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Introduction: No study has comprehensively quantified the individual and collective contributions of various risk factors to the growing burden of diabetes in the United States.

Methods: This study aimed to determine the extent to which an increase in the prevalence of diabetes was related to concurrent changes in the distribution of diabetes-related risk factors among US adults (aged 20 years or above and not pregnant). Seven cycles of series of cross-sectional National Health and Nutrition Examination Survey data between 2005–2006 and 2017–2018 were included. The exposures were survey cycles and seven domains of risk factors, including genetic, demographic, social determinants of health, lifestyle, obesity, biological, and psychosocial domains. Using Poisson regressions, percent reduction in the β coefficient (the logarithm used to calculate the prevalence ratio for prevalence of diabetes in 2017–2018 vs. 2005–2006) was computed to assess the individual and collective contribution of the 31 prespecified risk factors and seven domains to the growing burden of diabetes.

Results: Of the 16,091 participants included, the unadjusted prevalence of diabetes increased from 12.2% in 2005–2006 to 17.1% in 2017–2018 [prevalence ratio: 1.40 (95% CI, 1.14–1.72)]. Individually, genetic domain [17.3% (95% CI, 5.4%−40.8%)], demographic domain [41.5% (95% CI, 24.4%−76.8%)], obesity domain [35.3% (95% CI, 15.8%−70.2%)], biological domain [46.2% (95% CI, 21.6%−79.1%)], and psychosocial domain [21.3% (95% CI, 9.5%−40.1%)] were significantly associated with a different percent reduction in β. After adjusting for all seven domains, the percent reduction in β was 97.3% (95% CI, 62.7%−164.8%).

Conclusion: The concurrently changing risk factors accounted for the increasing diabetes prevalence. However, the contribution of each risk factor domain varied. Findings may inform planning cost-effective and targeted public health programs for diabetes prevention.
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Introduction

Diabetes is a growing health concern as a leading cause of mortality and disability (1). Among US adults, the estimated prevalence of diabetes has increased dramatically in recent decades, reaching 14.7% in 2019 (2). Diabetes posed a colossal economic burden, including $237 billion in direct medical costs and $90 billion in lost productivity in 2017 in the United States (3). Hence, understanding factors contributing to the increasing prevalence of diabetes is critical for devising public health interventions for the prevention of diabetes.

Diabetes is a complex multifactorial disease. The growing prevalence of diabetes likely results from temporal changes in both genetic and more substantially non-genetic factors. The increasing prevalence of diabetes coincides with the changing prevalence of certain risk factors for diabetes among US adults. The prevalence of general and abdominal obesity has continued to increase since 1999 (4–7). Accumulating evidence links psychosocial factors, such as depression, long work hours, and sleep disturbance, with diabetes (8, 9). US adults with psychosocial distress have been a growing population (10, 11). Changes in demographic composition due to birth, death, and migration are in part responsible for the rising prevalence of diabetes (12). Social determinants of health (SDOH) are strong predictors of diabetes, and specific dimensions of SDOH, such as health insurance coverage and food security, levels have changed since 1999 (13, 14). Furthermore, many risk factors of diabetes commonly co-occur within an individual (15). However, no study has comprehensively quantified the individual and collective contribution of various risk factors to the growing burden of diabetes in the United States. The lack of quantitative understanding of major contributing risk factors presents significant challenges for devising cost-effective and targeted public health interventions to reverse the trends in the prevalence of diabetes.

Using data from the National Health and Nutrition Examination Survey (NHANES), the primary objective of this study was to determine the extent to which the increase in the prevalence of diabetes between 2005–2006 and 2017–2018 was related to concurrent changes in the distribution of a wide range of risk factors individually and collectively among US adults.



Materials and methods


Data collection

NHANES, as a multistage, nationally representative survey of the US non-institutionalized civilian population, has been conducted in 2-year cycles since 1999–2000 (16). Data were collected during in-home interviews and study visits at mobile examination centers. Seven cycles between 2005–2006 and 2017–2018 were included because important risk factors reflecting mental health, sleep habits, and disorders were not collected until 2005–2006. Participants aged 20 years or above were included except pregnant women. Written informed consent was obtained from each participant. This study was approved by the Shanghai Jiao Tong University School of Medicine Public Health and Nursing Research Ethics Review Committee.



Definition of diabetes

Consistent with the previous NHANES studies, diabetes was defined as having a self-reported diabetes diagnosis, a fasting plasma glucose level of 126 mg/dl or more, or a hemoglobin A1c level of 6.5% or more (17).



Domains of risk factors for diabetes

Based on the literature review and data accessibility, a range of risk factors were included and categorized into seven domains: genetic, demographic, SDOH, lifestyle, obesity, biological, and psychosocial domains.


Genetic domain

As a proxy for genetic predisposition, family history of diabetes (yes/no) was self-reported through the question “Including living and deceased, were any of your blood relatives, including father, mother, sisters, or brothers, ever told by a health professional that they had diabetes?”



Demographic domain

Demographic variables included age in years, sex (male/female), and race/ethnicity. Race and ethnicity were self-reported based on fix-category questions and categorized as non-Hispanic White, non-Hispanic Black, Hispanic, and other.



SDOH domain

SDOH included marital status, education, income, employment status, country of birth, health insurance type, healthcare access, food security, and number of people living in the household. Marital status was grouped into married, widowed, divorced, separated, never married, and living with a partner. Education level was categorized as less than high school, high school graduate, some college, and college graduate or above. The ratio of family income to poverty was calculated by dividing self-reported family income by the Department of Health and Human Services' poverty guidelines, specific to the family size, appropriate year, and state. Employment status included working at a job or business, with a job or business but not at work, looking for work, and not working at a job or business. Country of birth was recorded as born in the US or elsewhere. Health insurance type was defined as private (including any private health insurance, Medi-Gap, or single service plan), public only (including Medicare, Medicaid, State Children's Health Insurance Program, military healthcare, Indian Health Service, state-sponsored health plan, or other government insurance), and no insurance. Routine place to go for healthcare (yes/no) was used as a surrogate for healthcare access. Food security status was grouped into four categories: full food security, marginal food security, low food security, and very low food security (18). The total number of people in the household was self-reported and used as a continuous variable.



