-component interventions) were effective in health outcome improvements. No statistically significant association was found between the number of components and intervention effectiveness when looking at all anthropometrical and dietary outcomes together (Pearson chi2=1.22, p=0.270). Most of the interventions (60%) involved the direct provision of food (e.g. breakfast, lunch, snacks, or fruit and vegetables), 5% introduced or modified dietary guidelines in schools, and 9% modified existing school meals. Thirty-one percent of the interventions addressed aspects of the school food environment other than meals, such as the regulation of vending machines and kiosks or food stores, introduction of cafes, snack bars or fruit and vegetable buffets. Thirty-seven percent of the studies tested interventions addressing both diet and physical activity. Values do not add to 100% as multi-component interventions used multiple approaches.
Regarding effectivity, 51% of interventions reduced BMI or improved dietary intake; however, only 24% of the effective interventions (51%) showed a sustained improvement regarding fruit and vegetable intake or the reduction of BMI/BMI z-score after conclusion of the intervention (e.g. food provision). From food provision type interventions (n=60), 32% were effective in the increase of healthy food consumption. For internal school food environment interventions (n=25), 12% were effective and 3% had a partial effect in the reduction of BMI. A summary of the reviewed school food environment intervention characteristics may be found in Table 2.

Meta-analysis results
Three meta-analyses were carried out. The first focused on BMI z-score and included n=5 studies which provided 12 measured observations. The second focused on fruit intake and included 22 studies, which provided 53 observations. The third, focused on vegetable intake and included n=13 studies, with a total of 23 observations. The characteristics of the studies included in meta analyses are shown in Table 3. Figures 2-4 present forest plots of meta-analyses regarding policy interventions on school food environments aimed at decreasing BMI z-score and increasing fruit and vegetable intake in children. Forest plots have been stratified by study design to explore heterogeneity. RCTs of school food environment interventions that assessed changes in BMI z-score showed a BMI z-score reduction of -0.10 standard deviations from the reference population mean (95% CI: 0.13, 0.07). QED studies showed a BMI z-score reduction of -0.20 (Std. mean diff: -0.20, 95%CI: 0.26, 0.14). The overall effect of the pooled study results shows a statistically significant association between the implementation of the school food environment interventions and a reduction in BMI z-score (Std. mean diff: -0.12, 95%CI: 0.15, 010.) (Figure 2). No significant findings were identified on changes in vegetable intake (Figure 3), however, the meta-analysis showed a small increase in fruit consumption in school children in RCT studies (Std. mean diff:+0.20, 95% CI: 0.14, 0.26), QED studies (Std. mean diff:+0.19, 95%CI: 0.15, 0.22) and overall (Std. mean diff:+0.19, 95%CI: 0.16, 0.22) (Figure 4). The results represent the standardised mean difference (Std. mean diff) between intervention and control groups at baseline and after the implementation of the intervention.

Meta-regression analyses
The characteristics of the studies included in meta-regression analyses are shown in Table 3, which presents author, country, type of document, intervention type, components, setting, study design, intervention duration, age, sex, physical activity inclusion, effect size, lower confidence interval (LCI), upper confidence interval (UCI) and sustainability of the intervention. Results are stratified by outcome (BMI z-score, fruit intake and vegetable intake). Meta-regression analyses showed that there were no statistically significant differences in the intervention effect size according to study design (-0.09, 95% CI: -0.19, 0.004, p=0.061). Monitored programme type interventions relying on specific dietary guidelines, such as type of food items that are permitted or banned in the school canteen and regulation on portion sizes, were more likely to be effective in reducing BMI or increasing fruit or vegetable intake than interventions not based on a sustainable programme (β=0.33, 95% CI: 0.05, 0.60), p=0.021). Pilot studies also showed larger effect sizes. We found no statistically significant differences in meta-regressions between single-component and multi-component interventions (β= -0.02, 95% CI: -0.12, 0.09, p=0.741). However, interventions that included a physical activity component were more likely to be effective. In terms of types of interventions, fruit and vegetable provision, as well as the provision of fruit only, were statistically significantly associated with higher fruit and vegetable intake. Girls were more likely to increase their fruit and vegetable intake or to reduce their BMI following interventions (Table 4).

