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Summary
Background: Obesity represents a major global health challenge with important clinical implications. Despite its recognized importance, the global disease burden attributable to high body mass index (BMI) remains less well understood.
Methods: We systematically analyzed global deaths and disability-adjusted life years (DALYs) attributable to high BMI using the methodology and analytical approaches of the Global Burden of Disease Study (GBD) 2021. High BMI was defined as a BMI over 25 kg/m2 for individuals aged 20 years. The Socio-Demographic Index (SDI) was used as a composite measure to assess the level of socio-economic development across different regions. Subgroup analyses considered age, sex, year, geographical location, and SDI. 
[bookmark: OLE_LINK2][bookmark: OLE_LINK1][bookmark: OLE_LINK96][bookmark: OLE_LINK97][bookmark: OLE_LINK11][bookmark: OLE_LINK12]Findings: From 1990 to 2021, the global deaths and DALYs attributable to high BMI increased more than 2.5-fold for females and males. However, the age-standardized death rates remained stable for females and increased by 15.0% for males. Similarly, the age-standardized DALY rates increased by 21.7% for females and 31.2% for males. In 2021, the six leading causes of high BMI-attributable DALYs were diabetes mellitus, ischemic heart disease, hypertensive heart disease, chronic kidney disease, low back pain and stroke. From 1990 to 2021, low-middle SDI countries exhibited the highest annual percentage changes in age-standardized DALY rates, whereas high SDI countries showed the lowest.
Interpretation: The worldwide health burden attributable to high BMI has grown significantly between 1990 and 2021. The increasing global rates of high BMI and the associated disease burden highlight the urgent need for regular surveillance and monitoring of BMI. 

Funding: National Natural Science Foundation of China and National Key R&D Program of China. 
Keywords: obesity; body mass index; Global Burden of Disease Study; metabolic risk


Introduction
Obesity is a modifiable metabolic risk factor characterized by chronic positive energy balance that results in excess adiposity.1 The etiology of obesity is multifactorial, involving genetics, environmental, socioeconomic, and behavioral factors. These factors contribute to low-grade chronic inflammation, abnormal hormonal and immune responses, and, ultimately, systemic metabolic dysregulation.1-3 Obesity is a major public health challenge, impacting over 2 billion individuals, and its prevalence is on the rise globally.4-7

[bookmark: OLE_LINK75][bookmark: OLE_LINK74][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK8][bookmark: OLE_LINK7][bookmark: OLE_LINK146][bookmark: OLE_LINK145]Obesity significantly increases the risk of developing type 2 diabetes, hypertension, cardiovascular disease (CVD), chronic kidney disease, chronic respiratory disease, cirrhosis, and various types of cancers.8-12 This significantly strains many countries' health care systems and other social resources, leading to substantial direct and indirect societal costs.13,14 The global medical care costs of obesity were nearly 1.96 trillion, or 2.4% of the global Gross Domestic Product in 2020.13,14 If current trends persist, it is expected that by 2035, the economic impact of obesity could reach nearly 3% of the global Gross Domestic Product.14 Managing obesity is challenging due to the difficulty patients experience maintaining strict dietary and exercise regimens. Obesity pharmacotherapy and bariatric surgery are expensive and may lead to various adverse effects, such as nausea, vomiting, diarrhea, and neuropathy.15

From 1990 to 2017, the global burden attributable to high body mass index (BMI)  more than doubled in over 70 countries and is expected to continue increasing.16 It is anticipated that the global prevalence of obesity will increase further across all age groups due to the recent COVID-19 pandemic.17-19 The measures taken to enforce social distancing during the COVID-19 pandemic have reduced physical activity, increased sedentary behavior, and altered eating habits.20,21 Moreover, people have been more inclined to purchase and consume processed, unhealthy foods.22 Thus, the surveillance of high BMI prevalence is crucial for developing and implementing public health initiatives designed to mitigate or eliminate the occurrence and impact of obesity. As part of the risk factor assessment for the Global Burden of Disease Study (GBD) 2021, we comprehensively analyzed global trends and burden of high BMI from 1990 to 2021, broken down by country. This manuscript presents the updated findings of a systematic analysis conducted for the recent and publicly available GBD 2021 database.