Lifestyle domain

Lifestyle variables included diet quality, physical activity, smoking status and amount, alcohol drinking status and amount, and sleep hours. The Healthy Eating Index 2015 (HEI-2015) was a measure of diet quality according to the 2015–2020 Dietary Guidelines for Americans (19). For physical activity, work-related physical activity was not collected before 2007. This study only included leisure-time physical activity. The minutes spent on the vigorous-intensity physical activity was multiplied by 2 and added to the minutes spent on the moderate-intensity physical activity in a typical week to create weekly minutes of moderate-intensity equivalent physical activity (20). Cigarette smoking status and alcohol consumption status were categorized as never, former, and current (21, 22). Daily cigarettes smoked were calculated using the number of smoking days during the past 30 days and the average number of cigarettes smoked on the smoking days. Daily drinks consumed was calculated using the number of drinking days during the past 12 months and the average number of alcoholic drinks consumed on the drinking days. Sleep hours at night on weekdays or workdays was self-reported and used as a continuous variable.



Obesity domain

Obesity variables included body mass index (BMI) and waist circumference. BMI was computed as weight in kilograms divided by height in meters squared.



Biological domain

Biological variables included systolic blood pressure, serum cholesterol, use of four antihypertensive medications associated with developing diabetes (23), and statin use. Systolic blood pressure was calculated by taking the mean of all available measurements. Total cholesterol and high-density lipoprotein cholesterol levels were measured using standard protocols based on the Centers for Disease Control and Prevention's Lipid Standardization Program. Currently taking prescribed angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers, β blockers, thiazides, and statins were determined by trained interviewers who documented the product name from the medication containers. Other biological risk factors, including diastolic blood pressure, uric acid, and estimated glomerular filtration rate, were further contained in the alternative biological domain and evaluated separately in a sensitivity analysis because there is evidence that these factors could be bidirectionally associated with diabetes.



Psychosocial domain

Psychosocial variables included working hours, trouble sleeping, and depression symptoms. Hours worked last week was self-reported. Having trouble sleeping (yes/no) was assessed by the response to “Have you ever told a doctor or other health professional that you have trouble sleeping?” The Patient Health Questionnaire-9 was administered to assess the severity of depressive symptoms over the past 2 weeks. It had nine items with four response levels (not at all, several days, more than half the days, nearly every day) scoring from 0 to 3 for each, resulting in a total score of 0 (low depressive symptomatology) to 27 (high depressive symptomatology).




Statistical analysis

Proportions or means were estimated to describe the characteristics of participants, as appropriate for all risk factors. Logistic regressions for categorical risk factors and linear regressions for continuous risk factors were used to compute crude P-value for trend from 2005–2006 to 2017–2018 (24).

The previous study revealed a linear trend in prevalence of diabetes between 1999–2000 and 2017–2018 (17). The linear trend between 2005–2006 and 2017–2018 was confirmed in this study. Poisson regressions were used to estimate the prevalence ratio (PR) for prevalence of diabetes comparing 2017–2018 with 2005–2006 (25). The extent to which the increase in prevalence of diabetes between 2005–2006 and 2017–2018 was related to the pre-specified risk factors or risk factor domains was estimated by calculating percent reduction in the β coefficient for the survey cycle (2017–2018 vs. 2005–2006) on the log-scale. Percent reduction in the β coefficient was obtained by contrasting the two models under comparison: (βref−βadj)/βref×100%. βref was from the base model. βadj was from the model including one or more risk factors or risk factor domains compared with the base model. The 95% confidence intervals (95% CIs) were estimated by performing bootstrap resampling (n = 200) (26).

Modeling strategies were described as follows. First, to assess the contribution of individual risk factor domains, the model with adding each of the 31 risk factors was compared with the base model without including any risk factors. Second, to assess the contribution of individual risk factor domains, the model with adding each of the seven risk factor domains was compared with the aforementioned base model. Third, to assess the collective contribution of two or more risk factor domains, each of the seven risk factor domains was sequentially added to the previous model, until all seven domains were included simultaneously. According to the modifiability and etiological proximity of risk factors in regard to diabetes, genetic, demographic, SDOH, lifestyle, obesity, biological, and psychosocial domains were added sequentially. Fourth, to assess the remaining contribution of each risk factor domain, the model excluding one of the seven risk factor domains was compared with the base model. Fifth, to assess the respective contribution of non-modifiable and modifiable risk factors, the model adjusting for non-modifiable risk factor domains (genetic and demographic domains) and modifiable risk factor domains (all other five domains) was compared with the base model. To conservatively account for possible non-linear associations between risk factors and diabetes, a quadratic term was added for all risk factors in continuous form.

Missing data were imputed with multiple imputation by chained equations (27). Considering the convergence issues of logistic regression models, multi-categorical risk factors were converted to binary ones and treated as continuous variables. Instead of the linear regression approach, predictive mean matching was chosen for the estimation, given its advantage of better preserving the original distribution of data (28). The number of nearest donors in the matching pool was set to be 10 (29). According to the recommendations that the number of imputations should at least equal the highest percentage of the fraction of missing information (FMI), the number of imputed datasets was set to be 10 because the highest FMI percentage of an individual variable was < 10% (27). Each model was executed within each of the 10 imputed datasets to obtain 10 sets of estimates, which were then meta-analyzed to produce one pooled estimate. A sensitivity analysis was conducted by performing a complete case analysis to assess the robustness of primary results.

Based on the least-common denominator rule, reconstructed weights incorporating weights from the dietary 2-day sample and fasting subsample were used to ensure the representativeness of the estimates. Design variables were further adjusted to obtain unbiased estimates and standard errors. All analyses were implemented with SAS version 9.4 and STATA version 17.0. A two-tailed P-value of < 0.05 denoted statistical significance.