Risk-of-bias assessment
Risk-of-bias assessment was undertaken for 96% of the intervention studies and not enough data was available to undertake a risk-of-bias assessment for 4% studies. From the RCT interventions, n=38, 43% presented a high risk-of-bias, and n=5, 12% presented a low risk-of-bias. For the QED studies (55%), n=4, 7% showed the highest score of ‘4’, n=7, 13% presented a score of ‘3’, n=16, 29% presented a score ‘2’, n=16, 29% a score of ‘1’ and n=12, 22% a score of ‘0’. The highest risk-of-bias was found on attrition bias and low protection of potential contamination. There was little evidence of publication bias as evidenced by visual inspection of the plots: estimates from the included studies are distributed equally around the overall estimate for each index used, and studies with both significant and non-significant estimates were included (Table S2 and Table S3).

[bookmark: _Toc8806541]Discussion
Our systematic literature review and meta-analysis focused on 100 school food environment interventions, of which 63% involved a single component and 37% encompassed multiple components. Common intervention approaches included the direct provision of food, changes in dietary guidelines for schools, and modifications of the food environment within schools, such as increasing the visibility of healthy food options, the addition of salad bars or healthy food displays in vending machines and in the canteen or kiosks and healthy food promotion within the school and bulletin boards. Our systematic review showed that effective strategies to improve dietary intake and reduce BMI in children include the use of clear and precise dietary guidelines and school meal standards in terms of the type, amount, and presentation of foods. For example, requiring a specific number of fruits/vegetables; that at least half of all grains sold/served were whole grains; reductions in products that contain trans fats; and/or restrictions on milk to 1% or skim milk. In the US, childhood obesity prevalence was found to be lower in states with precise school meal standards that were specific in the requirements of healthy food items and the replacement of unhealthy food options for healthier versions20. It was also observed that students in states with schools with nutrition standards versus no nutrition standards consumed fewer calories and less fat and sugar at school and did not gain as much weight compared to students in states with lack or reduced nutrition standards that were not specific in the requirement of fruits and vegetables, the provision of low-fat dairy products and whole grains21-23. In addition, low-income children living in states with precise nutrition standards in schools tended to have less risk of obesity than children in states with no school meal regulations20. Precise nutrition standards that increase the quality and nutrition of school meals are a good starting point to tackle childhood obesity.
The pooled effect size resulting from our meta-analysis, for studies using BMI z-score as their outcome measure, is -0.12, reflecting a relatively important effect on the prevalence of obesity in school children, the exact magnitude of which depends on the BMI distribution to which the effect is applied. If applied to the BMI distribution of year 6 children in England, and assuming a uniform shift to the left of the distribution itself, the above effect size would correspond to a reduction of over 2 percentage points of obesity prevalence. In fact, there is at least some evidence in the papers we have reviewed that effects may be larger in children who initially had a higher BMI24, which would suggest an even larger reduction in obesity prevalence. The pooled effect size for studies that measured fruit intake showed a standard mean difference of 0.19 portions per day (95%CI: 0.16, 0.22), which would be equivalent to 15g of fruit per day, assuming that a portion of fruit is equivalent to 80g25. 
Sustainability and monitoring of guideline implementation and food provision was also observed to be linked to more effective interventions. Recommendations based on scientific evidence, and interventions that facilitate access to healthy and appetising meals and snacks in schools were associated with better health outcomes20,26. Replacement of ultra-processed and unhealthy options (e.g. from vending machines) with healthy and palatable alternatives 24,27; free and sustainable fruit and vegetable provision28,29; and interventions that involve parents and staff and address physical activity and social inequalities30 may also contribute to healthier weight related outcomes among school children.
Unsuccessful interventions were observed to provide foods that were not based on scientific evidence and that may contain elevated amounts of sugar such as fruit juice or cereal. These types of foods may provide some nutrients but tend to be ultra-processed and highly caloric31-33. Standards for healthier school meals should be designed to increase fruits and vegetable contents, replace full fat with reduced fat dairy products and whole grains for refined carbohydrates34,35. Interventions focused on increasing vegetable intake were found to be less effective and sustainable36-38. Fruit intake may be easier to increase than vegetable intake due to its sweet taste and easier form of consumption and transportation compared to vegetables39. Fruit and vegetable intake were directly associated with the provision of fruits and vegetables and the length of time in which fruits and vegetables were provided as part of the intervention. Therefore, when the fruit or vegetable provision intervention ceased, intake was observed to go down as well40,41.
A frequent limitation in unsuccessful interventions was not addressing social inequalities42,43. Children with a lower SEP are more likely to have a higher risk of obesity than children with a higher SEP 44. This could be due to a higher exposure and accessibility to unhealthy food options and a reduced access to affordable and healthy foods typical in schools which are located in lower-income and minority neighbourhoods leading to disproportionately high rates of obesity and preventable, diet-related diseases45,46. Sociocultural, political, and historical factors could influence food store preferences and food choices, particularly in ethnic minority populations. Therefore, systemic drivers of social and ethnic inequalities could play a key role in shaping food environments and in access to healthy food, and mediate the association with obesity47.