Methods
Data sources
The data regarding the impact of high BMI on the burden of disease was gathered from the Global Health Data Exchange GBD Results Tool (http://ghdx.healthdata.org/gbd-results-tool). GBD collaborators developed this tool to conduct a comprehensive evaluation of age- and sex-specific mortality for 288 causes, prevalence and years lived with disability for 371 diseases and injuries, and comparative risks for 88 risk factors across 204 countries and territories and 811 subnational locations from 1990 to 2021. The detailed methodologies of GBD 2021 and the comparative risk assessment specifically for high BMI have been described elsewhere.23,24 The protocol used for GBD 2021 was published on the Institute for Health Metrics and Evaluation website. The GBD study provides the baseline data and methodology, including comprehensive disease categorization and burden estimates. Additional analysis performed by the authors involves applying the GBD framework to specific research questions, focusing on subgroups or regions not extensively covered. All GBD 2021 analyses complied with the Guidelines for Accurate and Transparent Health Estimates Reporting statement.

Definitions
The GBD 2021 study estimated the impact by comparing actual health outcomes to hypothetical outcomes under historical exposure scenarios. High BMI was defined as BMI, calculated by dividing a person's weight in kilograms by the square of their height in meters (kg/m2) and was over 25 kg/m2 for individuals aged 20 years and older.6 Detailed information about the data selection process and inputs have been provided previously.6 In the GBD study, the classification of disease attributable to high BMI is organized into a four-level hierarchical system to ensure comprehensive and precise categorization. Level 1 includes broad groupings such as communicable and non-communicable diseases, and injuries. Level 2 breaks these into 22 specific categories, e.g. cardiovascular diseases within non-communicable diseases. Level 3 further specifies conditions within these categories, e.g. stroke under cardiovascular diseases. Level 4 provides even finer detail, identifying subcategories e.g. ischemic stroke within the general stroke category, allowing for a detailed and exhaustive analysis of global health metrics. This study uses Disability-Adjusted Life Years (DALYs) to measure disease burden. DALYs are a commonly used metric that combines the years of life lost due to premature mortality and the years lived with disability. Typically, DALYs are considered over an extended period, such as a lifetime, but in our analysis, we quantified DALYs annually, specifically for 2021. When referring to "DALY cases" in our study, we refer to the total number of DALYs accumulated within 2021 due to various health conditions. This approach provides a snapshot of the disease burden for that particular year. By focusing on DALYs within a single year, we can assess and compare the immediate impact of health issues and their contribution to the overall disease burden for that period. The quantification of cause-specific deaths and DALYs across various demographics, including age, sex, temporal dimensions, and geographical locations, has been meticulously gathered from an extensive dataset. DALYs serve as a comprehensive metric, encapsulating the total health burden attributable to disease by amalgamating the years of life forfeited through premature mortality and the years spent living with disability. Each DALY is interpreted as a loss of one year of optimal health. In previous GBD studies and in this study, we have focused on the attributable burden of disease using the concept of the theoretical minimum risk exposure level (TMREL).17 TMREL represents the level of risk exposure that minimizes the risk at the population level, effectively capturing the maximum attributable burden if the exposure were reduced to this ideal level.17 To estimate the burden of high BMI, we calculated DALYs by multiplying DALYs for the health outcomes related to high BMI by the population attributable fraction (PAF) for high BMI. This approach is also used to estimate high BMI-attributable deaths. Risks are categorized based on how BMI exposure is measured: dichotomous, polytomous, or continuous. The PAF indicates the proportion of risk that would be reduced if BMI was reduced to TMREL. The socio-demographic index (SDI) is introduced as a composite measure reflecting the development status of various geographic locales. This index is derived from three indicators: the total fertility rate among women under 25, educational attainment for individuals aged 15 and above, and per capita income adjusted for time lag. The SDI scale, ranging from a value close to zero (indicating low development) to a maximum value (indicating high development), categorizes countries and territories into five quintiles, from low to high developmental status, providing a nuanced understanding of the interplay between socioeconomic factors and health outcomes.

