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Editorial on the Research Topic
 Insights in nutritional epidemiology




We are now entering the third decade of the twenty-first century, and, especially in the last years, the achievements made by scientists have been exceptional, leading to major advancements in the fast-growing field of Nutritional Epidemiology. Frontiers has organized a series of Research Topics to highlight the latest advancements in nutrition in order to be at the forefront of science in different fields of research. This editorial initiative of particular relevance was focused on new insights, novel developments, current challenges, latest discoveries, recent advances and future perspectives in the field of Nutritional Epidemiology. Specifically, the Research Topic solicited brief, forward-looking contributions describing the state of the art, outlining, recent developments and major accomplishments that have been achieved and that need to occur to move the field forward. The goal of this special edition Research Topic was to shed light on the key advancement achieved in the past decade in the field of nutritional epidemiology with a special focus on the role of diet in improving human health, and on its future challenges to provide a thorough overview of the field and to identify novel research avenues.

Regarding cancer, Zhong et al. aimed to understand whether fried food consumption is associated with the risk of pancreatic cancer in a population-based cohort of 101,729 US adults. The review of Fan Y. et al. provides an overview of the current burden, underlying risk factors, and co-existence of malnutrition and other infections including cancer.

In the area of aging, the article by Angelino et al. highlights, for the first time, the importance of meal timing and of a daily caloric restriction lapse, in human longevity.

The paper by Li et al. (A) and corrigendum Li et al. (B) analyzed the trends of obesity and metabolic status among Chinese population in 2012–2020. The work by He et al. focuses on the relationship between serum serine levels and all-cause mortality in general hypertensive patients in a longitudinal cohort. Liu M. et al. evaluate the association between dietary selenium intake and the risk of kidney stones in 30,184 adults.

Fan L. et al. evaluated China's achievements in iodine deficiency disorders (IDDs) prevention. Yang et al. performed a two-sample Mendelian randomization (MR) analysis to evaluate the association between serum vitamin D levels and atrial fibrillation (AF) risks. The work by Liu H. et al. was aimed to determine the prevalence of malnutrition in tertiary hospitals of China and the associations between malnutrition and adverse clinical outcomes. Zahidi et al. found that food insecurity was associated with common mental health problems (CMHPs) among a sample of reproductive-aged women in Kabul, Afghanistan. Liu Y. et al. explore the relationship between serum 25(OH)D, cadmium, and CRP with all-cause mortality among people in diabetic and non-diabetic individuals in the NHANES. Also the work by Lin et al. utilized data from NHANES study to evaluate the relationship between natural yogurt and dietary probiotic supplements consumption and mortality in US adults. In the epigenetic field, Zhou et al. examine whether the associations between plasma selenium and 3-year lipid changes is modified by rs7579 polymorphism. Song et al. aimed to evaluate the effect of vitamin D on the risk of vitiligo using meta-analysis and Mendelian randomization (MR). Lastly, Orsini et al. investigated the interaction analysis based on Shapley values and extreme gradient boosting in a large epidemiological prospective study.

In conclusion, we hope that this article collection will inspire, inform and provide direction and guidance to researchers in the field of nutritional epidemiology.
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Background: Excess selenium has been related with adverse lipid levels in previous epidemiological studies. Meanwhile, a functional variant in SEPP1 (encodes selenoprotein P), namely rs7579, has been suggested to modulate lipid metabolism. However, the interactions between selenium status and rs7579 polymorphism on lipid changes remain unclear.

Objective: To examine whether the associations between plasma selenium and 3-year lipid changes is modified by rs7579 polymorphism.

Methods: A prospective cohort study was conducted among 1,621 individuals to examine the associations between baseline plasma selenium and 3-year lipid changes, as well as the interactions between plasma selenium and rs7579 polymorphism on lipid changes.

Results: The median (interquartile range) concentration of plasma selenium was 91.68 (81.55–104.92) μg/L. Higher plasma selenium was associated with adverse 3-year lipid changes. Comparing the highest to the lowest quartiles of plasma selenium concentrations, 3-year lipid changes were elevated by 8.25% (95% CI: 1.54–14.96%) for triglycerides (P = 0.016), 5.88% (3.13–8.63%) for total cholesterol (P < 0.001), 7.37% (3.07–11.67%) for low-density lipoprotein cholesterol (P = 0.0008), 6.44% (2.66–10.21%) for non-high-density lipoprotein cholesterol (P = 0.0009), 4.99% (0.62–9.36%) for total cholesterol/high-density lipoprotein cholesterol ratio (P = 0.025), and 7.00% (1.55–12.46%) for low-density lipoprotein cholesterol/high-density lipoprotein cholesterol ratio (P = 0.012). In analyses stratified by rs7579 genotypes, positive associations between plasma selenium concentrations and 3-year changes in triglycerides, TC, LDL-C, non-HDL-C, TC/HDL-C ratio, and LDL-C/HDL-C ratio were observed among CC genotype carriers, but negative associations between plasma selenium and TC/HDL-C ratio, and LDL-C/HDL-C ratio were observed among TT genotype carriers.

Conclusions: Our findings suggested that plasma selenium was associated with 3-year lipid changes differentially by rs7579 genotypes, and higher plasma selenium was associated with adverse lipid changes among rs7579 CC genotype carriers, but not among T allele carriers.

Keywords: selenium, SEPP1, gene-environment interactions, lipid changes, cohort study


INTRODUCTION

Selenium is an essential trace element which plays an important role in the antioxidant process by incorporating into selenoproteins (1). Because of this property, selenium supplementation has been suggested to protect against oxidative stress. In recent years, selenium-containing supplements and selenium-rich foods have been widely used due to their potential benefits (2). However, several studies revealed that high selenium was associated with numerous metabolic disorders, including dyslipidemia (3–5). Most epidemiological studies examining the associations between selenium status and lipid levels are cross-sectional, while longitudinal evidence to show prospective associations is limited (3, 6–8).

Genetic factors are believed to play an important role in lipid metabolism (9, 10). A functional variant located in the 3′ untranslated regions of SEPP1, namely rs7579 polymorphism, has been suggested to modulate lipid response to Brazil nut supplementation, and Brazil nut is the richest natural source of selenium (11). SEPP1 encodes selenoprotein P (SELENOP), which mainly functions as a selenium transporter and delivers selenium from the liver to other tissues (12, 13). Moreover, findings from previous studies indicated that SELENOP played a crucial role in the antioxidant-mediated protection against colitis-associated cancer (14, 15). Several studies demonstrated that the rs7579 polymorphism affected the mRNA expression as well as plasma levels of SELENOP, and both the mRNA expression and plasma levels of SELENOP were significantly lower among rs7579 CC genotype than T allele carriers (16, 17). Meanwhile, previous findings showed that the changes in cholesterol levels were greater among rs7579 CC genotype than T allele carriers in response to Brazil nut supplementation (18). Based on the function of rs7579 polymorphism, it can be anticipated that the associations between plasma selenium and changes in lipid levels are more pronounced in rs7579 CC genotype than T allele carriers. However, to our knowledge, no study has examined the interaction between plasma selenium and rs7579 polymorphism on lipid changes.

Hence, the current study aimed to evaluate the associations between plasma selenium concentrations and changes in lipid levels, and then to examine whether the associations differ across rs7579 genotypes.



METHODS


Study Design and Subjects

The current study was conducted based on the Tongji-Ezhou (TJEZ) cohort study, which is an ongoing prospective cohort study, with the aim of investigating the associations of lifestyle, dietary factors, and genetic factors with chronic diseases. Design of the TJEZ cohort study has been described elsewhere (5). Briefly, 5,533 residents in Ezhou aged above 20 years were recruited between 2013 and 2015. At baseline, all participants underwent comprehensive medical examinations, including semi-structured questionnaires, anthropometric measurements, and biochemical analyses (including lipid measurements). Also, fasting venous blood samples were collected from all participants at baseline enrollment. All blood samples were separated for plasma within 1 h and stored in −80°C freezers until laboratory analysis. Additionally, genotyping of rs7579 was performed on 3,605 subjects at baseline enrollment. The TJEZ cohort will be followed up every 3 years, and a total of 4,695 subjects participated in the first follow-up survey which was conducted between 2016 and 2018, with a follow-up rate of 91.1%. In the first follow-up survey, 3,204 cohort members were invited to undergo lipid remeasurements and genotyping; the 2,691 (84.0%) respondents were broadly representative of the total cohort; 1,957 subjects had lipid measurements, and 1,655 individuals among them had genotyping results at baseline. After excluding subjects on lipid-lowering drugs, a subset of 1,621 subjects who had genotyping results at baseline as well as lipid measurements in the first follow-up survey, were included in the present study.

The study was approved by the Ethics and Human Subject Committee of Tongji Medical College, and written informed consent was obtained from all participants.



Lipid Measurement

Fasting serum lipid levels, including triglycerides, total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), were measured by Hitachi automatic analyzer. Both the intra-assay and inter-assay variation coefficients of lipid levels were below 5%. The non-high-density lipoprotein cholesterol (non-HDL-C) level was calculated as TC subtracting HDL-C. Additionally, the TC/HDL-C and LDL-C/HDL-C ratio were calculated. Changes in lipid levels during 3-year follow-up period were calculated by subtracting the lipids at follow-up from lipids at baseline.



Measurement of Plasma Selenium Concentrations

Plasma selenium concentrations were measured by inductively coupled plasma mass spectrometry (Agilent 7700 Series, Tokyo, Japan) in the Ministry of Education Key Laboratory of Environment and Health at Tongji Medical College of Huazhong University of Science & Technology, as described previously (5). Prior to analysis, thawed samples (40 μL plasma) were diluted with ultrapure water and digestive solution at a ratio of 1:19:20. For quality assurance, standard reference material ClinChek No. 8883 and No. 8884 human plasma controls for trace elements were analyzed in every 20 samples. The detection limit for plasma selenium was 0.024 μg/L, and no samples had a level below this limit. Both intra-assay and inter-assay variation coefficients of plasma selenium were below 5%.



Genotyping

Genomic DNA was isolated from the peripheral blood sample by kit (Tiangen biotech, Beijing, China). The sample DNA was amplified by a multiplex polymerase chain reaction for locus-specific single-base extension reaction. Genotyping of rs7579 was done by the MassArray system (Agena iPLEXassay, San Diego, United States). The sequences for the forward primer are “ACGTTGGATGTGACGCTGAAAGAATCAGGC,” and the sequences for the reverse primer are “ACGTTGGATGTGTGTCTAGACTAAATTGGG.” Genotyping was successful in 99.3% (1,609 of 1,621) of the participants. The genotypes distribution of rs7579 was in Hardy-Weinberg equilibrium.



Assessment of Covariates

Basic information including sex, age, smoking status, alcohol drinking status, physical activity, educational level, and medical history (including use of lipid-lowering medication) was obtained via semi-structured questionnaires at baseline and was included as adjustment variables. Smoking status was grouped into two categories: current smoking (≥1 cigarette/day over the past 6 months) and non-smoking. Alcohol drinking status was classified as current drinking (≥1 time/week over the past 6 months) and non-drinking. Physical activity was defined as regular exercise for at least 60 min per week over the past 6 months. We classified educational level into three categories: none or elementary school, middle school, and high school or college. Anthropometric measurements were performed by trained staff. Body weight and standing height were measured in light indoor clothing and without shoes. Body mass index (BMI) was calculated by dividing the weight in kilograms by the square of the height in meters.



Statistical Analysis

Descriptive statistics were shown as means ± standard deviations for continuous variables if normally distributed, medians (interquartile ranges) for continuous variables if not normally distributed, and frequencies (percentages) for categorical variables. Basic characteristics were compared across quartiles of plasma selenium by analysis of variance (normal distribution) or Kruskal-Wallis test (skewed distribution) for continuous variables, and χ2-test for categorical variables. Multivariable linear regression models were used and regression coefficients (95% CIs) were calculated to examine the associations of plasma selenium concentrations, as well as rs7579 polymorphisms, with 3-year changes in lipid levels. In multivariate models, we adjusted for respective baseline lipid (continuous) in model 1. In model 2, we further adjusted for sex (men/women), age (continuous), and BMI (continuous). In model 3, we further adjusted for current smoking status (yes/no), current drinking status (yes/no), physical activity (yes/no), and educational level (none or elementary school/middle school/high school or beyond). Due to right-skewed distribution, all lipids were ln-transformed and multiplied by 100 before analyses. Changes in lipid levels during 3-year follow-up period were calculated by subtracting the 100*ln-transformed lipids at follow-up from 100*ln-transformed lipids at baseline. Hence, regression coefficients in models can be interpreted as percentage difference in means (19).

To examine whether the associations between plasma selenium and 3-year changes in lipid levels were different across rs7579 genotypes, analyses of plasma selenium with 3-year lipid changes were stratified by rs7579 genotypes, and interactions between plasma selenium and rs7579 on 3-year lipid changes were identified through 1df multiplicative terms tests. Statistical power for the selenium × rs7579 interactions with lipid changes was calculated using QUANTO 1.2.4 (http://biostats.usc.edu/Quanto.html). Assuming a marginal [image: image] of 0.008, a marginal [image: image] of 0.01, and a marginal [image: image] of 0.006, our study had 88% power to detect an interaction for a lipid change.

All analyses were conducted using SAS 9.4 (SAS Instituted Inc, Cary, NC), and two-side P < 0.05 were considered statistically significant.




RESULTS

General characteristics of participants are shown in Table 1. The 1,621 participants had a mean age of 57.86 years, and 65.3% were male. The median (interquartile range) concentration of plasma selenium was 91.68 (81.55–104.92) μg/L. At baseline, participants with higher plasma selenium concentrations were more likely to be men, current drinkers, and had higher levels of TC, LDL-C, and non-HDL-C.


Table 1. Baseline characteristics of participantsa.

[image: Table 1]

After adjustment for sex, age, BMI, educational level, lifestyle factors, and respective baseline lipid, plasma selenium concentrations were positively associated with 3-year changes in triglycerides, TC, LDL-C, non-HDL-C, TC/HDL-C ratio, and LDL-C/HDL-C ratio (Table 2). Comparing the highest to the lowest quartiles of plasma selenium concentrations, 3-year changes in lipid levels were elevated by 8.25% (95% CI: 1.54–14.96%) for triglycerides (P = 0.016), 5.88% (3.13–8.63%) for TC (P < 0.001), 7.37% (3.07–11.67%) for LDL-C (P = 0.0008), 6.44% (2.66–10.21%) for non-HDL-C (P = 0.0009), 4.99% (0.62–9.36%) for TC/HDL-C ratio (P = 0.025), and 7.00% (1.55–12.46%) for LDL-C/HDL-C ratio (P = 0.012). The associations between rs7579 polymorphism and 3-year changes in lipids were showed in Table 3. After adjustment for sex, age, BMI, educational level, lifestyle factors, and respective baseline lipid, 3-year changes in lipid levels were elevated by 0.90% (95% CI: −8.41–10.21%) for triglycerides (P = 0.849), −0.47% (−4.32–3.39%) for TC (P = 0.813), 0.67% (−4.85–6.20%) for HDL-C (P = 0.811), −2.67% (−8.72–3.39%) for LDL-C (P = 0.388), 0.47% (−4.85–5.79%) for non-HDL-C (P = 0.861), −1.53% (−7.70–4.63%) for TC/HDL-C ratio (P = 0.626), and −3.20% (−10.89–4.49%) for LDL-C/HDL-C ratio (P = 0.415), when comparing the TT genotype with the TT genotype carriers.


Table 2. Mean % difference (95% CI) in 3-year changes in lipid levels according to quartiles of plasma selenium concentrationsa.

[image: Table 2]


Table 3. Mean % difference (95% CI) in 3-year changes in lipid levels according to rs7579 genotypesa.

[image: Table 3]

Analyses of plasma selenium with 3-year changes in lipid levels were stratified by rs7579 genotypes (Figure 1). In stratified analyses, positive associations between plasma selenium concentrations and 3-year changes in triglycerides, TC, LDL-C, non-HDL-C, TC/HDL-C ratio, and LDL-C/HDL-C ratio were observed among CC genotype carriers, but negative associations between plasma selenium and TC/HDL-C ratio, and LDL-C/HDL-C ratio were observed among TT genotype carriers. Among rs7579 CC genotype carriers, comparing the highest to the lowest quartiles of plasma selenium concentrations, 3-year changes in lipid levels were elevated by 11.54% (2.29–20.79%) for triglycerides (P = 0.015), 9.39% (5.53–13.24%) for TC (P < 0.001), −0.41% (−5.94–5.11%) for HDL-C (P = 0.884), 11.66% (5.72–17.61%) for LDL-C (P = 0.0001), 10.91% (5.64–16.18%) for non-HDL-C (P < 0.001), 9.44% (3.36–15.51%) for TC/HDL-C ratio (P = 0.002), and 12.35% (5.19–19.51%) for LDL-C/HDL-C ratio (P = 0.0007). Among TT genotype carriers, comparing the highest to the lowest quartiles of plasma selenium concentrations, 3-year changes in lipid levels were elevated by 26.45% (−3.43–56.33%) for triglycerides (P = 0.082), 6.23% (−4.65–17.10%) for TC (P = 0.259), 15.41% (−6.15–36.97%) for HDL-C (P = 0.159), 8.56% (−14.93–32.06%) for LDL-C (P = 0.471), 4.06% (−11.20–19.31%) for non-HDL-C (P = 0.599), −5.45% (−32.65–21.76%) for TC/HDL-C ratio (P = 0.692), and −3.88% (−41.99–34.24%) for LDL-C/HDL-C ratio (P = 0.840). The interactions between plasma selenium and rs7579 polymorphism on 3-year changes in TC (P for interaction = 0.007), LDL-C (P for interaction = 0.034), non-HDL-C (P for interaction = 0.005), TC/HDL-C ratio (P for interaction = 0.034), and LDL-C/HDL-C ratio (P for interaction = 0.048) were statistically significant.


[image: Figure 1]
FIGURE 1. Associations of plasma selenium concentrations with 3-year changes in lipids stratified by rs7579 genotypes. X bars represent plasma selenium concentrations. Y bars represent mean % difference in 3-year changes in triglycerides for (A), TC for (B), HDL-C for (C), LDL-C for (D), non-HDL-C for (E), TC/HDL-C ratio for (F), and LDL-C/HDL-C ratio for (G). Multivariable analyses were adjusted for sex (men/women), age (continuous), BMI (continuous), current smoking status (yes/no), current drinking status (yes/no), physical activity (yes/no), educational level (none or elementary school/middle school/high school or beyond), and respective baseline lipid (continuous). BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; Non-HDL-C, non-high-density lipoprotein cholesterol; TC, total cholesterol.




DISCUSSION

In this study, plasma selenium was positively associated with 3-year changes in triglycerides, TC, LDL-C, non-HDL-C, TC/HDL-C ratio, and LDL-C/HDL-C ratio. Moreover, the positive associations between plasma selenium and 3-year changes in lipid levels were only significant in rs7579 CC genotype carriers, while non-significant associations were observed in T allele carriers.

The selenium status among people varies by regions and mainly depends on its dietary intake (20, 21). The intakes are high in America, Japan, and Canada, and much lower in the majority of Eastern Europe. China has both high-selenium and low-selenium areas (20). Although the optimal selenium status remains controversial, findings from some studies suggested the plasma selenium concentration around 90 μg/L to be the optimal value, which maximizes the plasma SELENOP level (20). The median concentration of plasma selenium was 91.68 μg/L in our participants, which was considered as selenium-sufficient.

Our findings of positive associations between plasma selenium and changes in triglycerides, TC, LDL-C, non-HDL-C, TC/HDL-C ratio, and LDL-C/HDL-C ratio are consistent with those from cross-sectional studies conducted among subjects with a wide-range of selenium status, which also demonstrated strong, positive associations between selenium status and lipid levels (3, 4, 21–24). For example, in the third National Health and Nutrition Examination Survey (NHANES III), which included a representative American population (median blood selenium 199.88 μg/L), increased serum selenium was significantly associated with higher lipid levels (21). Also, another cross-sectional study conducted among a selenium-excess Chinese population (mean serum selenium 120 μg/L) revealed significant positive associations of plasma selenium with triglycerides, TC, and LDL-C (3). In addition, several cross-sectional studies conducted among selenium-deficient individuals (mean serum selenium 79.5 μg/L) also revealed that higher plasma selenium was associated with adverse lipid levels (7, 25). Limited longitudinal studies have explored relationships between baseline blood selenium and changes in lipid levels, and findings from them indicated non-significant or negative associations between selenium status and changes in lipid levels (6, 8). It seems likely that there are some other unmeasured factors might confound the longitudinal association between selenium status and lipid levels. Additionally, in view of genetic factors account for nearly 30% of lipids, such contradictory findings might be partly due to difference in genetic background of participants between studies. More longitudinal studies examining associations of selenium status with changes in lipid levels are warranted to further verify our findings.

Although exact mechanisms underlying the adverse effects of increased selenium on lipid changes among selenium-sufficient or selenium-excess subjects are not clearly understood, several potential mechanisms might be involved, including endoplasmic reticulum stress, mitochondrial dysfunction, and changed miRNA expression. Firstly, excess selenium has been suggested to induce endoplasmic reticulum stress (26). Under endoplasmic reticulum stress, the expression of several key factors in the pathway of de novo lipogenesis was upregulated in the liver, including the sterol regulatory element binding protein 1c (SREBP1c) and the fatty acid synthase (FASN) (27). Secondly, high selenium might be involved in abnormal lipid metabolism through disturbing mitochondrial function. Romero et al. revealed that high selenium exposures could induce mitochondrial dysfunction by increasing the generation of reactive oxygen species (28). Mitochondrial dysfunction could disturb lipid metabolism through several mechanisms, including leading to endoplasmic reticulum stress, impairing autophagy, and then increasing lipogenesis (29, 30). And lastly, Guo et al. found blood selenium was positively associated with the expression of miR-122-5p (31), which has been implicated as a key regulator of cholesterol and fatty-acid metabolism in the liver (32). Nevertheless, more mechanistic studies are needed to further illustrate potential mechanisms through which high selenium plays a role in adverse changes in lipid levels.

Our study also revealed significant interactions between plasma selenium and rs7579 polymorphism on changes in lipid levels, which helped to explain the inconsistent findings between studies and suggested that such inconsistency might be partly due to the selenium × rs7579 polymorphism interactions. We showed that the impact of baseline selenium on changes in lipid levels depended on genotype at rs7579. Notably, the adverse effect of high selenium on changes in lipid levels was only significant among rs7579 CC genotype carriers, but non-significant among rs7579 T allele carriers. Although such an interaction has not been reported before, there are studies that corroborate our findings. Findings from an intervention trial suggested that the changes in cholesterol levels in response to Brazil nut supplementation were greater among rs7579 CC genotype than T allele carriers (18), which is in line with the currently observed differential associations of plasma selenium with lipid changes across rs7579 genotypes. Furthermore, it has been suggested that both the mRNA expression and plasma levels of SELENOP were significantly lower among rs7579 CC than T allele carriers (16, 17), and decreased plasma SELENOP was related with increased risks of several dyslipidemia-related diseases, including metabolic syndrome, cerebrovascular events, and cardiovascular disease (33–35). Our study also revealed non-significant associations between rs7579 polymorphism and changes in lipid levels, which is consistent with those from previous studies.

Our study has several strengths. First, to our knowledge, this is the first population-study systematically exploring the interactions between plasma selenium and rs7579 polymorphism with changes in lipid levels. Second, the prospective design allowed us to clarify the temporal sequence of the relationships between selenium and lipid levels. Third, we assess selenium status using plasma selenium concentration instead of dietary intake of selenium to avoid possible bias through dietary survey.

Several limitations should also be acknowledged. First, plasma selenium concentrations were measured only once, and measurement errors and exposure misclassification were inevitable. However, such errors were likely to be non-differential and thus would be more likely to induce the attenuation of the observed associations. Second, we only measured total plasma selenium levels rather than different chemical forms of selenium. Given that different chemical forms of selenium might have different properties and effects on human health, more detailed analyses of different chemical forms of selenium are needed to better understand the relationships between selenium and lipid changes. Also, we did not have measurement of plasma SELENOP levels, which precluded us from exploring the associations of rs7579 polymorphism as well as lipid changes with plasma SELENOP levels. Third, our study was conducted among a selenium-appropriate population. Thus, the generalizability of our findings to people with different selenium statuses remains unclear, and further studies are needed to determine the generalizability of our findings. Fourth, the study population was limited to a Chinese population, which also limits the generalizability of our findings. Finally, no information on health status (e.g., obese, diabetic) was collected in our population, which should be taken into account in future study. In addition, although multiple potential confounders have been adjusted, we could not rule out the possibility of residual confounding by other unknown or unmeasured factors.

In conclusion, our findings demonstrated that, in a selenium-appropriate population, plasma selenium was associated with lipid changes differentially across rs7579 genotypes, and higher selenium seemed to be associated with adverse changes in lipid levels among rs7579 CC genotype carriers, but not among T allele carriers. These findings warn the widespread use of selenium-fortified foods or selenium supplements, especially among selected study populations, such as rs7579 CC genotype carriers.
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Background: The association between circulating vitamin D levels and risk of vitiligo was inconsistent among observational studies, and whether these observed associations were causal remained unclear. Therefore, we aimed to evaluate the effect of vitamin D on the risk of vitiigo using meta-analysis and Mendelian randomization (MR).

Methods: At the meta-analysis stage, literature search was performed in PubMed and Web of Science to identify eligible observational studies examining the association of circulating 25-hydroxyvitamin D [25(OH)D] or 25-hydroxyvitamin D3 [25(OH)D3] levels with risk of vitiligo up to April 30, 2021. Standardized mean differences (SMDs) with 95% confidence intervals (CIs) of 25(OH)D and 25(OH)D3 in patients with vitiligo relative to controls were pooled. Then at the MR stage, genetic instruments for circulating 25(OH)D (N = 120,618) and 25(OH)D3 (N = 40,562) levels were selected from a meta-analysis of genome-wide association studies (GWAS) of European descent, and summary statistics of vitiligo were obtained from a meta-analysis of three GWASs including 4,680 cases and 39,586 controls. We used inverse-variance weighted (IVW) as main method, followed by weighted-median and likelihood-based methods. Pleiotropic and outlier variants were assessed by MR-Egger regression and MR Pleiotropy RESidual Sum and Outlier (MR-PRESSO) test.

Results: In the meta-analysis, patients with vitiligo had a lower level of circulating 25(OH)D compared with controls [SMD = −1.40; 95% confidence interval (CI): −1.91, −0.89; P < 0.001], while no statistically significant difference of 25(OH)D3 between vitiligo cases and controls was found (SMD = −0.63; 95% CI: −1.29, 0.04; P = 0.064). However, in the MR analyses, genetically predicted 25(OH)D [odds ratio (OR) = 0.93, 95% CI = 0.66–1.31, P = 0.66] and 25(OH)D3 levels (OR = 0.95, 95% CI = 0.80–1.14, P = 0.60) had null associations with risk of vitiligo using the IVW method. Sensitivity analyses using alternative MR methods and instrumental variables (IV) sets obtained consistent results, and no evidence of pleiotropy or outliers was observed.

Conclusion: Our study provided no convincing evidence for a causal effect of 25(OH)D or 25(OH)D3 levels on the risk of vitiligo. Further longitudinal and experimental studies, as well as functional studies are warranted to elucidate the role of vitamin D in the development of vitiligo.

Keywords: 25-hydroxyvitamin D, 25-hydroxyvitamin D3, Mendelian randomization, meta-analysis, vitiligo


INTRODUCTION

Vitiligo is an acquired pigmented skin disease caused by the loss of melanocyte function, which is characterized by localized or generalized complete depigmentation of skin mucosa. It can occur in all parts of the body, commonly in finger back, wrist, forearm, face, neck and around genitalia, affecting both men and women (1). Globally, the prevalence of vitiligo was estimated to be ranging from a low of 0.5% to a high of 2.0% in adults, and the peak onset period is between 10 and 30 years of age (2). Although vitiligo does not bring fatal risk, it is often accompanied by a variety of autoimmune system-related diseases, such as Hashimoto's thyroiditis, diabetes, Addison's disease and so on (3–6). Therefore, it is necessary to further explore the influence of modifiable risk factors on the incidence of vitiligo, which may provide new ideas for its prevention and treatment.

Previous studies have identified a series of nutritional factors associated with vitiligo, such as selenium (7), copper, and zinc (8). Recently, vitamin D deficiency has been reported to be a potential risk factor for vitiligo (9). With usual physiological intake, the majority of vitamin D is converted to 25-hydroxyvitamin D (25(OH)D) and released into the blood, thus circulating 25(OH)D concentrations can reflect vitamin D status in the human body. As the main metabolite of 25(OH)D, the levels of circulating 25-hydroxy vitamin D3 [25(OH)D3] is also widely accepted as an indicator of overall vitamin D status (10). Though no randomized controlled trials have been conducted to investigate the preventive role of vitamin D on the risk of vitiligo to date (11), numerous observational epidemiological studies have evaluated circulating 25(OH)D and 25(OH)D3 levels in patients with vitiligo relative to controls. For instance, Atazadeh et al. (12) conducted a case-control study with 90 vitiligo patients and 90 healthy controls in Iran, and found that the median (interquartile range) of circulating 25(OH)D level was lower in patients with vitiligo than in matched healthy controls [28.50 (22.52–33.20) ng/mL vs. 29.10 (27.40–35.70) ng/mL, P = 0.01). Another case-control study (13) conducted in India with 100 vitiligo patients and 100 healthy controls suggested that circulating 25(OH)D3 levels were lower in vitiligo patients than controls (16.17 ± 8.63 vs. 25.49 ± 1.02 ng/ml, P < 0.001). However, Saniee (14) recruited 98 patients with vitiligo and 98 matched healthy controls and measured 25(OH)D levels, but did not detect statistically significant differences between patients with vitiligo and normal subjects (22.37 ± 10.78 vs. 26.16 ± 17.11 ng/ml, P = 0.19). Similarly, Ustun et al. also found no statistically significant association (15). These inconsistent results may be due to differences in the study population, sample size, measurement methods and so on. Besides, findings from traditional observational studies are susceptible to bias such as confounding and reverse causation, therefore, it remains unclear whether the observed association was causal or not.

Mendelian Randomization (MR) study utilizes genetic variants such as single nucleotide polymorphisms (SNPs), which act as instrumental variables (IVs) to estimate the potential causal relationship between exposure and outcome (16). Since genotypes are randomly distributed in the process of gamete formation, the relationship between exposure and outcome of interest will not be biased by common confounding factors, such as postnatal environment, socio-economic status and behavioral factors in conventional observational studies. Moreover, MR study has unique advantages in causal inference because genetic variation is inherited from parents and remains unchanged after birth, so the association between genetic variation and outcome is reasonable in time sequence.

Therefore, in the present study, we first performed a systematic review and meta-analysis of existing observational evidence on the association of circulating 25(OH)D or 25(OH)D3 levels with risk of vitiligo, and then performed MR analysis to further investigate whether there was evidence for a causal relationship of circulating 25(OH)D and 25(OH)D3 levels with risk of vitiligo.



METHOD


Meta-Analysis
 

Data Source

The overall design of the present study is shown in Figure 1. We first systematically searched PubMed and Web of Science up to April 30, 2021 to identify observational studies examining the association of circulating 25(OH)D or 25(OH)D3 levels with risk of vitiligo. The keywords included vitiligo AND (vitamin D OR 25-hydroxyvitamin D OR 25-dihydroxyvitamin D3 OR 25(OH)D OR 25(OH)D3 OR calcidiol).


[image: Figure 1]
FIGURE 1. An overall design of the present study.




Literature Inclusion and Exclusion Criteria

The inclusion criteria were: (i) The study was cross-sectional, case-control or cohort design; (ii) The original study reported standardized mean difference (SMD) and 95% confidence interval (95% CI) of circulating 25-hydroxyvitamin D or 25-hydroxyvitamin D3 between patients with vitiligo and controls, or provided sufficient data to calculate SMD and 95% CI; (iii) When two or more literatures recruited overlapped study population, the literature with the largest sample size was included. The exclusion criteria were: (i) Review or meta-analysis; (ii) Full text is unavailable; (iii) Data provided in the literature were insufficient.



Data Extraction and Quality Assessment

Relevant information was extracted and crosschecked by two researchers independently (Liu K and Chen W), and discussed with the third researcher (Ye D) in case of disagreement. The extracted information included the first author, year of publication, region, type of study design, study period, sample size, gender and age of the study participants. Two researchers (Liu K and Chen W) independently scored the quality of the included articles using Newcastle Ottawa scale (NOS) (17). The scores ranging from 7 to 9 were regarded as high quality, 5–6 as moderate quality, and ≤4 as low quality.



Statistical Analysis

The mean and standard deviations (SD) of circulating levels of 25 (OH) D and 25 (OH) D3 between patients with vitiligo and controls were used to calculate SMDs and 95% CIs. If the study provided with median and range, we computed mean and SD using previously described formulas (18, 19). If odds ratio (OR) was provided, we computed SMD using the formulae of SMD= [image: image] (20). The heterogeneity among studies was tested by Cochrane's Q test and I2 statistics. If I2 < 50% and P > 0.10, a fixed-effects model was used; otherwise, a random-effects model was applied. Sensitivity analysis was performed to evaluate the stability of the association by sequential removal of each study from the analysis. Subgroup analysis was performed in terms of region, publication year, quality score and study design, and meta-regression analysis was conducted for the above factors, respectively. Funnel plot was generated, and Begg's test (21) and Egger's test (22) were used to evaluate potential publication bias.

All statistical analyses were performed using STATA (version 14.0). Two-sided P-values < 0.05 were considered statistically significant.




Mendelian Randomization
 

Outcome Dataset

Genetic association data of vitiligo were obtained from a meta-analysis of three genome-wide association studies (GWAS) involving 4,680 vitiligo cases and 39,586 controls of European ancestry (23). A total of 48 genetic variants associated with risk of vitiligo were identified, accounting for 17.4% of heritability. Detailed information of the above studies has been described in the previous article (23). All study participants provided written informed consent and the study was carried out under the jurisdiction of each local institutional review board.



Selection of Genetic Variants

IVs for 25(OH)D and 25(OH)D3 were derived from a large-scale GWAS including 120,618 and 40,562 participants of European descent, respectively (24). A total of ten and seven independent SNPs (r2 threshold < 0.1) associated with circulating 25(OH)D and 25(OH)D3 levels at genome-wide significance level (P < 5 × 10−8) were identified, respectively. None of the SNPs overlapped or were in linkage disequilibrium (r2 < 0.1) with known risk loci of vitiligo. The variance explained for total 25(OH)D by the ten lead SNPs was 3.95%, and the variance explained for 25(OH)D3 by the seven SNPs was 4.58%. The details of GWAS studies and datasets used in the present study are listed in Supplementary Table 1.



Statistical Analysis

We calculated F-statistics to quantify the strength of the IVs, with the equation of F = R2 × (n – 2)/(1 – R2), in which R2 represents the variance explained by the IVs and n indicates the sample size (25). We used inverse-variance weighted (IVW) method to evaluate the potential causal relationship of circulating 25(OH)D and 25(OH)D3 levels with risk of vitiligo as the main analysis. IVW method combines the causal effect estimates of multiple single genetic IVs by Wald ratio method (26). The estimated effect size by IVW method is essentially the regression coefficient of weighted regression without considering the intercept term (27). Moreover, weighted-median and likelihood-based methods were used to evaluate the robustness of the IVW method. For the weighted median method, the consistent estimation of the causal effect can be obtained as long as the weight of the causal effect calculated by the effective IV reaches 50% (25). Moreover, the likelihood-based method was used to evaluate the casual relationship under the assumption of a linear association between the risk factor and the outcome variables (28).

In addition, we conducted MR-Egger regression analysis to analyze the effect of potential pleiotropy on causal estimation. The intercept term of MR-Egger represents the average pleiotropic effect of genetic variation. If the intercept is different from zero, it indicates that there is evidence of directed pleiotropy (29). Also, we performed Mendelian randomization pleiotropy residual sum and outlier (MR-PRESSO) method (30) to detect and correct for horizontal pleiotropic outliers. It conducts a global test of heterogeneity by regressing the SNP-outcome association on the SNP-exposure association and comparing the observed distance of each SNP from the regression with that expected under the null hypothesis of no pleiotropy.

We further performed “leave-one-out” method as sensitivity analyses to test the reliability of the association of genetically predicted circulating 25(OH)D and 25(OH)D3 with risk of vitiligo. Specifically, we removed each SNP and combined the effect estimates of the remaining SNPs using the IVW method. The fluctuation of the results before and after removing the SNP reflects the stability of the association. Finally, considering the influence of pleiotropy on the results, associated phenotypes of the SNPs used as IVs were manually scanned through the GWAS Catalog (https://www.ebi.ac.uk/gwas, accessed on May 15, 2021). SNPs associated with other traits at genome-wide significance were excluded from the IVs and MR analyses were subsequently performed using the remaining SNPs.

R (version 4.0.5) with packages “MendelianRandomization” and “MR-PRESSO” was used for MR analysis. P-values < 0.05 were considered statistically significant.





RESULTS


Patients With Vitiligo Had a Lower Level of 25(OH)D Relative to Controls

The flowchart of literature inclusion and exclusion is shown in Figure 1. Briefly, a total of 125 articles were retrieved in the initial stage, with 15 articles and 5 articles investigating the association of 25(OH)D (12, 14, 31–43) and 25(OH)D3 (13, 15, 44–46) with risk of vitiligo included in the final analysis, respectively. In total, we collected the data of 987 patients and 770 controls for 25(OH)D, and 305 patients and 321 controls for 25(OH)D3 between 2012 and 2020 in this meta-analysis. Overall, there were 14 case-control studies and one cross-sectional study for 25(OH)D, and 4 case-control studies and one cross-sectional study for 25(OH)D3. As assessed by NOS, the quality of the included studies was high in general. The basic information of the literature included is shown in Table 1.


Table 1. Characteristics of individual studies included in the meta-analysis.
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Statistically significant heterogeneity was observed among studies for the association of 25(OH)D (I2 = 95.5%, P < 0.001) and 25(OH)D3 (I2 = 93.3%, P < 0.001) with risk of vitiligo, respectively. Therefore, we used random-effects models to combine the effect sizes. As shown in Figure 2 Patients with vitiligo had a lower level of 25(OH)D compared with controls (SMD = −1.40; 95% CI: −1.91, −0.89; P < 0.001). However, the differences of circulating 25(OH)D3 levels in cases and controls did not reach statistical significance (SMD = −0.63; 95% CI: −1.29, 0.04; P = 0.064).
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FIGURE 2. Forest plots of 25(OH)D (A) and 25(OH)D3 (B) in vitiligo patients relative to controls. The horizontal lines correspond to the study-specific standardized mean differences (SMD) and 95% confidence intervals (CI), respectively. The area of the squares reflects the study-specific weight.


Consistently, subgroup analysis revealed associations between circulating levels of 25(OH)D and risk of vitiligo in different strata. The levels of 25(OH)D3 in patients with vitiligo was significantly lower than that of the control group in the subgroups of studies with a high-quality score (SMD = −0.81; 95% CI: −1.56, −0.07; P = 0.032), published in 2017 and before (SMD = −0.81; 95% CI: −1.56, −0.07; P = 0.032), and in Asian populations (SMD = −1.40; 95% CI: −1.96, −0.83; P < 0.001). However, meta-regression analysis did not find potential sources of heterogeneity from region, publication year, quality score, study type and sample size for 25(OH)D and 25(OH)D3 (Supplementary Table 2). The Begg's test (P = 0.010) and Egger's test (P = 0.003) suggest evidence of potential publication bias in 25(OH)D, and the funnel plot was not symmetrical (Supplementary Figure 1A). For 25(OH)D3, the Begg's test (P = 0.806) and Egger's test (P = 0.966) did not suggest evidence of publication bias (Supplementary Figure 1B). Sensitivity analysis omitting one study at a time suggested none of these studies had a strong effect on the combined effect estimates (Supplementary Figure 2).



Genetically Determined Circulating 25(OH)D and 25(OH)D3 Were Not Associated With Risk of Vitiligo

Supplementary Table 3 presents detailed information of IVs and their effect estimates with 25(OH)D, 25(OH)D3 and vitiligo, respectively. The F-statistic was 495.99 for 25(OH)D and 278.07 for 25(OH)D3, suggesting the IVs were unlikely to suffer from weak instrument bias.

As shown in Table 2, genetically predicted circulating 25(OH)D (OR = 0.93, 95% CI = 0.66–1.31, P = 0.663) and 25(OH)D3 levels (OR = 0.95, 95% CI = 0.80–1.14, P = 0.595) were not associated with altered risk of vitiligo using the IVW method. Similar results were obtained using the weighted-median approach and maximum-likelihood method. The intercept from the MR-Egger regression analysis did not reach statistical significance [25(OH)D: P = 0.614, 25(OH)D3: P = 0.061], suggesting no apparent evidence of directional pleiotropy. Additionally, no outlier SNPs were detected using MR-PRESSO test, and the causal effect estimates of 25(OH)D (P = 0.529) and 25(OH)D3 (P = 0.215) with risk of vitiligo were not statistically significant.


Table 2. Association of genetically predicted circulating levels of 25(OH)D and 25(OH)D3 levels with risk of Vitiligo.
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In the sensitivity analyses, we performed “leave-one-out” analyses to identify potential influencing SNPs. We found that the risk estimates of genetically predicted 25(OH)D and 25(OH)D3 with risk of vitiligo did not change substantially after excluding one single SNP at a time (Supplementary Figure 3). Then we excluded potential pleiotropic SNPs and used the remaining seven and five SNPs as IVs for 25(OH)D and 25(OH)D3. Details of the excluded SNPs and their associated phenotypes according to the GWAS Catalog are shown in Supplementary Table 4. Consistently, we did not observe statistically significant association of genetically predicted circulating levels of 25(OH)D (OR = 0.98, 95% CI = 0.63–1.53, P = 0.920) or 25(OH)D3 (OR = 1.16, 95% CI = 0.85–1.58, P = 0.360) with risk of vitiligo (Supplementary Table 5).




DISCUSSION

To date, vitiligo is a disease that cannot be completely cured. Patients often encounter psychological difficulties due to discrimination, such as shame, depression and anxiety, which usually lead to inferiority and social isolation (47, 48), and have an adverse impact on the quality of life (49). At present, the pathogenic mechanism of vitiligo is not completely clear. There are studies suggesting that vitamin D may increase the melanogenesis and tyrosinase content of human melanocytes through its anti-apoptotic effect, thus preventing the loss of skin pigment (50). In addition, vitamin D can also inhibit the autoimmune pathway in the pathogenesis of vitiligo by inhibiting the expression of interleukin-6 (IL-6), interleukin-8 (IL-8), tumor necrosis factor α (TNF-α) and tumor necrosis factor γ (TNF-γ), regulating the mature differentiation and activation of dendritic cells and inhibiting antigen presentation (51). For prevention and early diagnosis of vitiligo, the present study investigated the role of circulating 25(OH)D and 25(OH)D3 on the risk of vitiligo by using meta-analysis and Mendelian randomization, however, we did not find convincing evidence to support a protective role of vitamin D supplementation on the risk of vitiligo.

The results from the meta-analysis indicated that patients with vitiligo had a lower level of 25(OH)D compared with controls. Consistently, a meta-analysis conducted by Zhang et al. (52) in 2018 including 679 patients and 537 controls reported similar results (SMD = −0.94, 95% CI: −1.39, −0.48, P = 0.0001). Our updated meta-analysis included five additional recent published studies with a sample size of 987 patients and 770 controls for 25(OH)D, 305 patients and 321 controls for 25(OH)D3, and therefore had increased statistical power. Similarly, we also found heterogeneity in the studies included in the meta-analysis. However, meta-regression did not suggest potential sources of heterogeneity, and subgroup analysis consistently revealed associations between circulating levels of 25(OH)D and risk of vitiligo in different strata. Publication bias was detected for the association between 25(OH)D and risk of vitiligo, suggesting that our results may be more based on positive results, resulting in overestimation of the summary effect. Previously, no meta-analysis has focused on the association between 25(OH)D3 and risk of vitiligo. In the present study, we found no statistical differences in circulating levels of 25(OH)D3 between cases and controls. However, the number of included studies was relatively small, more studies are warranted for obtaining stable results. Additionally, owing to the limitations inherent in observational studies, high heterogeneity among studies may be due to differences in the study design, characteristics of the study population such as age and ethnicity, use of drugs and so on. Finally, all of the included studies were cross-sectional studies and case-control studies with relatively small study sample sizes, which is weak in demonstrating causality, since it is difficult to judge the time sequence of exposure and disease (53). Therefore, low vitamin D levels could also be a consequence of already developed vitiligo.

In order to overcome the limitations inherent in conventional observational studies, we adopted a two-sample MR method which used genetic variants as IVs of exposures to further investigate the relationship of 25(OH)D and 25(OH)D3 levels with risk of vitiligo. MR approach offers great opportunities to the etiological research of diseases, provided that the following three assumptions are satisfied (54). The first assumption is that the IVs must be associated with the exposure of interest. To ensure this, we used independent loci associated with circulating 25(OH)D and 25(OH)D3 levels achieving genome-wide significance level (P < 5 × 10−8) as IVs, which was identified from the largest GWAS to date. The second assumption is that the IVs must not be associated with potential confounders of the exposure-outcome association. Since genotypes are randomly allocated during gamete formation, MR analyses using genetic variants as IVs to a large extent solve the problem of confounding in conventional observational studies. The third assumption is that the IVs influence the outcome only through the risk factor. To ensure this, we excluded potential pleiotropic SNPs and retained those solely associated with 25(OH)D and 25(OH)D3 levels in the MR sensitivity analyses to evaluate the robustness of our results. We also performed different MR methods to test for potential pleiotropy. We did not observe evidence of directional pleiotropy for the causal association between 25(OH)D, 25(OH)D3 and risk of vitiligo in any of the above MR approaches. However, the estimate of MR studies reflect the effects of lifelong interference, whereas that of observational studies reflects more acute effects.

The limitations of the present study should be noted. First, the data for the meta-analysis were from observational studies, in which there could be potential confounding factors in the baseline characteristics of the selected population. The statistical ability of the small sample is limited, thus the well-designed and large sample studies are necessary to validate the findings. Second, heterogeneity in meta-analysis is a potential problem that affects the results of statistical analysis. In the present study, subgroup analysis and meta-regression did not indicate sources account for the heterogeneity observed in the study. In addition, publication bias was found in the results of 25(OH)D, which indicated that the results of meta-analysis were affected by publication bias. Third, the variance explained by IVs is limited, with 3.95% total 25(OH)D and 4.58% 25(OH)D3, respectively. Besides, the number of reported cases in the outcome dataset is relatively small, which could affect the statistical power in MR study. However, it is the largest sample size in the outcome database available at present, which needs more vitiligo GWASs with larger sample size to explore the association. Finally, because our MR analyses were restricted to participants of European ancestry, it is unclear whether our findings can be extrapolated to other study populations. Therefore, further prospective studies and functional studies in vivo and in vitro are needed to elucidate the exact role of 25(OH)D and 25(OH)D3 in the occurrence of vitiligo.