Results

Among the 16,091 participants included, 3,505 (21.8%) participants had missing information on the outcome or risk factors of interest (Figure 1). After multiple imputation, the weighted mean age was 48.3 years, 47.8% were men, and 68.5% were non-Hispanic White.
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FIGURE 1
 Flow chart for sample size. Based on the least-common denominator rule, reconstructed weights incorporating weights from the dietary 2-day sample and fasting subsample were used to ensure the representativeness of the estimates.


The estimated crude prevalence of diabetes increased significantly from 12.2% (95% CI, 10.1%−14.3%) in 2005–2006 to 17.1% (95% CI, 15.2%−18.9%) in 2017–2018 [crude prevalence ratio (PR): 1.40 (95% CI, 1.14–1.72)].


Crude trends in risk factors

The estimated proportions of participants having a family history of diabetes, having multi-racial backgrounds, looking for work, with marginal, low or very low food security, having public insurance only, never smoking, drinking currently, taking β blockers, taking statins, and having trouble sleeping increased significantly between 2005–2006 and 2017–2018 (all P for trend < 0.05). The estimated proportions of participants having non-Hispanic White background, with an education level of less than high school, with full food security, having private insurance, having no insurance, having routine place to go for healthcare, and smoking currently decreased significantly between 2005–2006 and 2017–2018 (all P for trend < 0.05). The estimated means of participants' age, sleep hours, BMI, waist circumference, systolic blood pressure, and depression score increased significantly from 2005–2006 to 2017–2018 (all P for trend < 0.05). The estimated means of participants' leisure-time physical activity level, daily cigarettes smoked, total cholesterol level, and hours worked during the last week decreased significantly from 2005–2006 to 2017–2018 (all P for trend < 0.05; Table 1).


TABLE 1 Participant characteristics, 2005–2018a.
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Contribution of risk factors to the growing prevalence of diabetes

Individually, adjusting for family history of diabetes [17.3% (95% CI, 5.4%−40.8%)], age [25.1% (95% CI, 8.4%−49.5%)], race and ethnicity [5.9% (95% CI, 1.8%−12.6%)], education level [−12.7% (95% CI, −27.3% to −5.8%)], food security [8.7% (95% CI, 3.3%−21.0%)], health insurance type [25.7% (95% CI, 15.6%−47.9%)], routine place to go for healthcare [−8.5% (95% CI, −20.7% to −1.5%)], HEI-2015 [−2.0% (95% CI, −6.3% to −0.1%)], leisure-time physical activity [16.4% (95% CI, 7.4%−34.0%)], BMI [20.4% (95% CI, 5.6%−44.0%)], waist circumference [33.6% (95% CI, 14.7%−66.8%)], taking β blockers [18.5% (95% CI, 4.7%−37.1%)], total cholesterol [15.9% (95% CI, 8.3%−31.7%)], high-density lipoprotein cholesterol [12.9% (95% CI, 1.6%−28.1%)], statins use [34.6% (95% CI, 17.6%−61.7%)], depression score [9.1% (95% CI, 4.7%−18.9%)], or having trouble sleeping [12.4% (95% CI, 6.8%−22.2%)] was associated with a significant percent reduction in the β coefficient when comparing prevalence of diabetes between 2017–2018 and 2005–2006 (Table 2).


TABLE 2 Prevalence ratios for contrasting diabetes prevalence in 2017–2018 vs. 2005–2006 and percent reduction in β estimates according to individual risk factors.
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Contribution of risk factor domains to the growing prevalence of diabetes

Individually, adjusting for biological domain [46.2% (95% CI, 21.6%−79.1%)], demographic domain [41.5% (95% CI, 24.4%−76.8%)], obesity domain [35.3% (95% CI, 15.8%−70.2%)], psychosocial domain [21.3% (95% CI, 9.5%−40.1%)], or genetic domain [17.3% (95% CI, 5.4%−40.8%)] was associated with significant percent reduction in the β coefficient when comparing prevalence of diabetes between 2017–2018 and 2005–2006 (Table 3).


TABLE 3 Prevalence ratios for contrasting diabetes prevalence in 2017–2018 vs. 2005–2006 and percent reduction in β estimates according to individual domains.
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Sequentially, after adjusting for genetic and demographic domains, the percent reduction in the β coefficient was 59.0% (95% CI, 36.2%−112.4%), and the PR for comparing prevalence of diabetes in 2017–2018 with 2005–2006 was no longer significant [PR: 1.15 (95% CI, 0.97–1.36)]. After adjusting for all seven domains of risk factors, the percent reduction in the β coefficient was 97.3% (95% CI, 62.7%−164.8%; Table 3).

When adjusting for all domains but omitting one, the exclusion of demographic domain was associated with the least attenuation in the β coefficient [73.4% (95% CI, 42.5%−124.5%); Table 3]. Percent reduction in the β coefficient was 64.7% (95% CI, 40.1%−110.0%) when adjusting for modifiable domains and 59.0% (95% CI, 36.2%−112.4%) for non-modifiable domains.



Sensitivity analysis

The percent reduction in the β coefficient when adjusting for the alternative biological domain was 36.8% (95% CI, 11.6–68.7%; Supplementary Table S1). Of the 12,586 participants with complete information, the unadjusted prevalence of diabetes increased significantly from 2005–2006 (11.1%) to 2017–2018 [16.1%; PR: 1.46 (95% CI, 1.12–1.90)]. The contribution of a single risk factor was quantified (Supplementary Table S2). Individually, genetic, demographic, obesity, biological, or psychosocial domain was associated with a significant reduction in the β coefficient (Supplementary Table S3). These results were materially similar to the results of primary analysis using imputed data sets.