Statistical Analysis
[bookmark: OLE_LINK294][bookmark: OLE_LINK293]We analyzed the disease burden attributable to high BMI, considering metrics such as the total number and rate of deaths or DALYs, age-standardized rates, and percent changes. The age-standardized rates were calculated by adjusting to the global age structure, which is essential for comparing different populations or changes over time. The 95% uncertainty intervals (UIs) were delineated by the 2.5th and 97.5th percentiles, representing the 25th and 975th values, respectively, from the ordered set of 1000 estimates. Population-attributable fractions were used to measure the proportion of age-standardized DALYs that could have been prevented with reduced exposure to high BMI. Furthermore, we explored the relationship between the SDI and the disease burden attributable to high BMI across different locations and years. A 95% UI excluding zero was considered statistically significant. The mapping figures were created using mapchart.net.

Ethics
The institutional review board granted an exemption for this study, as it utilized publicly accessible data that contained no confidential or personally identifiable patient information. 
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Results
The overall impact and temporal trend of high BMI
[bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK147][bookmark: OLE_LINK148][bookmark: OLE_LINK3][bookmark: OLE_LINK4]In 2021, there was an estimated incidence of 3.7 million deaths and an estimated prevalence of 128.5 million cases of DALYs (Tables 1 & 2). Globally, there has been a significant increase in global deaths and DALYs attributable to high BMI for both males and females (number of deaths: from 1.5 million to 3.7 million; DALYs: from 48.0 million to 128.5 million), corresponding to a nearly 2.5-fold increase (Figure 1A & 1B). Specifically, the global deaths attributable to high BMI have risen from 0.8 million (95% UI 0.4 million, 1.3 million) in 1990 to 2.0 million (95% UI 0.9 million, 3.2 million) in 2021 for females, and from 0.6 million (95% UI 0.3 million, 1.0 million) in 1990 to 1.7 million (95% UI 0.9 million, 2.6 million) in 2021 for males. 
From 2019 to 2020, the age-standardized death rates increased slightly from 44.1 to 44.13 per 100,000 population, and the age-standardized DALY rates rose from 1,464.6 to 1,477.85 per 100,000 population. During the COVID-19 pandemic (2020-2021), the death rates slightly increased from 44.13 to 44.23 per 100,000 population, while the DALY rates further rose from 1,477.85 to 1,493.24 per 100,000 population. These increases during the COVID-19 pandemic were more pronounced than in previous periods. Furthermore, the global DALYs attributable to high BMI have increased from 26.1 million (95% UI 11.0 million, 42.2 million) in 1990 to 67.2 million (95% UI 28.4 million, 105.6 million) in 2021 for females, and from 21.9 million (95% UI 10.1 million, 35.1 million) in 1990 to 61.3 million (95% UI 94.9 million, 27.6 million) in 2021 for males. Despite these increases, the age-standardized rates of high BMI-attributable deaths remained stable for females and increased by 15.0% for males between 1990 and 2021. Similarly, the age-standardized rates of high BMI-attributable DALYs only increased by 21.7% for females and 31.2% for males during the same period.

The rates of high BMI-attributable deaths and DALYs increased with age, and this pattern was consistent for both females and males (Figure 1C & 1D). In age groups younger than 75 years, high BMI-attributable death and DALYs rates were lower in females than males, but in age groups 65 years and older, these rates were higher in females than in males. The number of high BMI-attributable deaths peaked in the 70-74 age group for females, while for males, the peak was observed in the 65–69 age group. The number of high BMI-attributable DALYs peaked in the 65-59 and 60–64 age groups for females and males. Additionally, the numbers of high BMI-attributable deaths and DALYs were lower in females than in males in age groups under 60 years, while the numbers were higher in females than males in age groups 60 years and older.