CONCLUSIONS

Our study showed that although there seemed to be an inverse association between vitiligo and 25(OH)D level based on meta-analysis of observational studies, MR analysis pointed to a lack of causal association. In addition, meta-analysis and MR study did not provide evidence of an associations between 25(OH)D3 level and risk of vitiligo. The findings suggested there is no convincing evidence that vitamin D may help to prevent vitiligo.
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Background: Food insecurity has been linked to poor health outcomes, however this relationship is poorly understood among women of reproductive age. Therefore, we investigated the relationship between food insecurity and common mental health problems (CMHPs) in this population of women in Kabul, Afghanistan.

Method: A cross-sectional study was conducted with 421 women of reproductive age from four health centers located in four randomly selected zones in the city of Kabul. We used the United State Department of Agriculture (USDA) food-insecurity questionnaire, multiple 24-h recall for dietary intake, the Depression, the Anxiety and Stress Scale (DASS-21) to assess major mental health problems, and the International Physical Activity Questionnaire (IPAQ) to assess physical activity.

Result: Food insecurity affected 69.6% of reproductive-aged women. In total, 44.9, 10.9, and 13.9% of food-insecure participants had food insecurity without hunger, food insecurity with hunger, and food insecurity with severe hunger, respectively. Depression, anxiety, and stress were prevalent among food-insecure participants at 89.4, 90.8, and 85.7%, respectively. Food insecurity was associated with depression (OR = 4.9, 95% CI: 2.7–8.9), anxiety (OR = 4.7, 95% CI: 2.5–8.8), and stress (OR = 3.8, 95% CI: 2.2–6.7). Women's household ownership, family size, and hypertension, on the other hand, were not associated with food insecurity.

Conclusion: This study found food insecurity was associated with CMHPs among a sample of reproductive-aged women in Kabul, Afghanistan. Further longitudinal studies are needed to confirm these findings.

Keywords: food insecurity, mental health problems, depression, anxiety, stress


INTRODUCTION

The Food and Agriculture Organization (FAO) describes food insecurity (FI) as a condition in which people have limited access to sufficient nutritious and safe food to live a healthy and productive life (1). Food security, on the other hand, is defined as having enough, safe, and nutritious food to live a healthy and active life (1). Food and nutrition insecurity are important public health issues that affect millions of people globally (2). In 2018, 9.2% of people globally had severe food insecurity, with Sub-Sahara Africa and Asia having the highest rates of severe food-insecurity (3). Household food insecurity (HFI) has a negative impact on the nutritional status and health of vulnerable people, particularly women of reproductive age (4).

Recent studies have found that women who live in food insecure homes are more likely to have inadequate dietary intake (4), depression, and poor mental health (5). Common mental health problems (CMHPs) linked to FI include depression, anxiety, stress, and sleeping disorders (6–8). According to Laraia et al., food shortages and FI are associated with poor mental and physical health among women in the United States (6). A systematic review of FI and mental health among females in high-income countries found a relationship between depression and FI, as well as a relationship between the severity of HFI and chronic stress (9).

As a conflict afflicted country, Afghanistan's health statistics are among the poorest in the world (10, 11). According to research by the Global Network Against Food Crises, approximately two quarters of Afghans suffered from FI in 2018 (12). In a population-based study related to mental health and disability among participants over age 15 years in Afghanistan, depression, anxiety, and posttraumatic stress disorder (PTSD) were prevalent in 68, 72, and 42% of participants, respectively. These mental health problems were more common in women than in men (13). In Afghanistan, there is still a scarcity of data on the relationship between FI and mental health. Therefore, the aim of this study was to determine the association of FI with CMHPs among reproductive-aged women in Kabul, Afghanistan.



METHODS

Kabul has 22 municipalities with more than 160 health centers (14). This cross-sectional study was conducted in four municipalities, at four different health centers that were chosen using multistage random sampling. The aim that we include this four directions, was to include these four major ethnicities of Afghanistan in this present study; In the West mostly Hazara people are living, in the North mostly Tajik People, and in the East and South mostly Pashtun, Tajik and Uzbak people are living (15). Three comprehensive health centers (CHCs) were selected from the 15th (in the North), 13th (in the West), and 9th municipalities (in the East) (16). In the South, one district hospital (DH) was selected from the 16th municipality (16). From those health centers, a convenience sample of 421 reproductive-aged women were sampled by the following formula (17):

[image: image]

P = 47 (P = 47%, the prevalence of overweight among wealthy reproductive-aged women) (18).
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For the study drop out or non-response coverage we add the 10% on our sample size which is calculated as [image: image] person. Then we added 38 on to our total sample size, 38 + 383 = 421 participants. An equal number of routine visitor women (n = 105) were sampled from each of the four health centers.


Assessment of Food Insecurity

In this study, we used the United States Department of Agriculture (USDA) 18-item questionnaire to assess FI (19, 20). This questionnaire reflects HFI in the last 12 months. In 1995, it was introduced as a valid questionnaire for epidemiologic studies and calculated based on the method of Bickel et al. (20).



Assessment of Dietary Intake

All participants' dietary intakes were obtained using a 24-recall questionnaire on 3 days of the week (two during the week and one on the weekend) (21). Interviewers used a variety of tools to enhance participant reporting of serving sizes, including can sizes, a chunk of bread that fits in the palm of a hand, tablespoons, teaspoons, ladles, plates, bowls, glasses, and photographs of common household meals. We used the Automatic Multiple Pass Method (AMPM) to reduce bias in the 24-h recall questionnaire (22), which asks about (i) foods listed by participants that were consumed in the previous day, (ii) any forgotten foods, (iii) the time of day each food was consumed, (iv) specific details about foods (e.g., quantities consumed, and foods eaten between meals); and (v) whether anything was forgotten. Following that, portions were estimated based on household eating/cooking equipment and converted into grams from reported quantities, before being entered into Nutritionist 4 (NUT4) software for nutrient adequacy analysis.



Assessment of Anthropometric Indices

Anthropometric indices, such as weight, height, and body mass index (BMI) were measured and computed for all participants. BMI was calculated by dividing weight (kg) by height2 (cm). A calibrated digital scale (SECA 831, Germany) was used for weight measurements. Adult BMI classifications according to the World Health Organization (WHO) are as follows: BMI <18.5 is considered low weight, BMI >18.5 <24.9 is considered normal weight, BMI >25 <29.9 is considered overweight, and BMI ≥30 is considered obese (23).



Assessment of Common Mental Health Problems

The Depression, Anxiety and Stress Scale-21 Items (DASS-21) is a set of self-reported scales used to assess the CMHPs such as depression, anxiety, and stress. The DASS-21 scale has three sections, each of which comprises seven items (24). Dysphoria (a feeling of overall unhappiness with life), hopelessness, devaluation of one's life, self-deprecation, lack of interest, anhedonia (inability to experience pleasure), and inertia (a tendency to do nothing) are assessed on the depression component. Autonomic arousal, skeletal muscular responses, and subjective sensations of anxious affect are measured on the anxiety component. The stress component is sensitive to non-specific stimulant levels that have been present for a long time. CMHPs were categorized into three categories: normal, moderate, and severe.



Assessment of Physical Activity

The International Physical Activity Questionnaire (IPAQ) was developed in the late 1990s to collect international comparable data on health-related physical activity. We used the long version of the IPAQ instrument (IPAQ-27 items) in this study (25).



Statistical Analysis

The quantity of nutrients consumed by each participant was calculated using Nutritionist IV software. The data were analyzed using the Statistical Package for Social Science (SPSS Version 26) software. Histograms and the Kolmogorov-Smirnov tests were used to assess the normality of distributions of the variables. For general characteristics of individuals, the Chi-square test was performed, and one-way ANOVA was used to compare the means of categorical variables among FI categories. To assess the risk of CMHPs based on FI status, we fitted logistic regression models.




RESULTS

The data were collected from February to May 2021 and included an equal number of participants from each of the four health centers (N = 105 at each). Hazara, Tajik, Pashtun, and Uzbak ethnicities made up the majority of participants, accounting for 33.5, 32.8, 27.8, and 5.9%, respectively. The mean age and BMI of all participants were 31 ± 9 years and 23.3 ± 5.06 kg/m2, respectively. We also found the mean age 29.8 ± 9.1 years and mean BMI 24.2 ± 6.3 kg/m2 amongst FS participants, while among FI without hunger, FI with hunger and FI with severe hunger participants the mean age was 30.8 ± 8.9, 29.8 ± 9.3, and 35.3 ± 9.0 years and mean BMI was 23.0 ± 4.5, 23.1 ± 4.4, and 22.7 ± 3.5 kg/m2, respectively.

The average home size was 6 ± 3 people, with more than 91% of women having a family size of <10. The mean monthly income was US $241.4 ± 204.3, with 79.1% having a monthly income of < $300 and 14.3% having a monthly income of $500–1,200. In addition, the mean monthly income among FS participants $374 ± 275 were higher than food insecure participant's $183 ± 126. Meanwhile, the mean of monthly income was $194 ± 109, $168 ± 130, and $167 ± 160 among FI without hunger, FI with hunger, and FI with severe hunger.

Half of the women were illiterate, with just 14.8% having a high level of education (bachelor's or master's degree). We found that 30.4% (n = 129) of reproductive-aged women were food secure, whereas a large number of women (n = 293; 69.6%) were food insecure, in addition, more than three quarters of reproductive-aged women in West and South municipalities were suffering from FI. According to the food-insecurity categories, 44.9% (n = 189), 10.9% (n = 46), and 13.8% (n = 53) of participants, respectively, had food insecurity with hunger, food insecurity with mild hunger, and food insecurity with severe hunger. About four fifths of the women (81%) had low levels of physical activity, whereas 29% had at least a moderate level of physical activity.

In this study, food insecurity categories were significantly related to age, marital status, household size, and income (P < 0.05). Furthermore, ethnicity, education, and women's education level, as well as the occupation and education level of their husbands, were found to be associated with food insecurity (P = 0.001) (Table 1). BMI, hypertension, and physical activity, on the other hand, were not associated with food-insecurity categories. We found that the overall prevalence of depression, anxiety, and stress were 79, 81, and 74.6%, respectively, while the prevalence of these conditions among food insecure people were 89, 91, and 87%, respectively (Table 2). We found that common mental health problems (depression, anxiety, and stress) were significantly associated with food insecurity levels (P = 0.001). Severe depression, anxiety, and stress affected nearly 85, 88, and 84% of the food insecure population, respectively (Table 3). We found that FI was associated an increased risk of symptoms of depression (OR = 4.9; CI: 2.7–8.9), anxiety (OR = 4.7; CI: 2.5–8.8), and stress (OR = 3.8; CI: 2.2–6.7). Women's BMI >25 (OR = 1.3, CI: 0.7–2.4), household ownership (OR = 0.7, CI: 0.2–1.7), family size (OR = 1; CI: 0.6–1.9), and hypertension (OR = 0.6, CI: 0.2–1.9) were not associated with FI status (Table 4).


Table 1. Socio-demographic characteristic by different food-insecurity categories among reproductive-aged women in Kabul-Afghanistan.
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Table 2. Mental health status among reproductive-aged women in Kabul, Afghanistan.
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Table 3. Mental health status in different food-insecurity categories among reproductive-aged women in Kabul, Afghanistan.
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Table 4. Odds ratios (ORs) of common mental health problems according to food-insecurity status among reproductive-aged women in Kabul-Afghanistan.
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DISCUSSION

In this study, we found that about 70% of reproductive-aged women were food insecure, nearly half were food insecure, and 11, 14, and 11%, respectively, were affected by FI without hunger, FI with hunger, and FI with severe hunger. Findings show that the prevalence of FI in our study is nearly 40% higher than the National Risk and Vulnerability Assessment (NRVA) in 2011/2012, reporting food and nutrition insecurity to be about 30% (7.6 millions) among Afghans generally (26). The high level of FI status among reproductive-aged women in this study may have been elevated due to the civil war and the COVID-19 pandemic. Depressive symptoms were present in 79% of reproductive-aged women, whereas symptoms of anxiety and stress were present in 81 and 75%, respectively. In contrast to our findings, a national survey of anxiety disorders and major depressive episodes conducted in 2021 found that the prevalence of general anxiety disorder and major depressive episode were significantly lower, at 11.7 and 2.7%, respectively (27). However, such higher prevalence may be expected since our study used symptom measures (interview) rather than evaluation of clinical diagnoses (observation, psychological tests, neurological tests, and interviews) (28). Based on our study, 89, 90, and 85% of FI participants had symptoms of depression, anxiety, and stress, respectively. Further, FI was associated with having these symptoms.

Consistent with our results, a growing body of evidence suggests that FI is linked to common mental health problems (29–31). A systematic review of females in developed countries found a strong relationship between FI and depression and stress (9). Lachance et al. found a positive relationship between FI and mental health problems in a quantitative community-based study of Canadians. They also concluded that FI and mental health problems, particularly depression, had a bidirectional relationship, with poor mental health often causing people to make poor food choices (32). In contrast to our study, Chung et al. investigated the relationship between household FI and adverse mental health problems in Korean adults and found that FI was associated with stress, anxiety and depression (29). Similarly, Scanlon et al. investigated depression and social vulnerability in African-American men and found that FI did not enhance the likelihood of depression (33). Moreover, we found a high prevalence of depression, anxiety and stress among FS participants, it may be because of gender-based violence, civil war and insecure situation in Afghanistan especially in Kabul (34).

We also found that sociodemographic factors such as household income and education level were associated with FI status. In comparison to their husbands, most participating women were uneducated. This may be due to a variety of factors, including civil wars, poverty, minority status, early marriage and pregnancy, and gender-based violence, which impede women and girls from fully exercising their education (35). Omidvar et al. observed that household income, socioeconomic status, and education level among Afghan refugees in Iran were associated with FI (36). Similarly, in a study on food insecurity and its determinants in Nigeria, Amaza et al. found that household income, education level, and gender were the most important indicators of FI status (37).

We also found that marital status and household size were associated with food insecurity. Married women with children are more prone to utilize risky coping techniques like restricting food intake to ensure that their children and other household members are well-fed (38). A study from a South African Township indicated that marital status, household income, and household size were significantly associated with FI (39). However, in another study of South African households, marital status and household size were negatively associated with FI (40). Among socio-demographic factors we found age, ethnicity and house ownership to also be associated with FI. These findings were similar to those of Fernandes et al.'s cohort study, which indicated that 23% of older adults lived in a food-insecure households. The odds of FI was higher for participants in the 70–74 year old age category (41). In a study of FI, depression, and race among university students, Reeder et al. reported that African-American students had 3.5 times higher odds of FI than Caucasian students (42). Similarly, a US study of diet quality and FI among people of various races found that FI was most prevalent among non-Hispanic white individuals and Asians.

We found that FI is associated with depression, anxiety and stress. More research is needed to confirm these findings and to examine if the same patterns hold true for different populations (e.g. in different regions in Afghanistan, age groups, etc.). Furthermore, additional development activities, such as economic and education programs, could be beneficial for Afghan women to improve their home food security. Limitations of this study include that it was a cross-sectional study that only included reproductive-aged women, with no other age groups or males. Our study also had several strengths. We used the USDA long version scale for FI measurements, the DASS-21 for CMHPs measurements, and it was the first study to examine the relationship between FI and CMHPs in reproductive-aged women in Kabul, Afghanistan.



CONCLUSION

A considerable number of women of reproductive age in our study, over two-thirds, were food insecure. Notably, almost 25% reported food insecurity with hunger or food insecurity with severe hunger. Common mental health problems were extremely prevalent among food-insecure individuals, with 90% of this subgroup displaying symptoms for depression and anxiety and 86% reporting stress. FI was associated with about a five-fold risk of depression and anxiety and about a four-fold risk of stress. Women's household ownership, family size, and hypertension were not associated with food insecurity status. Given the strong association between FI and CMHPs among reproductive-aged women and high prevalence of FI in Kabul policies should prioritize access to food among these women. Furthermore, due to the high prevalence of CMHPs a psychoanalytic intervention should be done for reproductive-aged women.
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Background: The trends of obesity-associated metabolic status in Chinese are lacking, especially those from different regions.

Objectives: To examine the trends of obesity and metabolic status among Chinese population in 2012–2020.

Methods: In a series cross-sectional study, data on 256,782 participants surveyed between 2014 and 2020 in Beijing, northern China, and 697,170 participants surveyed between 2012 and 2020 in Hunan, southern China were analyzed. Anthropometrics, blood pressure measurements, and blood tests were performed according to standard protocols. Trends in obesity and metabolic status were evaluated using the Joinpoint software.

Results: Based on age- and sex-standardized values, the mean BMI values in northern and southern participants were 23.94 (95% CI: 23.93, 23.95) and 23.68 (95% CI: 23.67, 23.69) kg/m2, respectively. Between 2014 and 2020, the overall obesity prevalence among northern participants increased from 12.70% (95% CI: 12.17, 13.23%) to 14.33% (95% CI: 13.97, 14.70%) (P = 0.009), mainly derived by the 20–39 and 40–59 age groups. Moreover, the prevalence of metabolically healthy obese significantly increased from 2.07% (95% CI: 1.84, 2.30%) to 4.33% (95% CI: 4.13, 4.53%) in Northerners. Between 2012 and 2020, no significant trend in obesity was found among overall southern participants, but the prevalence of metabolically unhealthy obese significantly increased from 5.36% (95% CI: 5.18, 5.54%) to 7.35% (95% CI: 7.11, 7.58%), mainly derived by the 20–39 and 40–59 age groups.

Conclusions: The trends in obesity and metabolic status were different between southern and northern Chinese. A national weight control plan is needed in China, focusing on young and middle-aged population.

Keywords: obesity, metabolic status, trend, series cross-sectional study, China


INTRODUCTION

Obesity is a major risk factor for hypertension, diabetes, coronary heart disease, certain types of cancer, and poor mental health (1–5). Approximately 4 million global deaths were due to high body mass index (BMI) in 2015 (6). According to the Global Burden of Disease Study, the worldwide prevalence of overweight and obesity has doubled from 1980 to 2015 (7). With the increasing spread of the global obesity pandemic, China also saw a dramatic increase in overweight and obese adults (8). For example, during 1993–2015, the prevalence of overweight, obesity, and abdominal obesity increased by 14.7, 11.5, and 26.7%, respectively (9). The most recent national nutrition survey during 2015–2019 indicates that obesity was 16.4% in Chinese adults (10). However, the annual trend of change in obesity, especially in different regions, is not available.

According to the metabolic status and the BMI level, the population could be further classified into the following four phenotypes: metabolically healthy non-obese (MHNO), metabolically unhealthy non-obese (MUNO), metabolically healthy obese (MHO), and metabolically unhealthy obese (MUO) (11). Different phenotypes present different cardiovascular and metabolic complications risks (11–14). However, the data on trends in obesity-related metabolic status in the Chinese population are lacking.

Moreover, the coronavirus disease 2019 (COVID-19) pandemic has caused significant disruption in everyday lifestyle since 2020. The previous study indicated that the COVID-19 pandemic has serious consequences for the obesity epidemic. And in turn, obesity and impaired metabolic health also emerged as important determinants of severe COVID-19 (15). The changes in body weight and metabolic status that occurred during the COVID-19 pandemic in China are unknown.

The current study provides new estimates of the prevalence of obesity and its metabolic status in large populations from two southern and northern areas in China.



PATIENTS AND METHODS


Study Population

The serial cross-sectional study population comprised more than 900,000 individuals from a mixed urban and rural area who visited health management centers in Beijing and Hunan, two northern and southern regions in China, between 2012 and 2020. The overall population of Hunan is over 60 million, and that of Beijing is around 20 million. In the present study, ~80% of the participants in Hunan were from urban areas, while 95% of the Beijing area was urban. Participants with diverse socioeconomic background (public services employees, workers, self-employed persons, farmers, and others) came to health management centers to check their health status was enrolled in the current study. All participants signed informed consent forms, and the Ethics Committee of the Third Xiangya Hospital approved the study (2020-S498).

All enrolled participants underwent a routine clinical examination. Participants recorded age, sex, current medication use, and previous medical diagnoses by themself in Beijing, northern China. Beginning in 2018, physicians reconfirmed the questionnaires during the physical examination. More detailed questionnaires, including exercise, smoking history, alcohol consumption, and food consumption, were obtained and checked by physicians in Hunan, southern China (16). Individuals with missing data or unreasonable values on age (<20 or >80 years), height (<140 or >210 cm), or weight (<26 or >175 kg) were excluded. Participants with missing or unreasonable blood pressure [Systolic Blood Pressure (SBP) <60 or >270 mmHg; Diastolic Blood Pressure (DBP) <30 or >220 mmHg; Pulse Pressure (PP) <10 mmHg], Fasting Serum Glucose (FSG) (<2.00 or >42 mmol/l) or lipids [Triglyceride (TG) >35 mmol/l; Total Cholesterol (TC) >20 mmol/l; Low-Density Lipoprotein cholesterol (LDL-c) >15 mmol/l; High-Density Lipoprotein cholesterol (HDL-c) >13 mmol/l] were further excluded from metabolically status classification. The enrollment process was listed in Figure 1. Assessment methods are detailed in the Supplementary Material.


[image: Figure 1]
FIGURE 1. Enrollment flowchart.




Measurement and Definition

Physical examinations were conducted with the same methods described in our previous study (17). Briefly, blood pressure, height, and weight were measured by trained physicians. Participants were categorized into non-obese (<28 kg/m2) and obese (≥28 kg/m2) groups (18). Moreover, participants who met two or more of the following four criteria were considered metabolically unhealthy: high TG (≥1.7 mmol/L) or using lipid-lowering drugs, elevated SBP (≥130 mmHg) or DBP (≥85 mmHg) or using anti-hypertensive drugs, high FSG (≥5.6 mmol/L) or using medications for diabetes (insulin and oral anti-diabetic), and low HDL-c (<1.04 mmol/L for men and <1.29 mmol/L for women) (11). Then the participants were furtherly classified into the MHNO MUNO, MHO, and MUO phenotypes. Definition of chronic diseases are detailed in the Supplementary Material.



Laboratory Measurements

Fasting venous blood samples were collected and were immediately processed and analyzed at the clinical laboratory of Third Xiangya Hospital (in Hunan) or Aerospace Center Hospital (in Beijing), as detailed in the Supplementary Material.



Statistical Analysis

Continuous variables were expressed as means with 95% confidence intervals (95% CIs), categorical variables were expressed as percentages with 95% CIs, and differences among different BMI groups were tested by analysis of variance and the Chi-square test. Restricted cubic spline regression models were used to test the overall and non-linear association between survey years and BMI, HDL-c, TG, SBP, DBP, and FSG. Then, the linear association would be evaluated when the test for non-linearity is not significant. Means of BMI and metabolic status were further stratified by location and sex because of significant 3-way interactions. Trends in the prevalence of obesity and metabolic subtypes were evaluated using the Joinpoint Regression Program (Version 4.9.0.0) (19), and annual percentage changes (APCs) in slopes were reported. Moreover, the prevalence of obesity and metabolic subtypes were stratified by location, age group (20–39, 40–59, 60, and older years), and sex because of significant 4-way interactions. The prevalence of obesity, MHNO, MUNO, MHO, and MUO and the mean levels of BMI, TC, HDL-c, and TG, SBP, DBP, and FSG were all estimated for females and males after age standardization according to the population distribution in China in 2010 (20). The weights were 0.4385, 0.3860, and 0.1755 for the 20–39, 40–59, and over 60 years old groups, respectively. When calculating estimates for each survey year, sex was additionally adjusted, and weights for females and males were the same as 0.5. A two-sided P < 0.05 was considered to be statistically significant. SAS version 9.4 (SAS Institute Inc) was used for analyses.




RESULTS


Characteristics of Selected Study Participants

A total of 256,782 participants were surveyed from January 1, 2014, to December 31, 2020, in northern China, and 697,170 participants were surveyed from January 1, 2012, to December 31, 2020, in southern China (Figure 1). Overall, the mean BMI was 23.91 (95% CI: 23.90, 23.92) kg/m2 and 108,914 participants [11.41% (95% CI: 11.34, 11.47%)] were obese. Table 1 shows the demographic and clinical characteristics of the study participants by obesity status. Compared to the non-obese, participants in the obese group were more likely to be male, from northerners, older, with a higher level of TC, TC, LDL-c, and FSG, having elevated blood pressure, with hypertension, diabetes, or hyperlipidemia (P < 0.001, Table 1).


Table 1. Characteristics of selected study participants by obesity status.
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Trends in BMI and Obesity

The age- and sex-standardized mean BMI levels between northerners and southerners were 23.94 (95% CI: 23.93, 23.95) and 23.68 (95% CI: 23.67, 23.69) kg/m2, respectively (Table 2). During 2014–2020, the BMI levels in northerners showed significant non-linear changes by surveyed year (P < 0.001) and grew rapidly after 2018 (Figure 2). A non-linear trend in BMI level among female from south was also observed, which increased from 2012 to 2016 and declined after 2016. However, a significant and linear increasing trend in BMI trend was observed among the southern male population (P < 0.001; Figure 2). Due to the interaction between BMI and age, we further stratified the population by age. As a result, the BMI level was found to significantly increase among 20–39 aged groups in both areas, and the trends between southern male and northern female groups were linear. Among the 40–59 years old, non-linear upward trends were observed in both sexes from southern and northern China. On the other hand, a significant and downward trend in BMI was found among female participants over 60 from southern China (Supplementary Table 1, Supplementary Figure 1).


Table 2. Age-Standardized mean and 95% confidence interval of BMI levels among adults aged 20 years and older in northern and southern China, 2012–2020*.
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FIGURE 2. Association between survey years and BMI among adults aged 20 years and older in northern and southern China, 2012–2020. Surveyed year was coded using the RCS function with three knots located at the 5th, 50th, and 95th percentiles of the distribution of survey years. Y-axis represents the BMI difference from referenced year. Referenced year in (A–C) was 2014, and in (D–F) was 2012. Dashed lines are 95 percent confidence intervals. Knots are represented by dots. In (A) and (D), age and sex were included as adjustment variables. In (B,C,E,F), age was included as an adjustment variable. BMI, body mass index.


Between 2014 and 2020, the prevalence of obesity among northerners increased from 12.70% (95% CI: 12.17, 13.23%) to 14.33% (95% CI: 13.97, 14.70%) (P = 0.009; Figure 3A). The obesity prevalence among northern females and males showed similar annual percentage changes. Among the 20–39 and 40–59 age groups, the APCs were 6.07 (95% CI: 3.97, 8.21) and 3.17 (95% CI: 1.02, 5.37), respectively. However, the trends of obesity in the over 60 years age group were non-significant (P = 0.668; Figures 3B–D).


[image: Figure 3]
FIGURE 3. Trend in prevalence of obesity adults in northern and southern China, 2012–2020. Estimates by different sex are age-standardized to the 2010 Chinese Census population using age groups 20–39, 40–59, and 60 or older and estimates for overall population are additional adjusted by sex; Significant linear trends (P < 0.05) for the following groups:(1) increased age-standardized obesity among all sex groups from northern China; (2) increased obesity among all 20–39 aged groups from northern and southern China; (3) increased obesity among all 40–59 aged groups from northern (P < 0.05); (4) among 40–59 aged female from southern China, obesity during 2012–2014 showed increased level [slope = 0.12 (95% CI: −0.07,0.30), P = 0.17], and level decreased after 2014 [slope = −0.03 (95% CI: −0.06, 0.00, P = 0.04], slope difference, P = 0.11; (5) decreased obesity among 60 and over aged female from southern. BMI, body mass index; APC, annual percentage change.


The trends of obesity among southerners were different from those among northerners. Between 2012 and 2020, no significant trend in obesity was found among the total sample of southerners (P = 0.240; Figure 3A). After stratification by age and sex, the prevalence of obesity among females and males aged 20–39 years was found to increase from 1.87% (95% CI, 1.63, 2.11%) to 2.99% (95% CI, 2.69, 3.29%) and from 13.10% (95% CI, 12.53, 13.67%) to 16.04% (95% CI, 15.34, 16.74%), respectively (Figure 3B). However, obesity among over 60 years old southern females showed significant decreasing trends (P < 0.006), and among 40–59 years aged southern females, the prevalence of obesity increased between 2012 and 2014 [slope = 0.12 (95% CI: −0.07,0.30), P = 0.17], and decreased after 2014 [slope = −0.03 (95% CI: −0.06, 0.00), P = 0.04; Figures 3C,D].



Trends in Metabolic Factors

Overall, a total of 908,311 persons were included for metabolic analysis. The age-adjusted means of FSG, TG, HDL-c, SBP, and DBP are listed in Supplementary Tables 2–6. Overall, the changing trend in metabolic factors was similar between different sexes but showed regional differences in FSG, which were both rising in the two regions (Supplementary Figure 2). The TG levels showed a downward trend in 2014-2018 and an upward trend in 2018–2020 among the northern population, and in the south, it showed a non-linear monotonous rising trend (Supplementary Figure 3). The HDL-c levels had opposite trends in the two places, with northern rising and southern declining (Supplementary Figure 4). The SBP levels showed an upward trend in the north, and in the south, it showed a downward trend in 2012–2016 and an upward trend in 2016–2020 (Supplementary Figure 5). The DBP levels rose first and then fell in the north, and fell first and then rose in the south (Supplementary Figure 6).



Trends of Obesity Phenotypes

The trends of obesity phenotypes have been listed in Figures 4A–D. Between 2014 and 2020, among the northern participants, the prevalence of the MUNO subtype significantly decreased from 36.03% (95% CI: 35.16, 36.90%) to 27.85% (95% CI: 27.31, 28.39%) with an annual percentage change of −6.53 (95% CI: −12.33, −0.34) (Figure 4B), but the trends in MUO were non-significant (P = 0.384; Figure 4D). However, the trends in MHNO were non-significant (Figure 4A), and the prevalence of MHO increased significantly from 2.07% (95% CI: 1.84, 2.30%) to 4.33% (95% CI: 4.13, 4.53%) (Figure 4C). All obesity phenotypes in different sex and age groups among northerners showed similar annual percentage changes (Supplementary Figure 7).
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FIGURE 4. Trend in prevalence of obesity by metabolic status phenotype among adults in northern and southern China, 2012–2020. Estimates by different sex are age-standardized to the 2010 Chinese Census population using age groups 20–39, 40–59, and 60 or older and estimates for overall population are additionally adjusted by sex; Significant linear trends (P < 0.05) for the following groups: (1) decreased MHNO among all sex groups from southern; (2) decreased MUNO among male and overall groups from northern (P < 0.05); increased MUNO among all sex groups from southern (P < 0.05); (3) increased MHO among all sex groups from northern and decreased MHO among all sex groups from southern; (4) increased MUO among all sex groups from southern (P < 0.05). MHNO, metabolic healthy non-obese; MUNO, metabolic unhealthy non-obese; MHO, metabolic healthy obese; MUO, metabolic unhealthy obese; APC, annual percentage change.


Unlike the trends in obesity phenotypes among northerners, between 2012 and 2020, the prevalence of the metabolically unhealthy subtypes MUNO and MUO among southerners increased significantly from 21.92% (95% CI: 21.55, 22.30%) to 29.58% (95% CI: 29.10, 30.07%) and from 5.36% (95% CI: 5.18, 5.54%) to 7.35% (95% CI: 7.11, 7.58%), respectively (Figures 4B,D). Meanwhile, the prevalence of the metabolically healthy subtypes MHNO and MHO decreased significantly from 69.24% (95% CI: 68.57, 69.92%) to 60.21% (95% CI: 59.55, 60.88%) and from 3.47% (95% CI: 3.32, 3.61%) to 2.86% (95% CI: 2.71, 3.00%), respectively (Figures 4A,C). Among southerners aged 40–59 and over 60 years old, females and males showed a similar annual percentage change in all obesity phenotypes (Supplementary Figure 7), but among the 20–39 year age group, the prevalence of MUNO and MUO in females showed a greater annual percentage increase than that in males [14.84 (95% CI: 9.40, 20.56) vs. 5.18 (95% CI: 2.62, 7.81) and 15.02 (95% CI: 13.55, 16.51) vs. 5.32 (95% CI: 3.74, 6.92)] (Supplementary Figure 7).




DISCUSSION

The present analyses show that the mean BMI and the prevalence of obesity in northern China were significantly higher than in southern China. However, compared to the north, marked changes in metabolic abnormalities occurred in the south from 2012 to 2020. The mean BMI and the prevalence of obesity increased significantly in the north, driven primarily by 20–39- and 40–59-years adult males and females from 2014 to 2020. In the south, the mean BMI increased significantly, but the overall obesity prevalence was stable. Moreover, the proportion of MUO increased, especially in 20–39 years females, and 20–39- and 40–59-years male population.

In a previous study, the age-standardized mean BMI increased by 2.0 kg/m2 from 1993 to 2015 in China (9). Our study further confirms that the mean BMI continued to grow in both areas from 2012 to 2020. But the trend in BMI differed between northern and southern China. The mean BMI level in northern China increased rapidly after 2018, whereas in southern China, it increased obviously from 2012 to 2016. Moreover, unlike the other study (9), the increased mean BMI level was mainly derived by young and middle-aged population, especially in the north.

The trend in obesity prevalence in our study was inconsistent with other studies. Globally, the prevalence of obesity increased from 5% in 1980 to 10.1% in males and from 8.9 to 14.8% in females in 2015 (21). Based on cross-sectional surveys, the prevalence of obesity increased from 4.2 to 15.7% in the Chinese population between 1993 and 2015 (9). In the other regional studies, the prevalence of obesity in Jilin and Nanjing, two cities located in eastern China increased by 3.6 and 4.0% for males, and by 5.6 and 1.5% for females from 2007 to 2013 and 2008 to 2016 respectively (22). However, the increase in obesity in northern was 3.47% per year, while the current study found no significant increasing trend in Hunan, southern China. In Wang's study, the change in the prevalence of obesity in Liangshan Yi Autonomous Prefecture migrants was −0.6% in Sichuan, western China, from 2007 to 2015 (23). The geographical position of Hunan Province borders Sichuan Province; thus, the demographic characteristics might be similar between those two areas.

In addition, aged 20–39 and 40–59 populations drove the increasing trend of the prevalence of obesity in Beijing. The turning point of the prevalence of obesity in females aged 40–59 and the declining trend in females over 60 years old have evened out the rising rate in both females and males aged 20–39. Thus, the overall obesity rate did not show an increasing trend in southern China. In previous studies, the increasing trend in obesity was driven by all age subgroups, especially by the 40–80 aged population surveyed before 2015 (24). Our study indicated that more attention should be given to the young and middle-aged populations in China.

It is demonstrated that the COVID-19 pandemic could have serious consequences for the obesity epidemic (15). A study conducted in Italy has shown that home isolation and adverse mental health burden linked to the COVID-19 pandemic were associated with significant weight gain in 2020 (25). In the current study, neither the mean BMI nor the prevalence of the obesity rate showed a significant change in 2020 that deviated from the previous trend. In our view, the rapidly controlled COVID-19 pandemic might not have had significantly impact on the weight in China. Some previous reports of weight gain during the pandemic might have obtained significant results because they did not compare to previous trends.

In our study, the prevalence of MHO was 4.33 and 2.95% in northern and southern China in 2020, respectively. In the China Kadoorie Biobank study, the MHO phenotype accounted for 3.3% of the total population from 2004 to 2008 in China (26). According to a previous study, the prevalence of MHO has been shown to range between 4.2 and 13.6% in a random sample from a Chinese adult population, depending on the definition used for MHO (27). The trends in the prevalence of obesity metabolic status differed between northern and southern China. Overall, the increasing trend in the prevalence of obesity was predominantly driven by MHO in all age groups in the north. During the period of 1973–1980, Keyes and Reuben Andres suggested that MHO could be benign and not contribute to cardiovascular risk (28). However, an increasing number of studies have demonstrated MHO is indeed associated with an increased risk of cardiovascular disease, chronic kidney disease, non-alcoholic fatty liver disease, and death (29–32). Therefore, MHO could be a risk factor for chronic disease (33) and finally transit to MUO (26) if timely intervention is not performed in northern China. In support, although the overall prevalence of obesity was stable, the prevalence of MUO phenotype has increased, while the prevalence of MHO has decreased, especially in young and middle-aged groups in southern China. A previous study done in Shanghai (eastern China) adults indicated the prevalence of metabolism problem was doubled with an increase in metabolically unhealthy overweight from 2002 to 2017 as well (34). There is no doubt that MUO has the most significant impact on health. Therefore, residents in southern China should pay more attention to metabolic status.

High energy intake, especially sugary drinks, and other energy-dense foods, and low levels of physical activity contributed to the increasing trend of obesity in China (35, 36). In the current study, the relatively slow growth trend in the north and the stable trend in the south may be due to the following reasons: First, recognizing the immediacy of chronic disease challenges, the “China Healthy Lifestyle for All” initiative launched in 2007 was developed to raise awareness of a range of preventive health issues, such as knowledge of dietary guidelines, and the adoption of health-promoting behaviors. Currently, much evidence suggests a positive role in healthy lifestyle action after 2015 (37). Thus, good knowledge of healthy lifestyles may help control weight in Chinese adults. Second, the current study participants were from annual health check-up population who received health education and guidance on weight intervention from the Health Management Center. Therefore, the result may not be representative of the data of the national epidemiologic survey.

Our study has several strengths. First, it included a large sample size (>900,000 participants) from Beijing and Hunan, two regions of northern and southern China. Second, the surveys were performed every year between 2012 and 2020 to facilitate the analyses for annual trend of change. Third, we also used physical examination data to analyze the metabolic status and further understand the types of obesity. However, several limitations should be considered. First, only health check-up subjects were investigated in two institutions of health management centers, who were community-derived but not represent random samples. Hence, our results may not be generalizable to overall Chinese population due to selection bias. Second, BMI could not differentiate fat from lean mass or consider the distribution of adipose tissue, while waist circumference (WC), hip circumstance (HC), and waist-to-hip ratio (WHR), which focus on abdominal adiposity, have been identified as useful weight-related anthropometric measures to predict the risk of chronic disease (38). But unfortunately, waist and hip circumferences were not regular measurements in our northern participants. Thus, WC and HC were not analyzed in the current study. Third, the questionnaires were obtained from participants under voluntary principle before 2018 in Beijing. Therefore, some information such as medication use history may be lower than the real-world data. Fourth, lifestyle was associated with obesity and metabolism disorder (39). But we were unable to examine the roles of nutrition and lifestyle factors (e.g., physical activity and sleep duration) on obesity trends because these data were not continuously collected in northerners.



CONCLUSIONS

The trends in the prevalence of obesity and metabolic status were different between northern and southern Chinese. The northerners were dominated by the growth of young and middle-aged obesity and MHO phenotype, while although the overall obesity rate was stable in the south, the proportion of MUO increased, especially in the young and middle-aged population. The weight control plan should generalize to the young and middle-aged Chinese.
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In the original article, there were some mistakes in Table 1 as published. The means and SD of TG, TC, HDL-c, LDL-c, SBP, DBP and FSG in the non-obesity group were incorrect. The corrected Table 1 appears below.


Table 1. Characteristics of selected study participants by obesity status.
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Background: Studies are scarce in China that explore the association of nutritional status, measured using the Short-Form Mini Nutritional Assessment (MNA-SF) and biochemical data, on adverse clinical outcomes among older inpatients. In this study, we aimed to determine the prevalence of malnutrition in tertiary hospitals of China and the associations between malnutrition and adverse clinical outcomes.

Methods: This prospective study involved 5,516 older inpatients (mean age 72.47 ± 5.77 years) hospitalized in tertiary hospitals between October 2018 and February 2019. The tertiary hospitals refer to the hospital with more than 500 beds and can provide complex medical care services. The MNA-SF was used to assess nutritional status. Multiple logistic regression and negative binomial regression were used to analyze the relationship between nutritional parameters and risk of hospital length of stay (LoS), mortality, and rehospitalization.

Results: We found that 46.19% of hospitalized patients had malnutrition or malnutrition risk, according to the MNA-SF. Death occurred in 3.45% of patients. MNA-SF scores 0–7 (odds ratio [OR] 5.738, 95% confidence interval [CI] 3.473 to 9.48) were associated with a six-fold higher likelihood of death, and scores 8–11 (OR 3.283, 95% CI 2.126–5.069) with a three-fold higher likelihood of death, compared with MNA-SF scores 12–14 in the logistic regression model, after adjusting for potential confounders. A low MNA-SF score of 0–7 (regression coefficient 0.2807, 95% CI 0.0294–0.5320; P < 0.05) and a score of 8–11 (0.2574, 95% CI 0.0863–0.4285; P < 0.01) was associated with a significantly higher (28.07 and 25.74%, respectively) likelihood of increased LoS, compared with MNA-SF score 12–14. MNA-SF scores 0–7 (OR 1.393, 95% CI 1.052–1.843) and 8–11 (OR 1.356, 95% CI 1.124–1.636) were associated with a nearly 1.5-fold higher likelihood of 90-day readmission compared with MNA-SF scores 12–14 in the logistic regression model. Moreover, hemoglobin level, female sex, education level, former smoking, BMI 24–27.9 kg/m2, age 75 years and above, and current alcohol consumption were the main factors influencing clinical outcomes in this population.

Conclusions: Malnutrition increases the risk of hospital LoS, mortality, and 90-day readmission. The use of nutritional assessment tools in all hospitalized patients in China is needed. The MNA-SF combined with hemoglobin level may be used to identify older inpatients with a high risk of adverse clinical outcomes. These findings may have important implications for the planning of hospital services.

Keywords: malnutrition parameters, mortality, length of stay, readmission, older inpatients, nutritional epidemiology


INTRODUCTION

With the rapid development of health science and the global economy, the life span of the world's population is increasing (1–3). By 2050, it is estimated that 16% of the world's population would be aged 65 years and older (4), with 80% of those living in low- and middle-income countries (5). China, as the world's second-largest economy, has the world's largest population of 1.44 billion (19% of the world's population) and is rapidly becoming an aging nation (6–8).

Older adults are likely to have poor nutritional status and decreased quality of life (8–10). Nutritional deficits in the elderly can be caused by insufficient nutrient and energy intake (11). A few age-related pathophysiological, psychosocial, and pharmacological factors determine changes in dietary habits, as well as intake and use of nutrients, leading to specific deficits (12). The adverse effects of malnutrition or malnutrition risk on health substantially affect the quality of life by increasing the risk of physical frailty, disability, mortality, and deterioration during hospitalization (15, 19).

The prevalence of hospital malnutrition or the risk of malnutrition in elderly patients is considerable (30–50%) (11, 13, 14). This is primarily due to challenges in identifying and appropriately managing at-risk patients (15). As the European Society for Parenteral and Enteral Nutrition (ESPEN) recommends (16), Nutrition Risk Screening (NRS 2002) should be used to screen undernutrition in all inpatients. Several nutritional measures have been developed to determine nutritional status among inpatients in China, including the NRS 2002 and Short-Form Mini Nutritional Assessment (MNA-SF) (14, 17). However, appropriate nutritional risk screening is not performed in many Chinese hospitals, only in some large-scale nationwide, provincial, and municipal tertiary hospitals with more than 500 beds (18), where nutritional risk screening is mandatory.

Previous reports have suggested that malnutrition is associated with increased mortality among older residents of nursing homes (19). Other studies have used various nutritional screening tools, including the NRS 2002 and Malnutrition Universal Screening Tool, to estimate nutritional status and adverse clinical outcomes in the general hospitalized population (17, 20, 21) and in surgical patients (10, 22, 23), or these have used hospital data only or a smaller sample size (10, 24–27).

The European Society for Parenteral and Enteral Nutrition (ESPEN) suggests the use of NRS 2002 and Malnutrition Universal Screening Tool, whereas for older populations ESPEN recommends the use of the Mini Nutritional Assessment (MNA) either in its full or short form (MNA-SF) (28). Previous studies also indicated that the MNA-SF is a valid instrument with good specificity and sensitivity for the diagnosis of malnutrition, and this tool is specific for the older population (28–30). Nevertheless, few studies have reported on the prevalence of malnutrition in Asia hospitals (31), and studies are scarce in China that explore the associations between nutritional status, measured using the MNA-SF and biochemical data, on adverse clinical outcomes among older inpatients. To address this issue, we used data from a cohort study to examine the implementation of nutritional risk screening. We also assessed the prevalence, determinants, and associations between nutritional status and hospital length of stay (LoS), mortality, and readmission.



METHODS


Participants and Data Collection

Participants were inpatients aged 65 years and older from an ongoing, prospective, large-scale cohort study of elder patients hospitalized in tertiary hospitals in China (Eastern: Zhejiang Province; South-Central: Hubei Province; southwest: Sichuan Province; Northeast: Heilongjiang Province; Northern: Beijing municipality/city; Northwest: Qinghai Province). Details can be found elsewhere (14, 32). Eligible study subjects are recruited from neurology, surgical, orthopedics departments, intensive care unit (ICU), as well as internal medicine of selected hospitals, are consecutively enrolled. The surveys are managed by trained nurses using a structured Case Report Form (CRF). Our research team developed manuals for the project survey and operation process. To ensure data quality, the nurses received training and test before they apply the assessment to the patients. All CRF results were reviewed by the head nurse. The research team also developed a quality control team, and a communication platform based on the WeChat App to guarantee timely feedback. If the participant is unable to answer questions on his or her own, proxy interviewees (usually spouses or other legal guardians) are interviewed.

The current study was based on baseline survey data collected from October 2018 to February 2019. During this period, there were 9,996 hospitalizations; of these, 8,326 patients had complete data at 90-day follow-up, and 5,516 had an LoS of at least 2 days or had initial biochemical data during hospitalization. Thus, the study subjects included a total of 5,516 patients aged 65 years and older.



Measurements

Nutritional status was assessed using the MNA-SF, a six-item instrument with scores ranging from 0 to 14 points (19). The MNA-SF has been validated and shows good specificity and sensitivity for the diagnosis of malnutrition, mainly in older adults (10, 29). For the purpose of our study, participants were categorized into a group with normal nutritional status (12–14 points), the patient at risk of malnutrition (8–11 points), or malnourished patients (0–7 points) (33). The MNA-SF has been verified in the Chinese elderly and has extraordinary test characteristics (14, 34).