Discussion

Among US adults, the estimated prevalence of diabetes increased significantly in parallel with concurrent changes in the distribution of a comprehensive set of non-modifiable and modifiable risk factors for diabetes from 2005–2006 to 2017–2018. Ranked by the magnitude of contribution, the increasing prevalence of diabetes was significantly related to biological, demographic, obesity, psychosocial, and genetic domains (ranging from 46% to 17%). After taking into account all seven risk factor domains, the increasing trend in prevalence of diabetes was no longer observed. These findings provide concrete, informative, and targeted data for guiding future public health efforts for the prevention of diabetes.

The demographic domain had a major contribution to the increasing prevalence of diabetes, which primarily resulted from aging and increasing proportion of racial and ethnic minorities. These trends in the demographic composition of the US population likely continue and further contribute to the growing burden of diabetes (12). As this study found that ~40% of the increase in the diabetes prevalence was related to changing demographic factors, further interventions targeting the aging population and ethnic minorities should be emphasized to effectively address the growing burden of diabetes among US adults.

Family history of diabetes is a well-established strong risk factor for diabetes (30, 31). As a proxy for genetic predisposition, its prevalence was speculated to be relatively stable in short periods. However, an increasing trend in the family history of diabetes was observed in this study, which may in part be driven by aging. Furthermore, the increase in genetically susceptible individuals in the gene pool could be caused by the increase in racial and ethnic minorities (32). The demographic and genetic factors are considered non-modifiable but contributed to a substantial proportion of the growing diabetes burden.

The biological domain accounted for the greatest proportion of the increasing prevalence of diabetes. Biological factors are most proximal to diabetes onset, and risk factors from other domains may directly and indirectly influence biological factors. The prevalence of statin use, the strongest contributor to the rising prevalence of diabetes within the biological domain, increased significantly. Statins are associated with accelerated progression to diabetes via the mechanisms of insulin secretion, insulin resistance, and cellular metabolisms of glucose (33, 34). In addition, the prevalence of taking β blockers, a cardioprotective drug that could worsen glycemic control by increasing insulin resistance and decreasing insulin release (35), also increased significantly, which contributed to the increasing prevalence of diabetes.

Approximately one-third of the increasing prevalence of diabetes was related to elevating BMI and waist circumference; the latter made a greater contribution. BMI and waist circumference increased parallel with a prevalence of diabetes (7, 17). Studies have implied that waist circumference was a stronger predictor for diabetes, especially among persons of low or normal weight compared with BMI (36, 37). Obesity appears to be a mediating factor connecting upstream genetic and lifestyle risk factors and downstream biological risk factors. Therefore, obesity can be a pivotal intervention target from the public health perspective for diabetes prevention (38).

Psychological distress, depression, and sleep disturbance are risk factors for diabetes, especially among the subpopulation with prediabetes and other risk factors (39, 40), but their contribution to diabetes burden has not been well-quantified. The mean depression score and prevalence of trouble sleeping increased significantly among the study population, and both had a significant contribution to the rising prevalence of diabetes. Previous evidence has indicated an increasing prevalence of psychological distress among US adults, especially among young adults (10, 11), of whom the diabetes burden also increased dramatically (17, 41).

SDOH and lifestyle factors are known risk factors for diabetes. The insignificant results for SDOH and lifestyle domains did not translate into that these factors were not important. First, many of these factors, such as diet quality and income, did not change significantly during the study period. Second, the opposite trends in specific risk factors were observed within each domain that contributed negatively to diabetes burden. For example, for the SDOH domain, the contribution by decreased food security level and proportion of the uninsured (i.e., leading to better screening and detection of diabetes) may have been largely counterbalanced by improved education and decreased proportion of people having routine place to go for healthcare.

Non-modifiable factors played an important role in the growing prevalence of diabetes, but modifiable factors from the five domains together accounted for 65% of the increased diabetes prevalence from 2005–2006 to 2017–2018. Through the control of modifiable risk factors, the increasing trend of diabetes can be slowed or even reversed. This analysis precisely identified domains and risk factors of priority for diabetes prevention, which may shed light on the design of effective targeted public health interventions.


Limitations

This study has several limitations. First, causal inference cannot be made with cross-sectional observational data. Findings of this study provide only suggestive evidence on possible contributors for the increasing burden of diabetes. Second, relying on self-reported data may have led to misclassification of diabetes and risk factors. Third, genetic susceptibility was represented by a convenient proxy family history of diabetes, instead of genetic data. Fourth, some risk factors, such as sedentary activity, low birthweight, C-reactive protein, and urinary cadmium, were not considered because they were not available or collected in subsamples or specific cycles only, or had bidirectional or controversial associations with diabetes. Fifth, the grouping method for risk factor domains was somewhat arbitrary. Sixth, this study focused on quantifying the overall contributions of risk factors to the increasing burden of diabetes. Therefore, subgroup analyses by demographic factors were not conducted because changes in these stratification factors themselves were important contributors.




Conclusion

Based on the NHANES data, the increasing trend in prevalence of diabetes among US adults between 2005–2006 and 2017–2018 was related to concurrent changes in the distribution of diabetes-related risk factors. Ranked by the magnitude of contribution, biological, demographic, obesity, psychosocial, and genetic domains of risk factors significantly but differentially accounted for the growing prevalence of diabetes.



Data availability statement

Publicly available datasets were analyzed in this study. This data can be found at: https://wwwn.cdc.gov/nchs/nhanes/Default.aspx.



Ethics statement

The studies involving human participants were reviewed and approved by Shanghai Jiao Tong University School of Medicine Public Health and Nursing Research Ethics Review Committee. The patients/participants provided their written informed consent to participate in this study.