[bookmark: OLE_LINK86][bookmark: OLE_LINK87]Impact of high BMI on GBD level 2 and 3 causes
[bookmark: OLE_LINK112][bookmark: OLE_LINK113]In 2021, across GBD level-2 causes, cardiovascular disease and the composite of diabetes and kidney diseases were the two primary contributors to high BMI-attributable DALYs. The absolute number of DALYs for cardiovascular disease and the composite of diabetes and kidney diseases was 1.9 million and 1.1 million, respectively. The age-standardized DALY rates were 497.3 (95% UI 271.8, 699.5) per 100,000 people for cardiovascular disease and 496.7 (95% UI 347.2, 679.6) per 100,000 people for the composite of diabetes and kidney diseases (Figure 2). This was followed by musculoskeletal disorders, with a DALY rate of 134.0 (95% UI 104.8, 287.2) per 100,000 people, and neoplasms, with a DALY rate of 88.9 (95% UI 37.5, 143.9) per 100,000 people. Together, these accounted for 91.4% of all high BMI-attributable DALYs. Additionally, 39.6% (95% UI 21.3%, 54.6%) of all diabetes and kidney diseases age-standardized DALYs worldwide were attributable to high BMI. In comparison, the corresponding proportions were 38.3% (95% UI 28.4%, 48.7%) for cardiovascular disease and 4.6% (95% UI 2.7%, 7.1%) for musculoskeletal disorders. Similar patterns were observed for deaths. GBD level 2 causes of high BMI-attributable DALYs and deaths with age distribution are shown in Supplement Figure 1. From 1990 to 2010, age-standardized death and DALYs rates of diabetes significantly increased and became comparable to those of CVD (Supplement Figure 2A & 2C). High BMI contributes significantly to the burden of several GBD level-3 causes (Supplement Tables 1 & 2). Specifically, for every 100,000 people, the attributable DALYs due to high BMI were highest for diabetes mellitus, ischemic heart disease, hypertensive heart disease, chronic kidney disease, low back pain, and stroke. The absolute numbers of DALYs for these conditions were 39.3 million for diabetes mellitus, 23.9 million for ischemic heart disease, 12.6 million for hypertensive heart disease, 10.4 million for chronic kidney disease, 8.3 million for low back pain, and 7.6 million for stroke. For every 100,000 people, the absolute number of deaths due to high BMI was highest for ischemic heart disease, diabetes mellitus, hypertensive heart disease, chronic kidney disease, stroke, and Alzheimer's and other dementias. The absolute numbers of deaths for these conditions were, respectively, 1.0 million for ischemic heart disease, 0.7 million for diabetes mellitus, 0.6 million for hypertensive heart disease, 0.4 million for chronic kidney disease, 0.3 million for stroke, and 0.1 million for Alzheimer's and other dementias.

Impact of high BMI on GBD super-region
[bookmark: OLE_LINK109][bookmark: OLE_LINK108][bookmark: OLE_LINK114][bookmark: OLE_LINK115][bookmark: OLE_LINK118][bookmark: OLE_LINK119]Temporal trends of age-standardized death and DALY rates in each region from 1990 to 2021 are shown in Figure 3. The burden of high BMI increased worldwide between 1990 and 2021, especially in the Middle East, and it remains a significant challenge in those regions and others (Figure 4). The countries with the highest age-standardized rates of high BMI-attributable deaths and DALYs are those in the high-SDI quintile, with 44.9 (95% UI 29.3, 62.2) deaths per 100,000 people and 1,462.3 (95% UI 1,007.4, 1,963.7) DALYs per 100,000 people, as well as the low SDI quintile with 38.8 (95% UI 19.8, 63.1) deaths per 100,000 people and 1,240.2 (95% UI 672.0, 1,912.3) DALYs per 100,000 people. Conversely, the countries with high SDI had the lowest age-standardized DALY rates, and those with low-middle SDI had the highest. Figure 5 shows the association between DALY rates and SDI across countries. As SDI increases, the age-standardized DALY rates initially rise until SDI reaches approximately 0.50, which begins to decrease with higher SDI values exceeding 0.65. The age-standardized death and DALY rates attributable to high BMI in 2021 by 204 countries and territories were shown in Supplement Tables 3 & 4. Across countries, six countries (Nauru, Fiji, Marshall Islands, Kiribati, Egypt, and Eswatini) had the highest mortality rates. The DALYs and age-standardized DALYs rates were the highest in Nauru, Fiji and the Marshall Islands. From 1990 to 2021, most GBD super regions experienced an increase in age-standardized rates of high BMI-attributable deaths and DALYs. Only the Nordic region and European Union experienced a decline in the age-standardized rate of high BMI-attributable deaths during the study period. Across all countries and territories, six countries (Zimbabwe, Lesotho, Pakistan, India, Indonesia, and Libya) experienced the highest increase in the age-standardized rates of high BMI-attributable deaths and DALYs. Six countries (Ethiopia, Norway, Greenland, Czechia, Ireland, and Germany) experienced the highest decline in the age-standardized rate of high BMI-attributable DALYs during the study period. Age-standardized deaths and DALYs rates by GBD level-2 causes and GBD super-region in 2021 were shown in Supplement Figure 2B & 2D.