Participants' height (cm) was measured to the nearest 1 mm using a stadiometer, while weight (kg) was measured to the nearest 0.1 kg using a digital electronic chair scale. Patients were weighed while wearing light clothing and without shoes. Considering most of the ICU patients were immobility, the body weight and height were recorded when they were first admitted to the general ward, and this data can be synchronized to the ICU nursing information system. Therefore, our research team record their body weight and height according to the information system. Body mass index (BMI) was calculated as body weight divided by height (in meters) squared (kg/m2) (35) and was used to classify patients of underweight (<18.5 kg/m2), normal (18.5–23.9 kg/m2), overweight (24–27.9) kg/m2), and obese greater or equal to 28 kg/m2) (36, 37).

The following parameters were also analyzed: age, alcohol consumption, smoking (former smokers refer to at least 6 months without smoking), sex, education level, ethnicity, and marital status. All biochemical parameters included in the analysis (such as hemoglobin, serum albumin, blood urea nitrogen, and creatinine) were the first determinations during patients' respective hospitalizations (21).



Measured Outcomes

The following outcomes were measured: death (record all-cause mortality within 90 days, which consists of in-hospital deaths), LoS (duration of hospitalization) (38), and nonelective readmission (second and subsequent hospitalizations during the period analyzed) during the 90 days following discharge.



Bioethics

This study was ethically approved by the review board of Peking Union Medical College Hospital (S-K540). All patients participating in this study provided written informed consent. If patients had cognitive decline, the investigator interviewed their proxy respondents and obtained their consent for the patient to participate in this study. Patients were excluded if they were persistently unconscious, or if their proxy respondents were unable to provide effective information.



Statistical Analyses

Statistical analysis using SAS 9.4 software (SAS Institute Inc., Cary, NC, USA). Continuous variables are summarized as mean and standard deviation (SD). Categorical variables were summarized as counts and percentages. Bivariate analyses were performed using the χ2 test or Fisher's exact test for qualitative variables and the Student t-test, analysis of variance, or Kruskal–Wallis test for quantitative variables. We ran separate models for each parameter of nutritional status in all analyses, owing to the collinearity between them. Both logistic and negative binomial regression analyses were conducted. The strength of the associations was estimated as odds ratios (ORs) for the logistic models, and as the regression coefficient for negative binomial regression, with 95% confidence intervals (95% CIs). A P-value of <0.05 was considered statistically significant.




RESULTS


Participant Characteristics

In Table 1, the mean age of the included patients was 72.47 ± 5.77 years at baseline, and 59.77% of participants (3,297/5,516) were men. Approximately 54% of patients had a middle school education and above, and 90.1% were married. A major proportion of respondents were of Han nationality (94.65%). More than half of the participants were non-smokers (65.07%) and non-drinkers (74.85%). The average BMI was 23.56 ± 3.52 kg/m2, and approximately half (49.02%) had a BMI between 18.5 and 23.9 kg/m2. 40.08% of patients were from medicine departments and only 5.73% of patients were from ICU. According to the MNA-SF, 46.19% (2,548/5,516) of hospitalized individuals were at risk of malnutrition or malnourishment (Table 2). Patients who were malnourished were with higher mortality and 90-day readmission, and longer LoS. 11.89% (656/5,516) of malnourished patients had low serum albumin [cut-off 35 g/L for serum albumin levels (19)] compared with the well-nourished patients or patients at risk of malnutrition. The remaining data for hospitalizations analyzed according to MNA-SF values for malnutrition, malnutrition risk, or normal, are presented in Tables 1, 2.


Table 1. Demographic and clinical characteristics of patients in relation to MNA-SF score on admission.
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Table 2. Data for hospitalizations, analyzed according to MNA-SF score.

[image: Table 2]



Mortality

Table 1 displays mortality among the study participants. Overall, death occurred in 3.45% of study participants. In Table 2, the number of patients who died who were malnourished, at risk of malnutrition, and normal was 61 (10.29%), 84 (4.72%), and 35 (1.23%), respectively (P < 0.001). MNA-SF scores 0–7 (OR 5.738, 95% CI 3.473 to 9.48; P < 0.001) were associated with a six-fold higher likelihood of death and scores 8–11 (OR 3.283, 95% CI 2.126–5.069) with a three-fold higher likelihood of death, compared with MNA-SF scores 12–14 in the logistic regression model, after adjusting for potential confounders (Table 3). However, hemoglobin (OR 0.992, 95% CI 0.985–0.998; P < 0.05) and serum albumin (OR 0.927, 95% CI 0.902–0.951; P < 0.001) had a lower likelihood of increased mortality. Additionally, female patients had a lower likelihood of death than male patients (OR 0.646, 95% CI 0.433–0.962; P < 0.05). A higher level of education (OR 0.484, 95% CI 0.247–0.947; P < 0.05) was statistically associated with a decline in the risk of death, in comparison with illiterate patients.


Table 3. Prevalence of measured outcomes in relation to nutritional status and clinical parameters analyzed.
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Length of Stay (LoS)

Table 2 also indicates the LoS among the patients, with an average LoS in the group with MNA-SF scores 0–7 of 12.58 ± 9.25 days, 11.52 ± 8.54 days in the group with MNA-SF scores 8–11, and 9.87 ± 7.49 in the group with MNA-SF scores 12–14. In Table 3, after adjusting for potential confounders in the negative binomial regression model, a low MNA-SF score of 0–7 (regression coefficient 0.2807, 95% CI 0.0294–0.5320; P < 0.05) and a score of 8–11 (0.2574, 95% CI 0.0863–0.4285; P < 0.01) was associated with a significantly (28.07 and 25.74%, respectively) higher likelihood of increased LoS compared with an MNA-SF score 12–14. Additionally, compared with nonsmokers, former smokers had a 40.41% (0.4041, 95% CI 0.1994–0.6088; P < 0.001) higher likelihood of increased LoS, whereas there was no significance among current smokers. However, BMI 24–27.9 kg/m2 (−0.2737, 95% CI −0.4558 to −0.0916; P < 0.01) and hemoglobin (−0.0081, 95% CI −0.0114 to −0.0047; P < 0.001) had a lower likelihood of increased LoS. Age 75 years and above (−0.2592, 95% CI −0.4294 to −0.0891; P < 0.01) and current alcohol consumption (−0.5579, 95% CI −0.8452 to −0.2706; P < 0.001) were also protective factors.



Ninety-Day Readmission

Table 1 also shows that 742 participants (14.44%) had unscheduled rehospitalization 90 days after discharge. In Table 2, the number of patients with malnutrition, malnutrition risk, and normal nutritional status who had 90-day readmission was 106 (18.76%), 295 (16.92%), and 341 (12.05%), respectively (P < 0.001). In Table 3, MNA-SF scores 0–7 (OR 1.393, 95% CI 1.052–1.843) and 8–11 (OR 1.356, 95% CI 1.124–1.636) were associated with a nearly 1.5-fold higher likelihood of 90-day readmission, compared with MNA-SF scores 12–14 scores in the logistic regression model, after adjusting for potential confounders. Additionally, former smokers (OR 1.632, 95% CI 1.301–2.047; P < 0.001) had a higher risk of 90-day readmission than nonsmokers. However, BMI 24–27.9 kg/m2 (OR 0.723, 95% CI 0.594–0.881; P < 0.05), hemoglobin (OR 0.99, 95% CI 0.986–0.993; P < 0.001), age 75 years and above (OR 0.733, 95% CI 0.609–0.882; P < 0.01), and current drinking (OR 0.52, 95% CI 0.383–0.707; P < 0.001) were significantly associated with a lower risk of 90-day readmission in the multivariate model.




DISCUSSION

This study is among the first to examine the association between nutritional status and LoS, mortality, and readmission in a nationally representative sample of Chinese elder inpatients of tertiary hospitals. We found malnutrition (MNA-SF score 0–7) in 11.89% of all older hospitalized patients, and low MNA-SF scores were associated with increased average LoS, a greater likelihood of death, and 90-day readmission.

Studies are scarce in China that explore the associations between nutritional status and health outcomes among older inpatients. Adigüzel et al. (39) indicated that nutritional parameters and sociodemographic features could affect health-related quality of life and functional ability among home care patients in Turkey. A study conducted in Germany also suggested that malnutrition could increase the risk of morbidity, mortality, hospital LoS, and costs among surgical patients (22). Additionally, Valmorbida et al. (19) suggested that malnutrition is associated with an increased risk of hospital admission and death among the 144 Italian older adults. Therefore, these studies are in accordance with our results and emphasize the urgent need for physicians, nurses, and clinical institutions to be aware of the high prevalence of malnutrition in the elderly, periodic nutritional screening of geriatric inpatients is critical.

Malnutrition is a crucial condition among older inpatients, both as a cause and consequence of disease (14, 40). The prevalence of malnutrition is 46.19% in tertiary hospitals of China, which is higher than the results of a cross-sectional study conducted in nursing homes of Spain reporting that 40.1% of older residents had malnutrition or risk of malnutrition, as measured using the Mini Nutritional Assessment (MNA®) (41). Previous research has indicated that 38.2% of nursing home residents in Italy are malnourished or at risk of malnutrition according to the MNA-SF (19), and the prevalence of malnutrition and malnutrition risk among older patients with hip fracture in Israel ranges from 55.81% using the MNA-SF (10) to 56.59% (medium risk and nutritionally at risk, measured using the NRS-2002) in Hyogo, Japan (42). These differences are likely owing to a variety of factors, including differences in the nutritional assessment tools used, study participants, study design, study periods, and local factors, such as the health systems in different countries and the standards of medical treatment received (10, 15, 19, 21, 43).

In comparison with well-nourished patients, malnourished older patients in our study had higher mortality (OR 5.738, 95% CI 3.473–9.48; 10.29% vs. 1.23%), longer LoS (0.2807, 95% CI 0.0294–0.5320; P < 0.05; 12.58 ± 9.25 vs. 9.87 ± 7.49) and were more likely to be readmitted within 90 days (OR 1.393, 95% CI 1.052–1.843; 18.76% vs. 12.05%). In line with our results, Lim et al. (31) suggested that approximately 29% of malnourished Singaporean patients had a longer hospital stay (6.9 ± 7.3 days vs. 4.6 ± 5.6 days, P < 0.001) and were more likely to be readmitted within 15 days (adjusted relative risk = 1.9, 95% CI 1.1–3.2, P=0.025) than well-nourished patients (31). Agarwal et al. (44) suggested that the 90-day in-hospital mortality in malnourished patients was around 1.09–3.34 times that of well-nourished patients, readmission rates and mean LoS among the malnourished patients were 36% and 15 days, respectively. These differences might result from the demographic characteristics of study participants and different follow-up periods after discharge. These findings confirm that early and compulsory nutritional assessment to identify malnutrition or malnutrition risk in elder inpatients is critical and may help in targeting interventions to tackle malnutrition (16).

Despite the association between malnutrition assessed by the MNA-SF and adverse clinical outcomes, hemoglobin level was associated with the hospital LoS, mortality, and 90-day readmission, after adjusting for confounders in our sample. These results are in line with the current literature (45–47) that low hemoglobin is associated with adverse clinical outcomes among older adults. Moreover, previous research indicates that the Geriatric Nutrition Risk Index (GNRI) (42) combined with biochemical objective indicators, such as albumin, can be used to identify and diagnose malnutrition and can better predict 30-day mortality rate in older patients (48). In addition, Hong et al. (49) and Pérez-Ros et al. (50) indicated that compared with the robust, levels of hemoglobin showed lower values among the prefrail and frail group, and nutritional markers may be used for the evaluation of adverse clinical outcomes in older patients. Therefore, our study suggests that the MNA-SF may be used in combination with hemoglobin levels to predict clinical outcomes among older inpatients. Although further evaluations are needed to clarify this, we believe that such findings may have concrete, helpful implications in the clinical practice.

Serum albumin is a protective factor of death among this study population. Only 11.89% of older inpatients had low serum albumin [cut-off of 35 g/L (19)] in our sample. Besides, Bouillanne et al. suggested that serum albumin lower than 35 g/L was associated with a higher risk of death (51). Therefore, during nutritional assessment in older inpatients, we might take albumin values into consideration, which may inform prognosis and hospital services planning.

Concerning BMI <18.5 kg/m2 as an indicator of undernutrition, we did not find significant associations with LoS, mortality or readmission, which differs from reports that individuals with BMI <25 kg/m2 had a higher risk of death than those who were overweight or obese (19). Interestingly, among BMI categories, only BMI 24–27.9 kg/m2 was significantly associated with a lower LoS and risk of 90-day readmission than BMI 18.5–23.9 kg/m2. This can hypothetically indicate that older overweight inpatients have significantly higher muscle mass than their normal counterparts. Thus, characteristics related to overweight and higher muscle mass could introduce a positive association for LoS and readmission (52). However, other relevant clinical data were lacking, including muscle mass in older inpatients; therefore, prospective studies with more sophisticated assessments are needed to confirm our findings.

In addition to the nutritionally related parameters assessed, former smokers were associated with a 40.41% higher likelihood of increased LoS and 90-day readmission than nonsmokers, which further supports previous research findings (14, 53, 54). However, current alcohol consumption and age ≥75 years were protective factors for LoS and readmission. This can possibly be explained by evidence that older people who consume small to moderate amounts of alcohol [1–25 g/day (55)] are more likely to maintain functional status and mobility than nondrinkers (32, 56); limited alcohol consumption has been associated with a decreased risk of adverse clinical outcomes (57). Another possible explanation is that compared with inpatients aged 75 years and above, those younger than 75 years may be able to withstand surgical stresses, and underwent more surgical treatment, which increases the risk of medical complications and longer LoS (58, 59).

Older female inpatients had a lower likelihood of death than male inpatients, and higher education level was significantly associated with a lower mortality risk than low education levels. The clinical phenomenon that female individuals survive longer than male adults is well described (57, 60), and well-educated older people may better comprehend the importance of nutrient intake, daily exercise, and disease prevention (61, 62).

The main limitations of our study include the limited follow-up; investigations with a longer duration are needed to better clarify the present findings. A further limitation of this paper is not having assessed all nutritional parameters over time; we only used the MNA-SF with a few anthropometric measures and limited biochemical data. Moreover, the older inpatients enrolled in our study were all from tertiary hospitals and only one hospital in each province or municipality/city, patients may have more complex clinical features, which may limit the generalizability of our results to different settings. Additionally, patients are taken from multiple hospitals or wards with differing baselines, the severity of the comorbidity along with different characteristics of the patients may influence the mortality rate and length of stay. The patients enrolled in this study were relatively young, 68.87% of the patients were <75 years old, which also limited the generalizability of this study. ICU patients have a higher mortality rate compared to general wards, it is meaningful to explore the nutritional status and adverse clinical outcomes among the ICU older inpatients. We are going to conduct this study in the future. Besides, our use of a limited number of nutritional screening tools restricted the comparison of our results with those of other studies, and the nutritional status was analyzed using the original MNA-SF which was derived based on Western populations, whereas the recent studies conducted in Taiwan of China have resulted in a modified MNA-SF, we will use this modified MNA-SF for further study (63, 64). Finally, the study participants were hospitalized in multiple wards or departments; we did not analyze the medical and nursing care received by patients, nor did we analyze the reason for the hospital admission. The patients enrolled in the present study were older adults from surgical, neurology, orthopedics departments, internal medicine, and ICU of selected hospitals, thus there would be great differences in nutritional status among these participants who have these health conditions, have chronic diseases, or undergoing surgery could be associated with poor nutritional status among hospitalized older people. To be meaningful, we will learn from previous research and results will be analyzed according to the like-kind of patients only (65, 66). Chronic diseases including cancer, diabetes, and cardiovascular diseases could be associated with poor nutritional status among elder patients, whereas we did not analyze the impact of chronic diseases in this study. There is a lack of other relevant clinical data, including albumin data, comorbidities, clinical severity of disease, comprehensive geriatric assessment, sarcopenia, the fat fold, upper arm circumference, and thigh circumference, because these features were not recorded in the first place, which is an inherent drawback of retrospective analysis of a prospectively collected database. Prospective studies with more sophisticated assessments are needed in the future.



CONCLUSIONS

The findings of this study suggested that malnutrition increases the risk of hospital LoS, mortality, and 90-day readmission among inpatients, in comparison with well-nourished inpatients. Use of nutritional assessment tools in all hospitalized Chinese patients is needed. The MNA-SF in combination with hemoglobin level may be used to identify a high risk of adverse clinical outcomes among older inpatients and may be a good predictor of patient outcomes. These findings could have major importance for the planning of hospital services, discharge planning, and post-discharge care.
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Background: Although probiotic intake had beneficial effects on several specific disorders, limited evidence was available about the benefits of probiotic intake in the general population. This study aimed to evaluate the relationship between yogurt (as a natural probiotic source) and dietary supplements containing probiotic consumption and mortality in US adults.

Methods: We conducted an observational cohort study comprised of a nationally representative sample of adults who were enrolled in the National Health and Nutrition Examination Survey (NHANES) between 1999 and 2014. Individuals were linked to the US National Death Index.

Results: We included 32,625 adults in our study. Of the study cohort, 3,539 participants had yogurt consumption, 213 had dietary supplements containing probiotic consumption, and the remaining participants (28,873) did not have yogurt and/or dietary supplements containing probiotic consumption. During 266,432 person-years of follow-up, 3,881 deaths from any cause were ascertained, of which 651 were due to cardiovascular disorders and 863 were due to cancer. Weighted Cox proportional hazards models suggested that yogurt consumption was inversely associated with all-cause mortality (adjusted hazard ratio (HR), 0.83 [95% confidence interval (CI), 0.71–0.98]) but not cardiovascular mortality (adjusted HR, 0.68 [95%CI, 0.43–1.08]) and cancer mortality (adjusted HR, 1.00 [95%CI, 0.72–1.38]). However, dietary supplements containing probiotic were not associated with decreased all-cause and cause-specific mortality.

Conclusions: The present study suggested that yogurt consumption was associated with a lower risk of all-cause mortality among U.S. adults. Yogurt consumption in diet might be a sensible strategy for reducing the risk of death.

Keywords: probiotic, yogurt, NHANES, mortality, population


INTRODUCTION

The human gastrointestinal tract harbors a complex community of microbes called the gut microbiota (1). The composition and metabolic activity of gut microbiota are now known to co-develop with the host beginning at birth and are under the influence of numerous factors (2). Gut microbiota and its disturbance have been associated with the pathogenesis of both intestinal and extra-intestinal disorders including gastroenterological diseases, metabolic disorders, cardiovascular diseases, autoimmune diseases, and neuropsychiatric disorders (3–7).

Probiotic intake might restore and maintain normal microbiota composition and function (8). Therefore, probiotic intake might have a positive impact on human health (9). Previous studies had suggested that probiotic might improve cognitive function and metabolic status (10), alleviate symptoms of various gastrointestinal disorders (11), decrease circulating levels of inflammatory biomarkers (12), improve glycemic and blood pressure control (13, 14), assist weight management in patients with type 2 diabetes (15), reduce antibiotic resistance (16), and prevent rhinovirus infections in preterm infants (17). Although published studies showed that probiotic intake had beneficial effects on people with specific disorders, limited evidence was available on the benefits of probiotic intake in the general population. Therefore, the recommendation to implement using of probiotic to provide health benefits in the general population needed further investigation (18).

In this study, we aimed to examine the relationship between yogurt (as a natural probiotic source) and dietary supplements containing probiotic consumption and mortality in a large cohort of participants in the National Health and Nutrition Examination Survey (NHANES), 1999–2014. We hypothesized that yogurt and dietary supplements containing probiotic consumption would be negatively associated with mortality.



METHODS


Study Population

The NHANES survey is a national program of studies aimed to evaluate the health and nutritional status of the non-institutionalized US population using a complex, multistage, probability sampling design (19). The survey was conducted periodically since 1999 and a nationally representative sample of about 5,000 persons was examined each year. Data were collected by standardized in-person interviews and physical examinations.

In the present study, 82,091 participants from the NHANES surveys between 1999 and 2014 were included. All participants were linked to the US National Death Index (NDI), which provided mortality follow-up data through December 31, 2015 (20). We excluded participants aged <18 years at interviews (n = 34,812) and those with missing information on BMI (n = 3,232), laboratory tests (white blood cell count, hemoglobin, platelet count, total bilirubin, creatinine, and blood urea nitrogen) (n = 2,861), medical conditions (hypertension, diabetes, asthma, congestive heart failure, coronary heart disease, stroke, chronic bronchitis, and cancer) (n = 4,353), yogurt and dietary supplements containing probiotic consumption (4,208). Therefore, a total of 32,625 participants remained in our cohort for analysis. Figure 1 presents a flowchart of participant selection.


[image: Figure 1]
FIGURE 1. Flowchart of patient selection.




Assessments of Probiotic Intake

In this study, probiotic intake was considered when a participant reported consumption of yogurt or dietary supplements containing probiotics (21, 22). We utilized the Dietary Interview—First Day (the 24-h dietary recall interview before the survey) and Dietary Interview—Second Day (the second 24-h dietary recall interview collected by telephone 3 to 10 days after the first interview) to assess yogurt consumption. We utilized the Dietary Supplement Use 30-Day (1999–2014), a questionnaire that collected personal interview data on food supplement use during a 30-day period before the interview date, to assess dietary supplements containing probiotic. The detailed probiotic consumption information is described in Supplementary Material 1.



Statistical Analysis

We analyzed the data using appropriate sampling weights (1/4*WTDR4YR for 1999–2002 and 1/8*WTDR2D for 2003–2014) to account for the complex survey design applied by the NHANES survey. We described baseline characteristics using percentages for categorical variables and means and standard deviations for continuous variables. We compared baseline characteristics using the Mantel–Haenszel χ2 test for categorical variables and the linear regression for continuous variables. We used weighted Cox proportional hazards models to calculate the hazard ratios (HRs) and corresponding 95% confidence intervals (CIs). Survey-weight adjusted multivariable Cox proportional model was adjusted for potential confounders that had been shown to be associated with mortality. Model 1 was not adjusted for any factors. Model 2 was adjusted for age, sex, race, and body mass index (BMI). Model 3 was adjusted for age, sex, race, BMI, white blood cell count, hemoglobin, platelet count, total bilirubin, creatinine, blood urea nitrogen, hypertension, diabetes, asthma congestive heart failure, coronary heart disease, stroke, chronic bronchitis, and cancer. Subgroup analyses were conducted by examining demographic characteristics, including age (<60 y, ≥60 y), sex (man, female), race/ethnicity (Mexican American, Other Hispanic, Non-Hispanic White, Non-Hispanic Black, Other Race), and BMI (kg/m2) (<18.5, 18.5 to 24.9, 25 to 29.9, ≥30). We used Stata version 14.0 (Stata Corp) and R version 3.6.3 (R Foundation for Statistical Computing) for statistical analysis and considered a two-tailed p-value less than 0.05 to be statistically significant.




RESULTS


Participant Characteristics

A total of 32,625 adults aged 18 years or older were included in this analysis. Of the study cohort, 3,539 participants had yogurt consumption, 213 had dietary supplements containing probiotic consumption, and the remaining participants (28,873) did not have yogurt and/or dietary supplements containing probiotic consumption. Characteristics of participants with different statuses of probiotic consumption were significantly different. Participants with yogurt or dietary supplements containing probiotic consumption were more likely to be older, to be a woman, to have low BMI, to be Non-Hispanic White, to have less hypertension, and to have cancer. The detailed baseline characteristics are shown in Table 1.


Table 1. Participants baseline demographic and clinical characteristics.
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Associations Between Probiotic Exposure and Mortality

During 266,432 person-years of follow-up, 3,881 deaths from any cause were ascertained, of which 651 were due to cardiovascular disorders and 863 were due to cancer. We evaluated associations of probiotic intake with mortality by logistic regression models with unadjusted and adjusted covariates (Table 2).


Table 2. Association of probiotic exposure with mortality in 32,625 participants of national health and nutrition examination survey, 1999–2014.

[image: Table 2]

For unadjusted analyses (Model 1), yogurt consumption was not associated with a reduced risk of all-cause mortality (HR, 0.86 [95%CI, 0.73–1.02]), cardiovascular mortality (HR, 0.66[95%CI, 0.41–1.04]), and cancer mortality (HR, 1.03 [95%CI, 0.75–1.41]). After adjusting for potential confounders (Model 2 and 3), yogurt consumption was inversely associated with all-cause mortality (HR, 0.83 [95%CI, 0.71–0.98]) but not cardiovascular mortality (HR, 0.68 [95%CI, 0.43–1.08]) and cancer mortality (HR, 1.00 [95%CI, 0.72–1.38]) (Model 3).

However, dietary supplements containing probiotic were not associated with decreased all-cause and cause-specific mortality (Table 2). The unadjusted RRs of all-cause, cardiovascular, and cancer mortality were 0.64 (95% CI 0.36, 1.14), 0.83 (95% CI 0.25, 2.72), 1.12 (95% CI 0.41, 3.07), respectively. The adjusted RRs of all-cause, cardiovascular, and cancer mortality were 0.74 (95% CI 0.43, 1.29), 1.13 (95% CI 0.34, 3.67), 1.34 (95% CI 0.50, 3.62), respectively.



Subgroup Analysis

We further explored the association of yogurt consumption with all-cause mortality according to gender, age, race/ethnicity, and BMI (Table 3). We found that the association between yogurt consumption and decreased all-cause mortality was statistically significant among female, older participants (aged ≥ 60 y), and Non-Hispanic Black, while the association was weak and not statistically significant in other gender, ages, race/ethnicity, and weight subgroups.


Table 3. Association of yogurt consumption with mortality according to age, sex, race/ethnicity, and BMI.
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DISCUSSION

In this large, nationally representative sample of US adults, we observed that participants with yogurt consumption had a lower risk for all-cause mortality compared with participants without yogurt consumption that persisted after adjustment for demographic characteristics, laboratory tests, and clinic comorbidities. In subsequent subgroup analyses, this yogurt–mortality inverse association was found to be present predominantly among female, older participants, and Non-Hispanic Black.

The association between yogurt consumption and mortality was inconsistent in previous studies. Schmid et al. reported that yogurt consumption was associated with a decreased risk of all-cause mortality (HR, 0.89 [95%CI, 0.86–0.93]) in the Nurses' Health Study and The Health Professionals Follow-Up Study, whereas Soedamah-Muthu et al. and Praagman et al. failed to discover a significant association between yogurt consumption and all-cause mortality in the Whitehall II cohort (HR, 0.74 [95%CI, 0.53–1.05]) and the European Prospective Investigation into Cancer and Nutrition-Netherlands cohort (HR, 0.95 [95%CI, 0.85–1.07]) (23, 24). The inconsistent findings might be due to different sociodemographic characteristics and follow-up times. In the present analysis, we observed that individuals with yogurt consumption had a 17% lower risk for all-cause mortality. This study was a national survey with a large sample size and a long follow-up (mean 8.1 years), which could offer reliable evidence and further reinforce earlier results. Moreover, we further conducted subgroup analyses by examining demographic characteristics (age, sex, race/ethnicity, and BMI). We found that the health benefits of yogurt consumption were particular among female, older participants (aged ≥ 60 y), and Non-Hispanic Black, indicating that these individuals were more likely to benefit from yogurt consumption. Unfortunately, the exact reasons for these observed demographic characteristics differences in the inverse associations were not clear. Sex-related differences might be due to the metabolism of sex hormones regulated by the gut microbiome (25).

We observed a reduction in mortality in yogurt consumption rather than dietary supplements containing probiotic in this study. Yogurt is a nutrient-dense fermented dairy product and is associated with high nutritional value (26). In addition to probiotic strains, yogurt is also a good source of abundant micronutrients and macronutrients, including calcium, Fe, Mn, zinc, vitamins B-6/B-12, riboflavin, and protein (27, 28). These nutrients are essential for the sustenance of the functioning of the human body. Therefore, these nutrients might have a role in the beneficial effects of yogurt consumption compared to the supplementation of probiotic strains into a carrier liquid only. In addition, only a small number of people (about 0.65%) who had a consumption of dietary supplements containing probiotic in diet might be responsible, at least in part, for these unexpected results.

Our results were supported by the existence of data showing a biological plausibility for the health benefits of probiotic. First, probiotic intake might be helpful to reduce risk factors for all-cause mortality and cardiovascular mortality such as obesity, hypertension, and type 2 diabetes (29–31). Second, probiotic foods had been reported to repress oxidative stress and inflammatory marker profile in both healthy persons and patients with disorders (32–34). Third, data also suggested that the use of probiotic might improve endothelial function and reduce arterial stiffness (35). Fourth, previous investigators found that probiotic intake might reduce enteric bacterial translocation and suppress the growth of pathogenic microbiota, indicating that probiotic could prevent enteric infections and inhibit the growth of intestinal carcinoma (36, 37). Furthermore, intake of probiotic significantly might improve vitamins and minerals status such as vitamin K and calcium which played an important role in maintaining normal physiological activities (38).

An important implication from this study was that yogurt consumption might be an important public health strategy that had been associated with decreased mortality risk among adults. Our study revealed that only 11.4% of participants had exposure to yogurt and/or dietary supplements containing probiotic among U.S. adults, which were similar to those previously reported (13.1%) (39). It indicated that the consumption of probiotic food remained relatively unpopular and there was still much potential for improvement in US adults. Appropriate strategies were needed to encourage the wider population to accept probiotic food such as health promotion and health education around the benefits of probiotic food.

This study had several strengths. The use of a large size, nationally representative sample would improve the ability to address the impact of possible confounding and increase the generalizability and external validity of our results. In addition, we further conducted subgroup analyses according to age, gender, race/ethnicity, and BMI, and found that female, older participants (aged ≥ 60 y), and Non-Hispanic Black were more likely to benefit from yogurt consumption. At the same time, several limitations of this study should be recognized. First, dietary data was self-reported in the NHANES survey, which might result in measurement error inevitably. Second, due to the lack of detailed information about yogurt consumption, we could not conduct subgroup analyses to explore the dose-response association between yogurt consumption and mortality. Third, this was a retrospective, observational study, which was subject to confounding bias. Although we carefully controlled for possible confounding factors, residual confounding or unmeasured confounding could not be fully ruled out. Moreover, because dietary data was collected based on the Dietary Interview-First Day/Second Day and Dietary Supplement Use 30-Day, dietary changes could not be excluded after the survey. However, dietary changes were likely to lead to an underestimation instead of an overestimation of probiotic benefits.



CONCLUSIONS

In this study, we found that yogurt consumption was associated with a lower risk of all-cause mortality in the general population, especially among female, older participants, and Non-Hispanic Black. Yogurt consumption in diet might be a sensible strategy for reducing the risk of death.
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In nutrition science, malnutrition is a state of imbalance between intake and the needs of the organism, leading to metabolic changes, impaired physiological functions, and weight loss. Regardless of the countless efforts being taken and researched for years, the burden of malnutrition is still alarming and considered a significant agent of mortality across the globe. Around 45% of 12 million children deaths (0–5 years old) annually are due to malnutrition, mostly from developing countries. Malnutrition develops associations with other infections and leads to substantial clinical outcomes, such as mortality, more visits to hospitals, poor quality of life and physical frailty, and socioeconomic issues. Here, in this review, we intend to provide an overview of the current burden, underlying risk factors, and co-existence of malnutrition and other infections, such as cancer. Following the rising concern of the vicious interplay of malnutrition and other medical illnesses, we believed that this narrative review would highlight the need to re-make and re-define the future strategies by giving comprehensive and sustainable programs to alleviate poverty and combat the rampant infectious diseases and those nutrition-related health problems. Furthermore, the study also raises the concern for hospitalized malnourished cancer patients as it is crucially important to knowledge the caregiver healthcare staff for early interventions of providing nutritional support to delay or prevent the onset of malnutrition.
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INTRODUCTION

For in nutrition sciences, malnutrition is the state of the disproportion of food intake and energy requirement of an organism, which leads to impaired metabolism, body dysfunction, and diminishing of body mass (1, 2). Malnutrition is considered as a multifactorial and diverse ailment of all ages. It has been reported worldwide and has gained substantial significance as a leading health issue of the current time. Statistically, literature revealed that about 12 million children (aged 0–5years) die every year and the major portion of these deaths is malnutrition (3). Findings reveal that malnutrition is the major contributor to disease burden in developing countries where one out of every three preschool-age children were affected by malnutrition (4–6). Sub-Saharan Africa is experiencing the highest burden of malnutrition with the high level of undernutrition and growing burden of overweight/obesity and diet-related non-communicable diseases (7). It is estimated that around 1.9 billion adults are overweight while more than 462 million adults are underweight (8). According to a study supported by Bill and Melinda Gates Foundation, malnutrition is the predominant risk factor for death in children younger than 5 years of age in every state of India (9). The results of prevalence studies demonstrate the worse look of malnutrition in hospitals where 50% of patients were found malnourished at admission and more patients may be malnourished upon the hospital discharge (10, 11). In health-related outcomes, malnutrition affects individual physical growth, mobility, cognitive development, and extended length of hospital stay (12), institutionalization (11), poor quality of life (13), and physical frailty in hospitalized patients (14). Malnutrition develops a vicious association with other diseases, such as diarrhea, measles, cancer, and HIV, that lead to increased malnutrition-related death that further imposes both manpower and economic loss epically in poor countries (15–17).

Presently, malnutrition is considered as a significant agent of mortality across the globe, and it is urgently needed to design the strategies to cope with the challenges about the prevention of malnutrition: common nomenclature, screening methods, accurately reported data, and defined distinct silos to address the malnutrition by bridging the existing gaps (18–21). The current narrative review aimed to summarize the literature and provide up to date on underlying causes, characteristics, and the prevalence of malnutrition. With more emphasis, the review highlights the complex interactions and co-existence of malnutrition and other diseases, which govern a vicious cycle to end life especially in cancer-related malnutrition.



METHOD AND LITERATURE MINING STRATEGY

Relevant articles were selected against the specific keywords as per outlines of study by using the different search databases, PubMed, Google, Google Scholar, and Research Gate. In addition to the relevancy of the title and abstracts, for strong conceptual and logical understanding, more recent studies were selected for inclusion based on the year of publication, which was between 2016 and 2021. Though, little older publications and some news agencies, government data reports were also cited to strengthen the background of the subject. All selected articles have been cited accordingly.



MALNUTRITION: NOW AND THEN

Nowadays, malnutrition is considered as a complex problem to solve and has been recognized as a world health crisis: a major risk factor for various medical illnesses. Thanks to the vision “Sustainable Development Goals (SDG) 2030, since 1990, there has been a 50% reduction in under-5 years” children deaths by malnutrition (22). To address the challenge of malnutrition, SDG aimed to reduce the under-5 mortality in all countries to at least as low as 25/1,000 live births by 2030 (23). WHO and United Nations International Children's Emergency Fund (UNICEF) integrated measurements are aimed to reduce the number of stunted children by 40% and wasting to <5% by 2025 (24). Although, we have made large-scale efforts on the lives of malnourished children in developing countries around the world, however, due to the exponentially raised population number, however, due to rising population, complexities in screening, and the association of malnutrition with other infections, current estimates predict that these measures are still insufficient to treat, control, and reduce the burden. More effective prevention and treatment of malnutrition are needed urgently.



UNDERLYING CAUSES OF MALNUTRITION

Any disease, whether chronic or acute, is a significant risk factor of malnutrition in third world countries and could cause or exaggerate malnutrition in some respects. As aforementioned, malnutrition is considered as a complex problem to solve due to the contribution of several driving factors in its development, so there is no way to list out the factors that may contribute to malnutrition in the population (21). With this complex manifestation across the life courses in different ways, it has been found that the risk factors and co-occurrence of malnutrition are not only related to nutrient intake but also linked with the levels of water sanitation and hygiene and the influence of infections on nutritional status (25–28).

In elderly persons, malnutrition is a serious threat that leads to disability, institutionalization, and more exposure to illnesses. In these patients, the underlying cause of being malnourished is anorexia of aging: an individual's food intake decreases with age (29). Clinically, metabolism-related malnutrition might be a result of reduced assimilation of nutrients and malabsorption, any infection in the digestive system, trauma, or any type of inflammation (30–32). Different studies have revealed that there are several mediators, such as cytokines (interleukin 1, interleukin 6, and tumor necrosis factors alpha), glucocorticoid, and lack of insulin growth factor 1, whose catabolic effects have altered food intake (33–35). Poor dentistry is also the result of a number of factors, especially in geriatric patients, such as dementia and immobilization (36–38). Other factors, such as loss of appetite, altered taste, and nausea, can reduce food intake and thus malnutrition (39, 40). Socioeconomic factors, such as isolation, poverty, and poor living conditions, are involved in the progression of malnutrition (17, 41). Malnutrition commonly occurs in elderly patients and is highly prevalent in patients with malignant/severe chronic liver disease, heart or kidney disease, HIV/AIDS, chronic obstructive pulmonary disease, impaired intestinal flora and cystic fibrosis, respiratory tuberculosis, and other diseases (42–51). Various studies have shown that patients tend to receive less nutritional care due to the inexperience of hospital staff (52). In addition, malnutrition is also associated with loss of appetite, poor diet, physical disability, depression, and loneliness (53, 54). Diseases are one of the major factors of malnutrition development and the risk increases with the severity of the diseases and it makes it exceedingly difficult to analyze the effect of malnutrition on prognosis alone. This can only be done in well-characterized settings, where analysis can be stratified according to the severity of the disease. A diagrammatic description of all direct or indirect factors that mediate in bringing the malnutrition has been shown in Figure 1.
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FIGURE 1. Diagrammatic description of risk factors that contribute directly or indirectly to the development of malnutrition. Leading facts are poverty and low food, diseases, such as anorexia and infections, metabolic and absorption problems, mineral/vitamin deficiency, trauma or problem in ingestion, cancer, and low education and awareness.




PROTEIN ENERGY MALNUTRITION AND INFECTION

Protein energy malnutrition is a range of pathological conditions arising out of coincident of lack of protein and energy in varying proportions, most frequently seen in infants, and young children and usually associated with infections (55). It is understandable that the body needs extra energy to activate and replenish the body's immune system in response to an infection. In nutrition sciences, this association of energy expenditure during infection can be expressed in the form of PEM, which provides an outlook to understand the relationship between malnutrition and infection (56). WHO has identified PEM as the most lethal form of malnutrition as it affects the most vulnerable segment of the population: children under the age of 5 (57). Through the years of research on the association of malnutrition and infection, it has been well-established that, in malnourished individuals, the immune capacity of energy expenditure is further impaired, and therefore the host becomes susceptible to infection and determines the outcome of infection (58).

Although, deficiencies in non-nutrients, such as vitamins, amino acids, iron, and even micronutrients, can affect the normal functioning of the body, however, PEM is considered to be associated with delayed recovery from disease, poorer quality of life, and increased risk of morbidity and mortality (59). It makes the body vulnerable to major human infectious diseases, especially in children in low-income countries (22). Overviewing the published data, it has been found that around half of the 10.8 million annual deaths of children under the age of 5 by malnutrition in less developed countries are under the deadly co-existence of PEM and infections (60). Hence, PEM determines the susceptibility of infection in the body and energy of the individual, which further leads to a loss of work efficiency at the community level and catalyzes the alarming spiral of infection, disease, and blatant poverty in society. Figure 2 demonstrates impose-impact of malnutrition on an individuals' life, such as impaired growth, economic loss, hard to recover from other medical illnesses, low immunity, and prone to infections.


[image: Figure 2]
FIGURE 2. The figurative presentation of impose-impact in the form of low immunity and prone to infections with other related outcomes by malnutrition on an individuals' life.




MALNUTRITION INCREASE RISK OF INFECTION

A vicious relationship between malnutrition and infectious diseases has been long established. Malnutrition causes an exponential decrease in the chances of survival per exposure to any fatal infectious disease while non-fatal and subclinical infections may impair the process of growth (61). Published research revealed that malnourished children have a clear excess risk of infectious morbidity and mortality (62). Concurrently, the latest estimates show that about 50% of 10.6 million under 5 child death per year globally has been ascribed to the five infectious diseases (pneumonia, diarrhea, malaria, measles, and AIDS) (25, 63). Malnutrition impaired the integrity of the gastrointestinal mucosa of patients leading to reduced gastric acid secretion and increased susceptibility to some pathogens (64, 65). Besides the direct organ-specific effects of infection (e.g., intestinal loss of nutrients during diarrhea), there are other illnesses, such as metabolic and immune systems, which are the result of this association (66). It has been well-established that HIV infection and malnutrition are inter-linked by the complex interplay of different etiological factors, which contribute to the progression of the disease and increase the risk of mortality. Hence, addressing the nutrition right from the time of HIV diagnosis is a good strategy. This reduction of immune cells, known as nutritionally acquired immunodeficiency syndrome, plays a key role in the body's susceptibility to any infection (67). Severely malnourished patients have lacked a strong immunological response and show weak acquired immunity and innate host defense mechanisms. These patients are more susceptible to infection factors than the patients with HIV/AIDS and their opportunistic pathogens (68). A remarkable example of malnutrition and infection was seen after the Second World War when thousands of patients with AIDS and malnourished children were repeatedly diagnosed with opportunistic fungal pneumonia with other illnesses (69). Similarly, Noma is another deadly opportunistic infection. Noma is a result of complex interactions of different factors, such as poverty, malnutrition, compromised immune system, and poor oral hygiene, typically occurring in sub-Saharan Africa in children under 4 years of age (70). Severe malnutrition, PEM, promotes acute and chronic infections, further reduces food intake, increases metabolic requirements, and reduces anabolic nutrient losses by impairing linear growth in affected children. Additionally, the acute phase of PEM disrupts bone remodeling required for longitudinal growth (71). It has been pointed out that the association between malnutrition and growth retardation helps researchers to assess the nutritional status of individuals. Numerous studies have demonstrated a significant correlation between acute malnutrition and acute infections. It has been well-established by the years of research that one cannot separate infection and its risk factors as determinants of the whole malnutrition burden. These determinants of malnutrition and infections are significantly present in the under-5 years of age children in developing countries and adversely impact children's health and development (25, 72, 73). Overviewing the published literature, it has been concluded that the relationship between malnutrition and infection is considered bidirectional (74). Evidence of the inverse relationship between malnutrition and infection is also found where an infection alters the nutrients intake, absorption, secretion, catabolism, and consumption. Such a vicious cycle of infection and malnutrition appears commonly in nature (25). Figure 3 represents the bidirectional associations between malnutrition and infections.


[image: Figure 3]
FIGURE 3. Bidirectional associations between malnutrition and infections. The figure gives an explanation on how malnutrition and infections reinforce each other's and lead to maximum health damage of host.




MALNUTRITION AND CHRONIC DISEASES

It is a need of time to add important nuance to establish facts and understandings about the complex associations of chronic diseases, such as diarrhea, respiratory infection, HIV, malaria, measles, and the most hateful disease cancer, with malnutrition for the specific therapeutic approaches to break these associations and treat the diseases.

The vicious cycle between malnutrition and diarrhea is being explored for decades of years. According to a statistic report, around 1.5 million children die every year of diarrhea (75). It has been understood that, as compared to better nourished children with diarrhea, malnourished children with diarrhea have a far higher risk of death (76, 77). Diarrhea is the most common morbidity in severe acute malnutrition children and needs to be addressed. Effective adherence to the management protocol of dehydration and prompt modification of therapeutic feed can bring satisfactory health outcomes.

Followed by diarrhea, respiratory infections are the leading causes of death in children under the age of 5 years (78). It is plausible to assess the relationship between respiratory infection and malnutrition as poor growth. The low immune response of the host and susceptibility to pathogens lead to mortality and morbidity among the children across the globe (79). Going through the literature, it has been found that the published articles that concluded that malnourished children are very susceptible to several respiratory infections as compared to the others (80–82). Malnutrition especially in children is the risk factor for many bacterial and viral infections. A study on hospitalized children with the severe respiratory syncytial virus (RSV) demonstrates that poor infant growth increases the risk for severe RSV infection and leads to prolonging hospitalized stay (83). Similarly, there are also findings about the frequency of co-morbidities related to measles, pneumonia, tuberculosis, and malaria in the children presenting with severe acute malnutrition (84, 85). In an observational study, it has been known that 22% of 104 severe acute malnourished children were diagnosed with tuberculosis while 3.8% were diagnosed with malaria and measles (86). The research published in the American Journal of Clinical Nutrition, with the objective to find whether undernutrition is an underlying cause of children deaths associated with diarrhea, pneumonia, malaria, and measles, reveals that overall 52.5% of all deaths in young children were attributable to undernutrition varying from 44.8% for death by measles and 60.7% for death because of diarrhea (87).

Due to the desperate consequences of malnutrition, more than 1 million children die each year with the co-occurrence of HIV (88). The comorbidity rate of malnutrition and HIV makes HIV-infected children three times more likely to die than non-infected children (88, 89). Sub-Saharan Africa is the most affected region by the deadly association of malnutrition and HIV where 31.2% of stunting, 7.4% of wastage, and 5.2% of overweight children are reported (90). HIV infection in malnourished individuals is the result of several physiological and socioeconomic factors (91, 92). Muenchhoff confirmed strong associations with other comorbidities, such as diversification of the gut microbiota, epithelial malformations, chronic intestinal inflammation, and immune activation in malnourished HIV-infected children, which further lead to advances in disease pathogenesis (88). According to a recent study, it has been observed that micronutrient deficiency, such as selenium and vitamin C, determines the mycobacterial progression in HIV-positive patients, thus an imbalance of these micronutrients can be considered as an important risk factor (93). Furthermore, it has been found that in HIV-positive cases, metabolic problems, such as high lipids, can lead to increased long-term risk of atherosclerosis and cardiovascular abnormalities in malnourished patients (94). Figure 4 represents the vicious cycle of malnutrition and HIV.


[image: Figure 4]
FIGURE 4. A figurative explanation on the relation of malnutrition and immune fighting ability against HIV infection. In a vicious cycle of malnutrition-HIV, the patient has poor immunity and increased frequency and duration of opportunistic infection.


Despite the immense volume of laboratory and field research, there is still an adequate gap in knowledge about the subject and in defining the relationship between malnutrition and chronic diseases. To deal with this worldwide health crisis, diverse minds of researchers are continuously exploring the deadly associations of malnutrition and chronic diseases for the vision of a “world free of malnutrition.”

Here, we are illuminating the current understanding of the interactions between malnutrition and cancer. As secondary data, this is an objective study to summarizing the literature and providing an update on the association of malnutrition and said disease.



MALNUTRITION AND CANCER

Malnutrition is exceedingly common in cancer patients. Cancer-associated malnutrition is a multifactorial syndrome characterized by persistent skeletal muscle loss due to different combinations of reduced dietary intake and metabolic changes (42). This association might express at the time of diagnosis or develop later and as the treatment and disease progressed, the situation became worse. The nutritional status of cancer patients who underwent treatment plays a vital role in promoting multimodality cancer care (95).