Author contributions

YH: conceptualization, formal analysis, methodology, writing—original draft, and writing—review and editing. YX: methodology and writing—original draft. YQ: writing—original draft. HW: conceptualization, resources, supervision, and writing—review and editing. VZ: conceptualization, formal analysis, methodology, writing—original draft, resources, supervision, and writing—review and editing. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Program for Young Eastern Scholar at Shanghai Institutions of Higher Education (QD2020027), the National Natural Science Foundation of China (82030099 and 81630086), the National Key R&D Program of China (2018YFC2000700), and the Innovative Research Team of High-Level Local Universities in Shanghai.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2023.1174632/full#supplementary-material



References

 1. WHO Global Report on Diabetes. World Health Organization (2016). Available online at: https://apps.who.int/iris/bitstream/handle/10665/204871/9789241565257_eng.pdf (accessed February 14, 2022). 

 2. National Diabetes Statistics Report 2021. Centers for Disease Control and Prevention (2021). Available online at: https://www.cdc.gov/diabetes/data/statistics-report/diagnosed-undiagnosed-diabetes.html (accessed February 14, 2022). 

 3. American Diabetes Association. Economic costs of diabetes in the U.S. in 2017. Diabetes Care. (2018) 41:917–28. doi: 10.2337/dci18-0007

 4. Flegal KM, Carroll MD, Kit BK, Ogden CL. Prevalence of obesity and trends in the distribution of body mass index among US adults, 1999-2010. JAMA. (2012) 307:491–7. doi: 10.1001/jama.2012.39

 5. Hales CM, Fryar CD, Carroll MD, Freedman DS, Ogden CL. Trends in obesity and severe obesity prevalence in US youth and adults by sex and age, 2007-2008 to 2015-2016. JAMA. (2018) 319:1723–5. doi: 10.1001/jama.2018.3060

 6. Ford ES, Maynard LM Li C. Trends in mean waist circumference and abdominal obesity among US adults, 1999-2012. JAMA. (2014) 312:1151–3. doi: 10.1001/jama.2014.8362

 7. Liu B, Du Y, Wu Y, Snetselaar LG, Wallace RB, Bao W. Trends in obesity and adiposity measures by race or ethnicity among adults in the United States 2011-18: population based study. BMJ. (2021) 372:n365. doi: 10.1136/bmj.n365

 8. Hackett RA, Steptoe A. Type 2 diabetes mellitus and psychological stress - a modifiable risk factor. Nat Rev Endocrinol. (2017) 13:547–60. doi: 10.1038/nrendo.2017.64

 9. Reutrakul S, Van Cauter E. Sleep influences on obesity, insulin resistance, and risk of type 2 diabetes. Metabolism. (2018) 84:56–66. doi: 10.1016/j.metabol.2018.02.010

 10. Yu B, Zhang X, Wang C, Sun M, Jin L, Liu X. Trends in depression among adults in the United States, NHANES 2005-2016. J Affect Disord. (2020) 263:609–20. doi: 10.1016/j.jad.2019.11.036

 11. Ford ES, Cunningham TJ, Giles WH, Croft JB. Trends in insomnia and excessive daytime sleepiness among U.S. adults from 2002 to 2012. Sleep Med. (2015) 16:372–8. doi: 10.1016/j.sleep.2014.12.008

 12. Lin J, Thompson TJ, Cheng YJ, Zhuo X, Zhang P, Gregg E, et al. Projection of the future diabetes burden in the United States through 2060. Popul Health Metr. (2018) 16:9. doi: 10.1186/s12963-018-0166-4

 13. Obama B. United States health care reform: progress to date and next steps. JAMA. (2016) 316:525–32. doi: 10.1001/jama.2016.9797

 14. Myers CA, Mire EF, Katzmarzyk PT. Trends in adiposity and food insecurity among US adults. JAMA Netw Open. (2020) 3:e2012767. doi: 10.1001/jamanetworkopen.2020.12767

 15. Zhang Y, Pan XF, Chen J, Xia L, Cao A, Zhang Y, et al. Combined lifestyle factors and risk of incident type 2 diabetes and prognosis among individuals with type 2 diabetes: a systematic review and meta-analysis of prospective cohort studies. Diabetologia. (2020) 63:21–33. doi: 10.1007/s00125-019-04985-9

 16. National Health and Nutrition Examination Survey. Centers for Disease Control and Prevention (2022). Available online at: https://www.cdc.gov/nchs/nhanes/index.htm (accessed February 22, 2022). 

 17. Wang L, Li X, Wang Z, Bancks MP, Carnethon MR, Greenland P, et al. Trends in prevalence of diabetes and control of risk factors in diabetes among US adults, 1999-2018. JAMA. (2021) 326:1–13. doi: 10.1001/jama.2021.9883

 18. U.S. Adult Food Security Survey Module. United States Department of Agriculture (2012). Available online at: https://www.ers.usda.gov/media/8279/ad2012.pdf (accessed March 21, 2022). 

 19. Healthy Eating Index (HEI). US Department of Agriculture (2020). Available online at: https://www.fns.usda.gov/healthy-eating-index-hei (accessed February 23, 2022). 

 20. Physical Activity Guidelines for Americans 2nd ed. US Department of Health and Human Services (2018). Available online at: https://health.gov/sites/default/files/2019-09/Physical_Activity_Guidelines_2nd_edition.pdf (accessed February 23, 2022). 

 21. Zizza CA, Sebastian RS, Wilkinson EC ISIK Z, Goldman JD, Moshfegh AJ. The contribution of beverages to intakes of energy and MyPlate components by current, former, and never smokers in the United States. J Acad Nutr Diet. (2015) 115:1939–49. doi: 10.1016/j.jand.2015.07.015

 22. Butler L, Popkin BM, Poti JM. Associations of alcoholic beverage consumption with dietary intake, waist circumference, and body mass index in US Adults: National Health and Nutrition Examination Survey 2003-2012. J Acad Nutr Diet. (2018) 118:409–20.e3. doi: 10.1016/j.jand.2017.09.030

 23. Cavender MA, Wirka RC. Blood pressure lowering in the prevention of type 2 diabetes. Lancet. (2021) 398:1778–9. doi: 10.1016/S0140-6736(21)02340-0

 24. Vittinghoff E, Glidden DV, McCulloch CE, Shiboski SC. Regression Methods in Biostatistics: Linear, Logistic, Survival, and Repeated Measures Models. New York, NY: Springer-Verlag (2012). doi: 10.1007/978-1-4614-1353-0 

 25. Coutinho LM, Scazufca M, Menezes PR. Methods for estimating prevalence ratios in cross-sectional studies. Rev Saude Publica. (2008) 42:992–8. doi: 10.1590/S0034-89102008000600003

 26. Bootstrap Sampling and Estimation. STATA (2021). Available online at: https://www.stata.com/features/overview/bootstrap-sampling-and-estimation/ (accessed March 3, 2022). 