Discussion
[bookmark: OLE_LINK100][bookmark: OLE_LINK101]Our systematic analysis of the recent and publicly available GBD 2021 database on the disease burden and trends attributable to high BMI indicates a significant and constant increase in the global rates of high BMI over the past 30 years among individuals aged 20 years. There are significant differences between countries and diseases in the levels and changes in high BMI, with specific regional trends.

[bookmark: OLE_LINK221][bookmark: OLE_LINK222][bookmark: OLE_LINK149][bookmark: OLE_LINK150][bookmark: OLE_LINK154][bookmark: OLE_LINK153][bookmark: OLE_LINK156][bookmark: OLE_LINK155][bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK78][bookmark: OLE_LINK79]The analysis shows that from 1990 to 2021, high BMI-attributable deaths and DALYs have increased significantly for both males and females, but with notable differences. Females experienced a substantial rise in the absolute numbers of deaths and DALYs, while males showed a more significant increase in age-standardized rates of these metrics. For females, age-standardized rates remained substantially stable, indicating a growing burden without a change in relative risk, whereas males experienced a 15.0% rise in death rates and a 31.2% rise in DALYs. These differences highlight the need for gender-specific public health strategies to address the rising global impact of high BMI. Despite the widespread recognition of the obesity epidemic, there is a significant gap in effectively applying interventions for the prevention and management of obesity.25 Efforts to explain the significant increase in the global rates of high BMI over the past three decades have focused on various factors, including lifestyle changes, reduced physical activity, and dietary changes.26,27 First, the rise in global high BMI rates directly results from lifestyle changes accompanying social and demographic transitions that started several decades ago.28,29 The world is facing similar challenges due to swift economic, demographic, and lifestyle changes, such as changes in food consumption, decreased physical activity, and increased sedentary behavior.28,30 Second, the reduced energy expenditure among adults because of changes in work and transportation methods may also play a role in the increasing global rates of high BMI. During the COVID-19 pandemic (2020-2021), the increases in age-standardized death and DALY rates were more pronounced compared to the pre-pandemic period (2019-2020). This worsening may be likely due to increased sedentary behaviors, healthcare disruptions, and heightened stress, which likely exacerbate existing health issues.31,32 Additionally, the prevalence of high BMI is rising globally due to changes in global food systems and consumption patterns driven by economic and technological influences.33,34 High levels of ultra-processed food (UPF), hyper-palatable foods (HPF), and high energy density (HED) are contributing to this trend.35,36 These foods are affordable and convenient, leading to increased consumption and coinciding with rising obesity rates. In contrast, fiber-rich foods like whole grains and fruits make up a smaller portion of the food supply and are less consumed, resulting in the intake of higher calories and subsequent weight gain.37 