Recently, studies demonstrate that many European hospitals have 30–60% of cancer patients at risk of malnutrition who receive nutrition through other means, such as oral supplements, enteral nutrition, or parenteral nutrition (96, 97). Another European study showed that 40% of cancer-related severe malnutrition was misclassified by doctors, resulting in patients losing nutritional interventions (43). It has been also noted that damage of cancer-related malnutrition went uncontrolled when patients and their relatives underestimate it after the doctor's diagnosis (98–100).

The increasing frequency of malnutrition has become an emerging health problem of cancer survivors as it decreases the efficacy of homeopathy treatments and prolongs hospital stay especially in the citizen of the United States of America (101, 102). According to a follow-up study, it has been obtained that malnourished patients with cancer are at about 2- to 5-fold greater risk of death (103). The development of cancer-related malnutrition is the result of several factors, which are considerably different from simple starvation, such as mental health issues, poor food intake, dysfunction of the gastrointestinal tract, increase in the energy need, low physical activity, and altered metabolism (42, 43, 104). Tumor-derived cytokines also mediate the disruption of metabolism, suppress the appetite, enhance muscle wasting, depression, fatigue, and subsequently, lead to impaired physical activity and anorexia (43, 105). Mentioned conditions may worsen the prognosis and lead to poor quality of life, prolonged hospital stay, tolerance to treatment, and therapeutic efficacy that lead to the end of life (106, 107). Additionally, cancer patients often report poor appetite along with reduced food enjoyment putting them at risk for malnutrition. This reduction in food intake may increase due to the site of the tumor. For example, oral or esophagus cancer may halt the eating and support the malnutrition onset (107, 108). On the other hand, the use of steroid drugs and hormone therapy has been considered as a standard of care for a different advanced type of cancer, however, there are findings that reveal that these steroid or hormone intake may contribute to the development of malnutrition (109, 110). Furthermore, unlikely other disease-related malnutrition, cancer-related malnutrition, are thought to be different from those that lack nutrients in the absence of underlying diseases (i.e., hunger and anorexia nervosa). It has been observed that metabolic changes in cancer patients, such as inflammation, increased catabolic rate, and ineffective cyclic anabolic resistance, achieved through a tumor or cancer treatment may invite malnutrition in the patient (111, 112). Apart from other clinical aspects in cancer-related malnutrition, the lack of adequate knowledge of nutritional intervention for cancer patients in caregivers is also a significant contribution in cancer-related malnutrition loss. A recent study demonstrates that almost half of the hospital oncologists involved in the survey report ascribe the underestimation of nutritional treatment to the insufficient training of healthcare professionals (95). In conclusion, to end up this deadly link of malnutrition and cancer, medical science is an urgent need to introduce advanced, state-of-the-art diagnostics, and care mechanisms and emphasizes the concern institutes to spread and raised the prevention and awareness literature to the public. Figure 5 gives the multi ways associations and outcomes of the relation between malnutrition and cancer.
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FIGURE 5. Multi ways associations and outcomes of the relation between malnutrition and cancer. A malnutrition-cancer patient faces issues both in food intake and metabolic changes that lead to the reduction in treatment efficiency.




PREVENTION AND AWARENESS OF MALNUTRITION: PUBLIC HEALTH NURSING

Exceedingly damage by malnutrition-related co-morbidities demands the development of the specific protocol and practical recommendations rather than official meetings for the prevention and awareness about this global health crisis.

Multidisciplinary approaches are needed for the long-term nutritional support and benefits of geriatric malnutrition prevention, detection, and treatment. These approaches must explain acceptable different screening/assessment models and involve healthcare professionals (113). To examine and prevent the PEM especially in growing children from developing countries, there is a critical need of employing electrical health records and other mobiles systems. Adaptation of health information technology is a single advanced way forward of achieving better health outcomes across the globe (114). Malnutrition manifests its worse outcome in hospitalized malnutrition form and needs effective strategies to promote the awareness and overcome the burden. The nutrition committee of the French pediatric society (ePINUT) has endorsed an awareness strategy to lessen the burden and released its recommendations about the prevention and promotion of malnutrition education awareness in patient relatives, healthcare staff, and other caregivers (115). The vicious association of malnutrition cancer imposes significant health and economic loss. Cancer-related malnutrition is a globally rising health concern and appeals to add novel nuance to break this association. According to a current survey report, there is a lack of collaboration between oncologists and clinical nutritionists, which is the first obstacle to overcome. We are in urgent need to start internationally accepted educational intersociety initiatives, aimed to strengthen oncologist knowledge to improve nutritional support management and identify and remove the barriers to delivering optimal nutrition care in cancer survivors (116, 117). To lessen the burden and to the way of the world free of malnutrition, current understandings of knowledge about the subject deduced the following key steps to start a war against malnutrition. (1) Awareness about all forms of malnutrition must be raised: frontline staff who provide care must understand the importance of nutrition to basic patient care and consequences to patients if they neglected; (2) there is a critical need to develop worldwide accepted state of the art screening and assessments methods; (3) malnourished individual or those at risk must be on the right care pathway and received the right treatments; (4) frontline staff in all care settings must receive appropriate training on the importance of good nutritional care to speed up the recovery; and (5) world organizations must development management structure in place to ensure best practice especially in high prevalence parts of the world: Sub-Saharan Africa.



CONCLUSION

The literature revealed the need for important implications of nutritional intervention drives for elderly and child survival programs for developing countries to ensure the access of children who fight against chronic diseases. In conclusion, to fill the gaps in prioritizing standardized measurements and reporting of malnutrition status worldwide, it is imperative to enhance an in-depth understanding of the development causes and co-existence of malnutrition with other illnesses. To overcome malnutrition, it also demands to re-make and re-define the future by giving comprehensive but achievable and sustainable programs to alleviate poverty and combat the rampant infectious diseases and other nutrition-related health problems. To improve health outcomes especially in hospitalized cancer patients, it is crucially important to knowledge the caregiver healthcare staff for early interventions of supplying nutritional support to delay or prevent the onset of malnutrition.
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Recent findings showed the role of late-night eating in metabolic disorders, highlighting the importance of meal timing for health. No evidence is available on the role of meal timing for longevity. The aim of this study was to survey, in a cross-sectional study, meal timing and dietary habits of 68 nonagenarians and centenarians of the Abruzzo region, Italy. Results showed an early dinner (7:13 p.m.) and a calorie restriction lapse of 17.5 h between dinner and the following lunch. The frequency of consumption was high for cereals, vegetables, fruits, and legumes; low for meat, processed meat, and eggs; and negligible for sweets. Subjects were physically active throughout life. Our results support the importance of a daily caloric restriction lapse, hampering nocturnal postprandial stress and optimizing metabolic response, associated with high consumption of plant-based foods and physical activity for the longevity of centenarians from Abruzzo.
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INTRODUCTION

The life expectancy of human individuals is consistently increasing across the decades, almost doubling in the last two centuries (1). The World Health Organization (WHO) forecasts that the rate of 900 million people aged over 60 years will increase up to 2 billion in 2050 (2), with the number of centenarians rising from 573,000 in 2020 to 19,000,000 by 2100 (3). Aging involves a general decay of organ function, in terms of muscle and bone frailties, impairment of renal and hepatic function, as well as loss of cardiovascular and immunological functionality (4). Among lifestyle factors, the diet has been found to significantly impact the health status of individuals and, in turn, to be a key variable impacting the physiological decay of aging processes (5, 6).

Italy is the first country in Europe and the second one in the world, in terms of percentage of citizens older than 65 years of age (22.8% of the total population, following a high of 28% in Japan) and over 85 years (3.6% of the total population, following a high of 4.5% in Japan) (7). The Greek island Ikaria (8) and the Italian Sardinian “Ogliastra” subregion are the two locations in the Mediterranean area identified as the “Longevity Blue Zone,” for the extremely high rate of centenarians among its citizens (9). Concerning the “Ogliastra” region, the first hypothesis proposed to explain these demographic data concerning the genetic isolation of the Sardinian population, due to limited immigration into the island as well as to many conserved anthropological traditions (9). However, more recently, the food habits of these citizens have been taken into consideration to determine if they might have a role in longevity, both today and in the past (10, 11). In fact, their dietary habits seem to resemble the building blocks of the Mediterranean diet, known to be characterized by a high intake of plant-based foods, a moderate intake of fish and dairy products, and a low intake of meat and processed foods.

Based on the data from the Italian National Institute of Statistics (ISTAT), the region of Abruzzo, placed in center Italy, is among the top areas of Italy for the number of nonagenarians (N = 19,673, the 2.43% of the Italian nonagenarians) and centenarians (N = 485, the 2.82% of the Italian centenarians). In fact, with respect to the total population, Italian nonagenarians are the 1.37% and Italian centenarians the 0.03% (12). Particularly, the province of L’Aquila, which shows a high rate of nonagenarians and an extremely higher number of centenarians, compared with the Italian average: 0.043% vs. 0.028%, with the highest numbers occurring in the most rural, internal areas of the region (12).

The inhabitants of the Abruzzo region have typically followed a peculiarly unique dietary habit called “sdijuno,” representing the salty breakfast of the morning that was “breaking” the fasting of the night after an early dinner. The putative advantages of this practice are as follows: (i) negligible postprandial stress during the evening, in agreement with the circadian rhythm and lower metabolic efficiency in the night (13, 14); (ii) a period of caloric restriction from dinner to lunch. The “sdijuno” practice, consistently followed for decades, might have tuned the endogenous response to daily meals, optimizing both immune and metabolic responses to dietary stressors, playing a role in Abruzzo’s longevity rates. However, despite recent findings on the importance of meal timing for health (15, 16), no evidence is available on the meal timing of nonagenarians and centenarians. The aim of this study was to survey, in a cross-sectional study, mealtime, adherence to comply with “sdijuno” practice, as well as general dietary habits and the level of physical activity throughout life, of nonagenarians and centenarians of the Abruzzo region.



MATERIALS AND METHODS


Study Design and Participants

A cross-sectional study was conducted in the time frame September 2019–June 2020 in the province of L’Aquila, Abruzzo Region, Italy (L’Aquila capital coordinates: 42°21′14′′N; 13°23′31′′E). The study protocol was approved by the local Ethics Committee for Human Research for the Provinces of L’Aquila and Teramo of the Local Health Authority “A.S.L. 1 – Avezzano – Sulmona – L’Aquila” (protocol no. 151856/20). The primary and secondary endpoints were those declared when the study was registered at clinicaltrials.gov (as NCT04840381). Inclusion criteria were as follows: (i) being 90 years or older at the moment of the interview; (ii) being born and living for most of one’s life in the Abruzzo region; and (iii) mentally active.



Data Collection

Volunteers were recruited by public announcements in local newspapers, through social networks, and by personal acquaintances among the personnel of the University of Teramo. A trained nutritionist first contacted a relative of each subject to inquire about their general cognitive conditions. In positive cases, a trained nutritionist contacted the subjects – in the presence of a relative – for the interview. The interviewers fluently understood the local dialect, in order to make participants feel comfortable.

Gender, age, body weight, and height were retrieved from general questions posed to the volunteer, together with information about their health status, e.g., presence of pathologies, hypercholesterolemia, hypertriglyceridemia, hypertension, or hypotension. Other questions were related to the following: (i) the daily mealtime during the subjects’ youth and old age; (ii) the source of the food supply – own production, exchange, and local vendor; and (iii) the amount of moderate or vigorous physical activity, in terms of minutes per week, throughout life.



Nutritional Assessment

Information on dietary intake of some foods and food groups during the subject’s youth was retrieved by means of a food frequency questionnaire (FFQ). The questions were related to the frequency of consumption, in terms of the number of times per week, of the following items: cereals, legumes, vegetables, fruit, milk and dairy products, meat, processed meat, eggs, and fish. Furthermore, questions on the use of fat during meal preparation were asked, e.g., lard, strutto (fat from pork), bacon, and extra-virgin olive oil. Finally, participants were asked to indicate whether they followed the sdijuno practice.




RESULTS

Demographics, anthropometric measures, and health status of the study participants are shown in Table 1. For a total of 68 volunteers, i.e., 46 women and 22 men, 46 were aged in the range of 90–99 years, while 22 were centenarians, up to 107 years of age. Subjects were all normal weight, and, except for hypertension which affected 72% of the individuals, they were characterized by an extremely low frequency of hypertriglyceridemia (4%) and hypercholesterolemia (19%).


TABLE 1. Demographic, anthropometric, and health status of the study participants.
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Almost all the subjects had been physically active throughout life, and most of them were still active at the time of the interview, refer to Figure 1.
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FIGURE 1. Physical activity status of the study participants in their youth (A) and elderly (B) age.


Notably, 59 and 36% of the nonagenarians and centenarians, respectively, stated that they had been moderately physically active in their youth, i.e., walking, biking, and horse riding (data not shown). Again, 37 and 64% of the nonagenarians and centenarians, respectively, reported intense physical activity earlier in life, due to the long hours spent on their work activity, i.e., work in the fields of animal husbandry in mountainous areas (data not shown). In fact, only 3% of the nonagenarians and none of the centenarians reported less or no significant physical activity earlier in life (Figure 1A). Concerning the present level of physical activity, reported in Figure 1B, 74% of the nonagenarians and 45% of the centenarians still practiced moderate physical activity, mainly walking or taking care of the garden or homeworking (data not shown). The remaining 26% and 55% of nonagenarians and centenarians, respectively, did not report their physical activity, mainly due to their deteriorating physical conditions or due to permanent wheelchair use (data not shown).

Data retrieved from the subjects’ dietary habits in their young age, in terms of frequency and serving size, split for their decade of age, are summarized in Figure 2. Results were very similar among nonagenarians and centenarians, with a median intake of five or more servings of each of several plant-based foods per week, such as cereals, legumes, vegetables, and fruit, with the lowest consumptions accounting for 1–2 servings per week. Among the animal-based products, milk and dairy products were consumed, in moderation, four and five times per week by nonagenarians and centenarians, respectively. Concerning meat and fish products, consumption was only one to two servings per week, while processed meats and eggs had a median consumption of two to three servings per week in the whole population. Lastly, consumption of sweets was negligible, with a median intake of one serving per week and mostly on Sundays or festive days (data not shown).
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FIGURE 2. Frequency of consumption of food groups in the nonagenarian and centenarian populations. PM, processed meat. Circles and asterisks represents outlier and extreme outlier values, respectively.


Subjects were also asked to report the main seasonings used during the preparation of meals. Figure 3 shows that a higher number of nonagenarians and centenarians mainly used animal-derived fats compared with extra-virgin olive oil, used by 34 and 36% of nonagenarians and centenarians, respectively. In fact, more than 84% of the nonagenarians and 68% of the centenarians, respectively, used lard and strutto for the preparation of recipes, while bacon (also including the Italian pancetta) was used by 16 and 14% of nonagenarians and centenarians, respectively.
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FIGURE 3. Percentage of consumer use of cooking fat during meal preparation. EVOO, extra-virgin olive oil.


The survey of the condiments also included questions about the main spices used by participants during food preparation. On the whole, both nonagenarians and centenarians most often used rosemary, garlic, onion, chili pepper, parsley, and basil (data not shown).

Since the subjects resided in rural and relatively inaccessible areas, we also investigated the way of the food supply. Figure 4 shows that almost 95% of the nonagenarians and centenarians made their own meals from scratch, while 30 and 36% of the nonagenarians and centenarians, respectively, used foods exchanged with other people in the neighborhood or the surroundings. Finally, 20 and 46% of the nonagenarians and centenarians, respectively, bought foods only from local vendors.
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FIGURE 4. Percentage of subjects consuming foods produced by themselves, exchanged with other locals, or bought from local vendors.


A very high percentage of the subjects – 90% of the total – stated that they had adhered to the sdijuno practice (data not shown). Regarding meal timing, dinner, consisting mainly of vegetable soups, polenta, vegetables, eggs, or cheese, was consumed on average at 7.13 p.m. The breakfast meal was on average at 6:18 a.m. and included dishes leftover from dinner, milk and bread, or a slice of bread with ham. The main meal of the day was lunch, composed of meat, pasta or polenta, and beans, and was on average at 12.38 p.m., highlighting a caloric restriction period of approximately 17.5 h between dinner and the following lunch (Figure 5).
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FIGURE 5. Graphical representation of the day’s mealtimes and of the fasting/calorie restriction lapse for nonagenarians and centenarians from Abruzzo. The arrows within the clockface indicate the median time of meal consumption: purple: breakfast; green: lunch; and blue: dinner. Dotted lines represent the earliest and latest time of each meal consumption. Light-orange areas represent an average time of restricted calorie intake. Red shaded circle areas represent hypothesized postprandial stress periods after each meal, the bolder the red, the greater the postprandial stress.




DISCUSSION

In this study, we provided novel studies about the importance of meal timing and of a caloric restriction period of approximately 17–18 h, together with physical activity and a dietary pattern based on high consumption of plant-based foods, moderate consumption of the animal product, and negligible consumption of sweets, for the longevity of Abruzzo’s centenarians.

Epidemiological studies have pointed out to a late-night dinner being associated with an increased incidence of cardiovascular diseases, i.e., stroke, heart failure, etc. (17). These findings have been confirmed in two intervention studies, where Japanese volunteers, affected by type-2 diabetes, showed lower postprandial glycemia and insulinemia when they ate their main meal at 6 p.m., compared with 9 p.m. (18, 19). The authors discussed these important findings, emphasizing that just a 3-h shift of the mealtime resulted in a significant health benefit was quite remarkable. This implicates the importance of the circadian rhythm, as “the diurnal variation in insulin resistance is higher at night than in the daytime,” and that the long fasting period from lunch to late dinner disrupted this (19). These latter aspects induce an increase of the plasma-free fatty acid values and a decrease of the blood insulin concentrations, leading to a higher postprandial glycemia and metabolic stress (19). Thus, the metabolic impact due to non-optimal eating behaviors likely increases the risk for cardiovascular events, playing a role in life expectancy.

As drawn in the biological clock in Figure 5, “sdijuno” implies a ∼17.5 h period of low caloric intake, which might be considered a “time-restricted feeding” regimen, under the frame of the intermittent fasting and calorie restriction (20, 21). If we analyze the proposed metabolic postprandial stress periods after each of the three meals of the day (Figure 5, detailed in red), an early dinner causes minimal nocturnal stress, as does the low-calorie intake at breakfast (200–300 kcal). The daily caloric restriction lapse might allow both metabolism and the immune system to efficiently minimize the stress induced by the main meal of the day. Despite very few available human intervention studies, recent findings show that time-restricted feeding has a positive role in the control of insulin sensitivity and β-cell responsiveness, through modulation of the gut microbiota profile and metabolic products and through the alignment of activity of the microbiome with the circadian rhythm (22), confirming previous suggestions of the importance of biological rhythms in health. This metabolic virtual cycle, recurring each day in the life of the centenarians, may have positively affected both glycemic control and lipid metabolism, playing an important role in their longevity.

We showed that subjects had an almost daily consumption of plant-based foods, above all cereals, legumes, fruits, and vegetables, and moderate weekly consumption of milk and dairy in agreement with the consumption pattern of the Mediterranean diet (23) with the exception of the frequent use of animal fats instead of olive oil. Our findings are in agreement with the results of a recent study conducted in the Italian Blue Zone of Sardinia, showing that individuals in the range of 90–101 years old had a higher intake of lard over olive oil (3.8 times/week vs. 2.51 times/week, respectively) (11). As L’Aquila rural area is particularly mountainous, olive trees are not a local culture, and the inhabitants had their own production of foods from the ground and with animal breeding, and it is reliable to think that the consumption of animal fats is higher than the olive ones. In fact, the 20%–40% of the subjects who chose to use vendors for their food supply were also those consuming olive oil. Last, but not least, being olive oil imported from surroundings, it could have resulted more expensive than pork-based ones, letting the product not affordable.

Median intakes of other food groups consumed by Abruzzo elderlies are almost overlapping with the ones found for Sardinian Blue Zone inhabitants (11). Among these, cereals and cereal-based foods are confirmed to be almost daily consumed by all the Sardinians elderlies, as in the Abruzzo ones; regarding other plant-based products, legumes and vegetables are also consumed on average ∼4 times per week. The only difference has been pointed out for fruits, which in the Abruzzo elderlies was found to be consumed with a double frequency compared with Sardinian ones. Also, animal-based food categories mostly agreed in terms of frequency of consumption of the following: milk and dairy products ∼4 times per week, meat between 1 and 2 times per week, and fish less than 2 times per week (11). In addition, we found an abundant and frequent use of herbs and spices during meal preparation – data missing in Sardinian Blue Zone related papers – which may have had a role in the counteraction of inflammatory-related disorders due to their content in bioactive compounds (24).

During the interview, elderlies shared their main recipes prepared and consumed during the three main meals of the day. Among these, breakfast was usually what in Italy is known as “salted breakfast,” with the only sweet-tasting item being milk – although it was not consumed daily– and with most of the dishes done with the dinner leftovers, i.e., polenta, potatoes, stuffed leafy vegetables and bread spread with animal fats, cheese, and eggs. The lunch, which was the main meal of the day consumed during the working activities, consisted of home-made egg-based recipes or whole wheat pasta with vegetables or polenta and soups made with local cultivars of lentils, beans, chickpeas (among which the local spread cicerchia, alias Lathyrus sativus) or meat, such as lamb or beef. Dinner was mainly based on vegetables or soups or polenta and some other animal-based products, i.e., own pecorino cheese, sheep ricotta. Fish was mainly present with local species from the surrounding river or (salt) cod, consumed with lower frequency than meat. Last, but not least, the sugar consumption was close to zero, with sweets or cakes eaten only on special occasions.

A further aspect related to their longevity is the high level of physical activity for most of the nonagenarians and centenarians. This is mainly linked to their work on the land for most of the day, as also found in a Polish survey about the dietary and lifestyle habits of Warsaw centenarians (25). More than 50% of the nonagenarians and the centenarians remained physically active, even at the time of the interview, walking around their community and even still doing some light work on the land, maybe supporting the advantages of regular physical activity throughout life for healthy longevity (26, 27).

It is worth highlighting the limitations of the present survey. First, being a small study and limited to a single province of the Abruzzo region, data retrieved from the few interviewed individuals may not be applicable for all the Abruzzo centenarians and nonagenarians as well as for individuals out of region and country. Then, our study is based on a retrospective survey of nonagenarians and centenarians who gave information on their food habits, dating back sometimes only 60 years, which barely covered their youth. So, there is a bias relative to their physiological loss of clarity in their memories and another in “summarizing” the food habits in a unique answer.

Concerning food habits, the main limitation to this study is the physiological loss of precision in the memories of dietary and lifestyle habits. Moreover, FFQ does not allow any quantitative assessment, and, as previously found (11), this may result in only a rough grouping of foods consumed by the subjects in their youth, yet their memories are supported by the availability of local ingredients and food preparation methods passed down within families.



CONCLUSION

Our findings support the importance of a daily caloric restriction lapse, associated with high consumption of plant-based foods and physical activity for the longevity of centenarians from Abruzzo. Despite more studies needed, our results support the importance of considering meal timing as a feature involved in longevity processes.
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Aim: We performed a two-sample Mendelian randomization (MR) analysis to evaluate the association between serum vitamin D levels and atrial fibrillation (AF) risks.

Methods: Data on the single-nucleotide polymorphisms (SNPs) related to vitamin D, 25-hydroxyvitamin D, and AF outcome were obtained from a UK Biobank study, SUNLIGHT consortium, and the latest meta-analysis of genome-wide association studies GWASs with six independent cohorts, respectively. MR analysis was performed to obtain the estimates, followed by the use of inverse variance weighted (IVW) method, weighted median method, maximum likelihood, MR-egger method, and MR-PRESSO methods.

Results: The IVW estimate showed that genetically predicted vitamin D and 25-hydroxyvitamin D levels were not causally associated with the risk of AF with two models. The association was consistent in complementary analyses.

Conclusions: Our MR finding suggested that no genetic evidence of serum vitamin D levels was significantly associated with AF risk. Further researches are necessary to explore the potential role and mechanisms of circulating serum vitamin D levels on AF.

Keywords: 25-hydroxyvitamin D, vitamin D, atrial fibrillation, Mendelian randomization, cause-effect


INTRODUCTION

Atrial fibrillation (AF) is a common arrhythmia contributing to substantial social and medical burdens with significant health and socioeconomic impact (1). The Global Burden of Disease project estimated a worldwide prevalence of AF in about 46.3 million individuals in 2016 (2). The prevalence of AF is estimated to rise to 16 million by 2050 in the United States and 14 million by 2060 in the European Union (3). AF is associated with high healthcare system utilization, low quality of life, and increased risk for hospitalization, heart failure, stroke, and death (4).

Vitamin D is an essential fat-soluble vitamin that undergoes 2 hydroxylation steps to produce the active form. The first of these produces 25-hydroxyvitamin D, which can be measured to determine vitamin D status (5). Vitamin D deficiency has become a pandemic health problem in the world (6). In recent decades, the focus has been on vitamin D deficiency and nonskeletal diseases risks, including various cardiovascular diseases (7, 8). However, unlike for the skeletal disease, the association between vitamin D deficiency or 25-hydroxyvitamin D levels and AF risks has been inconclusive. Two dose-response meta-analyses (9, 10) indicated that circulating vitamin D deficiency was associated with an increased risk of AF in the general population, which were not consistent with another meta-analysis of randomized controlled trials (11). Conclusions about causality cannot be drawn merely based on the presence of an association in an observational design, which was retrospective or cross-sectional in design with limited sample sizes and confounders.

To investigate the causal association between circulating vitamin D and AF risks is challenging due to the reverse causation and confounding. Mendelian randomization (MR) has emerged as a powerful method for identifying the causation between risk factors and diseases using genetic variants as instrument variables (IVs) (12). MR analysis can largely overcome the confounders with random assignment of an individual's genetic variants at conception. Moreover, the risk of reverse causation could also be minimized since the presence of a disease could not affect individuals' genotypes (13).

In our study, we applied a two-sample MR analysis to identify the potential causal association between circulating serum vitamin D levels (including serum vitamin D and its metabolite, 25-hydroxyvitamin D) and risk of AF using the summary statistics from the publicly available genome-wide association studies (GWAS) data.



METHODS


Data Resources and Study Design

We searched GWAS to extract leading single-nucleotide polymorphisms (SNPs) as genetic instrumental variables. Summary statistic data for vitamin D levels were derived from a meta-analyzed GWAS for 35 biomarkers in the UK Biobank (UKB) in 304,818 participants of White British European ancestry (14). UK Biobank is a prospective cohort which recruited more than 500,000 men and women aged 40–96 years between 2006 and 2010, and their health is being followed on a long-term (15). Summary statistic data for 25-hydroxyvitamin D was drawn from the most recent GWAS on serum 25-hydroxyvitamin D from the SUNLIGHT consortium with 79,366 European-ancestry participants including 31 studies (16). This study identified 142 independent risk variants at 111 loci and prioritized 151 functional candidate genes likely to be involved in atrial fibrillation (16). Data for AF was obtained from the latest meta-analysis of GWASs for AF with six independent cohorts (The Nord-Trøndelag Health Study, Michigan Genomics Initiative, DECODE, UK Biobank, DiscovEHR Collaboration Cohort, and AF Gen Consortium) with more than 1,000,000 subjects of European ancestry, including 60,620 cases with AF and 970,216 controls (17). The details are presented in Table 1.


Table 1. Details of studies included and predictive strength of IVs in Mendelian randomization analyses (two-sided α = 0.05).

[image: Table 1]

We designed a two-sample Mendelian randomization analysis to estimate the causal effects of circulating serum vitamin D and 25-hydroxyvitamin D levels (recommended biomarker for vitamin D levels, Figure 1A) on AF risks with two models (Figure 1B). Model 2 was performed by extracting SNPs that were associated with any potential confounders on AF risks, while Model 1 was not.


[image: Figure 1]
FIGURE 1. (A) Process of vitamin D metabolism. (B) Schematic overview of the present study design. Model 1, SNPs were not extracted which were associated with any potential confounders of AF; Model 2, SNPs were extracted which were associated with any potential confounders of AF. 25(OH)D3, 25-hydroxyvitamin D; 24,25(OH)2D3, 24,25-Dihydroxyvitamin D3; 1,25(OH)2D3, 1,25-Dihydroxyvitamin D3; 1,24,25(OH)2D3, 1,24,25-Dihydroxyvitamin D3.




Selection of Genetic Instrumental Variables

All genetic variants reaching genome-wide significance (p < 5 × 10−8) were selected as instruments for the MR analysis. The corresponding linkage disequilibrium was tested to confirm if there were any SNPs in linkage disequilibrium and whether the SNPs were independent by pruning SNPs within a 10,000 kb window with an r2 < 0.001 threshold (18). Then, the SNPs were extracted that were associated with any potential confounders of the outcomes. In this study, blood pressure, blood glucose, BMI, chronic nephropathy, coronary artery disease (CAD), and C-reactive protein were identified as confounding factors when AF was identified as the outcome (http://www.phenoscanner.medschl.cam.ac.uk/) (19). SNP harmonization was conducted to correct the orientation of the alleles. Finally, we used 62 SNPs and 56 SNPs (3 SNPs were associated with BMI: rs56675301, rs35635959, and rs1229984 and 3 SNPs were associated with CAD: rs2207132, rs2229742, and rs2539986) as instrument variables for Vitamin D levels in model 1 and model 2, 6 SNPs and 5 SNPs (1 SNP was associated with white blood cell: rs10745742) for 25-hydroxyvitamin D levels in model 1 and model 2, respectively (Supplementary Tables 1–4). F statistics for every instrument-exposure effect ranged from 31.678 to 169.767, demonstrating the small possibility of weak instrumental variable bias (Table 1). In another directional MR, we used 13 SNPs and 42 SNPs for AF on vitamin D and 25-hydroxyvitamin D levels, respectively, and no SNP was associated with confounding factors when AF was identified as the exposure.



Statistical Analysis

T To obtain an MR estimate, an inverse variance weighted (IVW) meta-analysis of each Wald Ratio (20) was performed. When there was no evidence of directional pleiotropy (P for MR-Egger intercept > 0.05) among the selected IVs, the IVW method was considered with the most reliability (21).

Complementary analyses using the weighted median method (22), maximum likelihood (23) and MR-egger method (22), and MR Robust adjusted profile score (MR.RAPS) were utilized as supplements to IVW. The weighted median analysis can generate consistent estimates if at least 50% of the weight in the analysis comes from valid instrumental variables (24). Cochran's Q test was applied to assess heterogeneity between individual genetic variants estimates. If the p-value of Cochran's Q test was < 0.05, the final results of MR were referred to a multiplicative random-effects model of IVW; otherwise, a fixed-effects model was used (25). To examine whether there was a violation of the main MR assumptions due to directional pleiotropy, the MR-Egger test for directional pleiotropy was performed (22), where the intercept estimates the average pleiotropic effect across the genetic variants and can be a useful indicator of whether directional horizontal pleiotropy is driving the results of an MR analysis (26). The possible directional pleiotropy was were also examined by observing asymmetry in thefunnel plots to gauge the reliability of the current MR analyses. Finally, MR-PRESSO was performed to support the results by IVW method, which detects and corrects the effects from outliers, yielding causal estimates that were robust to heterogeneity (27). The leave-one-out sensitivity analyses were implemented by removing a single SNP each time to assess whether the variant was driving the association between the exposure and the outcome variable. To improve the visualization of the IVW and MR-Egger estimates, we performed IVW radial variants and MR-Egger radial variants models, which were similar to the conventional IVW and MR-Egger regression models, but regressed the product of the Wald Ratio estimate and the square root of the weighting for each genetic variant upon the square root of the genetic variants weighting (28). R-squared was calculated to estimate the proportion of variance in outcomes, and F-statistic value was calculated to predict the strength of IVs.

A two-sided P-value of < 0.05 was considered suggestive for significance. All analyses were performed using the package “Two-Sample-MR” (version 0.5.6), “MR-PRESSO” (version 1.0), and “Radial MR” (version 1.0) in R (version 4.0.5).




RESULTS


Association of Serum Vitamin D Levels With AF Risks

Figure 2 reported the MR estimated for vitamin D levels on AF. In model 1, the fixed-model IVW estimate showed that genetically predicted vitamin D levels were not significantly associated with AF risks (N = 53 SNPs, OR: 1.028, 95% CI: 0.962–1.099, p = 0.408). After extracting 6 SNPs, the result was consistent (N = 48 SNPs, OR: 1.011, 95% CI: 0.945–1.082, P = 0.751). The association was consistent in complementary analyses using weighted-median method, maximum likelihood, MR-egger, and MR-RAPS method.


[image: Figure 2]
FIGURE 2. Associations of vitamin D and 25-hydroxyvitamin D levels with AF in two-sample Mendelian randomization analysis. SNPs, single nucleotide polymorphisms; IVW, inverse variance weighted; OR, odds ratio; RAPS, robust adjusted profile score.


There were potential heterogeneities but no directional pleiotropies for the analysis results (Supplementary Table 5). Radial plots showed there were outlines in Model 1 and Model 2 (Figures 3A,B). To ensure the robustness of our results, MR-PRESSO was also conducted with outliner correction which showed consistent results that vitamin D levels had no effect on the risk of AF (Table 2).


[image: Figure 3]
FIGURE 3. Radial plots to visualize individual outlier single nucleotide polymorphisms (SNPs) in the Mendelian randomization (MR) estimates for association between vitamin D with AF by model 1 (A) and model 2 (B) or association between 25-hydroxyvitamin D with AF by model 1 (C) and model 2 (D). Black dots show valid SNPs and purple dots display invalid outlier SNPs. There is no significant outlier SNP in present plots C and D. IVW, indicates inverse-variance weighted.



Table 2. MR-PRESSO for causal effect between vitamin D and AF.
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The scatter plots and forest plots are displayed in Supplementary Figures 1A,B, 2A,B. The funnel plots were symmetrical (Supplementary Figures 3A,B), and the leave-one-out analysis revealed that no individual SNP was substantially driving the association between vitamin D and AF (Supplementary Figures 4A,B).



Association of Serum 25-Hydroxyvitamin D Levels With AF Risks

In model 1, the random-model IVW estimate showed that genetically predicted 25-hydroxyvitamin D levels were not significantly associated with AF risks (N = 6 SNPs, OR: 1.005, 95% CI: 0.842–1.200, P = 0.955). After extracting 1 SNPs, the result was consistent (N = 5 SNPs, OR: 1.019, 95% CI: 0.846–1.226, P = 0.621). The association was consistent in complementary analyses by weighted median method, maximum likelihood, and MR-egger method, while MR-RAPS method was not applicable for limited SNPs. There were no potential heterogeneities and no directional pleiotropies for the analysis results (Supplementary Table 5). Radial plots showed there were no outlines both in model 1 and model 2 (Figures 3C,D). To ensure the robustness of our results, MR-PRESSO was also conducted with outliner correction, which showed similar results that vitamin D levels were not associated with the risk of AF (Table 2).

The scatter plots, forest plots, and funnel plots aredisplayed in Supplementary Figures 1C,D, 2C,D, 3C,D, and the leave-one-out analysis indicated that no individual SNP was substantially driving the association between them (Supplementary Figures 4C,D).



Association of Serum AF With and Vitamin D and 25-Hydroxyvitamin D Levels

The IVW method estimate showed that genetically predicted AF was not significantly associated with vitamin D and 25-hydroxyvitamin D levels risks (N = 13 SNPs, OR: 1.032, 95% CI: 0.977–1.075, p = 0.057; N = 42 SNPs, OR: 0.997, 95% CI: 0.989–1.006, P = 0.527, Supplementary Table 5). The association was consistent in MR-PRESSO (Supplementary Table 8). The scatter plots, forest plots and funnel plots were displayed in Supplementary Figures 1E,F, 2E,F, 3E,F, and the leave-one-out analysis indicated that no individual SNP was substantially driving the association between them (Supplementary Figures 4E,F).




DISCUSSION

In this two-sample MR study, we found no significant causal relationship between serum vitamin D levels and AF risks.

There is consistent evidence to show that low serum 25-hydroxyvitamin D levels are associated with increased risk of cardiovascular diseases, including hypertension, coronary artery disease, ischemic heart disease, and stroke (7, 29–32). However, the causal relationship between vitamin D and AF is inconclusive. Previous retrospective studies investigated the positive relationship between vitamin D and AF risks. For example, Chen et al. (33) found that the serum 25(OH)D level was significantly lower in the AF group than in the nonAF group. However, this trial was not randomized, prospective, and blinded, and low vitamin D levels could be presented in those without AF, so that a mechanistic cause of low vitamin D was not proven. Other two studies (34, 35) also showed the preventive role of vitamin D in patients with AF. These two studies enrolled AF patient with hypertension and chronic heart failure, which are risk factors of AF, respectively. It seemed that positive results observed in these studies were amplified by confounding factors, including the other cardiovascular diseases.

Several prospective cohort study and RCTs have been performed to investigate the cause–effect of vitamin D supplementation on AF. The Rotterdam Study (36), the Multi-Ethnic Study of Atherosclerosis (MESA) (37) and the Cardiovascular Health Study (CHS) (37) all showed vitamin D deficiency was not associated with the occurrence of AF. A latest meta-analysis suggested that vitamin D deficiency was modestly associated with the occurrence of AF on a pooled analysis of case–control studies, while there appeared to be no association on pooled analysis of cohort studies (10). The discrepancy among the findings of many observational studies is likely due to the residual confounding. Our results are in accordance with the most recent meta-analysis of randomized controlled trials, which showed that serum vitamin D might not to play a major role in the development of new-onset AF (11).

Different from the other CVDs, AF is a complex arrhythmia that could be the outcome of various pathophysiological processes (38). The pathophysiology of AF included the basic electrophysiological and structural changes within the left atrium, the genetics of AF, and wider systemic and metabolic perturbations (38, 39). At present, the association between serum vitamin-D levels and AF has several potential pathophysiological mechanisms. Firstly, 1,25[OH]D, the activated form of vitamin D, inhibits the renin–angiotensin–aldosterone system (RAAS) (40, 41). RAAS plays a role in both structural and electrical remodeling of the atrium, suppresses cardiac myocyte hypertrophy and reduces inflammation (42). It can be inferred vitamin D deficiency may impair the prevention of AF by inhibiting RAAS. Secondly, vitamin D was associated with an inflammatory milieu and could increase the synthesis of C-reactive protein (CRP) directly or indirectly, which was crucial for the pathogenesis of AF (43). However, studies have suggested that vitamin D deficiency may be a consequence, not a cause of inflammation (44). In a word, the potential mechanisms of vitamin D and AF are still not fully illuminated and in dispute.

Our analysis has several strengths. Firstly, data from a large genetic consortium for serum vitamin D (n = 304,818), 25-hydroxyvitamin D levels (n = 79, 366), and AF (n = 1,030,836) allowed to increase the statistical power to detect small effects in complex phenotypes (45). Secondly, MR study avoided the potential biases based on the three core assumptions (46). Thirdly, the genetic variants used as the IVs were located in different chromosomes, the potential gene–gene interaction might have little effect on the estimated value (47). Furthermore, the sensitivity analysis with different MR methods showed consistent effects, including the radial plots and MR-PRESSO process. All the results showed no significant causal effects of serum vitamin D levels on AF risks.

There are some limitations in our study. Firstly, there were some heterogeneities in the study. Due to the GWAS data, any potential factors related to health status, age, and sex might contribute to the heterogeneities. Secondly, our study could not rule out the effect of canalization (i.e., dilution of the gene-exposure association), and thus the estimate might be inflated (48). Thirdly, the directional pleiotropy cannot be excluded, which is almost completely mediated through other causal pathways. Fourthly, the association between vitamin D deficiency and different AF subtypes was not explored because of the limited data, especially paroxysmal AF. Fifthly, our datasets included the European populations which limited applicability of results to non-European populations. Finally, there are potential biases in our studies caused by overlapping use of UK Biobank data. More studies are needed to verify the applicability of these results in other populations and other ethnicities in the future.



CONCLUSION

Our MR study did not find the association between circulating vitamin D levels and the AF risks. Further studies in different ethnicities are necessary to explore the potential role and mechanisms of circulating serum vitamin D levels on AF.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

SY wrote the manuscript, performed quality assessment, and statistic analysis. LW designed the project and edited the manuscript. HZ helped revised the manuscript for language and checked the results. YS checked the results. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the National Natural Science Foundation of China (81673259), Natural Science Foundation of Jiangsu Province, China (BK20161435), and Jiangsu Commission of Health (H2019079).



ACKNOWLEDGMENTS

We are grateful for Feihong Chen for her helpful advice of methodology and statistics.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.837207/full#supplementary-material



ABBREVIATIONS

AF, atrial fibrillation; MR, Mendelian randomization; SNP, single nucleotide polymorphisms; GWAS, genome-wide association; IVW, inverse variance weighted; IVs, instrument variables; UKB, UK Biobank; MR-PRESSO, MR pleiotropy residual sum and outlier test.