 27. Multiple Imputation in STATA. UCLA (2021). Available online at: https://stats.oarc.ucla.edu/stata/seminars/mi_in_stata_pt1_new/ (accessed March 1, 2022). 

 28. Kleinke K. Multiple imputation under violated distributional assumptions: a systematic evaluation of the assumed robustness of predictive mean matching. J Educ Behav Stat. (2017) 42:371–404. doi: 10.3102/1076998616687084 

 29. Morris TP, White IR, Royston P. Tuning multiple imputation by predictive mean matching and local residual draws. BMC Med Res Methodol. (2014) 14:75. doi: 10.1186/1471-2288-14-75

 30. Shah R. Assessing the risk of diabetes. BMJ. (2015) 351:h4525. doi: 10.1136/bmj.h4525

 31. Moonesinghe R, Beckles G, Liu T, Khoury MJ. The contribution of family history to the burden of diagnosed diabetes, undiagnosed diabetes, and prediabetes in the United States: analysis of the National Health and Nutrition Examination Survey, 2009-2014. Genet Med. (2018) 20:1159–66. doi: 10.1038/gim.2017.238

 32. Zhu Y, Sidell MA, Arterburn D, Daley MF, Desai J, Fitzpatrick SL, et al. Racial/Ethnic disparities in the prevalence of diabetes and prediabetes by BMI: patient outcomes research to advance learning (PORTAL) multisite cohort of adults in the US. Diabetes Care. (2019) 42:2211–9. doi: 10.2337/dc19-0532

 33. Sirtori CR. The pharmacology of statins. Pharmacol Res. (2014) 88:3–11. doi: 10.1016/j.phrs.2014.03.002

 34. Anyanwagu U, Idris I, Donnelly R. Drug-induced diabetes mellitus: evidence for statins and other drugs affecting glucose metabolism. Clin Pharmacol Ther. (2016) 99:390–400. doi: 10.1002/cpt.274

 35. Bell D, Goncalves E. Diabetogenic effects of cardioprotective drugs. Diabetes Obes Metab. (2021) 23:877–85. doi: 10.1111/dom.14295

 36. Piche ME, Tchernof A, Despres JP. Obesity phenotypes, diabetes, and cardiovascular diseases. Circ Res. (2020) 126:1477–500. doi: 10.1161/CIRCRESAHA.120.316101

 37. Feller S, Boeing H, Pischon T. Body mass index, waist circumference, and the risk of type 2 diabetes mellitus: implications for routine clinical practice. Dtsch Arztebl Int. (2010) 107:470–6. doi: 10.3238/arztebl.2010.0470

 38. Strategies to Prevent & Manage Obesity. Centers for Disease Control and Prevention (2020). Available online at: https://www.cdc.gov/obesity/strategies/index.html (accessed March 8, 2022). 

 39. Boyko EJ, Seelig AD, Jacobson IG, Hooper TI, Smith B, Smith TC, et al. Sleep characteristics, mental health, and diabetes risk: a prospective study of US military service members in the Millennium Cohort Study. Diabetes Care. (2013) 36:3154–61. doi: 10.2337/DC13-0042

 40. Virtanen M, Ferrie JE, Tabak AG, Akbaraly TN, Vahtera J, Singh-Manoux A, et al. Psychological distress and incidence of type 2 diabetes in high-risk and low-risk populations: the Whitehall II Cohort Study. Diabetes Care. (2014) 37:2091–7. doi: 10.2337/dc13-2725

 41. Lascar N, Brown J, Pattison H, Barnett AH, Bailey CJ, Bellary S. Type 2 diabetes in adolescents and young adults. Lancet Diabetes Endocrinol. (2018) 6:69–80. doi: 10.1016/S2213-8587(17)30186-9



OPS/images/fpubh-11-1174632-t002.jpg
Risk factors revalence ratio (95% ClI)

Base model 1.40 (1.14-1.72) [Reference]
Individual adjustment for each risk factor

Family history of diabetes 1.32 (1.10-1.59) 17.3 (5.4 t0 40.8)
Age 1.29 (1.07-1.55) 25.1 (8.4 t0 49.5)
Sex 1.40 (1.14-1.72) 0.3 (=2.0t02.2)
Race and ethnicity 1.37 (1.12-1.69) 5.9(1.8t0 12.6)
Marital status 1.42 (1.16-1.74) —3.8(~16.4t05.8)
Education level 1.46 (1.21-1.77) =127 (=27.3t0 —5.8)
Employment status. 135 (1.14-1.61) 9.9 (~1.5t022.1)
Ratio of family income to poverty 1.39 (1.13-1.70) 3.0 (-1.6t09.2)
Country of birth 140 (1.14-1.71) 12(0.1t03.5)
Total number of people in the household 141 (1.15-1.73) —24(-9.8t04.4)
Food security 1.36 (1.11-1.67) 8.7 (3.31021.0)
Health insurance type 1.28 (1.05-1.57) 25.7 (15.6 t0 47.9)
Routine place to go for healthcare 1.44 (1.18-1.76) —8.5(—20.7 to —1.5)
Healthy Eating Index 2015 score 141 (1.15-1.74) =2.0 (=63 to —0.1)
Leisure-time physical activity 1.33 (1.09-1.62) 16.4 (7.4 to 34.0)
Cigarette smoking 142 (1.16-1.74) —37(-14.0t0 4.1)
Alcohol consumption 1.43 (1.17-1.75) —6.8(~21.6t03.7)
Sleep hours at night 1.36 (1.11-1.67) 8.7 (=0.1t0 21.0)
Body mass index 1.31(1.09-1.58) 20.4 (5.6 to 44.0)
Waist circumference 1.25 (1.04-1.50) 33.6 (14.7 0 66.8)
Systolic blood pressure 1.37 (1.15-1.65) 56(—158t017.2)
‘Taking angiotensin-converting enzyme inhibitors 1.39 (1.15-1.69) 1.7 (~143 t0 15.5)
Taking angiotensin II receptor blockers 136 (1.13-1.64) 8.8 (—0.6t0 20.5)
Taking B blockers 1.32 (1.09-1.59) 18.5 (4.7 t0 37.1)
‘Taking thiazides 1.42 (1.18-1.72) —4.9(=175103.5)
Total cholesterol 1.33 (1.08-1.63) 159 (8.3t031.7)
High-density lipoprotein cholesterol 1.34 (1.09-1.65) 129 (1.6 t0 28.1)
Taking statins 1.25 (1.03-1.51) 346 (17.6061.7)
Hours worked last week 136 (1.13-1.63) 9.7 (=0.1t0 21.9)
Depression score 1.36 (1.11-1.67) 9.1 (4.7 t0 18.9)
Have trouble sleeping 1.34 (1.09-1.65) 124 (6.8t0222)