According to the meta-regression analyses, monitored programme type interventions relying on specific dietary guidelines, such as type of food items that are permitted or banned in the school canteen and regulation on portion sizes, were more likely to be effective in reducing BMI or increasing fruit or vegetable intake than interventions not based on a sustainable programme (β=0.33, 95% CI: 0.05, 0.60), p=0.021). Although pilot studies also showed larger effect sizes than intervention and policy studies, this could be due to underpowered studies designed to detect changes (Table 4).
Although previous studies have suggested that multi-component interventions (e.g. environment, education, and services) could be more effective in tackling obesity, our meta-regression results show no statistically significant differences between single- and multi-component approaches. This could be due to a low power to detect differences between studies. However, statistically significant differences were found when considering a physical activity component in the intervention. As an example of a multi-component approach, the EatSmart programme implemented in primary schools in Hong Kong48 included administrative measures, coupled with the provision and availability of healthy meals and snacks, complementary nutritional education, and advertisements which advocated a healthy eating environment in the school sector by the improvement of the food environment (healthy availability and accessibility of food). The success of this programme was associated with school encouragement to initiate and take ownership of policies, structures and practices to aid students in the development of healthy eating habits, have access to healthier foods during lunch and snack time, restricting the sale of unhealthy food items, engagement in education and promotion of healthy eating, and complying fully with nutritional guidelines established by the accreditation system48. Similarly, a Cochrane review of RCT studies, identified that there was some evidence that diet and physical activity interventions combined could reduce measures of adiposity in children aged 0 to 5 years indicating that a combination of diet and physical activity interventions might reduce adiposity rather than single component interventions49.
Furthermore, according to the meta-regression analyses, girls were more likely to increase their fruit and vegetable intake or to reduce their BMI following interventions compared with boys. This could be due to a greater interest in health and diet and willingness to participate in this type of intervention. Previous studies have found that women may be more susceptible to health information in general and more responsive to nutrition education in particular15. In contrast it is possible that men are more responsive to sports or physical activity interventions. This pleads for carefully designing studies in the future that offer the child more individually targeted forms of intervention15,24,50,51. 
In terms of types of interventions, fruit, and vegetable provision, as well as the provision of fruit only, were statistically significantly associated with higher fruit and vegetable intake. However, the meta-analysis showed no statistically significant difference in vegetable intake alone. A low intake of vegetables among children could be linked to a low taste acceptability due to lack of exposure at an early age52. Increased meal palatability through the involvement of chefs who developed tasty, attractive, and healthy foods could increase the likelihood of healthy food acceptance by children, which could lead a an increase in fruit and vegetable intake and a decrease BMI27. However healthy meal alternatives within schools and their effect on weight and health may not be sustainable if there is an unhealthy food environment around schools competing with the healthy strategies41,53,54. 
Unhealthy school food options available on school grounds (e.g. kiosks, vending machines) and obesogenic food environment around schools are key barrier for successful school food environment interventions and the prevention of childhood obesity26,55-58. Policy actions could play an essential role to improve surrounding school food environments to sustain healthy dietary intake. 
Food and beverage regulations on childhood overweight and obesity showed a significant association between lower BMI z-scores, lower odds of overweight or obesity, and better dietary outcomes in geographic areas with a strong food or policy compared to areas with no regulatory policies59,60.
A negative aspect of school food policies was lack of precision in dietary and school environment guidelines in terms of the provision of fruits and vegetables and quality and presentation of available meals and therefore the lack of effective implementation in schools. Another limitation that these policies confront is the political pressures from the food industry which demand inclusion of food items that can increase the caloric intake of children in schools61. Canteen staff and managers in schools require technical and financial assistance to effectively implement evidence-based practices61. Among the most common nutrition guideline components that were addressed in policies were the regulation of vending machines24,57,58,62-64, school kiosks65 and a la carte food options66-71,72.
Removal of vending machines or replacements of unhealthy food items with appetising healthy food options can represent a first step to change the food environment within schools. Continuous monitoring of sales for nutritional quality is important73. The regulation of vending machines was also associated with a decrease of sugar-sweetened beverages (SSB) consumption in children74. However, when SSB remain available within or around schools, partial SSB restrictions do not appear to be effective in reducing intake75.
Even though there was a positive correlation between the modification of the availability of food within schools and the prevention of obesity, studies like the Healthy Experience76 did not differentiate between the intervention and control group and therefore could not be considered for this review.
Overall, an increase in the availability of healthy and low calorie foods, eliminating the offer of SSBs, coupled with effective labelling and reduced prices could potentially facilitate healthier food choices, which could contribute to lower BMIs in school children77.