REFERENCES

 1. Chung MK, Refaat M, Shen WK, Kutyifa V, Cha YM, Di Biase L, et al. Atrial fibrillation: JACC council perspectives. J Am Coll Cardiol. (2020) 75:1689–713. doi: 10.1016/j.jacc.2020.02.025

 2. Benjamin EJ, Muntner P, Alonso A, Bittencourt MS, Callaway CW, Carson AP, et al. Heart disease and stroke statistics-2019 update: a report from the American Heart Association. Circulation. (2019) 139:e56–e528. doi: 10.1161/CIR.0000000000000659

 3. Kornej J, Börschel CS, Benjamin EJ, Schnabel RB. Epidemiology of atrial fibrillation in the 21st century: novel methods and new insights. Circ Res. (2020) 127:4–20. doi: 10.1161/CIRCRESAHA.120.316340

 4. Georgiopoulos G, Ntritsos G, Stamatelopoulos K, Tsioufis C, Aimo A, Masi S, et al. The relationship between blood pressure and risk of atrial fibrillation: a Mendelian randomization study. Eur J Prev Cardiol. (2021)28:14. doi: 10.1093/eurjpc/zwab005

 5. Ong JS, Dixon-Suen SC, Han X, An J, Liyanage U, Dusingize JC, et al. A comprehensive re-assessment of the association between vitamin D and cancer susceptibility using Mendelian randomization. Nat Commun. (2021) 12:246. doi: 10.1038/s41467-020-20368-w

 6. Palacios C, Gonzalez L. Is vitamin D deficiency a major global public health problem? J Steroid Biochem Mol Biol. (2014) 144:138–45. doi: 10.1016/j.jsbmb.2013.11.003

 7. Pilz S, Verheyen N, Grübler MR, Tomaschitz A, März W. Vitamin D and cardiovascular disease prevention. Nat Rev Cardiol. (2016) 13:404–17. doi: 10.1038/nrcardio.2016.73

 8. de la Guía-Galipienso F, Martínez-Ferran M, Vallecillo N, Lavie CJ, Sanchis-Gomar F, Pareja-Galeano H. Vitamin D and cardiovascular health. Clin Nutr. (2021) 40:2946–57. doi: 10.1016/j.clnu.2020.12.025

 9. Liu X, Wang W, Tan Z, Zhu X, Liu M, Wan R, et al. The relationship between vitamin D and risk of atrial fibrillation: a dose-response analysis of observational studies. Nutr J. (2019) 18:73. doi: 10.1186/s12937-019-0485-8

 10. Zhang Z, Yang Y, Ng CY, Wang D, Wang J, Li G, et al. Meta-analysis of Vitamin D deficiency and risk of atrial fibrillation. Clin Cardiol. (2016) 39:537–43. doi: 10.1002/clc.22563

 11. Huang WL, Yang J, Yang J, Wang HB, Yang CJ, Yang Y. Vitamin D and new-onset atrial fibrillation: a meta-analysis of randomized controlled trials. Hellenic J Cardiol. (2018) 59:72–7. doi: 10.1016/j.hjc.2017.11.006

 12. Emdin CA, Khera AV, Kathiresan S. Mendelian randomization. JAMA. (2017) 318:1925–6. doi: 10.1001/jama.2017.17219

 13. Sheehan NA, Didelez V, Burton PR, Tobin MD. Mendelian randomisation and causal inference in observational epidemiology. PLoS Med. (2008) 5:e177. doi: 10.1371/journal.pmed.0050177

 14. Sinnott-Armstrong N, Tanigawa Y, Amar D, Mars N, Benner C, Aguirre M, et al. Genetics of 35 blood and urine biomarkers in the UK Biobank. Nat Genet. (2021) 53:185–94. doi: 10.1038/s41588-020-00757-z

 15. Collins R. What makes UK Biobank special? Lancet. (2012) 379:1173–4. doi: 10.1016/S0140-6736(12)60404-8

 16. Jiang X, O'Reilly PF, Aschard H, Hsu YH, Richards JB, Dupuis J, et al. Genome-wide association study in 79,366 European-ancestry individuals informs the genetic architecture of 25-hydroxyvitamin D levels. Nat Commun. (2018) 9:260. doi: 10.1038/s41467-017-02662-2

 17. Nielsen JB, Thorolfsdottir RB, Fritsche LG, Zhou W, Skov MW, Graham SE, et al. Biobank-driven genomic discovery yields new insight into atrial fibrillation biology. Nat Genet. (2018) 50:1234–9. doi: 10.1038/s41588-018-0171-3

 18. Park S, Lee S, Kim Y, Lee Y, Kang MW, Kim K, et al. Atrial fibrillation and kidney function: a bidirectional Mendelian randomization study. Eur Heart J. (2021) 42:2816–23. doi: 10.1101/2020.07.31.20166207

 19. Staley JR, Blackshaw J, Kamat MA, Ellis S, Surendran P, Sun BB, et al. PhenoScanner: a database of human genotype-phenotype associations. Bioinformatics. (2016) 32:3207–9. doi: 10.1093/bioinformatics/btw373

 20. Yang J, Ferreira T, Morris AP, Medland SE, Madden PA, Heath AC, et al. Conditional and joint multiple-SNP analysis of GWAS summary statistics identifies additional variants influencing complex traits. Nat Genet. (2012) 44:369–75. doi: 10.1038/ng.2213

 21. Holmes MV, Ala-Korpela M, Smith GD. Mendelian randomization in cardiometabolic disease: challenges in evaluating causality. Nat Rev Cardiol. (2017) 14:577–90. doi: 10.1038/nrcardio.2017.78

 22. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estimation in mendelian randomization with some invalid instruments using a weighted median estimator. Genet Epidemiol. (2016) 40:304–14. doi: 10.1002/gepi.21965

 23. Hartwig FP, Davey Smith G, Bowden J. Robust inference in summary data Mendelian randomization via the zero modal pleiotropy assumption. Int J Epidemiol. (2017) 46:1985–98. doi: 10.1093/ije/dyx102

 24. Burgess S, Bowden J, Fall T, Ingelsson E, Thompson SG. Sensitivity analyses for robust causal inference from Mendelian randomization analyses with multiple genetic variants. Epidemiology. (2017) 28:30–42. doi: 10.1097/EDE.0000000000000559

 25. Bowden J, Del Greco MF, Minelli C, Davey Smith G, Sheehan N, Thompson J, et al. A framework for the investigation of pleiotropy in two-sample summary data Mendelian randomization. Stat Med. (2017) 36:1783–802. doi: 10.1002/sim.7221

 26. Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid instruments: effect estimation and bias detection through Egger regression. Int J Epidemiol. (2015) 44:512–25. doi: 10.1093/ije/dyv080

 27. Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal pleiotropy in causal relationships inferred from Mendelian randomization between complex traits and diseases. Nat Genet. (2018) 50:693–8. doi: 10.1038/s41588-018-0099-7

 28. Sanderson E, Davey Smith G, Windmeijer F, Bowden J. An examination of multivariable Mendelian randomization in the single-sample and two-sample summary data settings. Int J Epidemiol. (2019) 48:713–27. doi: 10.1093/ije/dyy262

 29. Saponaro F, Marcocci C, Zucchi R. Vitamin D status and cardiovascular outcome. J Endocrinol Invest. (2019) 42:1285–90. doi: 10.1007/s40618-019-01057-y

 30. Skaaby T, Thuesen BH, Linneberg A. Vitamin D, cardiovascular disease and risk factors. Adv Exp Med Biol. (2017) 996:221–30. doi: 10.1007/978-3-319-56017-5_18

 31. Zittermann A, Pilz S. Vitamin D and cardiovascular disease: an update. Anticancer Res. (2019) 39:4627–35. doi: 10.21873/anticanres.13643

 32. Zittermann A, Trummer C, Theiler-Schwetz V, Lerchbaum E, März W, Pilz S. Vitamin D and cardiovascular disease: an updated narrative review. Int J Mol Sci. (2021) 22:2896. doi: 10.3390/ijms22062896

 33. Chen WR, Liu ZY, Shi Y, Yin DW, Wang H, Sha Y, et al. Relation of low vitamin D to nonvalvular persistent atrial fibrillation in Chinese patients. Ann Noninvasive Electrocardiol. (2014) 19:166–73. doi: 10.1111/anec.12105

 34. Ozcan OU, Gurlek A, Gursoy E, Gerede DM, Erol C. Relation of vitamin D deficiency and new-onset atrial fibrillation among hypertensive patients. J Am Soc Hypertens. (2015) 9:307–12. doi: 10.1016/j.jash.2015.01.009

 35. Belen E, Aykan AC, Kalaycioglu E, Sungur MA, Sungur A, Cetin M. Low-level vitamin D is associated with atrial fibrillation in patients with chronic heart failure. Adv Clin Exp Med. (2016) 25:51–7. doi: 10.17219/acem/34690

 36. Vitezova A, Cartolano NS, Heeringa J, Zillikens MC, Hofman A, Franco OH, et al. Vitamin D and the risk of atrial fibrillation–the Rotterdam Study. PLoS ONE. (2015) 10:e0125161. doi: 10.1371/journal.pone.0125161

 37. Mathew JS, Sachs MC, Katz R, Patton KK, Heckbert SR, Hoofnagle AN, et al. Fibroblast growth factor-23 and incident atrial fibrillation: the Multi-Ethnic Study of Atherosclerosis (MESA) and the Cardiovascular Health Study (CHS). Circulation. (2014) 130:298–307. doi: 10.1161/CIRCULATIONAHA.113.005499

 38. Wijesurendra RS, Casadei B. Mechanisms of atrial fibrillation. Heart. (2019) 105:1860–7. doi: 10.1136/heartjnl-2018-314267

 39. Lau DH, Linz D, Sanders P. New findings in atrial fibrillation mechanisms. Card Electrophysiol Clin. (2019) 11:563–71. doi: 10.1016/j.ccep.2019.08.007

 40. Li YC, Qiao G, Uskokovic M, Xiang W, Zheng W, Kong J. Vitamin D: a negative endocrine regulator of the renin-angiotensin system and blood pressure. J Steroid Biochem Mol Biol. (2004) 89–90:387–92. doi: 10.1016/j.jsbmb.2004.03.004

 41. Forman JP, Williams JS, Fisher ND. Plasma 25-hydroxyvitamin D and regulation of the renin-angiotensin system in humans. Hypertension. (2010) 55:1283–8. doi: 10.1161/HYPERTENSIONAHA.109.148619

 42. van Etten E, Mathieu C. Immunoregulation by 1,25-dihydroxyvitamin D3: basic concepts. J Steroid Biochem Mol Biol. (2005) 97:93–101. doi: 10.1016/j.jsbmb.2005.06.002

 43. Shea MK, Booth SL, Massaro JM, Jacques PF, D'Agostino RB Sr, Dawson-Hughes B, et al. Vitamin K and vitamin D status: associations with inflammatory markers in the Framingham Offspring Study. Am J Epidemiol. (2008) 167:313–20. doi: 10.1093/aje/kwm306

 44. Bie L. The status and research progress on vitamin D deficiency and atrial fibrillation. Braz J Cardiovasc Surg. (2019) 34:605–9. doi: 10.21470/1678-9741-2018-0322

 45. Manousaki D, Mokry LE, Ross S, Goltzman D, Richards JB. Mendelian randomization studies do not support a role for vitamin D in coronary artery disease. Circ Cardiovasc Genet. (2016) 9:349–56. doi: 10.1161/CIRCGENETICS.116.001396

 46. Zheng J, Baird D, Borges MC, Bowden J, Hemani G, Haycock P, et al. Recent developments in Mendelian randomization studies. Curr Epidemiol Rep. (2017) 4:330–45. doi: 10.1007/s40471-017-0128-6

 47. Wang T, Xu L. Circulating vitamin E levels and risk of coronary artery disease and myocardial infarction: a Mendelian randomization study. Nutrients. (2019) 11:2153. doi: 10.3390/nu11092153

 48. Smith GD, Ebrahim S. 'Mendelian randomization': can genetic epidemiology contribute to understanding environmental determinants of disease? Int J Epidemiol. (2003) 32:1–22. doi: 10.1093/ije/dyg070

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.

Copyright © 2022 Yang, Zhi, Sun and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 13 April 2022
doi: 10.3389/fnut.2022.852398






[image: image2]

Assessment of Sustainable Elimination Criteria for Iodine Deficiency Disorders Recommended by International Organizations

Lijun Fan1, Fangang Meng2, Qihao Sun3, Yuqian Zhai3 and Peng Liu3*


1National Health Commission and Education Bureau of Heilongjiang Province, Key Laboratory of Etiology and Epidemiology, Harbin Medical University, Harbin, China

2Heilongjiang Provincial Key Laboratory of Trace Elements and Human Health, Harbin Medical University, Harbin, China

3Endemic Disease Control Center, Chinese Center for Disease Control and Prevention, Harbin Medical University, Harbin, China

Edited by:
Francesco Sofi, Università degli Studi di Firenze, Italy

Reviewed by:
Xin Sun, The First Affiliated Hospital of Soochow University, China
 Creswell John Eastman, Westmead Hospital, Australia

*Correspondence: Peng Liu, liup7878@163.com

Specialty section: This article was submitted to Nutritional Epidemiology, a section of the journal Frontiers in Nutrition

Received: 11 January 2022
 Accepted: 28 February 2022
 Published: 13 April 2022

Citation: Fan L, Meng F, Sun Q, Zhai Y and Liu P (2022) Assessment of Sustainable Elimination Criteria for Iodine Deficiency Disorders Recommended by International Organizations. Front. Nutr. 9:852398. doi: 10.3389/fnut.2022.852398



Enormous efforts have been made to evaluate the worldwide prevention and control of iodine deficiency disorders (IDDs). This study evaluated China's achievements in IDD prevention and control against WHO criteria for sustainable elimination of IDD. The study sample consisted of 556,390 school-aged children and 271,935 pregnant women enrolled in the 2018 China National IDD Surveillance. As a result, at the national level, median urine iodine concentration (MUIC) was 206.1 and 163.5 μg/l in children and in pregnant women, respectively. The proportion of households consuming adequate iodized salt (PHCAIS) was 90.2%. The prevalence rates of goiter in children and thyroid disease in pregnant women were 2.0 and 0.8%, respectively. MUIC showed significant non-linear increasing trends with increasing PHCAIS in both children and pregnant women. The prevalence of thyroid disease in pregnant women had a sharp decreasing trend with increasing PHCAIS. Of note, the prevalence of goiter in children and thyroid disease in pregnant women against MUIC both presented as significant U-shaped curves, with the lowest prevalence at 100–300 μg/l of MUIC in children and 150–250 μg/l in pregnant women. PHCAIS, MUIC, and the programmatic indicators at the national level were all above their cut-offs proposed in the 2007 Criteria. Evaluation by adding the prevalence of goiter (<5%) yielded the different results at the county level. Sustainable elimination of IDD has been achieved nationally. 2018 Chinese surveillance data support the expansion of global cut-offs for optimal iodine status in school-age children from 100–199 to 100–299 μg/l as recommended by others and the lower limit of MUIC (150 μg/l) in pregnant women also seems justified. Inclusion of goiter prevalence <5% in our analysis reduced the number of municipalities and counties which had achieved sustainable elimination of IDD.

Keywords: iodine deficiency disorders, urine iodine concentration, goiter prevalence, iodized salt, sustainable elimination


INTRODUCTION

Iodine is an essential element required to produce thyroid hormones and plays a major role in human growth and tissue development (1). It is well-known that reduced iodine intake is associated with iodine deficiency disorders (IDDs), namely, endemic goiter, hypothyroidism, and cretinism (2), a decreased fertility rate, an increased incidence of perinatal death, and infant mortality (3).

In the 1990s, the WHO recommended universal salt iodization (USI) as the first-line strategy for IDD prevention and control (4, 5). The WHO, the United Nations International Children's Emergency Fund, and the International Council for Control of Iodine Deficiency Disorders (currently the Iodine Global Network) developed the guideline “Assessment of iodine deficiency disorders and monitoring their elimination: A guide for program managers, 3rd edition.” Chapter 6 of this guide on “Indicators of the sustainable elimination of IDD” includes “technical criteria” for the sustainable elimination of IDD with regards to salt iodization and population iodine status (Table 10) and 10 programmatic indicators, hereafter referred to as the “2007 criteria” (2).

The USI has been implemented in China for over two decades. The latest Chinese surveillance data showed that iodine nutritional status of the general population and pregnant women has been greatly improved (6). A series of programmatic indicators which are similar to those in the 2007 criteria were established in China. By 2000, IDD had been essentially eliminated in China (7).

Since the publication of the 2007 guideline “Assessment of iodine deficiency disorders and monitoring their elimination: A guide for program managers, 3rd edition,” expansion of the range of median of urinary iodine concentration (MUIC) considered optimal in school-age children has been suggested (8, 9) and the necessity to achieve >90% proportion of households consuming adequate iodized salt (PHCAIS) has been questioned (10). This article also suggests the inclusion of the prevalence of goiter >5% as criteria against which to assess the sustainable elimination of IDD. At present, considerable efforts have been made worldwide to evaluate the effect of USI on the sustainable elimination of IDD. Therefore, the revision and application of the 2007 criteria are more important than ever.

This study aims to assess the achievement of the sustainable elimination of IDD in China based on the technical and programmatic indicators in the 2007 criteria and the Chinese criteria and to provide evidence for revision of the guidelines. This aim was achieved by analyzing the 2018 China National IDD Surveillance data (6).



METHODS


Data Source and Sampling Method

In the 2018 China National IDD Surveillance, a multistage sampling procedure was used with the county being the sampling unit. Each county was divided into five sampling areas: east, west, south, north, and middle, and one town or district was randomly sampled from each area. Out of 2,879 counties, we analyzed data from 2,827 counties having water iodine concentration (WIC) <100 μg/l, with 52 counties having WIC ≥ 100 μg/l excluded.

Children of ages 8–10 years (n = 40) from local primary schools and pregnant women (n = 20) from communities around the schools were randomly selected from each of the five sampling areas in each county. A total of 200 children and 100 pregnant women were recruited from each county. The inclusion criteria were as follows: residents living in the sampling site for at least half a year; an equal number of girls and boys; pregnant women who were diagnosed as being pregnant in a medical institution.

Information on geographic regions, coastal living, and capita income was collected from the State Statistical Bureau. Information on date of birth, sex, ethnicity, gestational weeks, and history of thyroid disease (including thyroid nodules, clinical and subclinical hyperthyroidism, clinical and subclinical hypothyroidism, thyroiditis, and thyroid cancer) was obtained using a questionnaire. Spot urine specimens were collected from all participants, and salt samples were collected from their households. We also analyzed the data from the National Survey on Iodine in Drinking Water (11). WIC at the county level was used to establish the inclusion criteria for the current study.

The study protocol was approved by the ethics committee of the Harbin Medical University. Written informed consent was obtained from all participants or their guardians.



Laboratory Analysis

The direct iodine titration method was used to assay the iodine content of salt samples (12). Salt consumed was classified as non-, low-, qualified, and high-iodized salt according to the iodine contents as shown in Supplementary Table 1. In China, provinces are allowed to select one/two of three options for salt iodine content—20, 25, or 30 mg/kg with a variation of ±30%, according to the Chinese standard (GB 26878) (13). At present, 14 provinces selected 25 (14–29) mg/kg, 12 provinces selected 30 (17–35) mg/kg, and 5 provinces selected 25 mg/kg for the general population and 30 mg/kg for pregnant women (13). As3−-Ce4+ catalytic spectrophotometry was used to measure urinary iodine concentration (36), and the iodine nutritional status at different levels was evaluated according to the international standard (2). The thyroid volume of children was measured using B-ultrasonography. Goiter was diagnosed as thyroid volume being above the Chinese standard (37).



Assessment of Elimination of IDD

The 2018 China National IDD Surveillance data have four levels, i.e., national, provincial, municipal, and county. Then for each level, elimination of IDD was assessed based on individual technical indicators and multiple technical indicators in 2007 criteria plus programmatic indicators in both the 2007 criteria and the Chinese criteria. Chinese criteria for evaluating the sustainable elimination of IDD (a scoring table) are shown in Supplementary Table 2. Individual items were scored based on IDD elimination achievements in the past 3 years, and then individual scores were added up as a total score. Areas with a total score ≥ 85 along with relevant technical indicators were classified as sustainable elimination of IDD.



Statistical Analysis

All the survey data were entered into the IDD Information Management System (a standard data management system). Statistical analyses were performed using SAS version 9.1 (SAS Institute, Incorporation, Cary, North Carolina, USA). The differences in continuous and categorical variables between groups were tested using the ANOVA/Wilcoxon's test and the chi-squared test, respectively. The curve between MUIC and PHCAIS in children and pregnant women and the curve of MUIC with the prevalence of goiter in children and prevalence of thyroid disease in pregnant women were fitted by polynomial regression analysis models.




RESULTS


Descriptive Data

Descriptive data of the study sample are given in Table 1. The variables showed significant increasing or decreasing trends across most subgroups. In the total sample of the 2018 China National IDD Surveillance, MUIC was 206.1 and 163.5 μg/l in children and in pregnant women, respectively; PHCAIS was 90.2%; the prevalence rates of goiter in children and thyroid disease in pregnant women were 2.0 and 0.8%, respectively.


Table 1. Descriptive data of the study sample.
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Associations Between PHCAIS, MUIC, and Thyroid Disease

In Figure 1, PHCAIS was divided into the 15 groups (<30% and groups with an interval of 5% from 30% onward) for Figures 1A,C,D. There were significant non-linear increasing trends of MUIC with increasing PHCAIS in children (Figure 1A) and pregnant women (Figure 1C). It is notable that MUIC of school-age children was > 130 μg/l in all the PHCAIS groups, including those <90% and even those groups <40%. This implies sources of iodine other than household salt. The prevalence of thyroid disease in pregnant women slightly increased and then sharply decreased with increasing PHCAIS (Figure 1D). In Figure 1B, thyroid volume showed significant and consistent decreasing trends across the four subgroups consuming different types of iodized salt within age groups (p <0.0001 for the trend in all three age groups). The thyroid volume was the smallest in the qualified iodized salt group in age groups of 8 and 10 years and the largest in the non-iodized salt group for all the age groups.


[image: Figure 1]
FIGURE 1. The influence of iodized salt on thyroid disease and iodine nutrition. MUIC, median urine iodine concentration; PHCAIS, proportion of households consuming adequately iodized salt; TD, thyroid disease. (A,B) children and (C,D) pregnant women. p <0.0001 for trend in all 3 age groups in (B).


Figure 2 presents the relationships of MUIC with goiter in children (Figure 2A) and thyroid disease in pregnant women (Figure 2B). MUIC was divided into 10 groups (<100 μg/l, groups with an interval of 50 and ≥500 μg/l) in Figure 2A and 8 groups (<100 μg/l, groups with an interval of 50 and ≥ 400 μg/l) in Figure 2B. The prevalence rates of goiter in children and thyroid disease in pregnant women both showed a significant U-shaped tendency with increasing MUIC. The prevalence of goiter in children (Figure 2A) and the prevalence of thyroid disease in pregnant women (Figure 2B) were the lowest around 200 μg/l of MUIC.
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FIGURE 2. The relationships of MUIC with goiter in children (A) and TD in pregnant women (B). MUIC, median urine iodine concentration; TD, thyroid disease. (A) R2 = 0.7763 and (B) R2 = 0.3059.




Evaluation of Sustainable Elimination of IDD in China

Achievement of the sustainable elimination of IDD in China was assessed by four different methods using the 2018 China National IDD Surveillance data, as shown in Table 2. The rates at the national level were 100%. The rates by methods 1 and 2 were higher than those by methods 3 and 4 (53.0 vs. 51.4% at the municipal level and 44.5 vs. 41.9% at the county level). When more indicators were used for evaluation (method 3, 4), the rates of elimination of IDD became lower at the municipal and county levels.


Table 2. Evaluation results of IDD in China.
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DISCUSSION

In this study, we assessed the IDD elimination status in China of 2018 based on the 2007 criteria and the Chinese criteria using the 2018 China National IDD Surveillance data. Since China has a vast territory with a huge population, we evaluated the rates of IDD elimination at various levels from nation to the county to examine variation in the attainment of IDD elimination among areas and regions. The 2018 China National IDD Surveillance provided an excellent opportunity to evaluate the IDD elimination status in China. The 2018 surveillance system covers all counties in China and has a huge sample size with data available on thyroid volume in school-age children and a history of thyroid disease in pregnant women. Therefore, we took these advantages to conduct comprehensive analyses to assess the IDD elimination status in China for the purpose of providing convincing evidence for the revision of current international and domestic guidelines.

Goiter has been recognized as a historical indicator for assessing the severity of IDD (38). A prevalence of goiter ≥5% in children is a signal of a public health problem (2). Instead of adults, children have a very low prevalence of autoimmune thyroiditis and other thyroid disease (14, 39). Besides, the cutoff point of 5% allows both for some margin of error of goiter assessment, and for goiter that may occur in iodine-replete populations due to other causes such as goitrogens and autoimmune thyroid diseases based on the WHO's guideline (2). However, the prevalence of goiter was not included as an indicator in the 2007 criteria (2). The major reason might be concerns regarding limitations of B-ultrasound (high cost, electricity usage, and requirement for special training) 14 years ago, especially in some developing countries and regions (15, 16). The results from this study showed that method 3 (the 2007 criteria + prevalence of goiter <5%) identified 72 counties less than method 1 (the 2007 criteria alone) in evaluating the elimination (Table 2). The difference in the number of counties meant that these 72 counties might be at high risk for IDD due to insufficient iodine intake that resulted in a higher prevalence of goiter. Based on the observation of this study, the inclusion of the prevalence of goiter <5% as a technical indicator is recommended for the revision of the 2007 criteria. Furthermore, a goiter prevalence ≥5% in school-aged children showed as a signal of a public health problem (2), while a goiter prevalence <5% reflects a long-term endeavor to reduce IDD prevalence in a country. Under a long-term intervention of USI, goiter prevalence should be <5% in all areas. Once goiter prevalence rises to more than 5% in an area, this area might be a high-risk area that may suffer IDD again. Therefore, although goiter prevalence might be not a timely indicator for “iodine nutrition status,” it should still be an indicator for the inadequacy of “IDD prevention and control measures” for a period past, which identified as to whether the prevention measures have been “sustained” in place, correspondence to “sustained” elimination. Furthermore, at the individual level, thyroid volume changes inversely in response to alterations in iodine intake, with a lag interval that varies between a few months and several years. However, goiter prevalence is a population indicator, and because of the sampling method, participants for each year's surveillance are different. It means if the persons in one group consume iodized salt more than 50%, MUIC will be appropriate. However, even 5% of people consume non-iodized salt for more than 6 months, goiter prevalence can be more than 5%. Therefore, goiter prevalence is even more sensitive than MUIC when iodine deficiency, as only a few individuals present goiter, it could be caught by the surveillance under the long-term USI surroundings. Besides, although ultrasound scan is a precise, safe, and non-invasive measurement of thyroid volume and the limitations of B-ultrasound have been substantially reduced, along with the improvement in the economy worldwide, it may still not be feasible in some countries and regions due to the poverty, and in these areas, it can be replaced by palpation. Goiter examination by palpation is not as accurate as by B-ultrasound, however, the error could be lessened by training. Chinese IDD surveillance data (17–19) also showed the results by palpation were acceptable (Chinese IDD surveillance data from 1997 to 2002, r = 0.88, p <0.0001; shown as Supplementary Figure 1). Therefore, we suggested that under extreme conditions, when thyroid volume assessment using B-ultrasound is not feasible, it might be replaced by palpation.

The proportion of households consuming adequate iodized salt (PHCAIS) (>90%) is one of the technical indicators proposed in the 2007 criteria (2). However, a previous study reported that MUIC in children tended to be adequate, and prevalence of IDD was low in some areas with PHCAIS <90% in China, and then a question was raised, i.e., whether it is necessary to require PHCAIS > 90% in these areas (10). We found in this study that with the increase of PHCAIS, MUIC in both children and pregnant women showed an upward trend (Figures 1A,C). And with increasing PHCAIS, the prevalence of thyroid disease in pregnant women showed a sharp decrease (Figure 1D). The association between PHCAIS and MUIC indicates that PHCAIS is a key factor to maintain iodine nutritional health and a crucial indicator for the evaluation of IDD elimination. Although MUIC in children was adequate in subgroups with PHCAIS <90%, MUIC in pregnant women was below 150 μg/l in almost all these subgroups, suggesting that PHCAIS > 90% is necessary to ensure adequate iodine nutrition levels, especially for pregnant women.

It showed that as well as the lowest thyroid volume, school-age children who consumed qualified and higher iodized salt had the highest MUIC values (Table 1 and Figure 1B), which proved that intake of qualified iodized salt is very important. However, it should also be noted that MUIC in children was higher than 130 μg/l in all subgroups including those with PHCAIS <90% in this study (Figure 1A) and children who consumed non-iodized salt still had adequate iodine status (Table 1). This phenomenon was also seen in the Chinese population in samples/cohorts research that was different from ours (10, 20, 21). Multiple possible reasons may be responsible for these observations. First, part of school-aged children has lunch in school dining rooms where iodized salt is strictly required for cooking. However, the salt in this survey only came from children's households. This might contribute in part to the high MUIC in children in the counties with low PHCAIS in China. Second, other dietary sources of iodine such as milk, eggs, and processed foods containing added iodized salt may account for a proportion of total iodine intake in children. A study on processed food (including instant noodles, biscuits, smoked meat, puffed food, canned meat, milk products, etc.) was performed in six provinces in China, and the results showed that processed foods accounted for 4.0% (10.9 μg/d) of the total iodine intake (22). Third, PHCAIS is defined as the proportion of households consuming “qualified” salt, not including high-iodized salt. Children who consumed high-iodized salt were also classified in the subgroups with low PHCAIS (<90%). Although the situation of iodine intake from school dining room and processed food might be special in China, concerning global status, in this study, it was suggested that proportion of food cooked in school dining rooms and processed food made with iodized salt should be considered as supplementary items in the surveillance to define PHCAIS, especially in urban areas where people more often dine out and have more intake of iodine from the diet such as processed food (23, 24).

We found in this study that the prevalence of goiter in children presented a marked U-shaped relationship with MUIC, with the prevalence being the lowest around 200 μg/l of MUIC (Figure 2A). This observation is consistent with the findings in children from previous studies (25–27). Furthermore, the prevalence of thyroid disease in pregnant women also showed a substantially similar U-shaped relationship to that noted in children, with the prevalence being the lowest at the same value of MUIC (around 200 μg/l) (Figure 2B). Other studies have also reported similar results in pregnant women (28–30). The relation between them could be explained from an etiological aspect. However, although the tendency of the “U” curve is no doubt when MUIC is particularly high, a few points may not fit well with the curve, sometimes, they might be higher or even lower. This wave-like rise at the high side of the curve might be caused by four reasons: first, the thyroid atrophy and fibrosis following enlargement due to extremely high iodine intake occur in some of the subjects (31, 32); second, the wave-like rise might be caused by the less and less sample size from middle to the high end, although the total sample size is huge, it is uneven between groups; third, as the extremely skewed distribution of urinary iodine, logarithm transformation, and grouping analysis methods are normally used to correct the “U” curve, but sometimes the curve is not very symmetrical, with a right tail; last, the sensitivity is different of individual suffered high iodine damage. Therefore, possibly, these points may not be outliers. This phenomenon could also be seen in other published articles (33, 34). Although these points weaken the stability and symmetry of the curve, they were valuable and made the results more reasonable and meaningful. In the fitting model of MUIC with the prevalence of goiter in children, the points were basically around the fitting curve, and the R2 was satisfied with the value around 0.8. In pregnant women, it does not fit as good as in children, but the result was also acceptable. The findings in children and pregnant women of this study provided additional evidence to support the range of MUIC in children (100–299 μg/l) and pregnant women (150–249 μg/l) as the cut-off values of these two indicators proposed in the 2007 criteria (2).

We evaluated the IDD elimination status in China using the 2018 China National IDD Surveillance data by four different methods. The 2007 criteria were recommended to evaluate the IDD elimination status at the national level, and in China, PHCAIS, MUIC in children and pregnant women, and the programmatic indicators at the national level were all above their cutoffs proposed in the 2007 criteria (2). To further assess the IDD elimination in local areas, the 2007 criteria were creatively applied for evaluation in individual provinces, municipalities, and counties in this study. The IDD elimination did not reach the criteria in all provinces, municipalities, and counties. The influencing factor was mainly the MUIC in pregnant women. In most areas under elimination in China, MUIC in pregnant women was slightly lower than 150 μg/l. However, the international organization mentioned that where USI has been effective for at least 2 years, with the PHCAIS more than 90%, it can be reasonably expected that the iodine needs of pregnant women are covered by their diet, and that the iodine stored in the gland is sufficient to ensure adequate hormone synthesis and secretion (35). The sustainable elimination of IDD is a long-term goal. Improvement in technical and programmatic indicators has implications for assessing programs and maintaining the sustainability of the elimination. In the 2007 criteria, the programmatic indicators cover 10 framework aspects which are basal and general requirements but do not have details for every aspect. To overcome these shortcomings, China established its system of programmatic indicators based on the 2007 criteria. The comparison with the 2007 criteria showcased the characteristics of the Chinese programmatic indicators (Supplementary Table 3). A scoring system is more applicable in China. It facilitates strengthening the capacity of teams for IDD prevention and control. Chinese programmatic indicators may provide useful information for the update of the 2007 criteria.

The 2018 China National IDD Surveillance data have strengths for the evaluation of IDD elimination, including the huge sample size and national representativeness. There are a few limitations to this study. Although we discussed the possible reasons for the high MUIC in children in areas with PHCAIS <90% in China, no corresponding investigation such as a detailed questionnaire survey on dining in school or processed food adding iodized salt was conducted in this study. Further research should focus on this phenomenon in the areas with low PHCAIS and high frequency of dining out and consuming processed food adding iodized salt in China. In addition, children with thyroid disease were not excluded in this research, and individual thyroid diseases in pregnant women were not analyzed separately. Last, although the polynomial regression model may be affected by potential “outliers,” information was still provided for reference.

In conclusion, IDD elimination has been essentially achieved in China evaluated by the 2007 criteria and the Chinese criteria; based on the 2018 China National IDD Surveillance data, recommendations and suggestions for revision of the 2007 criteria were made concerning adding the prevalence of goiter (<5%), keeping the ranges of MUIC (100–299 μg/l) in children and MUIC (>150 μg/l) in pregnant women, and the requirement of PHCAIS > 90%, especially for pregnant women. This study has importance and implications for providing evidence for the revision of international and domestic guidelines for IDD elimination and thus promoting global public health.
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Introduction: To explore the relationship between serum 25(OH)D, cadmium, and CRP with all-cause mortality among people in diabetic and non-diabetic.

Methods: This study used data from the NHANES (2001–2010). Cox regression was used to analyze the relationship between Serum 25(OH)D, cadmium, CRP, and all-cause, cause-specific mortality. We used restricted cubic splines to explore the dose-response relationship between serum 25(OH)D, cadmium, CRP, and all-cause mortality.

Results: During a mean follow-up of 9.1 years, the study included 20,221 participants, 2,945 people with diabetes, and 17,276 people without diabetes. Compared with serum 25(OH)D deficiency group in diabetic patients, the sufficient serum 25(OH)D group was associated with lower all-cause mortality (HR = 0.41, 95%CI 0.28-0.60, P < 0.001) and cardiovascular mortality (HR = 0.46, 95%CI 0.22–0.95, P = 0.04). Compared with the low cadmium group, the high cadmium group was associated with higher all-cause mortality (HR = 1.49, 95%CI 1.06–2.09, P = 0.02). Compared with the low CRP group, the high CRP group was associated with higher all-cause mortality (HR = 1.65, 95%CI 1.24–2.19, P = 0.001) and cancer mortality (HR = 3.25, 95%CI 1.82–5.80, P < 0.001). Restricted cubic splines analysis showed a significant nonlinear association between serum 25(OH)D (P-nonlinearity P < 0.001), cadmium (P-nonlinearity = 0.002), CRP (P-nonlinearity = 0.003), and HR for all-cause mortality risk in diabetic patients. The results were similar among non-diabetic patients, but with different levels of risk. Sensitivity analysis and subgroup analysis presented the results of population studies with different follow-up times, different genders and ages.

Conclusions: In diabetic patients, serum 25(OH)D, cadmium, and CRP were related to all-cause mortality; serum 25(OH)D was related to cardiovascular mortality; CRP was related to cancer mortality. The results were similar among non-diabetic patients, but with different levels of risk.

Keywords: serum 25(OH)D, cadmium, C-reactive protein, mortality, diabetic


INTRODUCTION

International Diabetes Federation (IDF) estimated the global diabetes prevalence in 2019 was estimated to be 9.3% (463 million people), it is expected to reach 10.9% (700 million) by 2045 (1). Cardiovascular disease (CVD) was the main cause of death and morbidity in patients with diabetes, especially type 2 diabetes (2). Therefore, it was of great significance to explore the causes of diabetes, prevent or control the complications of diabetes and reduce the risk of death.

Vitamin D was believed to prevent common chronic diseases, including CVD and cancer (3, 4). In a meta-analysis of randomized controlled trials, vitamin D supplementation significantly reduced overall cancer mortality (5). However, clinical data examining the effect of vitamin D supplementation on mortality was still inconclusive (6, 7). The relationship between vitamin D status and the risk of death in diabetic patients was not consistent (8, 9). This may be related to the different sample size, the definition of vitamin D deficiency, and the different adjustment of covariates in the detection method. There was increasing interest in the possible protective effects of vitamin D in health outcomes.

Cadmium (Cd) is a toxic heavy metal that causes various diseases and increases mortality. Diet is the main source of Cd exposure for most people. A survey from NHANES in 2007–2012 showed that the food groups with the most Cd were grains and breads, leafy vegetables, potatoes, beans and nuts, and stem/root vegetables (10). The cadmium content in food is related to geographic location, bioavailability of cadmium in soil, crop genetics and agronomy (11). Cadmium exposure was associated with kidney disease (12), osteoporosis and fractures (13), atherosclerosis (14) and CVD (15). The relationship between epidemiological studies of low-level cadmium exposure and the risk of cancer and cardiovascular disease was limited, and there are usually fewer cohort studies based on small sample sizes, case-control, or cross-sectional designs. A meta-analysis showed that cadmium appears to be associated with increased all-cause mortality and cardiovascular mortality even at low levels of exposure (16). But this meta-analysis contains only 9 original studies, and the heterogeneity was great. In addition, we also separated the diabetic and non-diabetic for analyses.

C-reactive protein (CRP) was a protein synthesized in the liver, and the inflammatory response of tissue damage was related to the level of CRP (17). Despite the large number of studies on CRP, the convincing evidence on associations and causal effects was very limited (18). A study using the China Longitudinal Study of Health and Retirement (CHARLS) showed that plasma CRP was a predictor of all-cause mortality in the middle-aged and elderly population in China (19). A cohort study in Brazil also reached the same conclusion (20). Meta-analysis showed that CRP levels were associated with all-cause mortality in patients with type 2 diabetes and the risk of cardiovascular mortality was higher (21). Our data with larger samples and longer follow-up time. In addition, we also separated the diabetic and non-diabetic for analyses.

This research attempted to explore the relationship between serum 25(OH)D, cadmium, and CRP with all-cause mortality among people in diabetic and non-diabetic.



METHODS


Study Population

This study used data from the NHANES (2001–2010). The National Health and Nutrition Examination Survey (NHANES) is a program of studies designed to assess the health and nutritional status of adults and children in the United States. NHANES is a major program of the National Center for Health Statistics (NCHS). NCHS is part of the Centers for Disease Control and Prevention (CDC) and has the responsibility for producing vital and health statistics for the Nation. The survey examines a nationally representative sample of about 5,000 persons each year. These persons were located in counties across the country, 15 of which were visited each year. The NHANES interview includes demographic, socioeconomic, dietary, and health-related questions. The examination component consists of medical, dental, and physiological measurements, as well as laboratory tests administered by highly trained medical personnel.

We collated and merged the data from 2001 to 2010 and obtained 52,195 respondents. After the deletion of missing research variables (serum vitamin D, blood cadmium, C-reactive protein) and covariates (age, gender, education, marital status, race, ratio of family income to poverty, BMI, drinking, smoking, physical activity), 20,221 respondents were finally obtained. In the end, there were 2,945 diabetic people and 17,276 non-diabetic people. Diabetes is defined as self-reported as diabetes when asked by a doctor, using insulin or oral hypoglycemic drugs, fasting blood glucose ≥7.0 mmol/L, or glycosylated hemoglobin A1c (HbA1c) ≥6.5%. Gestational diabetes is excluded.



Measurement of Serum 25(OH)D

NHANES 2001–2006, serum 25(OH)D concentration was measured by DiaSorin radioimmunoassay kit (Stillwater, MN), but the data was converted to equivalent 25(OH)D measured value from LC-MS/MS method by regression method. From 2007 to 2010, serum 25(OH)D concentration was measured by a standardized liquid chromatography-tandem mass spectrometry (LC-MS/MS) method. The CDC LC-MS/MS method has better analytical specificity and sensitivity compared to immunoassay methods, and fixed analytical goals for imprecision ( ≤ 10%) and bias ( ≤ 5%).



Measurement of Serum Cadmium

We used data of blood cadmium. Whole blood samples were processed, stored under frozen (−30°C) conditions, and shipped to the Ministry of Laboratory Science, the National Center for Environmental Health, and the Centers for Disease Control and Prevention for analysis. Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine the concentration of cadmium (Cd) in whole blood.



Measurement of Serum C-Reactive Protein

C-reactive protein was considered to be one of the best measures of acute-phase response to infectious diseases or other tissue damage and inflammation. The blood samples are processed, stored, and shipped to the University of Washington. Quantify CRP by latex-enhanced turbidimetry. The CRP concentration is calculated by using a calibration curve. Data reduction of the signals was performed by using a storable logit-log function for the calibration curve performed data reduction of the signals. These measurements were performed on the Behring Nephelometer for quantitative CRP measurement.



Ascertainment of Mortality

NCHS has linked various surveys with death certificate records from the National Death Index (NDI). The restricted-use Linked Mortality File (LMF) has been updated with mortality follow-up data through December 31, 2015. All-cause mortality, cardiovascular disease, and cancer mortality were determined by correlation with the National Death Index. ICD-10 is used to determine deaths from specific diseases. Cancer mortality was defined as ICD-10 codes C00–C97, and CVD mortality was defined as ICD-10 codes I00–I09, I11, I13, I20–I51, or I60–I69.



Assessment of Covariates

The covariates we included age, gender, education, marital status, race, the ratio of family income to poverty, BMI, drinking, smoking, physical activity. Education level was categorized as less than high school, more than high school. Marital status was categorized as married or living with a partner; widowed, divorced, separated; never married. The race was classified as Hispanic, non-Hispanic-White, non-Hispanic- Black, non-Hispanic other. The family income-to-poverty ratio was classified as 0–1.0, 1.0–3.0, and >3.0. BMI was categorized as <25.0 kg/m2, 25.0–29.9 kg/m2, and ≥30 kg/m2. Drinking status was categorized as never drinker (less than 12 alcohol drinks/lifetime), Ever drinker (had at least 12 alcohol drinks/1 yr and no drink alcohol over past 12 months), current drinker (drink alcohol over past 12 months). Smoking was categorized as never smoker (smoked less than 100 cigarettes in life), ever smoker (smoked at least 100 cigarettes in life and no smoke now), current smoker (smoked at least 100 cigarettes in life and smoke now). Physical activity was categorized as <150 min MVPA(moderate to vigorous physical activity), ≥150 min MVPA 0. 75 min of vigorous physical activity is equal to 150 min of moderate physical activity (22). In addition, strict procedures were applied for collection and analysis in the whole blood, and the details were described in the NHANES laboratory.



Statistical Analysis Method

This study describes the basic situation of objects. We generated a new weight for 2001–2010 = wtmec2yr/5. Cox regression analysis was used to analyze the relationship between serum 25(OH)D, cadmium, CRP, and all-cause and cause-specific mortality. According to the clinical practice guidelines of the Endocrine Society, serum 25(OH)D status is divided into four groups: severe deficiency (<25.0 nmol/L), moderate deficiency (25.0–49.9 nmol/L), insufficient (50.0–74.9 nmol/L), and sufficient (>75.0 nmol/L) (23). Cadmium and CRP were also divided into four groups according to the interquartile range. We conducted a subgroup analysis based on age and gender. At the same time, we conducted sensitivity analyses by excluding subjects whose follow-up time was less than 2 years.

We also used restricted cubic splines (RCS) with three knots (5th, 50th, and 75th) to explore the dose-response relationship between serum 25(OH)D, cadmium, CRP, and all-cause mortality. At the same time, we adjusted multiple covariates mentioned above. The essence of restrictive cubic splines is regression splines with additional requirements. The regression spline is a piecewise polynomial that requires continuous and second-order derivable in each piece. Restricted cubic splines require regression splines: the spline function was a linear function at the extreme ends of the independent variable data range.

All of the analyses were conducted using Stata 15.0. P > 0.05 was considered statistically significant.




RESULTS


Baseline Characteristics

The study included 20,221 participants, 2,945 people with diabetes, and 17,276 people without diabetes. The average age of the diabetic population is 61.6 years old, and the average age of the non-diabetic population is 47.4 years old. The specific baseline characteristics of the study population were shown in Table 1. People with diabetes were more likely to be older, non-Hispanic black, low-educated, obese people who currently drink alcohol and do not exercise enough.


Table 1. Baseline characteristics of participants in the NHANES 2001–2010.
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All-Cause and Cause-Specific Mortality

In the follow-up of people with diabetes, 808 deaths were recorded, including 198 deaths from CVD and 154 deaths from cancer. In the Cox regression analysis, Model 1 adjusts age and gender; Model 2 further adjusted education, marital status, race, the ratio of family income to poverty based on model 1; Model 3 adjusted BMI, drinking, smoking, physical activity based on Model 2. We used the severe serum 25(OH)D deficiency group as the reference group, the sufficient serum 25(OH)D group was associated with lower all-cause mortality (HR = 0.41, 95%CI 0.28–0.60, P < 0.001) and cardiovascular mortality (HR = 0.46,95%CI 0.22–0.95, P = 0.04). We divided diabetic patients into 4 groups based on the interquartile range of cadmium concentration in the blood. At the same time, the low-concentration group (<0.24 μg/l) was used as the control group, the results showed that higher blood cadmium concentration group (>0.6 μg/l) was associated with higher all-cause mortality (HR = 1.49, 95%CI 1.06–2.09, P = 0.02). We divided diabetic patients into 4 groups based on the interquartile range of CRP concentration in the blood. At the same time, the low concentration group (<0.08 mg/dL) was used as the control group, the higher CRP concentration group (>0.49 mg/dL) was associated with higher all-cause mortality (HR 1.65, 95%CI 1.24–2.19, P = 0.001) and cancer mortality (HR = 3.25, 95%CI 1.82–5.80, P < 0.001). Other details were presented in Table 2.


Table 2. HR (95%CIs) for all-cause and cause-specific mortality according to serum 25 (OH)D, Cadmium and CRP among participants with diabetes.
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In the follow-up of people with non-diabetes, 1981 deaths were recorded, including 400 deaths from CVD and 472 deaths from cancer. In the Cox regression analysis, Model 1 adjusts age and gender; Model 2 further adjusts education, marital status, race, the ratio of family income to poverty based on Model 1; Model 3 adjusts BMI, drinking, smoking, physical activity based on Model 2. We used the serum 25(OH)D deficiency group as the reference group, the sufficient serum 25(OH)D group was associated with lower all-cause mortality (HR = 0.67,95%CI = 0.48–0.93, P = 0.02) and cardiovascular mortality (HR = 0.50,95%CI = 0.28–0.91, P = 0.02). We divided non-diabetic patients into 4 groups based on the interquartile range of cadmium concentration in the blood. At the same time, the low-concentration group (<0.21 μg/l) was used as the control group, the results showed that higher blood cadmium concentration group (>0.6 μg/l) was associated with higher all-cause mortality (HR = 1.70, 95%CI = 1.34–2.15, P < 0.001). We divided non-diabetic patients into 4 groups based on the interquartile range of CRP concentration in the blood. At the same time, the low concentration group (<0.08 mg/dL) was used as the control group, the higher CRP concentration group (>0.46 mg/dL) was associated with higher all-cause mortality (HR = 1.62, 95%CI = 1.34–1.96, P < 0.001) and cancer mortality (HR = 1.62, 95%CI = 1.15–2.28, P = 0.006). Other details were presented in Table 3.


Table 3. HR(95%CIs) for all-cause and cause-specific mortality according to serum 25(OH)D,Cadmium and CRP among participants without diabetes.
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Sensitivity Analyses

In this study, sensitivity analyses were performed on diabetic and non-diabetic patients, excluding the follow-up time of less than 2 years. In diabetic patients, serum 25(OH)D and CRP were associated with all-cause mortality. Cadmium and CRP were associated with all-cause mortality in non-diabetics. Details were in the Supplementary Tables 1, 2.



Subgroup Analyses

We conducted subgroup analyses of diabetic and non-diabetic people based on age (based on whether the group was older than 65) and gender. serum 25(OH)D and CRP were associated with all-cause mortality in male diabetic patients; serum 25(OH)D, cadmium, and CRP were associated with all-cause mortality in female diabetic patients (Supplementary Table 3). Serum 25(OH)D was associated with all-cause mortality in diabetic patients younger than 65; serum 25(OH)D, cadmium, and CRP were associated with all-cause mortality in diabetic patients older than 65 (Supplementary Table 4). Cadmium and CRP were associated with all-cause mortality in male non-diabetic patients; serum vitamin D, cadmium, and CRP were associated with all-cause mortality in female non-diabetic patients (Supplementary Table 5). Serum 25(OH)D, cadmium, and CRP were associated with all-cause mortality in non-diabetic patients younger than 65; cadmium and CRP were associated with all-cause mortality in non-diabetic patients older than 65 (Supplementary Table 6).



The Dose-Response Relationship

After adjusting for multiple covariates, RCS analysis showed that there was a significant nonlinear association between serum 25(OH)D (P-nonlinearity <0.001, Figure 1A), cadmium (P-nonlinearity = 0.002, Figure 1B), CRP (P-nonlinearity = 0.003, Figure 1C), and HR for all-cause mortality risk in diabetic patients. When the serum 25(OH)D concentration is 54.7 nmol/L, HR changes reached a plateau (Figure 1). As the concentration of CRP and cadmium increased, the HR of all-cause mortality increased. There was a significant nonlinear association between serum vitamin D (P-nonlinearity <0.001, Figure 2A), cadmium (P-nonlinearity <0.001, Figure 2B), CRP (P-nonlinearity P < 0.001, Figure 2C) and HR for all-cause mortality risk in non-diabetic patients. When the serum 25(OH)D concentration is 60 nmol/L, HR changes reached a plateau (Figure 2). As the concentration of CRP and cadmium increased, the HR of all-cause mortality increased.


[image: Figure 1]
FIGURE 1. The restricted cubic spline for the association between serum 25(OH)D (A), cadmium (B), C-reactive protein (C) and risk of all-cause mortality among adults with diabetes. Knots were placed at the 5th, 50th, and 75th percentiles of the serum 25(OH)D, cadmium, C-reactive protein distribution. Adjustment factors were age, sex, education, marital status, race, the ratio of family income to poverty, BMI, drinking, smoking, physical activity. HR, hazard ratio; LL, lower limit; UL, upper limit.
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FIGURE 2. The restricted cubic spline for the association between serum 25(OH)D (A), cadmium (B), C-reactive protein (C) and risk of all-cause mortality among adults non-diabetes. Knots were placed at the 5th, 50th, and 75th percentiles of the serum 25(OH)D, cadmium, C-reactive protein distribution. Adjustment factors were age, sex, education, marital status, race, the ratio of family income to poverty, BMI, drinking, smoking, physical activity. HR, hazard ratio; LL, lower limit; UL, upper limit.





DISCUSSION

In diabetic patients, serum 25(OH)D, cadmium, and CRP were associated with all-cause mortality; serum 25(OH)D was associated with cardiovascular mortality; CRP was associated with cancer mortality. The same conclusions were obtained in non-diabetic patients, but with different levels of risk. Subgroup analyses and sensitivity analyses obtained slightly different results. The results of RCS analyses showed that serum 25(OH)D, cadmium, and CRP had a nonlinear dose-response relationship with the HR of all-cause mortality.