“Percent reduction in the f coefficient, an estimate to quantify the percent contribution of individual risk factors to the increasing prevalence of diabetes comparing 2017-2018 with 2005-2006,
was obtained through contrasting the two models under comparison: (Beg—Buc;)/B%100%. Byef was based on the base model which is a crude Poisson model not adjusted for any domains of
risk factors. Bygj was based on the model including individual risk factors compared with the base model. The 95% confidence intervals (95% Cls) were estimated by performing bootstrap
resampling (n = 200). To conservatively account for possible non-linear associations between risk factors and diabetes, a quadratic term was added for all the risk factors in continuous form.
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Models

Prevalence ratio (95% CI)

Base model® 1.40 (1.14-1.72) [Reference]
Individual adjustment for each domain
Base + genetic domain 1.32 (1.10-1.59) 17.3 (5.4 t0 40.8)

Base + demographic domain

1.22 (1.02-1.45)

41.5(24.4t0 76.8)

Base + social determinants of health domain

1.39 (1.17-1.66)

2.0(—19.1t0 19.4)

Base -+ lifestyle domain

136 (1.12-1.66)

8.0 (—11.410303)

Base + obesity domain

124 (1.04-1.49)

35.3 (158 t0 70.2)

Base + biological domain

1.20 (1.02-1.41)

46.2(21.6 t0 79.1)

Base + psychosocial domain

1.30 (1.08-1.57)

21.3(9.5t040.1)

Sequential adjustment for each domain

Base + genetic domain

1.32 (1.10-1.59)

17.3 (5.4 to 40.8)

Further including demographic domain

1.15 (0.97-1.36)

59.0 (362 to 112.4)

Further including social determinants of health domain

115 (0.97-1.36)

59.1 (334 t0 107.7)

Further including lifestyle domain

1.12 (0.95-1.32)

67.2 (385 t0 129.1)

Further including obesity domain

1.08 (0.93-1.25)

78.3 (49.1t0 150.3)

Further including biological domain

1.01 (0.88-1.17)

95.7 (62.7 to 163.2)

Further including psychosocial domain

1.01 (0.87-1.17)

97.3 (62.7 to 164.8)

Adjustment for all domains but excluding one domain

Excluding genetic domain

103 (0.89-1.20)

90.1 (57.9 to 154.9)

Excluding demographic domain

109 (0.95-1.27)

73.4 (425 to 124.5)

Excluding social determinants of health domain

1.01(0.87-1.17)

97.2(65.6 to 168.4)

Excluding lifestyle domain

1.01 (0.88-1.17)

96.2 (64.0 to 154.9)

Excluding obesity domain

1.03 (0.87-1.21)

92.2(57.9t0 159.7)

Excluding biological domain

1.06 (0.91-1.24)

81.7 (52.8 to 153.1)

Excluding psychosocial domain

101 (0.88-1.17)

95.7 (62.7 to 163.2)

Adjustment for non-modifiable and modifiable domains

Base + non-modifiable domains

1.15(0.97-1.36)

59.0 (362 to 112.4)

Base + modifiable domains

1.12 (0.96-1.31)

64.7 (40.1 to 110.0)

*Percent reduction in the B coeflicient, an estimate to quantify the percent contribution of individual and collective domains of risk factors to the increasing prevalence of diabetes comparing
2017-2018 to 20052006, was obtained through contrasting the two models under comparison: (Byet —Bud)/B100%. Byer was based on the base model. fygj was based on the model including
one or more risk factor domains compared with the base model. The 95% confidence intervals (95% Cls) were estimated by performing bootstrap resampling (n = 200). To conservatively

account for possible non-linear associations between risk factors and diabetes, a quadratic term was added for all the risk factors in continuous form.
bBase model is the crude Poisson model not adjusted for any domains of risk factors.
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Characteristics 2005- 2007- 2009— 2011- 2013— 2015- 2017- P for

2006 2008 2010 2012 2014 2016 2018 trend

No. ofpanicipanlsb 1,902 2,400 2,645 2,317 2,354 2,191 2,282

Genetic domain

Family history of diabetes*, % 41.6 38.6 37.5 349 38.5 45.1 47.7 0.001

Demographic domain

Age, years 47.5 47.7 47.7 482 48.3 49.2 49.1 0.03

Male, % 47.8 48.2 47.9 47.6 47.5 47.1 48.5 0.94

Race and ethnicity?, %

Non-Hispanic White 72.7 72.3 69.1 68.2 66.8 66.6 64.7 0.02
Non-Hispanic Black 10.9 10.7 108 11.0 11.4 11.2 114 0.75
Hispanic 113 122 13.4 13.8 14.5 135 142 0.24
Other 5.1 4.8 6.6 6.9 7.4 87 9.6 <0.001