Comparison with other reviews
Prior reviews of a more varied range of school interventions identified effects of similar magnitude for total fruit and vegetable consumption78,79. However, previous reviews80-82 did not specifically evaluate potential effects of food choice architecture, within and around school food environment interventions on dietary intake and obesity, and have grouped together highly varied programs potentially leading to biased inferences. Our findings extend these results by specifically evaluating school food environment policies and quantifying their effects on dietary intakes, as well as separately evaluating direct provision and environmental interventions.

Strengths and limitations 
Our systematic literature review and meta-analysis addresses interventions related to the built environment, food choice architecture and direct food provision within and around schools which makes it a unique study. The review accounts for school food environment interventions in 27 countries, including middle income countries which present some of the highest rates of obesity. However, there are various methodological limitations that need to be considered when interpreting the results of this meta-analysis and meta-regression analyses.
First, despite defining strictly our outcome of interest to, there was heterogeneity across the reviewed studies in terms of study design, gender and ethnicity of population, type of intervention, and measure of the health outcome. The robustness of pooled analyses was greatly limited by the heterogeneity of food environment exposures and diet-related health outcomes measured across the studies. Although the majority of studies measured BMI, it was variably reported using the original units (kg/m2) or normalized as a z-score (with an inconsistent use of WHO Growth Standards), and some studies reported end-line averages whereas others compared groups with respect to interval changes. In relation to fruit and vegetable intake measures, the revised studies used a wide range of data collection methods, from a single-question food frequency estimate, to multiple-item food frequency questionnaires, 24-hour recalls, or several days of intake, food diaries. Given this heterogeneity, study findings are not perfectly comparable, and this must be taken into consideration in interpreting the results of any meta-analysis.
Food environment interventions around schools is complicated and requires policy support which is why it was accounted by few studies (4%)56,65,83,84. The food environment around schools could influence children’s food choice and affect the effectiveness and sustainability of interventions within schools. Similarly, physical activity was only accounted for 37% of studies and socioeconomic gradient was not accounted in the models or the population for 50% of studies which could also affect the effectiveness and bias the potential effect of the interventions on health outcomes. Additionally, food provision and educational systems and schools vary within and across nations, which could contribute to unmeasured heterogeneity. Intensity or success of intervention implementation could modify results, but these are difficult to quantify due to varying systems of food provision services (e.g. differences in how schools prepare, offer, sell, serve, or purchase food) and policy nutritional guidelines. Costs and cost-effectiveness of interventions were generally not reported. Study and method designs were judged to have a high risk of bias for n=43 (81%) of non-randomized controlled studies and n=41, (95%) of randomized controlled trials presented a high risk of contamination which could affect recommendations of effective interventions.
None of the studies disaggregated outcome data based on the discrete dietary and/or environmental components, providing a limited ability to analyse and understand the food environment-specific effect on health outcomes in school aged children. Effect of the intervention, particularly on food provision was highly dependent on the duration of the intervention. Behaviour change and effects on BMI and diet-related health outcomes may be dependent on economic viability and sustainability of the effective school food environment interventions. (e.g. fruit and vegetable provision).