[bookmark: OLE_LINK161][bookmark: OLE_LINK162][bookmark: OLE_LINK211][bookmark: OLE_LINK212]Our findings indicate that CVD and the composite of diabetes and kidney diseases were the two leading causes of death and disability-adjusted life-years attributable to high BMI. The DALYs for diabetes and kidney diseases have increased significantly with an annual percentage change in age-standardized DALYs rates of 0.79 (0.67 - 0.94). Conversely, the DALYs for CVD have remained stable with an annual percentage change in age-standardized DALY rates of -0.01 (-0.09 - 0.06). At the GBD level 3, diabetes mellitus has surpassed ischemic heart disease and hypertensive heart disease, becoming the leading cause attributable to high BMI. The updated study on the global burden of diabetes also reported that a high BMI is the primary risk factor for type 2 diabetes, contributing to more than 50% of global DALYs in 2021.38 In recent decades, there has been a growing correlation between high BMI and type 2 diabetes, with exposure increased considerably between 2000 and 2021.6 Childhood obesity is a growing global concern, with increasing prevalence in both high- and low-income countries.39,40 This condition poses significant health risks, including type 2 diabetes and cardiovascular disease, and can lead to long-term chronic issues if not addressed.41 Additionally, childhood obesity has psychosocial effects, such as stigma and lower self-esteem, which may further complicate management and treatment.42 However, the management of high BMI seems to be a more significant challenge than glycemic control, primarily because patients often find it difficult to use effective and inexpensive drugs and adhere to exercise programs consistently.43 Medical professionals may use obesity medications or bariatric surgery as alternative treatments.15,44 Despite their effectiveness in reducing weight, these interventions have drawbacks such as high costs and adverse effects like nausea, vomiting, diarrhea, and neuropathy.15,25 Although pharmaceutical interventions aimed at controlling hypertension and reducing plasma low-density lipoprotein cholesterol levels may provide partial benefit, they are insufficient in significantly decreasing the majority of metabolic disease risks attributable to high BMI.45 

[bookmark: OLE_LINK158][bookmark: OLE_LINK157]We analyzed the impact of metabolic risks and found significant regional disparities. In May 2022, the World Health Organization (WHO) reported that 60% of European citizens are overweight or obese.46 Nearly one-third of the global population could be classified as overweight or obese, with a prevalence exceptionally high in developed countries in the future.46 Our research findings indicate that high BMI-attributable DALYs have increased in almost every region over the past 30 years, except for high SDI regions, where they remain stable. We would like to be optimistic that the obesity epidemic has peaked in the developed world. The burden and increase in deaths and DALYs attributable to high BMI were more significant for countries with low-middle SDI but not low SDI. In low-income regions, most of the population lacks access to high-protein dietary options. Instead, their diet predominantly includes carbohydrates sourced from rice and other readily available food items. This nutritional pattern is also marked by a higher intake of calories, animal products, and sugars.47 These factors may lead to a transition to less healthy food choices, which may worsen issues related to high BMI. However, our analysis of the GBD 2021 database does not explain why the low SDI region has experienced slower rates of increase in high BMI. Thus, the complexity of the relationship between high BMI and SDI reasonably suggests that changes in the burden attributable to high BMI cannot be fully explained by analyzing income levels or SDI levels. Although high BMI-attributable death rates and DALY rates have declined in some regions, such as Ireland, this trend contrasts with broader data indicating that CVD deaths have plateaued and obesity rates continue to rise. Despite improvements in some health metrics, many high-income nations, such as Ireland, are experiencing stagnation in life expectancy, suggesting that other factors may offset gains in high BMI-related outcomes. This discrepancy underscores the need for a nuanced analysis of regional health trends, considering factors such as healthcare advancements, public health policies, and socioeconomic changes.