Social determinants of health domain

Marital status, %

Married 57.9 58.0 57.2 55.9 58.7 56.5 51.8 0.07
Widowed 59 6.5 6.3 52 5.9 59 59 0.65
Divorced 10.1 9.4 99 105 10.2 9.8 128 0.08
Separated 25 26 1.9 22 2.0 2.1 2.4 0.69
Never married 15.0 16.6 17.3 18.0 17.0 16.7 174 0.38
Living with partner 8.6 6.9 7.4 8.2 6.1 9.1 9.7 0.32

Education level, %

Less than high school 15.6 18.2 17.9 167 15.1 13.4 102 <0.001
High school graduate 260 24.9 21.8 199 20.4 229 27.1 093
Some college 32.7 28.3 29.6 315 33.0 30.8 32.1 0.52
College graduate or above 257 28.7 30.7 31.8 316 329 30.6 0.13

Employment status, %

Working at a job or business 63.4 614 59.1 59.7 584 587 594 007
With a job or business but not at work 35 27 26 17 15 32 21 015
Looking for work 12 19 39 44 2.7 33 32 0.003
Not working at a job or business 319 340 345 342 374 347 352 015
Ratio of family income to poverty 31 31 29 29 29 3.0 3.0 031
Born in 50 US states or Washington, DC, % 87.1 86.0 813 832 837 835 829 0.12
Total number of people in the household 29 29 31 3.0 31 30 3.0 026

Food security®, %

Full food security 84.3 82.7 78.5 75.0 76.4 71.9 69.3 <0.001
Marginal food security 7.6 7.0 8.4 9.2 9.4 112 118 <0.001
Low food security 54 6.8 7.6 9.0 83 97 9.8 <0.001
Very low food security 28 35 55 6.8 6.0 72 9.2 <0.001

Health insurance type, %

Private 67.4 69.5 64.9 61.3 61.7 653 60.2 0.01

Public only 14.6 143 14.8 19.4 19.9 223 266 <0.001

Uninsured 17.9 16.2 20.2 19.3 18.3 12.3 132 0.02
Routine place to go for healthcare, % 86.0 86.7 87.0 86.1 84.2 84.4 817 0.004

Lifestyle domain

Healthy Eating Index 2015 score 52.4 53.4 54.3 55.2 54.3 53.1 51.9 0.46

Leisure-time physical aclivily’, min/week 298.3 209.4 197.7 218.1 197.5 202.1 216.1 0.002

Cigarette smoking status, %

Never 49.1 53.0 55.9 56.3 56.0 54.1 56.6 0.02

Former 25.8 245 253 239 252 264 25.8 0.63

Current 25.1 22.5 188 19.8 18.8 19.5 17.6 0.001
Daily cigarettes smoked 39 35 23 24 2.1 22 2.0 <0.001

Alcohol consumption status, %

Never 10.7 115 108 9.9 12.7 124 6.4 0.14

Former 17.6 18.0 15.6 154 14.5 142 16.4 0.08

Current 717 70.5 73.7 74.8 72.9 734 77.2 0.02
Daily drinks consumed 0.6 0.4 0.5 0.5 0.4 0.5 0.5 0.25
Sleep hours at night 6.8 6.9 6.9 6.9 6.9 7.7 7.6 <0.001

Obesity domain

Body mass index?, kg/m? 289 28.6 29.0 29.0 29.6 29.8 29.7 <0.001

Waist circumference, cm 98.5 98.5 99.2 99.3 100.6 101.7 101.2 <0.001

Biological domain

Systolic blood pressure, mm Hg 122.7 120.6 1194 121.3 1213 1232 1233 0.005
Taking angiotensin-converting enzyme inhibitors, 10.9 12.4 133 13.3 14.1 14.6 11.2 0.26
%

‘Taking angiotensin II receptor blockers, % 58 8.0 6.7 5.4 6.9 8.0 7.5 0.18
Taking B blockers, % 11.2 11.2 11.9 12.2 11.5 12.2 15.4 0.01
‘Taking thiazides, % 9.2 8.8 9.4 103 9.5 89 78 0.42
Total cholesterol, mg/dl 198.2 196.2 1953 194.5 189.5 1915 187.3 <0.001
High-density lipoprotein cholesterol, mg/dl 55.6 529 53.9 53.3 53.6 55.7 53.9 0.86
Taking statins, % 14.8 17.5 18.4 19.4 214 208 20.7 <0.001

Psychosocial domain

Hours worked last week 268 26.0 23.8 23.8 23.7 235 23.9 0.002
Depression score 25 29 3.1 3.0 3.0 32 32 <0.001
Have trouble sleeping, % 25.0 257 259 27.6 28.8 30.9 343 <0.001

“Data are presented as proportions for categorical variables and means for continuous variables.

bUnweighted sample size.

“Including living and deceased, any blood relatives, including grandparents, parents, sisters, or brothers, were ever told by a health professional that they had diabetes.

4Race and ethnicity were determined by self-report in fixed categories.

©Adult food security status was measured through the US Household Food Security Survey Module, of which 10 questions for the adults in the household were used to create four response
levels, based on the number of affirmative responses to these questions.

The minutes spent on the vigorous-intensity physical activity was multiplied by two and added to the minutes spent on the moderate-intensity physical activity in a typical week to create weekly
‘minutes of moderate-intensity equivalent physical activity.

8Body mass index was computed as weight in kilograms divided by height in meters squared.

PPatient Health Questionnaire-9 was used to assess the severity of depressive symptoms over the past 2 weeks. The questionnaire has nine items with each having four response levels (not at all,
several days, more than half the days, nearly every day) and scoring from 0 to 3. The total score ranges from 0 (low depressive symptomatology) to 27 (high depressive symptomatology).
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