Stratified Mendelian randomization analysis demonstrated a causal relationship between 25(OH)D concentrations and mortality in individuals with low vitamin D status (24). A large cohort study from the UK Biobank, which included 365,530 participants, the results showed that a higher 25(OH)D concentration was non-linearly associated with a lower risk of all-cause, CVD, and cancer mortality. A threshold of 60 nmol/L of 25(OH)D for all-cause and CVD deaths and at 45 nmol/L for cancer deaths, so 45 to 60 nmol/L may represent an intervention goal to reduce the overall risk of premature death (25). In our study, the threshold for diabetic people is 54.7 nmol/L, and the threshold for non-diabetic people is 60 nmol/L. Studies have shown that daily vitamin D supplementation to maintain serum 25(OH)D levels ≥100 nmol/L is a promising approach to reduce the risk of diabetes in adults with prediabetes (26). Studies have shown that in CVD patients, elevated serum 25(OH)D levels are associated with a reduced risk of all-cause and cause-specific mortality (27). Studies have shown that in patients with vitamin D deficiency and no history of myocardial infarction, maintaining (25-OH)D levels at 30 ng/mL at the time of treatment is associated with a lower risk of myocardial infarction (28). A large cohort study in Germany obtained the same results. There was a strong association between 25-hydroxyvitamin D concentration and mortality from all-cause, cardiovascular, cancer, and respiratory diseases (29). The subjects of the two research were the whole population. When we divided the subjects into diabetic and non-diabetic subjects, no correlation was found between serum 25(OH)D and cancer mortality. A study specifically for diabetic patients also confirmed our results. A study from the Third National Health and Nutrition Examination Survey (NHANES III) and NHANES 2001–2014 included 6,329 adult diabetic patients. The results showed that serum 25(OH)D was associated with all-cause mortality and CVD mortality (30). Our conclusions need to be validated by a standardized and large-scale RCT (31).

The Korean National Health and Nutrition Examination Survey (KNHANES), a cross-sectional study based on 10,626 participants aged 20–59 years, found that high blood cadmium levels may be related to stroke and hypertension prevalent in people under 60 (32). A study using data from the National Health and Nutrition Examination Survey (NHANES 1999–2014) showed that there was a potential positive correlation between the concentration of heavy metal mixtures (including cadmium) and overall, CVD, and cancer mortality (33). But the method used is poisson regression analysis and the method we used was cox regression analysis. At the same time, the study emphasizes the effect of multiple metal mixtures on all-cause mortality and specific-cause mortality. Our study paid more attention to the individual effects of cadmium in serum. A study with data from NHANES found that zinc intake may change the association between cadmium and mortality. In addition, the Cd/Zn ratio was positively correlated with all-cause mortality, cancer, and CVD mortality (34). Our research paid more attention to the relationship between serum 25(OH)D, cadmium, and CRP with mortality among people in diabetic and non-diabetic.

A meta-analysis showed that CRP has a non-linear relationship with all-cause mortality and CVD mortality and a linear relationship with cancer and non-cardiovascular mortality (35). Our study also found that CRP had a non-linear relationship with all-cause mortality. A meta-analysis based on a cohort study showed that CRP levels can predict the risk of all-cause mortality and cardiovascular mortality in the general population (36). The indicator calculated by two meta-analyses were RR and our study used HR, which may be the reason for the difference. A study from NHANES (1999–2011) showed that higher levels of CRP were associated with lower overall survival rates and CVD survival rates (37). Our research result was that CRP was associated with all-cause mortality and cancer mortality. The reason may be that we divide the study subjects into diabetic and non-diabetic patients, or the overall level of CRP in this study is low.

This study had the following advantages: Firstly, the study was prospective study design with a larger sample (20,221 participants) and the follow-up time was longer (NAHNEAS 2001–2010, follow-up to 31 December, 2015). Secondly, we analyzed the diabetic and non-diabetic separately. Thirdly, we did both subgroup analyses and sensitivity analyses. Fourthly, we also analyzed the effects of serum 25(OH)D, cadmium, and CRP on all-cause mortality and specific-cause mortality. Several limitations should also be noted. First of all, some statistical indicators were obtained by self-reporting and had bias. Secondly, although we adjusted many confounding factors, other unknown confounding factors may also have an impact on the research results. Finally, this research was designed for observational research, so causality cannot be determined.



CONCLUSION

In diabetic patients, serum 25(OH)D, cadmium, and CRP were related to all-cause mortality; serum 25(OH)D was related to cardiovascular mortality; CRP was related to cancer mortality. The similar conclusions were obtained in non-diabetic patients, but with different risk levels. Our conclusions needed to be confirmed and supplemented by follow-up studies.
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Background: Serine plays a key role in numerous cellular processes, the levels and metabolism is therefore of critical importance. However, few data are available to illustrate the association of serine with long-term health effects, especially, the predictive value for long-term mortality.

Objective: This study was conducted to evaluate the relationship between serum serine levels and all-cause mortality in general hypertensive patients in a longitudinal cohort, and to examine the potential effect modifiers.

Methods: A nested case-control (NCC) study was conducted utilizing 20702 hypertensive participants from the China Stroke Primary Prevention Trial (CSPPT), a randomized, double-blind, actively controlled trial conducted from May 2008 to August 2013 in China. The current study included 291 cases of all-cause mortality and 291 controls matched on age (≤ 1 year), sex and treatment group. All-cause mortality was the main outcome in this analysis, which included death due to any reason.

Results: With the increase in serum serine levels, the risk of all-cause mortality first increased before flattening. After adjusting for related variables, the risk of mortality increased significantly with the increase of serum serine levels. Compared with group Q1, the mortality risk of group Q2, Q3 and Q4 were significantly increased [ORs, 95% CI: Q2: 2.32, (1.32–4.07); Q3: 2.59, (1.48–4.54); and Q4: 1.85, (1.07–3.22)]. In the exploratory analysis, we observed three effect modifiers, total homocysteine, 5-Methyltetrahydrofolate, and estimated glomerular filtration rate significantly modified the serum serine and all-cause mortality association.

Conclusion: Serum serine levels were significantly associated with an increased risk of all-cause mortality in hypertensive patients. Our results and findings, if confirmed further, suggest that serum serine should be considered as a marker for screening risk factors of mortality.

Clinical Trial Registration: [https://www.clinicaltrials.gov/ct2/show/study/NCT00794885.], identifier [CSPPT, NCT00794885].

Keywords: serum serine, longitudinal cohort, all-cause mortality, hypertension, nutrition


INTRODUCTION

In addition to contributing to protein synthesis, amino acids support various bioenergetic and biosynthetic processes in mammalian cells. Serine, the main source of one-carbon donors (1), plays a key role in feeding one-carbon units to the tetrahydrofolate (THF) cycle and supports both nucleotide synthesis (2) and contributes to the S-adenosyl methionine (SAM) cycle (3) by providing formyl groups, thus, the dysregulation of serine metabolism has an impact on DNA methylation (4) and epigenetics (5).

Serine deficiency disorders are usually caused by defects in the synthesizing enzymes of the serine biosynthesis pathway, the biochemical hallmarks of synthesizing enzymes defects are low concentrations of serine in cerebrospinal fluid and plasma (6). However, aberrant elevated serine levels were observed in the type 1 diabetes subjects (7) and associated with decreased overall survival (OS) in head and neck cancer (HNC) patients (8). Besides, there are evidence that cancer cells usually demonstrate increased serine biosynthesis and uptake.

Different intake doses of some amino acids may be associated with the changes of the mortality (9), it was reported indispensable amino acids have a positive and some non-indispensable amino acids have a negative, independent, strong association with the risk of cardiovascular mortality (10). The prior study also demonstrated that plasma amino acid constellations are promising additional biomarkers for predicting mortality in end-stage liver disease (11). Numerous studies have focused on the mechanism of serine metabolism and its physiological function, however, few data are available to illustrate the association of serine with long-term health effects, especially, the predictive value for long-term mortality. We therefore, conducted a retrospective cohort nested case-control (NCC) study to investigate the associations of serum serine levels and the risk of all-cause death in a cohort of hypertensive adults.



METHODS


Study Population

The methods and major results of the CSPPT (NCT00794885) have been reported elsewhere (12). Briefly, the CSPPT was a multi-community, randomized, double-blind, controlled trial conducted from 19 May 2008 to 24 August 2013 in 32 communities in Anqing and Lianyungang of China. Eligible participants were men and women aged 45–75 years with hypertension, defined as seated resting systolic blood pressure (SBP) ≥ 140 mm Hg or diastolic blood pressure (DBP) ≥90 mm Hg at both the screening and recruitment visits or who were taking antihypertensive medications. The major exclusion criteria included a history of physician-diagnosed stroke, myocardial infarction, heart failure, postcoronary revascularization, or congenital heart disease.



Intervention and Follow-Up

In the CSPPT, a total of 20,702 eligible participants were randomly assigned, in a 1:1 ratio, to one of two treatment groups: a daily oral dose of one tablet containing 10 mg enalapril and 0.8 mg folic acid (the enalapril folic acid group), or a daily oral dose of one tablet containing 10 mg enalapril only (the enalapril-only group). Participants were followed up every 3 months for a median duration of 4.5 years. A total of 291 mortality cases from the CSPPT were analyzed in this study.



Outcomes Assessment

All-cause mortality, a prespecified endpoint of the CSPPT, was the primary outcome of this analysis. All-cause mortality included mortality due to any reason. Evidence for mortality included death certificates from hospitals or reports to the investigator from follow-up visits. Secondary outcomes included death from cardiovascular disease (CVD) including sudden cardiac death, death due to MI, heart failure, stroke, or cardiovascular invasive procedures, death due to cardiovascular hemorrhage, death due to other known vascular causes, and death from cancer including death as a direct result of cancer, or from a complication of cancer, or withdrawal of other therapies due to concerns relating to the poor prognosis associated with cancer. All the study outcomes were reviewed and adjudicated by an independent Endpoint Adjudication Committee, whose members were unaware of study-group assignments.



Nested Case-Control Study

During a median treatment duration of 4.5 years, all-cause mortality occurred in 302 participants (2.9%) in the enalapril-folic acid group as compared to 320 participants (3.1%) in the enalapril group (HR, 0.94; 95% CI, 0.81–1.10; P = 0.47).

Using data from the CSPPT, we established a nested case-control study with a total of 291 incident cases and 291 matched controls within this cohort. Controls were randomly chosen from the baseline CSPPT participants who were alive during the follow-up and were matched for age (≤ 1 year), sex, treatment group, and study site with the cases on a 1:1 ratio. Our final analysis included 291 incident cases and matched them with 291 controls within this cohort from the study center Lianyungang, exclusions included 118 participants with missing data on serine, eight participants with extreme values of serine, and 100 unpaired participants (Figure 1).


[image: Figure 1]
FIGURE 1. Flow chart of the study participants.


The parent study (the CSPPT) and the current study were approved by the Ethics Committee of the Institute of Biomedicine, Anhui Medical University, Hefei, China (Federal wide assurance number: FWA00001263). All participants provided written informed consent.



Laboratory Assays

Overnight fasting venous blood samples were obtained from each study participant at baseline. Routine biochemical samples, including serum total homocysteine (tHcy), blood glucose, and lipid levels, were analyzed on an automatic clinical analyzer (Beckman Coulter) at the core laboratory of the National Clinical Research Center for Kidney Disease, Guangzhou, China. Serum folate and vitamin B12 were measured in a commercial laboratory using a chemiluminescent immunoassay (New Industrial, Shenzhen). The estimated glomerular filtration rate (eGFR) was calculated with the use of the Chronic Kidney Disease Epidemiology Collaboration equation (13). The stable-isotope-dilution liquid chromatography-tandem mass spectrometry (4500MD, AB SCIEX) was used to detect serine concentrations in the electrospray ionization (ESI +) mode. The mobile phase was 0.5% acetic acid-water (containing 10 m mol/L ammonium acetate)−95% acetonitrile-water (containing 0.5% acetic acid, 10 m mol/L ammonium acetate). The chromatographic column used was Waters ACQUITY UPLC ® BEH HILIC (2.1 × 100 mm, 1.7 μm). This method had excellent sensitivity (LOQ 1 ug / ml), precision (CV < 8%) and recovery (87–111%).



Statistical Analysis

Baseline characteristics were presented as means ± SDs or median (interquartile range, IQR) for continuous variables and proportions for categorical variables. Differences in baseline characteristics between cases and controls were compared using the Chi-square test for categorical variables and the Wilcoxon signed rank test for continuous variables.

Odds ratios (ORs) and 95% confidence intervals (95% CIs) for all-cause mortality in relation to serum serine levels were calculated using conditional logistic regression models, without and with adjustment for age, sex, body mass index (BMI), smoking status, alcohol drinking status, SBP, DBP, fasting blood glucose, total cholesterol (TC), triglycerides (TG), methylenetetrahydrofolate reductase (MTHFR) C677T genotype, treatment group, high-density lipoprotein cholesterol (HDL-C), eGFR, serum folate, total homocysteine (tHcy), vitamin B12 at baseline, as well as time-averaged SBP and time-averaged DBP during the treatment period.

As additional exploratory analyses, possible modifications of the relation of all-cause mortality with serum serine were also assessed for variables including sex, age (<64.5 [median] vs. ≥64.5 years), treatment group (enalapril vs. enalapril-folic acid), MTHFR C677T genotype (CC vs. CT vs. TT), tHcy (<13.7 [median] vs. ≥13.7 μ mol/L), serum folate (<6.5 [median] vs. ≥6.5 ng/mL), 5-Methyltetrahydrofolate (5-MTHF, <6.1 [median] vs. ≥6.1 ng/mL), and vitamin B12 (<374.7 [median] vs. ≥374.7 p g/mL).

A 2-tailed P < 0.05 was considered to be statistically significant in all analyses. R software (version 3.6.1; http://www.R-project.org) and Empower (R) (www.empowerstats.com, X&Y Solutions, Inc. Boston, MA) were used for all statistical analyses.




RESULTS


Baseline Characteristics

In this study, we analyzed 291 mortality cases, and 291 matched controls. Table 1 describes the baseline characteristics of this population. There were no significant differences in age, sex, BMI, treatment group, or smoking and drinking status between the cases and the controls. The mean time-averaged systolic blood pressure and diastolic blood pressure of the cases (144.7/83.4 mmHg) were significantly higher than those of the controls (140.4/82.2 mmHg). In addition, no significant differences were found in laboratory parameters including fasting blood glucose, blood lipids, baseline Hcy levels, baseline serum folate levels, baseline vitamin B12 levels, and eGFR between the two groups, nor was there any difference in MTHFR C677T genotypes between the two groups. But cases have significantly higher serum 5-MTHF concentrations compared to controls (P = 0.008). The median values of serum serine concentrations in mortality cases and control subjects were 325.5 μ mol/L (IQR: 275.1– 405.8) and 320.7 μ mol/L (IQR: 237.9–395.6), respectively, the levels for cases were significantly higher than those in the controls (P = 0.001).


Table 1. Baseline characteristics of the study participants stratified by control and case.
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Association of Baseline Serine Levels With the Risk of All-Cause Mortality

Figure 2 shows the relationship between serum serine and the risk of all-cause mortality. After adjusting for the related variables, as serine levels increased, the risk of mortality increased first and then tended to flatten. The results of logistic regression analyses are shown in Table 2, in the unadjusted model, with the increase of serum serine levels, the risk of all-cause mortality showed an overall upward trend. After adjusting for related variables, the risk of mortality increased significantly with the increase in serum serine levels. Serine was assessed as quartiles, compared with group the lowest quartile Q1, < 254.2 μ mol/L), the adjusted ORs (95% CI) for mortality of group Q2 (254.2–313.5 μ mol/L), Q3 (313.5–397.8 μ mol/L) and Q4 (≥ 397.8 μ mol/L) were significantly increased [ORs: Q2, 2.32 (1.32–4.07); Q3, 2.59 (1.48–4.54); Q4, 1.85 (1.07–3.22). P for trend =0.020]. When combined, the subjects in the up three quartiles [quartiles 2–4 (≥ 254.2 μ mol/L): the adjusted OR: 2.24; 95% CI: 1.52–3.30] showed a significantly higher risk of all-cause mortality compared with Q1 (P < 0.001).


[image: Figure 2]
FIGURE 2. The relationship of serum serine with the risk of all-cause mortality1. 1Adjusted for age, sex, body mass index (BMI), treatment group, MTHFR C677T genotypes, smoking, alcohol drinking, systolic blood pressure (SBP), diastolic blood pressure (DBP), fasting blood glucose, total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), estimated glomerular filtration rate (eGFR) at baseline, folate, total homocysteine (tHcy), vitamin B12 as well as mean SBP and DBP during the treatment period.



Table 2. The risk of all-cause mortality with serum serine concentrations1.
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Stratification Analysis

Table 3 shows the results of the stratification analyses in various subgroups with serine modeled as a quartile variable, and compared Q1 to combined Q2–Q4(<254.2 vs. ≥254.2 μ mol/L). As shown in the table, after adjusting for the related variables, the majority of the variables including age, sex, BMI, smoking and drinking status, blood pressure, treatment group, MTHFR C677T genotype, blood lipids, HDL, diabetes status, baseline serum folate and baseline vitamin B12 levels have no modifiable effects on the relationship between serine and mortality.


Table 3. The association between serum serine and the risk of all-cause mortality in various subgroups.

[image: Table 3]

We observed interactions between serum serine and baseline tHcy levels [<13.7 (median) vs. ≥13.7 μ mol/L] (P for interaction=0.012), baseline 5-MTHF levels [<6.1 (median) vs. ≥6.1 ng/mL] (P for interaction=0.048), as well as eGFR levels [<91.2 (median) vs. ≥91.2 mL/(min per 1.73 m2)] (P for interaction =0.018) on all-cause mortality (Table 3). Higher serum serine levels were significantly associated with a higher risk of all-cause mortality in those with eGFR <91.2 mL/(min per 1.73 m2) (OR, 4.42; 95% CI, 2.25–8.69), tHcy ≥13.7 μ mol/L (OR, 4.76; 95% CI, 2.43–9.32), and 5-MTHF <6.1 ng/mL (OR, 4.10; 95% CI, 2.09–8.05).




DISCUSSION

In this cohort of hypertensive Chinese adults, we found that the risk of all-cause mortality first increased sharply, and then tended to flatten. After adjusting for possible related confounders, the risk of mortality still increased significantly with the increase in serine levels. Compared with group Q1, the mortality risks of groups Q2, Q3 and Q4 were significantly increased [ORs, 95% CI: Q2: 2.32, (1.32–4.07); Q3: 2.59, (1.48–4.54); and Q4: 1.85, (1.07–3.22)]. To the best of our knowledge, this study is the first to illustrate the potential correlations between serum serine levels and all-cause mortality in a longitudinal cohort.

There are few studies concerning serum serine levels predicting the risk of mortality. Teymoori et al. evaluated the association between dietary serine intakes and hypertension incidents, and observed that 10% of the cohort subjects (429) incident cases of hypertension were ascertained after 3 years of follow-up. The OR of the highest quartile of serine intake was 1.43 (95% CI: 1.05–1.95; P for trend: 0.03) compared to the lowest adjusted for age and sex (14). Studies have reported that majorly depressed (15) and schizophrenic patients have significantly increased plasma serine levels compared to normal control groups (16), these psychiatric disorders may contribute to all-cause mortality in the long term. Gu et al. reported that in the serum samples, serine levels and their metabolites were elevated in the colorectal cancer group compared to that of the control group (17). Cadoni et al. found higher serine was significantly associated with decreased overall survival and increased risk of the advanced stage in head and neck cancer (8).

However, the previous findings are inconsistent. Kinny-Köster et al. demonstrated that plasma branched-chain and aromatic amino acids are promising additional biomarkers to determine the increased risk of mortality in patients with end-stage liver disease, but serine showed no significant correlations in survival analysis (11), besides, Mustafa et al. investigated the serum amino acids profiles, demonstrated that serum serine levels were significantly decreased in patients with renal cell carcinoma (RCC) compared to the age and sex matched controls (18), they assumed that the underlying reason would be that kidney tumors might be affecting the reabsorption of amino acids by affecting overall renal function, and the declined serine levels is a consequent result of the RCC.

The clinical characteristics of the study population may account for the aforementioned inconsistent epidemiological research observations, therefore, it is necessary to further examine whether reported associations exist stably in different race and ethnic groups.

Serine can be derived from four possible sources: dietary intake; biosynthesis from the glycolytic intermediate 3-phosphoglycerate; from glycine; and by protein and phospholipid degradation (19), a study showed that subjects belonging to different habitual diet groups have significantly different plasma concentrations of many amino acids, but the plasma serine concentrations were less marked (20). Actually, the de novo synthesis of serine is critical, as dietary serine contributes little or nothing to serine metabolism (19), thus it is insufficient to meet the demands of whole body serine homeostasis (21). We speculated that the disturbance of serine homeostasis may attribute to its aberrant biosynthesis pathway, rather than dietary habit or food components of people, this may the different characteristic of serine, a non-essential amino acid, distinguishes from essential amino acids.

A possible biological explanation for our finding would be the roles of serine in the pathological process. Serine is a critically important “input” of one-carbon metabolism and nucleotide biosynthesis, as a hub of one-carbon metabolism and therefore, its overexpression is an important feature of different malignancies (22, 23). The enzyme of serine biosynthesis, phosphoglycerate dehydrogenase (PHGDH) is overexpressed in various types of cancer (24). It seems that cancer cells have a high demand for serine, the flux toward serine synthesis is up-regulated in breast cancer has been observed (25, 26). A study demonstrated that the flux of serine synthesis from 3-phosphoglycerate exhibits a positive correlation with the proliferation rate of tumor-derived cell lines (27). Additionally, it was proved the synthesis and transport pathways genes of serine were overexpressed or up-regulated in various types of cancer (24–26, 28). Combined with the chronic disease, hypertension, aberrant metabolism in the pathological conditions accompanied by the increased serum serine levels may be the reasons promote to the development of diseases and, in the long term, the increased mortality risk.

Some interesting findings of particular note are the potential effect modifiers (Table 3): baseline tHcy and 5-MTHF, a plausible biological explanation for the interaction from tHcy and 5-MTHF is that higher tHcy, which is usually resulted from lower circulating folate and 5-MTHF, is associated with many dangerous and lethal diseases, such as cardiovascular disease (29), stroke (30), and Alzheimer's disease (31). Besides, we found that eGFR negatively modified the effect of serine on the all-cause mortality, previous research showed a significantly greater risk for both all-cause and cardiovascular mortality in the lower eGFR group compared with the stable group over a median of 7.2 years after the last eGFR measure (32) in elderly treated hypertensive patients. If these results are further confirmed, maintaining low tHcy, high 5-MTHF, high eGFR, and low serine levels could be a highly effective strategy for reducing the risk of mortality.

One advantage of this study is we were able to obtain an accurate measurement of the serum serine, as compared with the fortified amino acid dietary intervention method utilized in a study by Verhoef et al. (33), the serum serine levels measured in our study are more directly and precisely reflect the actual available amount for physiological activities or molecular mechanisms, while the amount of serine obtained from dietary intake may be influenced by the food matrix, the bio-accessibility and bioavailability of the amino acid. Meanwhile, several limitations should be noted. First, the existence of the enzyme DL-serine racemase (EC 5.1.1.10) has been reported to directly convert L-serine into D-serine (34), two enantiomers may possess different effects on the health and disease status (35), however the serine levels we determined in this study only present the total serine. Second, our current study was conducted in a Chinese hypertensive population, thus whether the observed findings can be extrapolated or applicable to other populations needs further investigation. Third, due to a lack of data on specific causes of death, the present study could not further explore cause-specific mortality. In addition, despite the comprehensive adjustment for confounders, we cannot exclude the possibility of residual confounding by related dietary factors or other variables. This study provides a key piece of evidence toward the importance of evaluating serum serine levels when assessing the risk of mortality.



CONCLUSION

In summary, our study observed for the first time that the levels of baseline serum serine are a risk factor in increasing all-cause mortality. To explore these correlations in greater depth, further experimental studies and clinical trials are required. Our results suggest that serine levels should be considered as a potential marker for screening risk factors of mortality, in both clinical practice and public health settings, but this finding needs to be validated and confirmed in future investigations with larger populations.
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Background: SHapley Additive exPlanations (SHAP) based on tree-based machine learning methods have been proposed to interpret interactions between exposures in observational studies, but their performance in realistic simulations is seldom evaluated.

Methods: Data from population-based cohorts in Sweden of 47,770 men and women with complete baseline information on diet and lifestyles were used to inform a realistic simulation in 3 scenarios of small (ORM = 0.75 vs. ORW = 0.70), moderate (ORM = 0.75 vs. ORW = 0.65), and large (ORM = 0.75 vs. ORW = 0.60) discrepancies in the adjusted mortality odds ratios conferred by a healthy diet among men and among women. Estimates were obtained with logistic regression (L-ORM; L-ORW) and derived from SHAP values (S-ORM; S-ORW).

Results: The sensitivities of detecting small, moderate, and large discrepancies were 28, 83, and 100%, respectively. The sensitivities of a positive sign (L-ORW > L-ORM) in the 3 scenarios were 93, 100, and 100%, respectively. Similarly, the sensitivities of a positive discrepancy based on SHAP values (S-ORW > S-ORM) were 86, 99, and 100%, respectively.

Conclusions: In a realistic simulation study, the ability of the SHAP values to detect an interaction effect was proportional to its magnitude. In contrast, the ability to identify the sign or direction of such interaction effect was very high in all the simulated scenarios.

Keywords: extreme gradient boosting, Shapley values, interaction, simulation study, prospective cohort design


INTRODUCTION

SHapley Additive exPlanations (SHAP) values have been recently proposed to facilitate the explanation of results obtained from supervised machine learning algorithms (1). Interaction between the predictors of an outcome is often of interest in epidemiological and public health research. For example, in nutritional epidemiology, the association of a dietary factor with the future occurrence of a particular disease may vary according to another factor. However, this is not a secondary analysis. It is the main research question of substantial interest.

An appealing feature of SHAP methods is that an assessment of interaction can be based on visualizations rather than complex numerical derivations (2). This facilitates a graphical illustration of how the association between one exposure and the outcome may vary along the distribution of another factor. SHAP values are computed on an individual level to explain the importance of the predictors (3). In epidemiological research, the possibility to utilize SHAP values to derive a concise numerical summary at the population-level, which is also capable of expressing the direction and magnitude of interaction effects, would be helpful for interpreting results obtained from machine learning methods.

The field of nutritional epidemiology—characterized by a lack of randomly assigned exposures, relatively modest associations, and possibly complex dependencies between genetic, lifestyle, environmental, and socio-demographic factors—can represent an ideal setting to evaluate the insights provided by SHAP methods derived from popular tree-based machine learning algorithms. If health-related decisions or public recommendations are going to be based on applications of these methods, then it is important to understand their performance in controlled, yet realistic, scenarios. It is important to evaluate the ability of SHAP methods to pinpoint a specific aspect of the data generating mechanism that underlies the observed outcomes, that is, a genuine variation of an exposure-outcome association across levels of another factor.

Data from a large population-based Swedish Mammography Cohort and a Cohort of Swedish Men were used to inform a realistic Monte-Carlo simulation focusing on interaction effects. To complement standard SHAP-based visualizations of dependencies between predictors, we derived a summary measure of exposure effect from SHAP values to facilitate comparisons with conditional odds ratios estimated in multivariable logistic regression models. This simulation study was used to evaluate the ability of SHAP methods to correctly indicate an interaction between healthy diet and female sex when predicting all-cause mortality.



MATERIALS AND METHODS


Study Population

This study included participants from two large population-based cohorts of Swedish men and women, the Cohort of Swedish Men (COSM) and the Swedish Mammography Cohort (SMC) (4). Briefly, a total of 48,850 men and 39,227 women responded to the 1997 questionnaires and were included in this study. We excluded participants with diabetes, cancer, or cardiovascular disease at baseline. Furthermore, participants with any missing data on healthy diet, sleep duration, daily walking, alcohol consumption, smoking, cohabitation, body mass index, waist circumference, and educational level were automatically excluded from the analysis. The analytical sample was based on 47,770 participants (23,045 women and 24,725 men), aged 45–83 years. Descriptive statistics of the participants are presented in the Supplementary Material.



Predictors of All-Cause Mortality

Diet was assessed using a 96-item food frequency questionnaire. Quality of diet was assessed by recommended food score based on 36 items and non-recommended food score based on 16 items (5). A binary indicator for a healthy diet was obtained by combining recommended food items (top quartiles) and non-recommended food items (bottom quartiles); otherwise not healthy. Age (<65; 65+ years), sex (woman; man), sleep duration (7 h; either <7 or >7 h), daily walking (never or <20 min/day; >20 min/day), smoking status (never; former or current), moderate total alcohol (including wine, beer, and spirits) intake (5–10 g/day for women and 5–20 g/day for men; either below or above such intervals), living with someone (yes; no), body mass index (≥20; <20 kg/m2), small waist circumference (<88 cm for women and <102 cm for men), and educational level (high school/university; primary) were also assessed at baseline with a self-administered questionnaire.



Case Ascertainment and Follow-Up

Data on death was collected through linkage of the COSM and SMC data to the Swedish Cause of Death Register at the National Board of Health and Welfare (6). Over 20 years of follow-up, from January 1, 1998 to December 31, 2017, 21,978 deaths (9,566 in women and 12,412 in men) were documented in the analytical sample size of 47,770 participants.



Monte-Carlo Simulation

The characteristics of the COSM and SMC data were used to inform the parameters underlying a Monte-Carlo simulation of a prospective cohort study. Descriptive statistics are provided in the Supplementary Material.

The interaction mechanism of interest is that the association of a healthy diet with decreased mortality, as measured by the odds ratio, is stronger among women (denoted as ORW) than men (denoted ORM), while accounting for possible differences with respect to age, body mass index, waist circumference, physical activity, smoking, alcohol consumption, education, cohabitation, and sleeping time. Given a fixed sample size of 47,770 persons, we considered 3 scenarios: small (ORM = 0.75 vs. ORW = 0.70), moderate (ORM = 0.75 vs. ORW = 0.65), and large (ORM = 0.75 vs. ORW = 0.60) discrepancy by sex in the adjusted inverse association of healthy diet with mortality risk.

To summarize the estimates obtained in 1,000 replications under the 3 scenarios of a genuine interaction effect, the first quantity of interest was the fraction of sample realizations that are correctly indicated as incompatible with the hypothesis of no interaction effect. This is the simulated sensitivity for a certain discrepancy (also known as statistical power). Ignoring the precise magnitude of the discrepancy and focusing only on its sign, the second quantity of interest was the fraction of studies in which the estimated mortality adjusted odds ratio conferred by a healthy diet is correctly estimated to be greater among women than men. This is the simulated sensitivity of a positive discrepancy.



Data Analysis

The association between healthy diet (yes/no) and mortality risk according to sex (men/women) while adjusting for other important predictors was estimated using a traditional logistic regression model and by SHAP values based on extreme gradient boosting.

Extreme Gradient Boost (XGBoost) is a powerful supervised learning method that is well suited to tabular datasets (7). XGBoost chains together decision trees, with each tree trained to predict the previous tree's residuals, commonly known as gradient boosting. There are several hyperparameters controlling XGBoost. To maximize the accuracy of XGBoost these hyperparameters must be optimized. In this study the following hyperparameters were optimized before training our XGBoost model: the number of estimators (decision trees), the maximum depth of a given decision tree, the minimum child weight in a decision tree. The objective logistic link function was specified in the XGBoost classifier.

Shapley values originated as a concept in 1953 from cooperative game theory (8). Early surveys by Tijs et al. (9), Roth (10), and Winter (11) offer a review of the large number of studies that has grown out from the Shapley's seminal paper. Recently, Algaba et al. (12) and the references therein provide a volume devoted to the modern development and applications of the Shapley value in game theory and operations research, decision-making, and applied socio-economics research in various fields (13). In line with this growing literature, Lundberg et al. (1), Molnar (14), and Molnar et al. (15) propose applying the Shapley value in machine learning.

SHAP values facilitate the explanation of highly non-linear models, such as XGBoost, breaking down the impact of input features on prediction (1, 3, 14). SHAP values can be calculated by observing the change in a model's output when each feature is added sequentially. By considering all possible combinations of features, this approach ensures that complex interactions between inputs are captured (3). These interactions explain why two individuals with identical feature values may have different SHAP values associated with those features.



Adjusted Odds Ratios Based on Logistic Regression

The adjusted mortality odds ratio conferred by a healthy diet among men (L-ORM) was obtained by taking the exponential value of the regression coefficient of healthy diet in a logistic regression model. An estimate of the adjusted mortality odds ratio conferred by healthy diet among women (L-ORW) was obtained by taking the exponential value of the estimated regression coefficient of healthy diet, plus the estimated regression coefficient of the product term between healthy diet and female sex. A two-sided Wald-type statistical test for the hypothesis of no interaction effect—that is, a regression coefficient of the interaction term equal to zero—was conducted with reference to a standard normal distribution. The result of this statistical test, as a measure of compatibility between data and hypothesis, was used to evaluate the sensitivity of the certain discrepancies previously described.



Adjusted Odds Ratios Based on SHAP Values

Since individual SHAP values are represented as changes in the unit of log-odds, relative to an expected referent (16), a summary of such values may complement graphical illustrations based on dependence plots. The average of the individual SHAP values was first computed for each of the four possible combinations of healthy diet and sex. The SHAP-based adjusted mortality odds ratio comparing healthy diet vs. not-healthy diet was defined as the exponential value of the difference between the average SHAP values of healthy diet and the average SHAP values of not a healthy diet among men (S-ORM) and women (S-ORW), respectively.




RESULTS


Simulation Study

The results of 1,000 Monte-Carlo simulated studies according to low, moderate, and large discrepancy in the effect of healthy diet on mortality risk by female sex, while adjusting for all other relevant factors, are shown in Figure 1.
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FIGURE 1. Simulation study—small (A; Power = 28%), moderate (B; Power = 83%), and large (C; Power = 100%) discrepancy by sex in the adjusted mortality odds ratio for healthy diet estimated with a logistic regression model. The left column shows the sampling distribution of the adjusted mortality odds ratio (on the log-scale) conferred by a healthy diet among men and women based on 1,000 simulated studies. The three numbers shown on the x-axis log scale are the 2.5th, 50th, and 97.5th percentiles of the simulated sampling distribution based on a logistic regression model. The percentage indicated in the title is the fraction of studies in which the estimated adjusted mortality odds ratio among women (L-ORW) is greater than men (L-ORM). The right column shows individual SHAP values derived from extreme gradient boosting on one random sample drawn from the interaction mechanisms that are presented on the left column.


Based on estimates obtained with a multivariable logistic regression model, the sensitivities of a small, moderate, and large discrepancy were 28, 83, and 100%, respectively. Graphically, this phenomenon is indicated by an increasing separation in the frequencies of estimated adjusted mortality odds ratios conferred by a healthy diet among men and among women. The sensitivity of a positive discrepancy in adjusted mortality odds ratios for healthy diet comparing women vs. men in scenarios of small, moderate, and large interaction effects were 93, 100, and 100%, respectively.

The small interaction effect underlying Figure 1A is 25 and 30% lower adjusted mortality odds ratio conferred by a healthy diet among men and women, respectively. The percentage of sample realizations where the Wald-type test is correctly rejecting the hypothesis of no interaction effect was 28%. In 93% of the simulated studies, the estimated adjusted mortality odds ratio conferred by a healthy diet was correctly greater among women than men. Regarding the large interaction effect underlying Figure 1C, the sensitivity of a such large discrepancy as well as the sensitivity of a positive discrepancy were both 100%.

The second column of Figure 1 shows the individual SHAP values estimated based on XGBoost on a random sample drawn from the 3 interaction mechanisms described above. The fact that the distributions of SHAP values conferred by a healthy diet (right cloud) are consistently lower than the SHAP values conferred by a not-healthy diet (left cloud) indicates an adjusted inverse association of a healthy diet with mortality risk. The increasing magnitude of the interaction effect when moving from Figures 1A–C can be visually appreciated by the increasing vertical distinction in blue (men)/red (women) colors. The stronger protective effect of a healthy diet in women is indicated by the greater distance between the red points among those with and without a healthy diet. This is better appreciated in Figure 1C where the distance between red points (women) is consistently greater than the distance between blue points (men).

Figure 2 provides the simulated sampling distribution of the SHAP-based adjusted mortality odds ratios conferred by a healthy diet among men and women. The sensitivity of a positive discrepancy in small, moderate, and large interaction effects were 86, 99, and 100%, respectively. In contrast to Figure 1, the sampling distributions of SHAP-based adjusted mortality odds ratios conferred by a healthy diet are far from being approximated (on a log scale) by a normal distribution, and the magnitude of the interaction effect, as separation in central tendency, tends to be lower.
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FIGURE 2. Simulation study—small (A), moderate (B), and large (C) discrepancies by sex in the adjusted mortality adjusted odds ratio (on the log-scale) for healthy diet computed in 1,000 studies, each of size of 47,770 individuals and with SHAP values derived from extreme gradient boosting. The x-axis is on the log scale. The percentage indicated in the title is the fraction of times in which the SHAP-based adjusted mortality odds ratio among women (S-ORW) is greater than men (S-ORM).




Performance of the Simulation Algorithms

In terms of execution speed, to conduct one simulation study (MacBook Pro 2019, 2.6 GHz 6-Core Intel Core i7) using logistic regression model took about 0.15 s, whereas using XGBoost took about 13 s. Conducting 1,000 simulations required between 3.5 and 4 h for each scenario. In the 1,000 simulated studies using the logistic regression model the bias—defined as the average distance between each simulated interaction effect relative to its true value—was 0.004, −0.002, and 0.001 for the three scenarios of low, moderate, and large discrepancies, respectively. It was difficult to assess bias about the interaction effect derived from XGBoost simply because data were generated according to a conditional probabilistic model, while the SHAP-based odds ratio are marginal effects. The algorithm converged in all the simulated studies and scenarios. The code written in Python is available in the Supplementary Material.



Empirical Study

Among men, the estimated adjusted mortality odds conferred by a healthy diet was 25% lower (L-ORM = 0.75, 95% CI = 0.70, 0.80). Among women, the estimated adjusted mortality odds conferred by healthy diet was 30% lower (L-ORW = 0.70; 95% CI = 0.65, 0.75). The result of the Wald-type test indicates a compatibility between this sample of data and the hypothesis of no interaction effects between sex and healthy diet in predicting mortality risk upon adjustment for all the relevant factors (z = −1.42, p-value = 0.156). The p-value larger than the nominal 0.05, however, should not be taken, in itself, as a strong indication of the absence of interaction because the ability to detect an adjusted discrepancy of this magnitude (Figure 1A) has been shown to be quite low in the corresponding simulation study. A table of estimates of the estimated multivariable logistic regression model (Area Under Curve = 0.80) is presented in the Supplementary Material.

Figure 3 shows the adjusted beneficial effect of a healthy diet on mortality risk based on the SHAP values computed after one run of XGBoost on the empirical data (Area Under Curve = 0.74). This indication emerged by the fact that the cloud of SHAP values among those with a healthy diet are consistently lower, meaning lower mortality, than the SHAP values among those with a not healthy diet. Since one may distinguish a cluster of blue dots (men) at the bottom of the not healthy diet (left cloud) and a cluster of red dots (women) at the bottom of the healthy diet (right cloud), Figure 3 suggests a slightly stronger adjusted protective effect of healthy diet on mortality risk among women, in comparison to men. The derived SHAP-based adjusted mortality odds ratio among women (S-ORW = 0.72) was slightly greater than men (S-ORM = 0.74). An attempt to locate the empirical SHAP values shown in Figure 3 into simulated scenarios shown on the left column of Figure 1 suggests that the sensitivity to discern an interaction effect of a similar size to the one observed was low, but the sensitivity of a positive discrepancy was high.
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FIGURE 3. Empirical study—multivariable adjusted association of a healthy diet with mortality risk according to female sex estimated with the SHAP values derived from extreme gradient boosting based on 47,770 participants of the population-based cohorts SMC and COSM. The computed SHAP-based adjusted mortality odds ratio among women (S-ORW = 0.72) is greater than men (S-ORM = 0.74).





DISCUSSION

The ability of SHAP methods based on extreme gradient boosting to indicate the presence of an interaction effect of a certain size was proportional to the sensitivity or traditional power of a statistical test in a logistic regression model. Conversely, the ability of SHAP methods to correctly identify the sign or direction of an interaction was very high in all the scenarios, characterized by either small or large interaction effects. The results obtained with the empirical data appeared to be in line with a small interaction effect and a slightly stronger inverse adjusted association between healthy diet and mortality risk among women.

The strength of this study was the simulation of a complex interaction mechanism grounded in the specific characteristics of a real, large population-based prospective epidemiological study. The simulation study allowed us to appreciate the ability of a statistical model or a machine learning algorithm to pinpoint the true data generating mechanism underlying the outcome observations. The stronger the magnitude of the interaction effect, the easier it was for the chosen method, when applied to a particular sample, to correctly indicate the presence of such interaction effect. Since sample size corresponding to the actual analytical sample was fixed, the sensitivity to detect an interaction effect increased with its size.

Consistency between insights provided by visualizations of SHAP values and prior literature is often highlighted in support of the application of machine learning methods. By deriving and describing a numerical summary measure, such as an adjusted mortality odds ratio, we were able to complement the graphical intuitions provided by increasingly popular dependence plots of individual SHAP values (3, 17). The sensitivity of correctly identifying the sign or direction of an interaction effect was very high in all scenarios using either a logistic regression model or XGBoost. It should be emphasized that the interaction term (between healthy diet and sex) was explicitly specified when defining the logistic regression model, whereas the XGBoost was trained without any interaction term. Therefore, the very good performance of the logistic regression model was not surprising, since the model was specified in perfect agreement with the data generating mechanism underlying the outcome observations. In other words, a logistic regression model without including the right interaction term would not be able to uncover what the combination of SHAP and XGBoost uncovered without including any prior knowledge.

The adjusted mortality odds ratios estimated with a logistic regression model and derived from SHAP-values were numerically similar and pointed in the same direction. It should be noted, however, that they are conceptually and mathematically different. A logistic regression model is parametrized directly in terms of the parameter of interest. SHAP values reflect the relative importance of each predictor through its marginal contribution.

Our focused simulation study, in line with the characteristics of a real epidemiological study, provided a reasonable background to carefully interpret visualizations of SHAP values based on machine learning methods computed from the data at hand. Recognizing the difficulty in discerning a genuine interaction effect of a certain size of substantial importance can help the investigator to avoid binary claims (presence/absence of interaction) about plausible, yet unknown, mechanisms underlying the data.

A limitation of our simulation study was that the distribution of all the predictors were dichotomized to simplify the analysis and coding. There is no doubt that different categorizations of the predictors or modeling them as quantitative values, possibly considering non-linearities, would have led to different estimates in our empirical study. Since our goal was to conduct a simulation study focusing on the interaction effect between healthy diet and sex, dichotomization of predictors greatly simplified its implementation and analysis. Our simplified model, however, presented a relatively high ability to discriminate the mortality outcomes. Another limitation was that hyperparameters of XGBoost were obtained by means of two-fold cross validation, which might be suboptimal and explain why the area under the curve from XGBoost was, at least in the empirical data, slightly lower than that from logistic regression. However, performing predictions was not a primary concern in our simulation study.

In conclusion, in this realistic simulation study we found that the ability of the SHAP values to detect an interaction effect was proportional to its magnitude. In contrast, the ability to identify the sign or direction of such interaction effect was very high in all the simulated scenarios. The results obtained with the empirical data appeared to be in line with a small interaction effect.
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Purpose: To evaluate the association between dietary selenium intake and the risk of kidney stones in adults.

Materials and methods: We performed a cross-sectional analysis using data from 2007 to 2018 National Health and Nutrition Examination Survey (NHANES). Dietary intake information of 30,184 participants was obtained using first 24-h dietary recall interview, and kidney stones were presented by a standard questionnaire. The quartile analysis, stratified analysis and non-linearity analysis were used to estimate the association between dietary selenium intake and kidney stones after an adjustment for potential confounders.

Results: The multiple logistic regression indicated that the fourth quantile (Q4) of dietary selenium intake had a lower risk of kidney stones than the first quantile (Q1) in Model 3 (OR 0.82, P < 0.05). The stratified analyses indicated there were statistical differences between dietary selenium intake and kidney stones among younger (age < 50) (OR 0.65, P < 0.01), male (OR 0.73, P < 0.01) and overweight/obese (BMI ≥ 25.0) (OR 0.80, P < 0.05) individuals in Model 3. The non-linear relationship was founded between dietary selenium intake and kidney stones in all participants, younger, male and overweight/obese individuals after adjusting for confounding factors.

Conclusion: Our study revealed an inverse relation between the level of dietary selenium intake and the risk of kidney stones for the United States population, especially for younger (age < 50), male and overweight/obese (BMI ≥ 25.0) individuals. The study provides preliminary guidance on dietary selenium intake for the prevention of kidney stones in different populations. Further studies are required to confirm our findings and clarified the biological mechanisms.
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Introduction

Nephrolithiasis is a common disease, with a lifetime incidence of about 10% and a 5-year recurrence rate of 50% (1, 2). Furthermore, the prevalence of nephrolithiasis has been rising during the last decades, resulting in increased economic burden on the health care system (1, 3). The incidence of urolithiasis is related to geographical, climatic, ethnic, genetic and dietary factors. Urinary stone incidence depends on Urine becomes excessively supersaturated with urine mineral or certain relatively insoluble drugs, resulting in crystal formation, growth, aggregation and retention. Calcium oxalate (CaOx) is the main constituent in about 80% of kidney stones (4), many of which grow over depositions of calcium phosphate (CaP) called Randall plaques (RP), which are attached to the renal papillary surface. Infection stones are typically caused by infection with urease-producing bacteria. Hypercalciuria caused by Hyperparathyroidism and Cushing’s disease may cause kidney stone by boosting supersaturation of calcium oxalate or phosphate (5, 6). Obesity, hypertension, diabetes, and metabolic syndrome are also risk factors for stone formation (4). Nowadays, dietary habits are considered crucial factors in the formation of kidney stones (7), such as intakes of fluid, calcium, sodium and animal proteins. Urinary stone formation can be reduced by improving fluid intake. Excessive intake of animal protein, calcium and sodium should be avoided to prevent calcium stone formation. Excessive intake of oxalate may increase the incidence of calcium oxalate stones (8).