Furthermore, few studies disaggregated outcome data by age group and gender which is relevant due to the unique transition from childhood to adolescence, which is marked by specific physiological changes, and increased behavioural autonomy and food choice85.
Lastly, future interventions should focus on effective components of the school food environment that may be amenable to modification, tested in the context of RCT that are powered to examine effects on health outcomes of public health relevance such as dietary intake, obesity and the prevention of non-communicable diseases.

[bookmark: _Toc8806544]Conclusions
Schools offer many opportunities for developing obesity-prevention strategies. Environmental changes that increase the availability of vegetables for children from an early age, the provision of healthy meals with high palatability and attractive presentation, the regulation or banning of vending machines and SSBs and monitored programme type of interventions that include the collaboration, training, education and integration of key stake holders such as chefs, the school staff, parents and students to increase acceptability, adaptability and sustainability according to the local needs could contribute to the improvement of dietary intake which could influence the reduction of childhood obesity. Limited evidence shows that schools can provide more healthful food options without economical loss by limiting non-healthy foods and improving the salience, taste, attractiveness and availability of healthy foods86. 
[bookmark: _Hlk48135708]Achieving a healthier school environment is a long-term project involving multiple strategies of education and incentives, as well as regulation. Long-lasting reforms require involvement from government through enforcement and continuous supervision of the implementation of regulations. Obesogenic food environments around schools remain a key barrier for successful school food environment interventions and the prevention of childhood obesity. The evidence reviewed supports the conclusion that changes in the school food environment can improve children’s dietary behaviour and BMI, but policy actions are needed to improve surrounding school food environments to sustain healthy dietary intake. Once the food environment is improved it is easier to modify individual dietary behaviour, a crucial step for the prevention of childhood obesity.
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Tables and figures
Table 1. Description of the PICO framework implemented for the assessment of effective school food environment interventions for the prevention of childhood obesity.

Table 2. General characteristics of school food environment interventions literature.

Table 3. General characteristics of studies included in meta-analysis and meta-regression analyses
Three meta-analyses were carried out. The first focused on BMI z-score and included n=5 studies which provided 12 measured observations. The second focused on fruit intake and included 22 studies, which provided 53 observations. The third, focused on vegetable intake and included n=13 studies, with a total of 23 observations.
Table 4. Meta-regression analyses

Figure 1. PRISMA flow chart of study selection process.

[bookmark: _Toc8806545]Figure 2. School food environment interventions and their effect on BMI z-score. 
Study ID: Author, year, intervention period, sample size (N), I/C: intervention vs control, F/B: follow-up vs baseline.
Solid squares represent study specific continuous changes in reported intakes; and lines, 95% confidence intervals (CI). Vertical line represents pooled effect size (ES); and open diamond, corresponding 95% CI. Multi-component strategies were included only if the food environment policy was a major component.