[bookmark: OLE_LINK300][bookmark: OLE_LINK299][bookmark: OLE_LINK297][bookmark: OLE_LINK298][bookmark: OLE_LINK89][bookmark: OLE_LINK85][bookmark: OLE_LINK88]The increase in obesity has significant implications for the disease burden worldwide, yet the current approach to addressing obesity is often disjointed and fragmented. There is a pressing global need to prevent obesity (starting from childhood and adolescence), promote weight loss, and reduce the risk of disease in individuals struggling with high BMI.48 High BMI is a whole-of-society and system-level problem requiring multi-stakeholder actions.49 Governments and communities must vigorously implement evidence-based policies to achieve global targets for controlling high BMI.50 Researchers should work on understanding how high BMI is changing globally and develop strategies to encourage behavioral changes.51 However, the effectiveness of 'behavioral' changes in tackling the obesity epidemic is debatable vis-a-vis structural population-level interventions.52 The debate between behavioral changes and structural population-level interventions in tackling obesity focuses on their respective impacts and effectiveness.52 Behavioral changes focus on individual habits and can yield short-term results, but they often fail to produce long-lasting effects without ongoing support.53 In contrast, structural interventions address broader environmental and systemic factors, potentially leading to widespread public health improvements.54 While behavioral strategies are helpful, they are usually limited in scope compared to structural changes that reshape the environment to support healthier choices on a larger scale.55 It is reasonable that a combined approach might offer the most comprehensive solution to the obesity epidemic.52 Public health policymakers should allocate funding and prioritize this important issue on their agendas.56 Early intervention is crucial, and efforts should begin with parents and families to develop education and awareness, starting with the youngest members of society.57 This can be achieved through targeted funding, food aid such as healthy food subsidies or coupons, free healthy school meals, and primary care-based nutrition interventions.58 

[bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK200][bookmark: OLE_LINK199][bookmark: OLE_LINK198][bookmark: OLE_LINK197][bookmark: OLE_LINK201][bookmark: OLE_LINK204][bookmark: OLE_LINK202][bookmark: OLE_LINK203][bookmark: OLE_LINK205][bookmark: OLE_LINK206]This study has significant limitations that should be discussed. General limitations of the GBD methodology are described in more detail elsewhere.6,16 First, the methodology adopted for the GBD study involves the inclusion of surveys based on self-reported data regarding body weight and height. To mitigate this issue, the GBD study incorporates a correction method for the self-reported data, employing observed relationships from datasets that include self-reported and directly measured weights and heights. Second, while BMI is a convenient measure of body fat, it does not fully consider the differences in body composition and regional fat distribution between different ethnic groups. Specifically, BMI cannot distinguish between lean and fat mass, as it does not consider bone density and body composition. Additionally, the GBD 2021 database does not address disability weights or the life expectancy methods used. Third, using a universal cutoff point for BMI may underestimate the rates of high BMI in some countries. However, BMI is based on measures easily collected at the population level. Fourth, the analyses employed in this manuscript are downloaded from the GBD Compare/GHDx database, which is in public domain and we have included updated analyses to 2021. Fifth, the GBD study does not provide data on the prevalence of high BMI. Consequently, we are unable to include this information in our analysis. Sixth, childhood obesity was not a focus of the present analysis despite its increasing global prevalence and significance.