Selenium was considered a toxin until 1957 when Schwartz and Foltz discovered the protective effect of selenium on liver in rats and was later proved to be an essential trace element in human body by numerous experiments. Products with rich selenium content include fish, meat, offal, cereals and plants of the Brassica genus. Taking supplements containing organic selenium is a quick and effective way (9). Selenium reserves accumulate during the first half of our lives and the daily requirement mainly depends on age and state of our body. Combining selenium with vitamin E can strengthen the antioxidant protection and antagonize heavy metal toxicity. It is essential to identify the status and consumption of selenium for a specific community duo to the highly variable levels of selenium between diverse populations and regions (10).

Selenium has multiple and complex effects on human health (11). It has been well-researched that selenium deficiency primarily affects heart muscle, joints, nephropathy and neurological diseases (12). Excess of selenium may cause gastrointestinal upsets, infertility, hair loss, skin rash, nervous system disorders and so on (9). However, recent evidence suggests that high selenium intake through food or dietary supplements does not prevent cancer in humans and may even increase the risk of type 2 diabetes (13–15). The biological functions of dietary selenium are achieved by selenoproteins whose active center is selenocysteine, and the best known is the antioxidant glutathione peroxidase (GPX) (11). In recent years, the role of selenium preventing atherosclerosis and CVDs has attracted significant attention. Several findings have shown an association between kidney stones and CVDs (16), although the causation has not been definitively established. Moreover, some animal experiments have suggested negative relationships between selenium and CaOx stones (17–19).

Based on these findings, we supposed that dietary selenium intake might be associated with the risk of kidney stones in humans. This study aimed to confirm the hypothesis with participants from the 2007 to 2018 National Health and Nutrition Survey (NHANES).



Materials and methods


Study population

For the current analysis, the six consecutive 2-year cycles of NHANES 2007–2008, 2009–2010, 2011–2012, 2013–2014, 2015–2016, and 2017–2018 were collected, as the questions about kidney stones were responded by participants during these cycles. There were 59,842 participants aged 0–80 years in NHANES 2007–2018. The exclusion criteria were as follows: (a) participants who had not completed the kidney stones survey (n = 25,163) (all participants aged less than 20 and average age is 8.3); (b) unknown selenium (n = 3,963) (these participants did not receive 24-h dietary recall interview and we failed to obtain any dietary data); (c) pregnancy (n = 267); (d) unknown body mass index (BMI) (n = 318); (e) unknown diabetes (n = 15); (f) unknown hypertension (n = 39); (g) unknown recreational activities (n = 7); (h) unknown smoking data (n = 14); (i) abnormal selenium (n = 1501). And a total of 28,555 participants were included in the study.



Study variables and outcome

The dietary intake data were obtained from a 24-h dietary recall interview with all participants. The intakes of selenium and other components from foods and beverages were calculated using the United States Department of Food and Nutrient Database for Dietary Studies (FNDDS). The first 24-h dietary recall interview (Dietary Interview - Total Nutrient Intakes, First Day) was used in the present study.

Based on the previous studies on dietary intake and kidney stones (20, 21), we included the following covariates: age (<50 years and ≥50 years), sex (male/female), race (Mexican American, other Hispanic, Non-Hispanic white, Non- Hispanic black and other), marital status (married and unmarried), education level (less than 11th grade, high school or equivalent, some college or AA degree, and college graduate or above), vigorous and moderate recreational activities, annual family income ($0–$19,999, $20,000–$44,999, $45,000–$74,999, ≥ $75,000 and other), hypertension, diabetes, BMI (< 25.0 kg/m2 and ≥ 25.0 kg/m2), smoking, daily intake of total energy, water, caffein, alcohol, calcium, phosphate, potassium, sodium, magnesium, and vitamins A, B6, C, D, E and K.

The NHANES 2007-2018 (Kidney Conditions – Urology) provides personal interview data on kidney stones for participants aged 20 years and older. And we considered participants who answered “Yes” to the question “Have you ever had kidney stones?” (KIQ026) as having a history of nephrolithiasis.



Statistical analysis

Data were described as mean ± standard deviation (SD) for continuous variables and percentages (%) for categorical variables. The Kruskal Wallis test was used to evaluated continuous variables because of the non-normal distribution for dietary intake data, and chi-square (χ2) tests were used to analyze the categorical variables. We calculated quartiles based on the participants without kidney stone and calculated quartiles in each subgroup and analyzed to better match different populations. Three different multiple logistic regression models were used to calculate odds ratios (ORs) and 95% confidence interval (CI) for each quartile of selenium to kidney stones. Model 1 was the crude model, and we adjusted for age, sex and race in Model 2. And in Model 3, we further adjusted for the covariates of marital status, education level, vigorous and moderate recreational activities, annual family income, hypertension, diabetes, BMI, smoking, daily intake of total energy, water, caffein, alcohol, calcium, phosphate, potassium, sodium, magnesium, and vitamins A, B6, C, D, E, and K.

After an adjustment for potential confounders, we performed non-linear correlation by smoothing plot with three knots located at the 5th, 50th, and 95th percentiles of selenium intake based on the relevant study (22). If the non-linear correlation was founded, we further performed a two-piecewise linear regression model to calculate the threshold effect of the dietary selenium intake on kidney stones according to the smoothing plot. The inflection point was automatically calculated by recursive method when the relationship between the two became obvious in smoothed curve (23). All statistical analyses were performed using the software EmpowerStats.1 Two-tailed P values < 0.05 was considered as a statistically significant difference.




Results


Participant characteristics

We included 28,555 participants from NHANES 2007 to 2018 according to the inclusion and exclusion criteria, including 25,817 (90.4%) cases without kidney stones and 2,738 (9.6%) cases with kidney stones (Figure 1). Characteristics of participants are presented as two groups in Table 1. There are significant statistical differences among several variables, including age (P < 0.01), sex (P < 0.01), race (P < 0.01), marital status (P < 0.01), vigorous recreational activities (P < 0.01), moderate recreational activities (P < 0.01), education level (P < 0.01), hypertension (P < 0.01), diabetes (P < 0.01), BMI (P < 0.01), smoked at least 100 cigarettes in life (P < 0.01), total water drank (P < 0.01), daily intake of alcohol (P < 0.01), caffeine (P < 0.01), selenium (P = 0.02), phosphorus (P = 0.01), magnesium (P < 0.01), Vitamin B6 (P < 0.01) and Vitamin C (P < 0.01). Obviously, participants with kidney stones were more likely to be male (54.3%), aged more than 50 years (66.4%), non-Hispanic white (55.1%), married (57.2%), less vigorous recreational activities (85.3%), less moderate recreational activities (64.4%), some college or AA degree, hypertension-positive, diabetes-positive and BMI ≥ 25.0 kg/m2 (80.8%).
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FIGURE 1
Flowchart of the participants from National Health and Nutrition Examination Survey (NHANES) in the present study.



TABLE 1    Characteristics of participants in National Health and Nutrition Examination Survey (NHANES) 2007–2018.
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Quartile analysis and non-linearity analysis

Multiple logistic regression models indicated that the fourth quantile (Q4) of dietary selenium intake had a lower risk of nephrolithiasis than the first quantile (Q1) in Model 1 (OR 0.87, 95% CI 0.78–0.97, P < 0.05), Model 2 (OR 0.85, 95% CI 0.75–0.95, P < 0.01) and Model 3 (OR 0.82, 95% CI 0.70–0.97, P < 0.05), while there were no statistical differences between the second quantile (Q2)/the third quantile (Q3) and Q1 (Table 2). The results showed that in stratified analysis by age, we found statistical differences between Q4 and Q1 for participants aged less than 50 in Model 1 (OR 0.75, 95% CI 0.62–0.91, P < 0.01), Model 2 (OR 0.73, 95% CI 0.60–0.89 P < 0.01) and Model 3 (OR 0.65, 95% CI 0.49–0.86, P < 0.01). But there was no positive correlation between selenium and kidney stones in cases aged more than 50. In stratified analysis by sex, there were statistical differences between Q4 and Q1 for male participants in Model 1 (OR 0.69, 95% CI 0.59–0.81, P < 0.01), Model 2 (OR 0.78, 95% CI 0.66–0.92 P < 0.01) and Model 3 (OR 0.73, 95% CI 0.58–0.91, P < 0.01). But we failed to find statistical significance for female participants. In stratified analysis by BMI, there were statistical differences between Q4 and Q1 for individuals with a BMI ≥ 25.0 in Model 1 (OR 0.88, 95% CI 0.77–0.99, P < 0.05), Model 2 (OR 0.84, 95% CI 0.73–0.95 P < 0.01) and Model 3 (OR 0.80, 95% CI 0.66–0.96, P < 0.05). But there were no statistical differences for individuals with a BMI < 25.0.


TABLE 2    Multivariate analysis of kidney stones by quartiles of selenium intake, National Health and Nutrition Examination Survey (NHANES) 2007–2018.
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A non-linear relationship between dietary selenium intake and kidney stones was founded in all participants (Figure 2), younger (Figure 3A), male (Figure 4A) and overweight/obese (Figure 5B) individuals after adjusting for confounding factors. But the non-linear relationship can not be founded in older (Figure 3B), female (Figure 4B) and people with a BMI < 25.0 (Figure 5A). The two-piecewise linear regression model was used to calculate threshold effect and we founded the inflection points were 99.2, 36.3, 57.8, and 47.5 (mcg/day) in all participants, younger, male and overweight/obese individuals, respectively, after an adjustment for potential confounders (Table 3).
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FIGURE 2
The association curve between dietary selenium intakes and the risk of kidney stones. The solid red line represents the smooth curve fit between variables and the blue line represents the 95% of confidence interval from the fit.
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FIGURE 3
The non-linear relationship between dietary selenium intakes and the risk of kidney stones in stratified analysis by age. (A) age < 50 years group, (B) age ≥ 50 years group.
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FIGURE 4
The non-linear relationship between dietary selenium intakes and the risk of kidney stones in stratified analysis by sex. (A) male group, (B) female group.
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FIGURE 5
The non-linear relationship between dietary selenium intakes and the risk of kidney stones in stratified analysis by BMI. (A) BMI < 25.0 group (B) BMI ≥ 25.0 group.



TABLE 3    Threshold effect analysis of dietary selenium intake on the prevalence of kidney stones using piece-wise linear regression.
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Discussion

We confirmed dietary selenium intake was inversely associated with the incidence of kidney stones in adults from the 2007 to 2018 NHANES, which is the first study to discovery that dietary selenium can prevent kidney stones in humans. Furthermore, the stratified analyses indicated there were statistical differences between dietary selenium intake and kidney stones among younger (age < 50), male and overweight/obese (BMI ≥ 25.0) individuals.

With the development of modern endoscopy techniques, the correlation between RP and CaOx stones has been well documented. According to the vascular theory, renal papillary circulation is apt to injury because of turbulent flow, relative hypoxia, and hyperosmolarity environment, which increases the likelihood of atherosclerotic-like reaction and precipitates plaque formation during the repair (24). Experimental studies showed that exposure to high oxalate, CaOx or CaP crystals can induce inflammatory response and biomineralization in renal cells and lots of crystallization modulators and inhibitors participant in crystal nucleation, growth, aggregation and retention. Then nearby cells react to the foreign body by producing reactive oxidative stress (ROS) (25). Once the generation of ROS is uncontrolled or the endogenous antioxidant capacity is decreased, oxidative stress (OS) will be created and may result in inflammation and injury, which increases intracellular levels of antioxidants (25).

Previous studies revealed that RP were a process of biomineralization, sharing similarities with atherosclerotic plaques (24, 26). Plenty of clinical and laboratory studies suggests that OS is also an important feature in the pathogenesis of atherosclerosis. Risk factors for atherosclerosis such as hypertension, diabetes and hypercholesterolemia increase the production of ROS in the arterial wall, leading to oxidative stress (27). Some experiments in vitro and vivo support the anti-atherosclerosis effect of selenium mainly owing to its antioxidant properties. As the biologically active form of selenium, selenoproteins can prevent atherosclerosis and CVDs by inhibiting OS, inflammation reaction, endothelial dysfunction and vascular calcification (27). And a meta-analysis of 25 studies showed a significant inverse association between blood selenium status and coronary heart disease risk (28).

It is reasonable to speculate that selenium may inhibit the formation of kidney stones through a similar pathway. In addition, the protective effect of selenium is more evident in young individuals, because the incidence of CVDs in elderly patients is significantly increased, indicating that the ability to resist ectopic calcification is greatly weakened, and the protective effect of selenium on kidney stones is covered up.

Only three animal experiments so far have suggested inverse associations between selenium and CaOx stones. Sakly et al. reported for the first time that intraperitoneal injection of selenium greatly inhibited CaOx deposition in rats (18). Another study indicated that supplementation of vitamin E and selenium reduced the level of renal lipid peroxidation and the activities of oxalate biosynthetic enzymes in rats with feeding calculi producing diet (17). And the lipid peroxide production was associated with renal cell damage that was caused by oxalate and CaOx crystals (29). A recent study in dogs further suggested that hyperoxaluria caused the excessive osteopontin (OPN) expression, and dietary selenium may inhibit CaOx stones by downregulating OPN expression (19). The previous studies concluded that OPN is able to inhibit the formation and retention of CaOx crystal in the kidney in vivo (30).

We discovered a relation between kidney stones and dietary selenium intake in men, but not in women. A potential explanation is that sex greatly influences the metabolism of ROS in the body. Several studies found that estrogen and estrogen receptor signaling pathways might suppress oxidative stress-induced renal cell injury (31, 32). Zhu et al. recently reported estrogen receptor β signals may inhibit renal CaOx crystal deposition by reducing OS in tubular cells (33). Compared with males, females mitochondria produced significantly less hydrogen peroxide and higher amounts of GPX, reduced glutathione and manganese superoxide dismutase (34). Therefore, the complex anti-oxidative mechanisms in female might explain our failure to discover any association between kidney stones and dietary selenium. Contrary to estrogen, androgen and androgen receptor signaling might influence the anabolism of ROS, leading to oxidative stress-induced renal injury and further renal CaOx crystal deposition (35). But selenoproteins can prevent renal CaOx deposition in males by inhibiting OS. Selenium has been known to support the production of testosterone in laboratory and animal models (36), not in humans. And which mechanism dominates remains to be proved.

Furthermore, some animal studies indicated sexual differences in selenium distribution and selenoprotein expression in various organs are distinctly different, which vary with selenium status and individual age (37, 38). Selenoprotein P (SeP) participates in the storage and transport of about 60% of plasma selenium (39). Lutz et al discovered that renal SeP mRNA concentrations were 1.7-fold higher in male mice than in female mice, and the difference is sustained with age. Meanwhile, renal mRNA concentrations of Glutathione peroxidase 1 (GPX1) and Glutathione peroxidase 3 (GPX3) displayed no significant sex differences in both young and old mice (37).

We also discovered that dietary selenium intake was inversely associated with kidney stones in overweight/obese individuals. Numerous findings have confirmed that BMI is related to the incidence of urolithiasis in the last decade (40–42). The accumulation of visceral fat is a risk factor for nephrolithiasis (43), and mounting evidence links adipose cells to urinary stone formation (44, 45). Fatty acid binding protein 4 (FABP4), mainly expressed in adipocytes and macrophages, is involved in lipid transfer and transport and significantly correlates with plasma lipid levels (46). A recent study demonstrated that lipid metabolism in renal papillary tissue containing RP was impaired, which was associated with the downregulation of FABP4 based on immunohistochemistry of human renal tissue, microarray analysis of nephrocalcinosis model mice and FABP4 knockout mice (47).

Previous studies observed a positive correlation between plasma selenium levels and total, TG and LDL cholesterol (46, 48), although there were inconsistent for HDL cholesterol in some studies (49). Galan-Chilet et al. found statistical interactions of selenium status with genetic variation (such as FABP4) in lipid metabolic pathways, indicating potentially interconnected pathways in selenium and lipid transport and transfer (46). Another study showed a positive association between FABP4 and plasma selenium levels and a negative association between FABP4 and GPX3 activity in Indonesian men with visceral obesity, suggesting selenium status may play different roles in obese people, such as in OS condition and inflammatory process (50).

To our knowledge, this is the first population-based study to examine the association between dietary selenium intake and the risk of kidney stones. Using data from large and consecutive nationally representative surveys, we can assess the associations between selenium and kidney stones by both quartile analysis and dose-response analysis after adjusting potential confounding variables. However, the limitations of the study deserve mention. Firstly, causality cannot be proved because of the cross-sectional survey study. Secondly, selection bias cannot be completely avoided because the formation of kidney stones is affected by numerous factors. Thirdly, a person’s long-term intake habits may not be set in stone, and cannot be accurately described by a single 24-h dietary recall, meaning that kidney stones may have occurred before participants changed their dietary habits. However, data from NHANES has been used for decades in epidemiological studies and health sciences research. Fourthly, our findings are only representative of the United States population. Because human dietary selenium intake varies by country, depending on soil and geography (12). Fifthly, no information is available on stone composition that may further illuminate the relationship between selenium and kidney stones. Sixthly, we can’t know whether dietary selenium intakes can prevent phosphate stones, urate stones and cystine stones, relieve renal colic, or affect the recurrence rate of kidney stones in children and in heredity. Finally, despite the biological plausibility, additional longitudinal and laboratory studies are needed to confirm our results and elucidate the potential mechanisms.



Conclusion

Our study revealed an inverse relation between the level of dietary selenium intake and the risk of kidney stones for the United States population, especially for younger (age < 50), male and overweight/obese (BMI ≥ 25.0) individuals. Increasing dietary selenium intake might be meaningful to the prevention of kidney stones. Further studies are required to confirm our findings and clarified the biological mechanisms.
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Background and aims: Whether fried food consumption is associated with the risk of pancreatic cancer remains elusive. We aimed to examine this association in a US population.

Methods: A population-based cohort of 101,729 US adults was identified. Fried food consumption was assessed with a validated food frequency questionnaire. Hazard ratios (HRs) with 95% confidence intervals (CIs) were calculated. Explanatory analyses were conducted to identify main contributor(s) to the observed association.

Results: During an average follow-up of 8.86 years (900871.2 person-years), 402 pancreatic cancer cases occurred. High consumption of total fried foods (deep-fried plus pan-fried foods; HRquartile4 vs. 1 0.71, 95% CI 0.51–0.99, Ptrend = 0.047) and deep-fried foods (HRquartile 4 vs. 1 0.64, 95% CI 0.47–0.88, Ptrend = 0.011), but not pan-fried foods (HRquartile 4 vs. 1 0.98, 95% CI 0.73–1.32; Ptrend = 0.815), was found to be associated with a reduced risk of pancreatic cancer in a non-linear dose–response manner, which was not modified by predefined stratification factors and persisted in sensitivity analyses. In explanatory analyses, only chip consumption was found to be inversely associated with the risk of pancreatic cancer; consistently, the initial significant associations between total fried food and deep-fried food consumption and the risk of pancreatic cancer changed to be non-significant after omitting or further adjusting for chip consumption.

Conclusion: Consumption of deep-fried foods, but not pan-fried foods, is inversely associated with the risk of pancreatic cancer in this US population. The role of deep-fried foods in reducing the risk of pancreatic cancer appears to be mainly attributable to chips. More studies are needed to confirm our findings in other populations and settings.
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fried foods, chips, pancreatic cancer, prospective study, nutritional epidemiology


Introduction

Frying is a commonly used cooking method in Western countries and makes foods more palatable and crunchy. Frying changes the composition of foods and their frying media through polymerization, hydrogenation, and oxidation (1), which produce some compounds thought to be potentially carcinogenic (e.g., acrylamide and heterocyclic amines). The potential carcinogenic role of fried foods has been suggested by several case-control studies, all of which revealed a positive association between fried food consumption and the risk of cancer, including pharyngolaryngeal cancer (2, 3), gastric cancer (4), gallbladder cancer (5), and prostate cancer (6). Moreover, individuals with high fried food consumption were found to be at elevated risks of obesity and type 2 diabetes (7, 8), two well-known risk factors for cancer (9). Together, these data suggest that fried foods are potentially carcinogenic.

Pancreatic cancer is the third most common cause of cancer-related mortality in the US, with an estimated 48,220 cancer deaths in 2021 (10). Diets have been indicated to play an important role in the etiology of this cancer (11), which is in accordance with our recent findings on dietary behaviors and pancreatic cancer (12–14). The association of fried food consumption with the risk of pancreatic cancer has been evaluated in an early case-control study in Canada, with a positive association observed (15). However, this study has a small sample size (418 individuals), which makes it be prone to small study effects (i.e., small studies tend to show larger risk estimates and are performed with less methodological rigor than large studies) (16). More importantly, case–control studies are susceptible to recall bias and cannot establish a temporal association.

Clarifying the potential association between fried food consumption and the risk of pancreatic cancer is critical for public health, considering the dismal prognosis of this cancer and that more than one-third of Americans patronize fast food restaurants daily where fried foods comprise the majority of items sold (8, 17). Therefore, we performed a prospective multicenter cohort study to test an a priori hypothesis that high fried food consumption is associated with an increased risk of pancreatic cancer in a US population.



Materials and methods

Our results were reported following the Strengthening the Reporting of Observational Studies in Epidemiology statement (18).


Study population

The study population was derived from the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial, which was developed for determining the potential beneficial roles of selected screening tests in reducing mortality from PLCO cancers. The PLCO Cancer Screening Trial is a multicenter randomized clinical study, whose study design has been described elsewhere (19). Briefly, between November 1993 and September 2001, individuals 55–74 years of age were invited to participate in this trial in ten screening centers across the US. As shown in Supplementary Table 1, there were significant differences in some sociodemographic characteristics (e.g., sex and ethic group) between study centers, indicating that study population of the PLCO Cancer Screening Trial was heterogeneous at the level of study center. A total of 154,887 individuals were finally enrolled based on the predefined eligibility criteria (Figure 1). Enrolled individuals were individually randomized to the intervention group or the control group in equal proportions, with those in the intervention group receiving screening tests for PLCO cancers while those in the control group receiving usual care. The PLCO Cancer Screening Trial was approved by institutional review boards of the US National Cancer Institute and each screening center. All participants provided written informed consent.
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FIGURE 1
Flow chart identifying participants included in this study. PLCO, Prostate, Lung, Colorectal, and Ovarian; DHQ, diet history questionnaire.


In this study, following participants were further excluded: (1) 36,076 participants failing to complete a diet history questionnaire (DHQ); (2) 5,364 participants with an invalid DHQ, which refers to death date prior to DHQ completion date, more than eight missing frequency responses, missing the date of completion, and/or extreme values of energy intake (the first or last percentile); (3) 1,940 participants failing to complete a baseline questionnaire; (4) 115 participants with outcome events (incident pancreatic cancer, loss to follow-up, or death) observed between randomization and DHQ completion; (5) 9,644 participants receiving a diagnosis of cancer before DHQ completion; and (6) 19 participants with a diagnosis of endocrine pancreatic cancer. Finally, a total of 101,729 participants were qualified for inclusion (Figure 1). Notably, a comparison between included and excluded populations found that standardized differences of most sociodemographic characteristics were less than 0.1 (20), indicating that the potential for non-participation bias resulting from the exclusion of a huge number of participants was low (Supplementary Table 2).



Dietary assessment

Dietary assessment was performed at baseline using the aforementioned DHQ (version 1.0, National Cancer Institute), which is a 124-item self-reported food frequency questionnaire used for evaluating the frequency and portion size of an individual’s food consumption during the past year. The Eating at America’s Table Study had compared the performance of the DHQ with four 24-h dietary recalls in a nationally representative sample of 1,640 subjects; the corresponding results showed that the DHQ had good performance in the evaluation of dietary intake (21). Daily food consumption was approximated by multiplying food frequency by portion size; daily intakes of nutrients and energy were estimated on the basis of two nutrient databases, namely Nutrition Data Systems for Research (22) and US Department of Agriculture’s 1994–1996 Continuing Survey of Food Intakes by Individuals (23). Healthy Eating Index-2015, a frequently used index reflecting an individual’s diet quality, was computed as described previously (24). To eliminate the extraneous variation of dietary data caused by energy intake, food consumption and nutrient intake were adjusted for energy intake using the residual method before the formal statistical analyses (25).

Fried foods in the DHQ were categorized into deep-fried and pan-fried foods. A given fried food was assumed to be deep-fried if its frying type was not mentioned (26). Thus, in this study, deep-fried chicken, fried fish (including fried seafood or shellfish), fried potato, and chips were classified into deep-fried foods, while pan-fried bacon, pan-fried chicken, pan-fried hamburger, pan-fried pork chops, pan-fried sausage, and pan-fried steak were classified into pan-fried foods. Here, fried potatoes referred to French fries, home fries, tater tots, or hash browns; chips referred to potato chips, tortilla chips, or corn chips. To investigate the potential impacts of doneness degree, we further divided pan-fried foods into the following three categories: just done, well done, and very well done. Total fried food consumption was calculated as the sum of consumption of deep-fried and pan-fried foods.



Ascertainment of pancreatic cancer

Pancreatic cancer was ascertained predominantly through an annual study update form, which was mailed to participants by each screening center for inquiring whether they were diagnosed with pancreatic cancer, and if so, the date and location of diagnosis and contact information of their healthcare providers. Cancers reported on the annual study update form were further ascertained by scrutinizing any available medical records. In addition, death certificates and family reports were used as Supplementary Material for cancer ascertainment. To reduce the heterogeneity of pancreatic cancer cases, only participants with a diagnosis of exocrine pancreas cancer (ICD-O-2 codes: C25.0-C25.3 and C25.7-C25.9) were considered.



Assessment of non-dietary variables

Sex, ethnicity, educational degree, body weight, height, smoking status, pack-years, history of diabetes, family history of pancreatic cancer, and aspirin use, were assessed with a self-reported baseline questionnaire. Body mass index was computed by dividing body weight (kg) by height squared (m2). Physical activity level was expressed as total time of moderate-to-vigorous activity each week, which was assessed through a self-reported supplemental questionnaire. Age at DHQ completion and alcohol consumption were assessed with the above DHQ.



Statistical analysis

To reduce the potential biases and increase the statistical power, we used the following methods to impute missing values. Specifically, for variables with less than 5% missing values, we used the modal value and the median to impute missing values of categorical and continuous variables, respectively; for the variable “physical activity level” that had 25.69% missing values, we assumed that these values were missing at random and then used multiple imputation with chained equations to impute them, with the number of imputations set at 25 (27). The distribution of variables with missing values before and after imputation is shown in Supplementary Table 3. To examine the potential influence of data imputation on our results, main statistical analyses were repeated in the population with complete covariate data.

Cox proportional hazards regression was used to compute hazard ratios (HRs) with 95% confidence intervals (CIs) of the association of fried food consumption with the risk of pancreatic cancer, with follow-up length as time metric. Follow-up length was computed from the date of DHQ completion to the date of pancreatic cancer diagnosis, study dropout, death, or the end of follow-up (December 31, 2009), whichever occurred first (Figure 2). In regression analyses, fried food consumption was split into quartiles and the first quartile was set as the reference group. A P for linear trend across quartiles was computed by modeling the median of fried food consumption in each quartile as a continuous variable. The proportional hazards assumption of Cox regression was found to be satisfied after examination of Schoenfeld residuals (P for global test > 0.05) (28). As recommended, covariate selection for multivariable analyses was based on our causal knowledge of the existing literature rather than statistical criteria (29). Specifically, model 1 adjusted for age and sex; model 2 further adjusted for well-known factors associated with the risk of pancreatic cancer, namely smoking status, alcohol consumption, body mass index, aspirin use, history of diabetes, family history of pancreatic cancer, and energy intake from diet. To reflect how robust the observed association was to the unmeasured confounding, the E-value was computed using an online calculator1 (30). The E-value estimates what the minimum HR would have to be for any unmeasured confounder to negate the observed association of fried food consumption with the risk of pancreatic cancer (30).
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FIGURE 2
The timeline and follow-up scheme of our study.


Restricted cubic spline regression with knots located at the 10th, 50th, and 90th percentiles were used to explore the potential dose–response association between fried food consumption and the risk of pancreatic cancer, with the reference level set at 0 g/day. Of note, the choice of the number of knots was based on the Akaike’s information criterion in this study (31), with the lowest value indicating the best fitted model. To eliminate the potential impacts of extreme values, participants with extreme fried food consumption (top 2.5% or bottom 2.5%) were excluded from the dose–response analysis. A P for non-linearity was computed by testing whether the estimated value of the second spline equals 0.

To determine the potential effect modifiers of the observed association of fried food consumption with the risk of pancreatic cancer, prespecified subgroup analyses were performed after stratifying for age (≥ 65 vs. < 65 years), sex (male vs. female), body mass index (≥ 25 vs. < 25), aspirin use (yes vs. no), smoking status (current or past vs. never), alcohol consumption (≥ median vs. < median), and trial group (intervention vs. control groups). A P for interaction was computed by comparing models with and without interaction terms prior to conducting the formal subgroup analyses to avert possibly spurious subgroup differences.

The following sensitivity analyses were performed to evaluate the robustness of our results: (1) excluded participants with extreme values of energy intake, defined as < 800 or > 4,000 kcal/day for males and < 500 or > 3,500 kcal/day for females (32); (2) excluded participants with extreme fried food consumption as defined as above; (3) excluded pancreatic cancer cases observed within the first 2 years of follow-up to test the potential influence of reverse causation; (4) excluded participants receiving a diagnosis of pancreatic cancer following other cancer diagnoses; (5) repeated the analysis with energy-unadjusted fried food consumption; (6) repeated the analysis with sex-specific quartiles, as the distribution of fried food consumption was found to be different by sex; (7) further adjusted for Healthy Eating Index-2015 on model 2 to test whether the observed association was mediated by diet quality; and (8) further adjusted for physical activity level and consumption of fruits, vegetables, red and processed meat, and coffee on model 2.

To identify the main contributor(s) to the observed association, the following explanatory analyses were performed: (1) examined the association of individual fried food consumption with the risk of pancreatic cancer; (2) examined the association of fried food consumption with the risk of pancreatic cancer after further adjusting for or omitting an individual fried food. A statistical significance level of P < 0.05 was used under a two-tailed test. All statistical analyses were performed using STATA software (version 12.0, StataCorp LP, College Station, Texas).




Results


Participant characteristics

The mean (standard deviation) energy-adjusted consumption of total fried foods, deep-fried foods, and pan-fried foods in the whole study population was 24.3 (28.7) g/day, 17.2 (23.2) g/day, and 7.1 (11.9) g/day, respectively. Baseline characteristics of study population are shown in Table 1. Compared with participants in the lowest quartile of total fried consumption, those in the highest quartile were more likely to be male, be current or past smokers, and be aspirin users, had lower levels of education and physical activity and lower Healthy Eating Index-2015 but had higher body mass index, alcohol consumption, and energy intake from diet, and were more likely to have a history of diabetes. Moreover, participants in the highest vs. the lowest quartiles of total fried food consumption had higher consumption of vegetables, red processed meat, coffee, and nuts but lower consumption of fruits. When study population was classified by deep-fried food or pan-fried food consumption, a similar phenomenon was observed (data not shown).


TABLE 1    Characteristics of study population based on quartiles of energy-adjusted total fried food consumptiona.
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Fried food consumption and the risk of pancreatic cancer

During an average (standard deviation) follow-up of 8.86 (1.91) years (900871.2 person-years), a total of 402 pancreatic cancer cases were observed, with the overall incidence rate of 4.46 cases per 10,000 person-years. The results of Cox regression in the whole study population are summarized in Table 2. In the fully adjusted model (model 2), participants in the highest quartile of total fried food consumption were found to have a 29% lower risk of pancreatic cancer than those in the lowest quartile (HRquartile 4 vs. 1 0.71, 95% CI 0.51–0.99, Ptrend = 0.047, E-value = 2.17). Similar results were obtained for deep-fried foods (HRquartile 4 vs. 1 0.64, 95% CI 0.47–0.88, Ptrend = 0.011, E-value = 2.50). However, no significant association was found for pan-fried food consumption and the risk of pancreatic cancer (HRquartile 4 vs. 1 0.98, 95% CI 0.73–1.32, Ptrend = 0.815, E-value = 1.16), which did not alter materially when the association was investigated by doneness degree (Supplementary Table 4). When Cox regression analyses were repeated in 97,822 participants with complete covariate data, similar results were obtained (Supplementary Table 5).


TABLE 2    Hazard ratios of the association between energy-adjusted fried food consumption and the risk of pancreatic cancer.
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Based on restricted cubic spline regression models, consumption of total fried foods (Pnon–linearity = 0.043) and deep-fried foods (Pnon–linearity = 0.013) was found to be inversely related to the risk of pancreatic cancer in a non-linear dose–response manner, whereas such a relationship was not found for pan-fried food consumption (Pnon–linearity = 0.900) (Figure 3). The initial associations of total fried food, deep-fried food, and pan-fried food consumption with the risk of pancreatic cancer were found to be not modified by the predefined stratification factors (all Pinteraction > 0.05) (Supplementary Table 6) and did not alter substantially in a series of sensitivity analyses (Supplementary Table 7).
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FIGURE 3
Dose–response analyses on the associations of energy-adjusted consumption of (A) total fried foods, (B) deep-fried foods, and (C) pan-fried foods with the risk of pancreatic cancer, with the reference level set at 0 g/day. Hazard ratios were adjusted for age, sex, smoking status, alcohol consumption, BMI, aspirin use, history of diabetes, family history of pancreatic cancer, and energy intake from diet. The P for non-linearity were 0.043 for total fried food consumption, 0.013 for deep-fried food consumption, and 0.900 for pan-fried food consumption.




Explanatory analyses to identify the main contributor(s) to the observed association

In this study population, main food items contributing to fried food consumption were fried potatoes (35.8%), followed by fried fish (20.5%) and chips (10.6%) (Figure 4). To identify the main contributor(s) to the observed association, we first examined the association between individual fried food consumption and the risk of pancreatic cancer. Among 10 fried foods, only chip consumption was found to be inversely associated with the risk of pancreatic cancer (HRquartile 4 vs. 1 0.68, 95% CI 0.50–0.90, Ptrend = 0.015) (Supplementary Table 8). We then examined the association of interest with further adjustment for individual fried food consumption. Consistently, only after further adjustment for chip consumption, the initial significant associations of consumption of total fried foods and deep-fried foods with the risk of pancreatic cancer changed to be non-significant (Ptrend = 0.287 for total fried foods and Ptrend = 0.133 for deep-fried foods, Supplementary Table 9). Finally, we examined the association of interest after ignoring an individual fried food in each turn. As expected, ignoring “chips” resulted in non-significant associations between consumption of total fried foods (Ptrend = 0.122) and deep-fried foods (Ptrend = 0.180) and the risk of pancreatic cancer, although ignoring “pan-fried chicken” (Ptrend = 0.135) and “pan-fried steak” (Ptrend = 0.161) also led to a similar phenomenon (Supplementary Table 10).
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FIGURE 4
Proportion (%) of each fried food in total fried food consumption in our study population.





Discussion

Interestingly, contrary to our initial hypothesis, consumption of total fried foods and deep-fried foods was found to be inversely associated with the risk of pancreatic cancer in a non-linear dose–response manner, while no significant association was found for pan-fried food consumption and the risk of pancreatic cancer. Moreover, these observations were not modified by the predefined stratification factors and remained in a series of sensitivity analyses.

A growing number of evidence has suggested an important role of dietary habits in the etiology of pancreatic cancer (11). For example, a 2017 systematic review on dietary pattern and pancreatic cancer found that unfavorable patterns (e.g., western dietary pattern) were positively associated with while favorable patterns (e.g., prudent dietary pattern) were inversely associated with the risk of pancreatic cancer (33). However, whether fried food consumption is associated with the risk of pancreatic cancer remains to be elucidated. A1994 follow-up study of 9,990 Finnish men and women with only 29 pancreatic cancer cases revealed a null association between fried meat consumption and the risk of pancreatic cancer (relative risk for the highest vs. the lowest tertiles of fried meat consumption: 1.54; 95% CI: 0.53, 4.50) (34), whereas a later hospital-based case-control study of 629 patients in Iran found that deep-fried vegetable consumption conferred an increased risk of pancreatic cancer (odds ratio for consumers vs. non-consumers: 1.70; 95% CI: 1.16, 2.48) (35). Importantly, these studies had an inability to consider the potential antagonistic or synergistic effects among individual fried foods. A 1995 population-based case-control study of 418 individuals in Canada observed that more frequent consumption of fried foods conferred a higher risk of pancreatic cancer (relative risk for often vs. never: 3.84; 95% CI: 1.74, 8.48) (15). By contrast, based on prospective data of 101,729 American adults, our study revealed inverse associations of total fried food and deep-fried food consumption with the risk of pancreatic cancer. Compared with some of previous studies in this field (15, 34, 35), our study has several advantages. First, our study design is a prospective study, which allows to establish a temporal association and make our results be free of recall bias. Second, we used dietary pattern approach to evaluate the association of fried food consumption with the risk of pancreatic cancer, enabling our results to account for the potential interactions among individual fried foods (36). Third, our study had a larger sample size and a longer follow-up length, thereby producing more pancreatic cancer cases, which make our study have higher power to detect the potential association of fried food consumption with the risk of pancreatic cancer. Lastly, we explored the potential dose–response associations between fried food consumption and the risk of pancreatic cancer using the well-developed method; the corresponding results provided a detailed description for the risk of pancreatic cancer across the indicated range of fried food consumption.

Consumers have own preferences for the degree of meat doneness in their daily life. A recent study found that well-done pork steak had higher energy content but lower retention ratios for iron and potassium than medium- or rare-done pork steak (37). In addition, another study found that percent fat and protein in beef increased with increase in the doneness degree (38). Moreover, it was found that the contents of heterocyclic aromatic amines, a class of mutagenic compounds formed during cooking of meats, also increased with increase in the doneness degree (39). Thus, doneness degree may impact the association of meat consumption with cancer risk. Indeed, observational studies have found that well-done meat consumption has a stronger positive association with the risk of colorectal cancer than rare- or medium-done meat consumption (40, 41). Given the above facts, we investigated the association of pan-fried food consumption with the risk of pancreatic cancer by doneness degree; nevertheless, the corresponding results indicated that the doneness degree of pan-fried foods had little influence on this association. The exact reasons behind this observation are unclear. One possible explanation is that doneness degree of fried foods does play minimal roles in the etiology of pancreatic cancer; also, another explanation may be that pan-fried food consumption by doneness is so small that the current study is incapable of detecting the potential influence of doneness on the association of interest. Of note, the association between fried food consumption and the risk of pancreatic cancer may be also affected by other factors, such as the type of oil used, whether the oil is reused, and the location where fried foods are eaten (away from home vs. at home). Unfortunately, in the PLCO Cancer Screening Trial, the information on these important factors was not collected, which precluded us to perform the relevant analyses to explore their potential impacts on the association of fried food consumption with the risk of pancreatic cancer. Nevertheless, in the US, fried foods are most often consumed at fast food restaurants, where corn oil is the most common frying medium and is frequently reused (26, 42). Overall, to obtain a better understanding for the association of fried food consumption with the risk of pancreatic cancer, more studies are needed to clarify the potential influence of these factors.

Interestingly, we observed that consumption of deep-fried foods, but not pan-fried foods, was inversely related to the risk of pancreatic cancer in our study population. The specific reasons for the differential association of deep-fried foods and pan-fried foods with the risk of pancreatic cancer are unknown. Considering the fundamental difference between deep-frying and pan-frying (i.e., foods are completely immersed in frying medium in deep-frying while only partially immersed in frying medium in pan-frying), the above-mentioned phenomenon may be due to that foods absorb different amounts of fat, such as saturated fatty acids and monounsaturated fatty acids. Indeed, a recent large prospective cohort study found that high dietary intakes of saturated fatty acids conferred an increased risk of pancreatic cancer (HRquartile 4 vs. 1 1.05, 95% CI 1.01–1.09, Ptrend = 0.01) while high dietary intakes of monounsaturated fatty acids exerted opposite effect (HRquartile 4vs. 1 0.92, 95% CI 0.86–0.99, Ptrend = 0.04) (43). In addition, we noticed that deep-fried food consumption was much higher than pan-fried food consumption in our study population (the proportion in total fried food consumption: 70.7% for deep-fried foods vs. 29.3% for pan-fried foods, Figure 4). Thus, another explanation is that for a given participant, the potential influence of pan-fried food consumption on the risk of pancreatic cancer has been masked by the influence of deep-fried food consumption.

The inverse associations of total fried food and deep-fried food consumption with the risk of pancreatic cancer may be accounted by several mechanisms. Intuitively, the beneficial role of total fried foods or deep-fried foods in reducing the risk of pancreatic cancer may be attributable to individual fried foods. Consistent with this speculation, our explanatory analyses indicated that chips could be the main contributors to the observed associations. Potato chips are good sources of antioxidants; an animal study found that feeding potato chips elevated ascorbic acid levels and thus decreased reactive oxygen species levels in mouse tissues (44). Functionally, antioxidants protect cells from oxidative DNA damage, which plays a critical role in the initiation of pancreatic cancer (45); our recent work also showed that dietary antioxidant capacity was inversely related to the risk of pancreatic cancer (46). Meanwhile, potato chips contain abundant amounts of folate and magnesium, whose consumption has been inversely associated with the risk of pancreatic cancer (47, 48). In addition, a randomized crossover trial found that tortilla and corn chips could reduce serum levels of LDL cholesterol (49), which has been found to promote the proliferation of pancreatic cancer cells through activating STAT3 pathway (50). Nevertheless, it should be noted that the observed associations may be also partly attributable to the potential interactions between individual fried foods, given dietary pattern approach we used. In addition, in our study population, participants in the highest vs. the lowest quartiles of total fried food and deep-fried food consumption were found to consume more vegetables and coffee; therefore, it is possible that the inverse associations of total fried food and deep-fried food consumption with the risk of pancreatic cancer are actually mediated by these two factors, considering that both vegetable and coffee consumption have been inversely associated with the risk of pancreatic cancer (14, 51). However, the observation that the initial results did not change materially after adjusting for these two factors (Supplementary Table 6), makes this unlikely.

Our study has several limitations. First, dietary assessment was performed once at baseline in this study, and thus may be subject to non-differential bias, given that dietary habits could change over time. Nonetheless, it has been demonstrated that the approach only using baseline diet generally results in a weaker association than does that using the cumulative averages (52). In addition, like other food frequency questionnaires, data collection by the DHQ might be subject to recall bias. Nevertheless, the DHQ had been validated against four 24-h dietary recalls (21), which may attenuate this concern. Second, because the public perceives fried foods as being unhealthy, the possibility of under-reporting cannot be excluded. Nevertheless, under-reporting bias is non-differential, as this bias is not anticipated to be related to the future pancreatic cancer risk, and thus would bias risk estimates toward null, indicating that the true association between fried food consumption and the risk of pancreatic cancer would be stronger than that we observed. Third, as different countries or regions have different cooking traditions, which result in different frying practices and media, therefore, our findings in this US population may not be applicable to other populations. Fourth, as with any observational study, our results might be susceptible to residual confounding because of unrecognized or unmeasured confounders, though we had controlled for the potential confounders. Thus, we cannot rule out the possibility that our results were due to the lack of adjustment for variables associated with the risk of pancreatic cancer, such as serum glucose and lipids. Moreover, our results cannot establish a causal association of fried food consumption with the risk of pancreatic cancer, considering the observational nature of our study.



Conclusion

In conclusion, in this prospective multicenter cohort study of 101,729 US adults, high consumption of deep-fried foods, but not pan-fried foods, is found to be associated with a reduced risk of pancreatic cancer in a non-linear dose–response manner. The role of deep-fried foods in decreasing the risk of pancreatic cancer appears to be mainly attributable to chips. Our findings provide a novel and unique insight into the role of fried foods in the etiology of pancreatic cancer and may alleviate the people’s concern that fried foods are potentially carcinogenic. Given the high popularity of fried foods, our findings have important public health implications. More studies are needed to confirm our findings in other populations and settings and to clarify the underlying biological mechanisms.
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Total participants

Age

Mean (SD)

< 50 years
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Race

Mexican American
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Non-Hispanic White
Non-Hispanic Black
Other

Marital status
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No
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No
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Less than 11th grade
High school or equivalent
Some college or AA degree
College graduate or above
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$20 000 to $44 999

$45 000 to $74 999
>$75000

Other
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Yes

No
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BMI (kg/m?)

Mean (SD)
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>25.0

Smoked at least 100 cigarettes in life

(%)
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No
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No. (%)
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18265 (70.75)
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1340 (48.94)
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Daily intake [Mean (SD)]

Total energy (kcal) 2001.23 (858.47) 1969.50 (827.45)  0.15
Total water drank (g) 1088.02 1035.39 < 0.01
(1172.16) (1171.61)
Alcohol (g) 9.77 (27.36) 6.93 (26.28) < 0.01
Caffeine (mg) 146.93 (200.39) 168.77 (234.70) < 0.01
Selenium (mcg) 103.02 (47.18)  100.44 (45.36)  0.02
Calcium (mg) 879.99 (530.57) 860.99 (517.00)  0.10
Phosphorus (mg) 1266.65 (572.53) 1238.11 (556.52)  0.01
Sodium (mg) 3261.34 3227.70 0.43
(1570.66) (1519.60)
Potassium (mg) 2500.64 2465.67 0.08
(1143.26) (1139.89)
Magnesium (mg) 282.93 (135.43) 27233 (131.32) < 0.01
Vitamin A (mcg) 580.94 (620.27) 583.20 (621.08)  0.26
Vitamin B6 (mg) 1.96 (1.55) 1.87 (1.31) < 0.01
Vitamin C (mg) 81.67 (93.34)  75.42 (90.60) < 0.01
Vitamin D (mcg) 4.22 (4.97) 4.18 (4.84) 0.51
Vitamin E (mg) 7.78 (5.87) 7.70 (5.84) 0.42
Vitamin K (mcg) 108.34 (192.91)  99.32 (136.27)  0.07

SD, standard deviation; BMI, body mass index. The bold values refer to P < 0.05,
indicating significant statistical differences.
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Background

Marital status
Single

Married

Widow

Income (US §)

Less than 3008
300-5008

500-1,2008
Household-size (number)
Less than 10

More than 10

Ethnicity

Pashtun

Tajik

Hazara

Uzbak

Municipalities

North

West

East

South

Education level

lliterate

Primary

Secondary

High school

Bachelor

Master

Husband’s education level
lliterate

Primary

Secondary

High school

Bachelor

Master

Occupation

Jobless

Worker

Employee

Scientific member
Husband’s occupation
Jobless

Worker

Farmer

Employee

Scientific member
Hypertension illness
Physical a
Low
Moderate
Intensive

Food-security status

Food-secure

N (%)

51(47.7)
73 (24.9)
4(19)

68 (20.4)
31(58.5)
29 (82.9)

121 (30.9)
7(233)

32(27.4)
58 (42)
25 (17.7)
13(62)

52(49.1)
12 (11.4)
38(36.2)
26(24.8)

39(17.6)
10 (25.6)
8(24.2)
25(37.9)
38(73.1)
8(80)

14.(10.6)
6(182)
4(16)
17 (45.9)
30(49.2)
6(60.0)

68 (21.6)
18 (30)
37(90.2)
4(50)

0()
34(183)
1(16.7)
30 (42.9)
7(70)
10(7.8)

108 (31.7)
20(26.0)
0(0)

*P-values are based on the chi-square test.