Figure 3. School food environment interventions and their effect on vegetable intake meta-analysis plot.
Study ID: Author, year, intervention period, sample size (N), I/C: intervention vs control, F/B: follow-up vs baseline.
Intakes represent habitual (not just in-school) consumption. Solid squares represent study specific continuous changes in reported intakes; and lines, 95% confidence intervals (CI). Vertical line represents pooled effect size (ES); and open diamond, corresponding 95% CI. Multi-component strategies were included only if the food environment policy was a major component.

Figure 4. School food environment interventions and their effect on fruit intake.
Study ID: Author, year, intervention period, sample size (N), I/C: intervention vs control, F/B: follow-up vs baseline.
Intakes represent habitual (not just in-school) consumption. Solid squares represent study specific continuous changes in reported intakes; and lines, 95% confidence intervals (CI). Vertical line represents pooled effect size (ES); and open diamond, corresponding 95% CI. Multi-component strategies were included only if the food environment policy was a major component.

Supporting Table S1. Search strategy
*Search strategies of other databases are available upon request.

Supporting Table S2. Risk-of-Bias: Quasi experimental or non-randomized controlled studies
Risk-of-bias assessment was summarized into 1) selection bias (representation of exposed, baseline characteristics and baseline outcome). One point was given if sample was representative of the population, participants were healthy weight children with normal variations by sociodemographic characteristics, if baseline characteristics were not statistically significant or differences were controlled for in analyses and if there was evidence that the outcome of interest was controlled for at baseline. 2) Comparability (adjusted confounders and extra confounders). One point if the study controlled for the main confounders associated with childhood obesity and respective outcomes (sex, socioeconomic status) and if the paper included covariates that could mediate or moderate the relationship of interest, such as mental health, self-efficacy, etc. (in addition to including basic covariates such as age, gender, socioeconomic status). 3) Study design (control group). Control group: Non-RCT (1 point), CBA (1 point) if control group is the same population, before-after no points. 4) Outcome (outcome ascertain and follow-up). Outcome ascertain: one point if the outcome of interest was obtained objectively. Follow up: one point if the paper reported the sample attrition rates and/or discussed the implications of follow up rates. A final score for each intervention study represents the sum of points for selection bias, comparability, study design and outcome measure.
High risk represented lack of randomization, no allocation concealment, baseline characteristics were statistically significant  or differences were not controlled for in analyses and if there was evidence that the outcome of interest was controlled for at baseline, if there was is a systematic error caused by unequal loss of participants (attrition bias), if the intervention and control groups were not blinded (knowledge allocation), if there was a potential source of contamination that could have affected the results of the intervention and if not all findings were reported. Overall risk was considered high if ≥5 bias components were high risk, and low risk if <5 risk-of-bias components were high risk. 

Supporting Table S3. Risk-of-bias: Randomized controlled studies
Bias assessment was summarized into 1) selection bias (representation of exposed, baseline characteristics and baseline outcome). One point was given if sample was representative of the population, participants were healthy weight children with normal variations by sociodemographic characteristics, if baseline characteristics were not statistically significant or differences were controlled for in analyses and if there was evidence that the outcome of interest was controlled for at baseline. 2) Comparability (adjusted confounders and extra confounders). One point if the study controlled for the main confounders associated with childhood obesity and respective outcomes (sex, socioeconomic status) and if the paper included covariates that could mediate or moderate the relationship of interest, such as mental health, self-efficacy, etc. (in addition to including basic covariates such as age, gender, socioeconomic status). 3) Study design (control group). Control group: Non-RCT (1 point), CBA (1 point) if control group is the same population, before-after no points. 4) Outcome (outcome ascertain and follow-up). Outcome ascertain: one point if the outcome of interest was obtained objectively. Follow up: one point if the paper reported the sample attrition rates and/or discussed the implications of follow up rates. A final score for each intervention study represents the sum of points for selection bias, comparability, study design and outcome measure.
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