[bookmark: OLE_LINK91][bookmark: OLE_LINK90]In conclusion, this study provides a comprehensive update on the global trends and burden of high BMI to 2021 using the recent and publicly available GBD 2021 database. The prevalence of high BMI has increased globally over the past 30 years (from 2019 to 2021) and is a significant factor in the global burden of disease. The increasing global rates of high BMI and the associated disease burden highlight the urgent and continuing need for regular surveillance and monitoring of BMI, as well as the analysis and identification of the main risk factors that may be different across regions and countries.
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Table Legends
Table 1. Deaths and age-standardized death rates of high BMI in 1990 and 2021 and the temporal trend of age-standardized death rates from 1990 to 2021
Table 2. Deaths and age-standardized DALYs rates of high BMI in 1990 and 2021 and the temporal trend of age-standardized DALYs rates from 1990 to 2021
Supplement Table 1. Deaths and age-standardized death rates of high BMI in 1990 and 2021 and the temporal trend of age-standardized death rates from 1990 to 2021 by GBD level 3 disease
Supplement Table 2. DALYs and age-standardized death rates of high BMI in 1990 and 2021 and the temporal trend of age-standardized death rates from 1990 to 2021 by GBD level 3 disease
Supplement Table 3. Deaths and age-standardized death rates of high BMI in 1990 and 2021 and the temporal trend of age-standardized death rates from 1990 to 2021 by GBD super-region
Supplement Table 4. DALYs and age-standardized DALYs rates of high BMI in 1990 and 2021 and the temporal trend of age-standardized DALYs rates from 1990 to 2021 by GBD super-region
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Figure Legends
[bookmark: OLE_LINK121][bookmark: OLE_LINK120][bookmark: OLE_LINK127][bookmark: OLE_LINK126][bookmark: OLE_LINK128][bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK131]Figure 1. (A) Temporal trend of death numbers and rates attributable to high BMI by females and males from 1990 to 2021; (B) Temporal trend of DALYs numbers and rates attributable to high BMI by females and males from 1990 to 2021; (C) Death numbers and rates attributable to high BMI by sex and age distribution; (D) DALYs numbers and rates attributable to high BMI by sex and age distribution.
Abbreviations: DALYs, deaths and disability-adjusted life years. 
[bookmark: OLE_LINK140][bookmark: OLE_LINK139][bookmark: OLE_LINK144][bookmark: OLE_LINK143][bookmark: OLE_LINK132][bookmark: OLE_LINK134][bookmark: OLE_LINK133][bookmark: OLE_LINK136][bookmark: OLE_LINK135][bookmark: OLE_LINK122][bookmark: OLE_LINK123]Figure 2. (A) Temporal trend of the number of deaths by GBD level 2 causes attributable to high BMI from 1990 to 2021; (B) Temporal trend of the contribution of GBD level 2 causes for deaths attributable to high BMI from 1990 to 2021; (C) Temporal trend of the number of DALYs attributable to high BMI by GBD level 2 causes from 1990 to 2021; (D) Temporal trend of the contribution of GBD level 2 causes for DALYs attributable to high BMI from 1990 to 2021.
Abbreviations: DALYs, deaths and disability-adjusted life years; GBD, global burden of disease study.
[bookmark: OLE_LINK124][bookmark: OLE_LINK125]Figure 3. (A) Temporal trend of age-standardized death rates attributable to high BMI from 1990 to 2021 globally and regionally; (B) Temporal trend of age-standardized DALYs rates attributable to high BMI from 1990 to 2021 globally and regionally.
Abbreviations: DALYs, deaths and disability-adjusted life years; SDI, Socio-demographic Index.
[bookmark: OLE_LINK138][bookmark: OLE_LINK137][bookmark: OLE_LINK141][bookmark: OLE_LINK142]Figure 4. (A) Age-standardized DALY rates attributable to high BMI in 2021; (B) Age-standardized DALYs rates attributable to high BMI in 2021.
Abbreviations: BMI, high body mass index; DALYs, deaths and disability-adjusted life years.
Figure 5. (A) Age-standardized DALYs rates attributable to high BMI across GBD super-region by SDI from 1990 to 2021; (B) Age-standardized DALYs rates attributable to high BMI across 204 countries and territories by SDI in 2021
Abbreviations: DALYs, deaths and disability-adjusted life years; GBD, global burden of disease study; SDI, Socio-demographic Index.
Supplement Figure 1. (A) Number of deaths by GBD level 2 causes and age distribution; (B) Contribution of GBD level 2 causes for deaths by age distribution; (C) Number of DALYs by GBD level 2 causes and age distribution; (D) Contribution of GBD level 2 causes for DALYs by age distribution
Abbreviations: BMI, high body mass index; DALYs, deaths and disability-adjusted life years; GBD, global burden of disease study
Supplement Figure 2. (A) Temporal trend of age-standardized death rate by GBD level 2 causes; (B) Age-standardized death rate by GBD level 2 causes and GBD super-region in 2021; (C) Age-standardized DALYs rate by GBD level 2 causes and GBD super-region in 2021
Abbreviations: BMI, high body mass index; DALYs, deaths and disability-adjusted life years; GBD, global burden of disease study
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