F, food-insecurity.

Food insecure

N (%)

56 (52.9)
220 (75.1)
17 81)

265 (79.6)
22(415)
6(17.1)

270 (69.1)
23(76.7)

85(72.8)
80 (58)
116 (82.3)
12 (48.0)

54(509)
93(88.6)
67 (63.8)
79(75.2)

182 (82.4)
29(74.4)
25(75.8)
41 (62.1)
14 (26.9)

121 (89.6)
27(818)
21 (84)
20(54.0)
31(508)
4400

242 (78.1)
42(70)
408
4(50)

18 (100)
152 (81.7)
5(83.9)
40(57.1)
3(30.0)
23(7.8)

233 (68.3)
57 (74.0)
3(100)

p-value

0.001

0.001

0.04

0.001

0.0001

0.001

0.001

0.001

0.001

0.581

0.001

Fl without

hunger
N (%)

39(36.4)
114 (49.1)
6(28.6)

167 (50.2)
19 35.8)
3(856)

179 45.8)
10(33.3)

71(60.7)
58 (62)
54(383)
6(24)

30(28.0)
41(39.0)
53(505
65(61.9)

110 (49.8)
16 (41)
18 (54.4)
34(515)
9(17.3)
220

71(52.6)
18 (54.5)
16 (64)
12 (382.4)
24(30.3)
440.0)

157 (60.6)
25 (41.7)
3(7.7)
4(50)

11(61.1)
97 (52.2)
1(16.7)
30 (42.9)
3(30)
14.(7.4)

152 (44.6)
35 (45.5)
2(66.7)

Food-insecurity categories

Fl with moderate

hunger
N (%)

11(10.3)
34(11.6)
1(48)

42(12.6)
2(38)
2(67)

43(11.0)
3(100)

8(6.8)
11 (80)
24.(17)
3(12)

14(13.2)
21(20.0)
5(48)
66.7)

31(14)
7(17.9)
3(9.1)
3(45)
2(38)
0

22(163)
5(15.2)
2(8)
3@.1)
4(66)
0(0)

36(11.6)
9(15)
1(24)

0(0)

4(222)
23(12.4)
1(16.7)
7(10)
0(0)
487

36(10.6)
10(13.0)
0(0)

Fl with severe

hunger
N (%)

6(5.6)
42 (14.3)
10(47.6)

56(16.8)
101.9)
129

48(12.8)
10(33.3)

6(5.1)
11®)
38(19.4)
3(3.4)

10 (9.4)
31(295)
9(86)
8(7.6)

41(18.6)

6(15.4)

4(12.4)
46.1)
3(58
0(0)

28(20.7)
4(12.1)
3(12)
5(13.5)
3149
0

49(15.8)
8(133)
0(0)
0(0)

3(16.7)
32(172)
3(50)
343
0(0)
5(86)

45(13.2)
12(15.6)
1(33.3)

p-value*

0.001

0.001

0.015

0.001

0.0001

0.001

0.001

0.001

0.001

0.986

0.719
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Mental health Food secure

N (%)
Depression 70(54.7)
Anxiety 76 (59.4)
Stress 63(49.2)

*P-values are based on Chi-square tests.

Food insecure
N (%)

262 (89.4)
266 (90.8)
251(85.7)

P-value*

0.001
0.001
0.001

Fl without hunger
N (%)

161(85.2)
164 (86.8)
153 (81.0)

Fl with hunger
N (%)

43(93.5)
44957
40(87.0)

Fl with severe
hunger
N (%)

58(100)
58 (100)
58(100)

P-value

0.001
0.001
0.001
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Major mental health
problems

Depression

Anxiety

Stress

Level

Normal
Moderate
Severe
Normal
Moderate
Severe
Normal
Moderate
Severe

*P-values are based on Chi-square tests.

FI, Food-insecurity.

Food-insecurity status

Food-
Security
N (%)

58(45.3)
8(6.9)
62 (48.4)
52 (40.6)
8(6.3)
68 (53.1)
65 (50.8)
3(23)
60 (46.9)

Food-
insecurity
N (%)

31(106)
18 (4.4)
249 (85.0)
27(92)
9(3.1)
257 (87.7)
42 (143)
4(1.4)
247 (84.3)

P-value

0.001

0.001

0.001

Food-insecurity categories

Fl

without hunger

N (%)

28(14.8)
10(63)
151 (79.9)
25(13.2)
7@.7)
157 (83.1)
36 (19.0)
3(1
150 (79.4)

Fl with mild

hunger
N (%)

3(65)
3(65)
40 (87.7)
2(43)
2043
42(91.3)
6(13.0)
00
40 87.0)

Fl with
severe hunger
N (%)

0(0)
0(0)
58 (100)
0(0)
0
58 (100)
0(0)
)
57(98.3)

P-value*

0.001

0.001

0.001
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References Region  Studytype  Research time Sample  Sex, male (%) Age (years) NOS

size
Cases  Controls Cases Controls
25(0H)D
Xuetal. (39) China Case-control  Mar-May 2011 221 467 42 18-60 18-60 7
Sep-Oct 2010 50 18-60 18-60
Saleh et al. (35) Egypt Case-control  Apr-Jun 2011 80 5 45 301114 342x115 8
Aksu Cerman et al. (31) Tukey  Cross- Nov2012-Mar 2013 102 239 20.1 33,64 + 3265+978 7
sectional 1151
Sehrawat et al. (36) India Case-control 60 333 333 3133+7.33 3133+7.33 8
Takoi et al. (38) Tukey ~ Case-contol  Nov20ii-Feb2012 87 545 282 305161 330126 7
Doss et al. (43) Egypt Case-control  Jun-Sep 2013 60 66.7 533 325146 28457 7
Sobeih et al. (37) Egypt Case-control  July-December 150 316+135  315+136 7
2013
Shalaby etal. (41) Egypt Case-control  Dec2014-Jun2016 80 75 625 2870 + 3954924 7
13.44
Farag et al. (32) Egypt Case-control  Mar-Jun 2016 75 36 40 2876 + 28.16+984 8
10.64
lorahim et al. (33) Egypt Case-control ~ Dec2015-Dec2016 100 50 50 3027 + 3520 + 7
11.741 10.65
Omidian and Asadian (34) Iran Case-control  Apr2015-Mar2016 60 40 366  3693+145  8203% 7
15.08
Zhang et al. (40) China Case-control ~ Nov2016-Mar2017 214 439 47 737£878  695+38.63 7
Amer et al. (42) Egypt Case-control  Mar-Oct 2018 42 476 476 308191 306182 8
Saniee (14) Iran Case-control  Spring-summer 196 51 54.4 30.06 + 20.45 + 7
2017 16.18 13.16
Atazadeh et al. (12) Iran Case-control ~ 2018-2019 180 622 622 18-65 19-60 7
25(0H)D3
Ustun et al. (15) Tukey  Cross- 2010-2011 6 52 487 339194  347%159 5
sectional
Abou Khodair et al. (46) Egypt Case-control  Mar-Jun 2018 60 20 333 307+93 30397 7
Dinachandran and Pillai (45)  India Case-control  Jan-Apr 2018 100 54 60 30.96 + 31454833 8
1057
Alshiyab et al. (44) Jordan  Case-control  May-Dec 2018 200 42 35 2-82 274 8
Hassan et al. (13) India Case-control  Mar-Apr 2019 200 39 40 28,66 + 28,66 + 7
11.98 11.98

25(0H)D, 25-hydroxyvitamin D; 25(0H)D3, 25-hydroxyvitamin Ds; SNP single nucleotide polymorphism; NOS, Newcastle Ottawa scale.
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No. of SNPs OR (95% CI) P for P for P intercept from P for

association heterogeneity MR-Egger MR-PRESSO
regression global test

25(0H)D

Inverse-variance weighted 10 093 (0.66-131) 0667 0419

Weighted-median 10 090 (0.60-1.36) 0622

Maximum-likelihood 10 093 (0.66-1.31) 0667

MR-PRESSO test 10 093 (0.66-131) 0677 0529

MR-Egger 10 085 (0.53-1.39) 0520 0614

25(0H)D,

Inverse-variance weighted 7 0.95(0.80-1.14) 0.595 0.326

Weighted-median 7 091(0.75-1.11) 0337

Maximum-likelihood 7 095 (0.79-1.16) 0.620

MR-PRESSO test 7 095 (0.79-1.15) 0639 0215

MR-Egger 7 0.75 (0.55-1.02) 0066 0.061

25(0H)D, 25-hydroxyvitamin D; 25(0H)Ds, 25-hydroxyvitamin Ds; Cl, confidence interval; MR, Mendelian randomization; MR-PRESSO test, MR-Pleiotropy RESidual Sum and Outlier
test; OR, odds ratio; SNP, single nucleotide polymorphism.
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Characteristics Quartiles of energy-adjusted total fried food consumption, range (mean), g/day

<6.10 (2.6) 61-<151(10.2)  151-<31.8(222)  >318(619) P for differences across quartiles
Number of participants 25433 25432 2543 25,432

Age (years) 66559 658457 65356 644255 <0.001
Male 7,526 (29.6) 10577 (41.6) 13,503 (53.1) 17,875 (70.3) <0.001
Ethnic group

Non-Hispanic white 23,111 (909) 23,253 (914) 23211 (913) 22,937 (902) <0.001
Non-Hispanic black 754(3.0) 677 (2.7) 830(3.3) 1,089 (43)

Hispanic 364 (14) 351 (1.4) 352(1.4) 428(1.7)

Others” 1,204 (47) 1,151 (45) 1039 (4.1) 978(3.8)

Educational degree

College below 14,643 (57.6) 15,995 (62.9) 16,624 (65.4) 17,673 (69.5) <0.001
College graduate 4945 (19.4) 4,590 (18.0) 4357(17.1) 3,950 (155)

Postgraduate 5,845 (230) 4847 (19.1) 4451(175) 3,809 (15.0)

Body mass indext 260£46 270£47 27.6£47 283+438 <0.001
Physical activity (min/week) 1314£1273 1193 £ 1198 118141208 119441227 <0.001
Smoking status

Current <0.001
=60 Pack-years 322(13) 525 (2.1) 847(3.3) 1210 (48)

30-60 Pack-years 672(26) 1,006 (4.0) 1172 (46) 1,430 (5.6)

<30 Pack-years 482(1.9) 567 (2.2) 582(2.3) 584(2.3)

Past

=60 Pack-years 959 (38) 1,195 (47) 1434(56) 2052 (8.1)

30-60 Pack-years 2522(99) 2,838 (112) 3,135 (123) 3,617 (142)

<30 Pack-years 6747 (265) 6,464 (25.4) 6,514 (25.6) 6,283 (247)

Never 13,729 (540) 12,837 (50.5) 11,748 (46.2) 10,256 (40.3)

Alcohol consumption (g/day) 714201 864232 994257 1264306 <0.001
Healthy Eating Index-2015 TL4£89 67890 65.2£9.1 615491 <0.001
Energy intake from diet (kcal/day) 14078 £567.3 151644 580.2 17545 £6293 2275948168 <0001
History of diabetes 1401 (5.5%) 1,573 (6.2%) 1,725 (6.8%) 2,104 (8.3%) <0.001
Family history of pancreatic Cancer 696 (2.7%) 699 (2.7%) 687 (27%) 518 (20%) <0.001
Aspirin user 11,635 (45.8) 11,702 (46.0) 12,118 (47.6) 12,319 (48.4) <0.001
Food consumption

Fruits (g/day) 320942452 266542029 257742034 2505 +2137 <0.001
Vegetables (g/day) 2829 £2077 255.64 1677 2718+ 1699 3258 £ 1935 <0.001
Whole grain (servings/day) 12408 11208 11408 13£09 <0.001
Red processed meat (g/day) 47482 874106 133£139 294223 <0.001
Cofce (g/day) 694246984 79577464 8803 £7954 1015348933 <0.001
Dairy (servings/day) 1311 13£11 14£11 15%1 <0.001
Nuts (g/day) 5941458 594130 674139 84£161 <0.001

“Values are mean = standard deviation or counts (percentage) as indicated.
2“Others” refers to Asian, Pacific Islander, or American Indian.

“Weight (kg)/height (m)2.

4Total time of moderate-to-vigorous physical ac

T





OPS/images/fnut-08-782270/crossmark.jpg
©

2

i

|





OPS/images/fnut-09-889303/fnut-09-889303-t002.jpg
Quartile of energy-adjusted
fried food consumption

(g/day)

Number of cases

Person-years

Crude incidence rate per
10,000 person-years

Hazard ratio (95% confidence interval)

Unadjusted

Model 12

Model 2"

Total fried foods
<6.10
6.10-15.06
15.07-31.83

Pirend
Deep-fiied foods
339

339-947
9.48-21.60
>21.60

Pirend

Pan-fried foods

056

056-295
2.96-8.66
>8.66

Pirend

106
98
114

98
88
11
105

2277856
2254852
224597.6
2230028

227376.1
2252283
224773.1
2234937

2273990
225599.6
2251241
2227485

R
38 %5

515
431
476
362

431
3.90
493
471

1.00 (reference)
0.94(071-1.23)
1.09 (0.84-1.42)
0.81(061-1.08)
0171

1.00 (reference)
0.84(064-1.10)
093 (071-1.20)
071(053-0.94)
0.030

1.00 (reference)
091 (068-1.21)
115 (0.87-1.50)
1.10 (0.83-1.44)
0316

1.00 (reference)
092(0.70-1.22)
106 (0.81-1.39)
0.78 (0.58-1.06)
0116

1.00 (reference)
0.83 (0.64-1.09)
091 (0.69-1.19)
0.68 (0.51-0.92)
0023

1.00 (reference)
090 (0.68-1.20)

(0.85-1.46)
105 (0.80-1.40)

111

0494

100 (reference)
0.89 (0.68-1.18)
1.00(0.76-1.31)
071 (0.51-0.99)
0.047

100 (reference)
081 (0.62-1.07)
087 (0.67-1.15)
064 (0.47-0.88)
0011

100 (reference)
0.87 (0.65-1.16)
1.06 (0.81-1.40)
0.98(0.73-1.32)
0815

“Adjusted for age (years) and sex (male, female).

b Adjusted for age (years), sex (male, female), smoking status [current (> 60 pack-years, 30-60 pack-years, < 30 pack-years), former (> 60 pat

ars, 30-60 pack-years, < 30 pack-years),

never], alcohol consumption (g/day), body mass index (ky/m?), aspirin use (yes, no), history of diabetes (yes, no), family history of pancreatic cancer (yes, no), and energy intake from

diot (kcaliday)
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Individuals 55 to 74 years of age who were
invited to take part in the PLCO Cancer
Screening trial

\

J

\ 4

\.

Individuals excluded:

e Had a history of PLCO cancers

e Received a screening examination for colorectal
or prostate cancer recently

e Underwent surgical resection of the whole
prostate, whole colon, or one lung

e Had taken Proscar in the past six months

e Taking part in another cancer prevention or
screening trial

® Receiving treatment for cancer (excluding
squamous and basal cell skin cancer)

Individuals enrolled in ten screening centers
across the US (n=154887)

\

y

—>

\.

Individuals excluded:

® Failed to complete a DHQ (n=36076)

¢ Had an invalid DHQ (n=5364)

e Failed complete a baseline questionnaire (n=1940)

® Outcome events occurred randomization and DHQ
completion (n=115)

® A diagnosis of cancer before DHQ completion
(n=9644)

® A diagnosis of endocrine pancreatic cancer (n=19)

[ Individuals included in this study (n=101729) ]
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Randomization

(trial entry)
e Follow-up length (time metric for Cox regression) 1
4374
e cays Cancer diagnosis or trial exit otherwise !
3314 days
: Supplemental questionnaire completion «/
1141 d
b ® Dietary history questionnaire completion (baseline point) </

9 days

= Baseline questionnaire completion «/

A

U U 4 | v

0 2,000 . 4,000 6,000
Time, days
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/ Pan-fried pork chops 3.3

Fried potatoes 35.8 j

/ Deep-fried chicken 3.8

' /— Pan-fried chicken 4.0
'. o Pan-fried steak 4.6
- Pan-fried sausage 5.6

..¥ Pan-fried hamburger 5.8
, . \ Pan-fried bacon 6.0
Fried fish 20.5 \

Chips 10.6
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Cutoff None-stone Stone Model 1 Model 2 Model 3

(mcg) No. (%) No. (%) OR (95% CI) OR (95% CI) OR (95% CI)
Overall
Q <678 6432 (90.0) 718 (10.0) 1.00 1.00 1.00
Q@ 67.8-97.2 6438 (90.2) 701 (9.8) 0.97 (0.87-1.09) 0.95 (0.85-1.06) 0.94(0.83-1.06)
@ 97.2-1338 6461 (90.3) 693 (9.7) 0.96 (0.86-1.07) 093 (0.83-1.05) 0.92 (0.80-1.05)
Q4 >1338 6466 (91.2) 626 (8.8) 0,87 (0.78-0.97)* 085 (0.75-0.95)* 082 (0.70-0.97)*
Pvalue 0.01 <001 0.02
Age
< 50 years
Q <721 3320 (92.5) 262(7.5) 1.00 1.00 100
Q@ 72.1-1033 3269 (93.3) 234(6.7) 0.89 (0.73-1.06) 0.87 (0.72-1.04) 0.83 (0.68-1.02)
@ 1033-141.2 3273 (93.7) 221(6.3) 0.83 (0.69-1.00) 081 (0.67-0.98) 0.7 (0.62-0.97)
Q4 > 1412 3297 (94.2) 202(5.8) 0.75 (0.62-0.91)** 0.73 (0.60-0.89)** 0.65 (0.49-0.86)**
Ptrend <001 <001 <001
> 50 years
Ql <638 3201 (88.0) 436 (12.0) 1.00 1.00 1.00
@ 63.8-91.6 3211 (88.0) 437 (12.0) 100 (0.87-1.15) 0.93 (0.81-1.08) 0.93 (0.80-1.09)
Q3 91.6-1255 3148 (86.5) 491 (13.5) 115 (1.00-1.32) 1.02 (0.89-1.18) 1.02 (0.86-1.20)
Q4 >1255 3198 (87.5) 455 (12.5) 105 (0.91-1.20) 087 (0.75-1.01) 0.86 (0.70-1.05)
Ptrend 031 012 022
Gender
Male
Q <795 2961 (88.0) 404 (12.0) 1.00 1.00 1.00
Q 79.5-1124 2961 (87.5) 423(12.5) 105 (0.91-1.21) 106 (0.91-1.23) 1.02(0.87-1.20)
@ 1124-1498 3009 (89.1) 369 (10.9) 0.90 (0.77-1.04) 0.94 (0.81-1.09) 0.90 (0.75-1.08)
Qi > 1498 3089 (91.4) 291 (8.6) 0,69 (0.59-0.81)** 0.78 (0.66-0.92)* 0.73 (0.58-0.91)**
Ptrend <001 <001 <001
Female
Q <60 3410 (90.8) 347 (9.2) 1.00 1.00 1.00
Q@ 60.1-85.4 3455 (92.0) 301 (8.0) 0.86 (0.73-1.01) 0.86 (0.73-1.02) 084 (0.71-1.00)*
Qs 85.5-116.5 3462 (91.9) 304 (8.1) 0.86 (0.74-1.01) 0.89 (0.76-1.05) 0.85 (0.71-1.03)
Q >1165 3470 (92.1) 299(7.9) 0.85 (0.72-1.00)* 0.93 (0.79-1.09) 0.86 (0.68-1.09)
Ptrend 007 052 0.30
BMI (kg/m?)
<250
Q <669 1880 (93.1) 140 (69) 1.00 1.00 1.00
Q@ 66.9-96.7 1871 (92.8) 145(72) 104 (0.82-1.32) 104 (0.81-1.33) 109 (0.84-1.42)
@ 96.7-133.8 1892 (93.7) 127 (63) 0.90 (0.70-1.16) 0.95 (0.74-1.23) 0.98 (0.72-132)
Qi >1338 1909 (94.3) 115 (57) 0.81 (0.63-1.04) 0.88 (0.67-1.15) 0.95 (0.65-1.38)
Ptrend
>25.0
Q <679 4533 (88.6) 582 (11.4) 1.00 1.00 1.00
Q 67.9-97.0 4570 (89.3) 548 (10.7) 0.93 (0.83-1.06) 091 (0.80-1.03) 0.89 (0.78-1.02)
Qs 97.0-133.1 4550 (89.0) 562 (11.0) 0.96 (0.85-1.09) 0.92 (0.81-1.04) 0.90 (0.78-1.05)
Q >1331 1612 (89.9) 519(10.1) 0.88 (0.77-0.99)* 084 (0.73-0.95)* 0.80 (0.66-0.96)*
Ptrend 0.06 001 0.03

Model 1: no covariates were adjusted.
Model 2: adjusted for gender, age and race.
Model 3: adjusted for gender, age, race, marital status, vigorous and moderate recreational physical activity, education level, annual family income, hypertension, diabetes, BMI (body
mass index), smoking, encrgy, water, dietary intakes of alcohol, caffeine, calcium, phosphate, sodium, potassium, magnesium, vitamins A, C, D, E, K.

*P <0.05,**P < 0.01.
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Inflection points
(mcg/day)

All participants
<99.2
>99.2
Age

<50 years
<36.3
>36.3
>50 years
<114.8
>114.8
Gender
Male
<57.8
>57.8
Female
<69

>69

BMI (kg/m?)
<25.0
<83.1
>83.1
>25.0
<47.5
>47.5

Adjusted* OR (95% CI)

1.000 (0.997, 1.002)
0.998 (0.996, 0.999)

1.014 (0.992, 1.035)

0.998 (0.995, 0.999)

1.001 (0.999, 1.003)

0.997 (0.995, 1.000)

1.006 (0.998, 1.015)

0.998 (0.996, 0.999)

0.996 (0.991, 1.001)

1.000 (0.997, 1.002)

1.001 (0.995, 1.007)

0.999 (0.995, 1.002)

1.004 (0.996, 1.012)
0.998 (0.997, 0.999)

P-value

0.747
0.012

0.216

0.041

0.428

0.053

0.149

0.010

0.110

0.716

0.763

0.539

0.368
0.010

*Adjusted for gender, age, race, marital status, vigorous and moderate recreational

physical activity, education level, annual family income, hypertension, diabetes, BMI

(body mass index), smoking, energy, water, dietary intakes of alcohol, caffeine, calcium,

phosphate, sodium, potassium, magnesium, vitamins A, C, D, E, K. The bold values refer

to P < 0.05, indicating significant statistical differences.
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Characteristics Total Quartiles of plasma selenium concentrations (/L) P-value

Qt, <81.56 Q2,81.57-91.68  Q3,91.69-104.90 Q4,>104.91
No of participants 1,621 406 405 405 405
Men, n (%) 1,058 (65.3) 253 (62.3) 256 (63.2) 257 (63.5) 292 (72.1) 0.010
Age, years 57.86 (10.25) 56.97 (11.20) 58.16(10.72) 58.13 (9.54) 58.19(9.40) 0.247
BMI, kg/m? 23.79(3.13) 23.80(3.27) 23.72(3.02) 23.61(3.15) 24.03 (3.06) 0273
Triglycerides, mmol/L. 1.24(0.88,1.78) 1.19(0.84,1.74) 1.28(0.92,1.84) 1.23(0.89, 1.70) 1.28(0.89, 1.96) 0.105
TC, mmolL 4.75(4.18, 5.36) 458 (391,5.12) 4.62(4.10,5.31) 4.87(4.28,5.43) 4.95 (432, 5.56) <0.001
HDL-C, mmol/L 1.32(1.10,1.58) 1.27 (1,05, 1.54) 1.33(1.09,1.57) 1.35 (1.14,1.59) 1.34(1.11,1.61) 0.008
LDL-C, mmol/L 2.82(2.28,3.33) 272 (2.15,3.17) 279 (2.25,3.31) 2.87 (2.41,3.36) 2.89(2.29, 3.56) <0.001
Non-HDL-G, mmol/L 3.37 (2.80, 4.01) 3.20 (2.65,3.78) 3.29 (2.80, 3.99) 3.48 (2.86, 4.06) 3.68 (2.98, 4.20) <0.001
TC/HDL-C ratio 3.56 (2.96, 4.36) 3.51(2.87,4.37) 3.57 (2.94, 4.30) 3.51(2.94,4.29) 3,66 (3.05, 4.49) 0.154
LDL-G/HDL-C ratio 2.12(1.63,2.72) 210 (1.63,2.72) 2.11(1.64,2.72) 2.08(1.69, 2.71) 2.21(1.71,2.75) 0.549
Education level, n (%) 0.091

None or elementary school 424(26.2) 99 (24.4) 95 (23.5) 105 (26.9) 125 (30.9)

Middle school 734 (45.9) 174 (42.8) 196 (48.4) 191 (47.2) 173 (42.7)

High school or beyond 463 (28.5) 133 (32.8) 114 (28.1) 109 (26.9) 107 (26.4)

Gurrent smoker, n (%) 479 (29.5) 120 (29.6) 122 (30.1) 116 (28.6) 121(29.9) 0970
Current drinker, n (%) 480 (29.6) 99 (24.4) 109 (26.9) 120 (20.6) 152 (37.5) <0.001
Vigorous activity, 1 (%) 738 (45.5) 180 (44.3) 198 (48.9) 177 (43.7) 183 (45.2) 0.450
rs7579 genotypes, n (%)°

<] 882(54.7) 209 (51.7) 235 (58.1) 225 (56.1) 213(53.0) 0234

s 614/(38.1) 159 (39.4) 140 (34.7) 156 (38.9) 159 (39.5)

™ 115 (7.1) 36(8.9) 29(7.2) 20(50) 30(7.5)

Plasma selenium, pg/L 91.68(81.55,104.92) 75.25 (68.92, 7850) 87.09 (84.16,89.11) 97.86(94.50, 101.08) 114.67 (108.91,126.16)  <0.001

%Data are presented as mean (SD) for parametrically distributed data, median (interquartie range) for non-parametrically istributed deta, or n (%) for categoricel data. BMI, body mass
indlex; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; Non-HDL-C, non-high-density lipoprotein cholesterol; TC, total cholesterol,
bGenotyping of rs7579 polymorphism was failed in 12 participants. Bold values indicates P < 0.05.
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Mean % (95% Cl) difference in Quartiles of plasma selenium concentrations (/L) P-trend
3-year changes in lipid levels

a1, <81.56 Q2,81.57-91.68 Q3,91.69-104.90 Q4, 10491
Triglycerides
Model 1 0,00 (referent) 157 (~5.25,8.39) 1.78 (~5.00, 8.55) 6.87(0.10, 13.64)" 0056
Model 2 0.00 (referent) 2.85(~3.87,9.57) 2.73 (~8.93, 9.40) 7.42 (0.75, 14.09) 0.040
Model 3 0,00 (referent) 2.90(-3.82,9.62) 3.13(-3.55,9.81) 825 (1.54,14.96)" 0.021
TC
Model 1 0,00 (referent) 270(~0.14, 5.5) 4.08(1.26, 6.91)" 5.40 (2.58, 8.22)" <0.001
Model 2 0.00 (referent) 331(056, 6.05) 4.28(1.55,7.02)" 5.87(3.14,861)" <0.001
Model 3 000 (referent) 3.23(0.48, 5.98)" 4.26(1.52, 7.00)" 5.88(3.13, 8.63) <0.001
HDL-C
Model 1 0,00 (referent) 1.09(=3.10, 5.28) —1.18(-5.36, 3.00) 0.17 (~4.00, 4.33) 0.797
Model 2 0.00 (referent) 2.21(-1.74,6.16) —0.95 (-4.88,2.98) 0.97 (-2.96, 4.89) 0.970
Model 3 0,00 (referent) 2.14(~1.80, 6.08) —1.30 (-5.22,2.62) 0.40 (-3.52, 4.32) 0.729
LoL-C
Model 1 0,00 (referent) 358(-0.76,7.92) 4.89(0.56, 9.21)" 665 (2,34, 10.96)" 0.002
Model 2 0,00 (referent) 427 (~0.03, 857) 530 (1.02, 9.59)" 7.27 (2.99, 11.55) 0.001
Model 3 0,00 (referent) 4.27(-0.04, 858) 5.39(1.10, 9.69) 7.37 3,07, 1167 <0.001
Non-HDL-C
Model 1 0,00 (referent) 3.20(~0.65, 7.04) 4.77(0.94, 861" 5.7 (1.94,9.59) 0.002
Model 2 0.00 (referent) 399 (022, 7.76) 521 (1.45,897)" 627 (2.51,10.02)" 0.001
Model 3 0,00 (referent) 3.96 (0,18, 7.74)" 530 (1.53,9.07) 6.44 (2,66, 10.21)" <0.001
TC/HDL-C ratio
Model 1 0,00 (referent) 1.68(~2.76,6.12) 5.00(0.59, 9.41)" 4.60(0.20, 9.00)" 0016
Model 2 000 (referent) 1.29 (-8.11,5.69) 4.90(0.53, 9.27)" 4.31(~0.05,8.68) 0019
Model 3 0,00 (referent) 1.33(-3.07,5.72) 5.32(0.95,9.69)" 4.99(0.62,9.36)" 0.007
LDL-G/HDL-C ratio
Model 1 0.00 (referent) 2.73(-2.81,8.28) 6.62 (1.11, 12.13)" 6.71(1.22, 12.21)" 0.007
Model 2 000 (referent) 2.05(~3.43,7.59) 6.38(0.93, 11.82) 6.35 0,91, 11.79)" 0.008
Model 3 0.00 (referent) 2.16 (~3.32, 7.65) 6.85 (1.41, 12.30)" 7.00 (1.55, 12.46)" 0.004

aModel 1, adjusted for respective baseline liid (continuous); Model 2, further adjusted for sex (men/women), age (continuous), and BMI (continuous); Model 3, further adjusted for
current smoking status (yes/no), current drinking status (ves/no), physical activity (ves/no), and educational level (none or elementary school/middle school/high school or beyond). BMI,
body mass index; HDL-C, high-clensity lipoprotein cholesterol; LDL-C, low-density lpoprotein cholesterol; Non-HDL-C, non-high-density lipoprotein cholesterol; TC, totel cholesterol.
*P < 0.05. Bold values indicates P < 0.05.
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Baseline characteristics

Sample size (%)
Age (years) (%)

<65

265

Race (%)

Hispanic

Non-hispanic white
Non-hispanic black
Non-hispanic other
Education level (%)

Less than high school degree
High school degree

More than high school degree
Marital status (%)

Married or living with partner
Widowed, divorced, separated
Never married

Family income-poverty ratio (%)

0-1.0
1.1-8.0

>80

BMIkg/m?

<250

25.0-29.9

230

Drinking status (%)
Never drinker

Ever drinker

Current drinker
Smoking Status (%)
Never smoker

Ever smoker

Current smoker
Physical activity (%)
<150 min MVPA
>160min MVPA

Values are n (percentage).

Total

20,221

15,189
5,032

5,006

10,597

3,759
770

5,636
4,739
9,776

12,678
4414
3,129

3,792
8,478
7,951

5,989
7,097
7,135

2,792
4,089
13,340

10,445
5,332
4,444

11,375
8,846

Male

1,565 (7.7)

843(5.6)
722 (14.3)

454 (8.9)
724(6.8)
341 (0.1)
46(6.0)

616(109)
334(7.0)
615(63)

1,116 8.9)
333(7.5)
116(3.7)

270(7.1)
727 (8.6)
568 (7.1)

228 (3.8)
532(7.5)
805(11.9)

129 (4.6)
531 (13.0)
905 (6.8)

567 (5.4)
689 (12.9)
309 (7.0)

990 (8.7)
575(6.5)

Diabetes

Female

1,380 (6.8)

747 (4.9)
633 (12.6)

430 (8.4)
536(5.1)
357 (9.5)
57(7.4)

577 (10.2)
334(7.0)
469 (4.8)

664 (5.2)
619(14.0)
97 3.1)

354(99)
693(8.2)
333(4.2)

174 (2.9
353 (5.0)
853 (12.0)

418(15.0)
448 (11.0)
514(3.9)

809(7.7)
373(7.0)
198 (4.5)

1051(9.2)
320(3.7)

Non-diabetes

Male

8,330(41.2)

6,467 (42.6)
1,863 (37.0)

2,000 (39.4)

4,498 (42.4)

1,503 (40.0)
320 (41.6)

2,261 (40.1)
2,064 (43.6)
4,005 (41.0)

5,652 (44.6)
1,181 (26.8)
1,497 (47.8)

1,430 (37.7)
3,378 (39.8)
3,522 (44.3)

2,487 (41.5)
3,454 (48.7)
2,389 (33.5)

568 (20.3)
1,478 (36.1)
6,284 (47.1)

3,630 (34.8)
2,481 (46.5)
2,219 (49.9)

3,058 (34.8)
4,372 (49.4)

Female

8,946(44.2)

7,132 (47.0)
1,814 (36.0)

2,202 (43.2)
4,839 (45.7)
1,568 (41.4)
347 (45.1)

2,182 (38.7)
2,007 (42.4)
4,687 (47.9)

5,246 (41.4)
2,281 (51.7)
1419(45.9)

1,738 (45.8)
3,680 (43.4)
3,528 (44.4)

3,100 (51.8)
2,758 (38.9)
3,083 (43.3)

1,677 (60.1)
1,632 (39.9)
5,637 (42.3)

5,439 (52.1)
1,789 (33.6)
1,718(38.7)

5,376 (47.9)
3,570 (40.4)
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Variable

Children age (year)
8

9

10

Pregnant stage
1st-

2nd-

3rd-

Type of iodized salt
Non-iodized
Low-iodized
Qualified iodized
High-iodized

Water iodine (11g/L)
<10

10~

40~

100~

Coastal region

Yes

No

Landform

Plain

Hilly

Mountain

Capita income
<¥20,000
¥20,000-¥:40,000
>¥40,000
Nationwide

TV (mL)
N Median
70,110 241"
100,793 260
87,701 284
8,678 291
10,772 2.68
240,571 261
2,613 265
232,348 2.60°
26,841 271
2210 286
3,248 290
20,546 263"
160,519 261
62,523 269"
48,008 258
66,293 257
170,756 263
73,755 266
20,136 264
264,740 261

Children

Goiter prevalence

N

70,110
100,793
87,701

8,678

10,772
240,571

2,613

232,348
26,841
2,210
3,248

20,546
160,519

62,523
48,006
66,293

170,756
73,766

20,136

264,740

(%)

215"
1.96
127

3.09"
2.40
1.70
1.95

1.72
216
3.3
2.00

1.81*
172

2.11°
1.61
151

170"
1.91

213
2.00

MUIC (ng/L)

N Median
150,914 203.10*
217,410 206.20
188,008 200.70
18,895 163.10
24,239 195.30
510,150 198.40
5,187 21470
482,599 194.60"
57,010 205.90
9,998 261.25
6,723 281.60
36,774 174.50"
349,317 199.08
135,671 197.80°
113612 196.10
126,975 196.10
260,690 197.10
153,655 197.91
41,232 197.41
570,271 206.10

TV, thyroid volume; MUIC, median urine iodine concentration; TD, thyroid disease; *p < 0.05 for trend.

Pregnant women

D prevalence

N

926
772

238
Il
1,566

1,968
248

453
1,278

753
566
382

1,009
725
501

274,929

(%)

0.94*
0.79
0.77

2.98*
0.85
0.76

0.83
0.83

247
0.74

1417
0.99
0.61

056"
0.80
2.49
0.80

MUIC (ng/L)

N Median
56,306 166.30"
115,577 165.20
100,062 169.20

7,972 125.59"
9,270 158.00
208,245 166.50
2274 164.34
237,588 161.60"
29,619 168.00
3,489 206.00
3,201 22353
18,116 131.19°
172,804 165.60
67,640 162.50
55,920 159.94
62,390 165.40
178,258 165.50"
75,696 160.30
20,033 152.40
274,578 163.50
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Unit Total Number of units assessed by individual indicators. Rates, n (%)

PHCAIS muic® Muict aP Method1 ~ Method2  Method3  Method 4
(>90%) (100-200 pg/l)  (150-249 pg/L) (<5%)
Nation 1 1 1 1 1 1(100.0) 1(100.0) 1(100.0) 1(100.0)
Province 31 22 31 22 31 17 (64.8) 17 (64.8) 17 (64.8) 17 (54.8)
Municipality 366 280 359 245 350 194(530)  194(530)  188(51.4)  188(51.4)
County 2,827 2,125 2,700 1,717 2,630 1257 (44.5) 1.257(445) 1,185(419) 1,184 (41.9)

PHCAIS, proportion of households consuming adequately iociized salt; MUIC, median urine iodine concentration; GR, goiter prevalence.

“Children and bpregnant women.

Method 1 represents the results evaluated by technical indicators of PHCAIS (>90%), MUIC (100-299 ug/) in children and MUIC (150-249 g/} in pregnant women in the 2007 criteria.
Method 2 represents the results evaluated by the indicators in Method 1 plus the programmatic indicators in the 2007 criteria.

Method 3 represents the results evaluated by the indicators in Method 1 plus GP < 5%.

Method 4 represents the results evaluated by the indicators in Method 3 plus a score >85 of programmatic indicators in the Chinese criteria.

Rate (%) = the number of areas meeting the criteria/total number of areas x 100.
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Mean % (95% Cl) difference in 3-year 1s7579 genotypes P-trend
changes in lipid levels
cc ot ™
Triglycerides
Model 1 0.00 (referent) —258(~7.61,2.45) 2.90 (655, 12.35) 0835
Model 2 0.00 (referent) 2,92 (~7.87,2.08) 0.99 (-8.32, 10.30) 0.573
Model 3 0.00 (referent) ~3.18(~8.10, 1.89) 0.90 (-8.41, 10.21) 0532
TC
Model 1 0.00 (referent) ~099(-3.11, 1.12) 0.46 (~3.52, 4.43) 0683
Model 2 0.00 (referent) ~1.33(-3.38,0.72) —0.41 (~4.26, 3.45) 0360
Model 3 0.00 (referent) ~1.23(-3.28,089) ~0.47 (432, 3.39) 0383
HDL-C
Model 1 0.00 (referent) 1.86 (~1.25, 4.97) 225 (~3.68,8.12) 0223
Model 2 0.00 (referent) 1.02 (~191,3.95) 0.78(~4.76, 6.33) 0547
Model 3 0.00 (referent) 1.36 (~1.57, 4.29) 0,67 (~4.85, 6.20) 0473
LDOL-C
Model 1 0.00 (referent) 081 (-2.42,4.04) —171(-781,439) 0948
Model 2 0.00 (referent) 0.49 (270, 3.69) ~2.68(-8.72,3.36) 0691
Model 3 0.00 (referent) 053 (~2.68,3.74) —2.67 (-8.72,3.39) 0704
Non-HDL-C
Model 1 0.00 (referent) —1.60 (~4.45, 1.26) 1.62 (~8.80, 7.08) 0779
Model 2 0.00 referent) —197 (-4.77,083) 051 (~4.80, 5.82) 0470
Model 3 0.0 (referent) ~1.95 (~4.76, 0.86) 0.47 (~4.85,5.79) 0473
TC/HDL-C ratio
Model 1 0.00 (referent) ~3.03(~6.33,0.26) ~1.88(~8.10, 4.35) 0.134
Model 2 0.00 (referent) ~2.61(-5.88,0.65) —1.56 (~7.74, 4.61) 0196
Model 3 0.00 (referent) ~2.89(~6.16,0.38) —153(~7.70, 4.63) 0.165
LDL-C/HDL-C ratio
Model 1 0.00 (referent) —1.12(-5.23,3.00) ~38.99(~11.77,3.79) 0318
Model 2 0.00 (referent) ~054 (~4.61,352) ~8.29(~10.99, 4.40) 0471
Model 3 0.00 (referent) —0.84(~4.92,3.24) ~3.20(~10.89, 4.49) 0427

aModel 1, adjusted for respective baseline liid (continuous); Model 2, further adjusted for sex (men/women), age (continuous), and BMI (continuous); Model 3, further adjusted for
current smoking status (yes/no), current dfinking status (yes/no), physicel activiy (ves/no), and educationel level (none or elementary school/middle school/high school or beyond). BMI,

body mass index; HDL~(

high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; Non-HDL-C, non-high-density lipoprotein cholesterol: TC, total cholesterol.
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Exposure Model

Vitamin D Model 1
Model 2
25-hydroxyvitamin D Model 1
Model 2

nSNP

Beta

0.039
0.021
0.005
0.019

Raw estimates
OR (95%Cl)

1,040 (0.954,1.133)
1.021(0.942,1.107)
1.005 (0.842,1.199)
1,019 (0.846,1.226)

AF, atrial fibrillation; SNP, single-nucleotide polymorphisms; OR, odds ratio.

P-value

0.368
0613
0.958
0.853

nSNP

50
47
6
5

Outlier corrected estimates

Beta OR (95%Cl) P-value

0.05 1.051(0.978,1.130) 0.173
0.03 1.031(0.958,1.108) 0.422
NA NA NA
NA NA NA

Distortion test

P-value

0.741
0812
NA
NA
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Characteristics

Agey
Male, n (%)

BMI, kg/m?

Treatment group, n (%)
Enalapril

Enalapril-folic acid

BP, mmHg

SBP at baseline

DBP at baseline
Time-averaged SBP
Time-averaged DBP
Laboratory results
Fasting glucose, mmol/L.
Total cholesterol, mmol/L.
Triglycerides, mmol/L.
HDL cholesterol, mmol/L
tHy, pmol/L

Folate, n g/mL

5-MTHF, ng/mL

Vitamin B12, pmol/L.
Serine, pmollL

eGFR, mU/(min per 1.73 m?)
MTHFR genotype, n (%)
cc

cr

™

Smoking, n (%)

Never

Former

Current

Drinking, n (%)

Never

Former

Current

Total (N = 582)

64.5(57.4,70.6)
328 (56.4)
245(22.2,27.1)

310(53.3)
272 (46.7)

168.0 (156.0, 182.0)
94.0(87.3,101.3)
1416 (134.7, 149.1)
826(77.4,883)

56(6.2,6.4)
5.6(4.8,63)
1.4(1.1,20)
1.3(1.1,1.5)
13.7 (1.0, 18.8)
65(4.8,92)
6.1(3.4,96)
374.7 (313.1, 4602)
3135 (254.2, 397.8)
91.2(82.5,99.2)

141(24.2)
292 (50.2)
149 (25.6)

316 (54.3)
70 (12.0)
196 (33.7)

332 (57.0)
65(11.2)
185 (31.8)

Mortality

Controls (n = 291)

64.5(57.4, 70.6)
164 (56.4)
24.9(225,27.3)

155 (53.3)
136 (46.7)

165.3 (154.7, 180.7)
93.3(87.7, 100.0)
140.4 (134.6, 146.9)
82.2(775,87.2)

56(5.2,63)
56(4.9,6.3)
15(1.0,2.1)
13(1.1,1.5)
13.6 (1038, 18.2)
6.8(4.7,9.3)
67(3.7,103)
373.7 (3127, 471.1)
302.7 (237.9, 395.6)
91.2(82.4,98.9)

73(25.1)
148 (50.9)
70 (24.1)

158 (54.3)
36 (12.4)
97 (333)

163 (56.0)
30(10.3)
98 (33.7)

Cases (n = 291)

645 (57.4,70.7)
164 (56.4)
24.3(21.9,26.7)

155 (53.9)
136 (46.7)

170.7 (158.0, 183.7)
95.3(87.3,102.0)
144.7 (135.0, 162.9)
83.4(77.3,89.8)

5.7(52,6.4)
55(4.6,6.2)
1.4(14,19)
13(1.0,1.6)
14.0(11.1,19.3)
6.2(4.9,88)
56(3.1,9.0)
374.8(313.3, 448.9)
3255 (275.1, 405.8)
91.3(83.6,99.7)

68(23.4)
144 (49.5)
79 (27.1)

158 (64.3)
34(11.7)
99(34.0)

169 (58.1)
35(12.0)
87(299)

0978
1.000
0.060
1.000

0.073
0.224
0.001
0.046

0.450
0.410
0.352
0.878
0.240
0.848
0.008
0.859
0.001
0.966
0.679

0.962

0.564

Velues are presented as median (Q1, Q3) or n (%). Diferences between cases and controls in baseline characteristics were compared with the use of the Chi-square test for categorical
variables and the Wikcoxon signed rank test for continuous variables. BF, blood pressure; SBR systolic blood pressure; DB, diastolic blood pressure; HDL, high-density lipoprotein;
tHcy, total homocysteine; 5-MTHF, 5-methyl-tetrahydrofolate; eGFR, estimated glomerular filtration rate; MTHFR, methylenetetrahydrofolate reductase.
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Serine, pmol/L
Quartile

Q1 (<254.2)

Q2 (254.2-313.5)
Q3 (313.5-397.8)
Q4 (2397.8)
Pfor trend
Categories

Q1 (<254.2)
Q2-Q4 (2254.2)

582

146
145
145
146

146
436

Cases (%)

291(50.0)

50(34.2)
81(65.9)
83(57.2)
77 (652.7)

50(34.2)
241653

Crude model

OR(95%Cl)

1.24(1.03,1.50)

1.00 (1.00,1.00)
2.35 (1.44,3.89)
2.43(1.51,3.92)
2.00(1.25,3.19)

1.00 (1.00,1.00)
2.24(1.52,3.30)

P-value

0.022

Ref
<0.001
<0.001

0.004
0.003

Ref
<0.001

Adjusted model?

‘OR(95%Cl)

1.18(0.96,1.44)

1.00(1.00,1.00)
2.32(1.82,4.07)
259 (1.48,4.54)
1.85(1.07,3.22)

1.00 (1.00,1.00)
2.22(1.41,3.50)

P-value

0.112

Ref
0.004
<0.001
0.029
0.020

Ref
<0.001

0Rs of all-cause mortality in relation to serum concentrations of serine quartiles were calculated with the use of conditional logistic regression models. Q, quartile; Ref, reference.
2Adjusted for age, sex, body mass index, treatment group, MTHFR CB77T, smoking status, alcohol drinking status, systolic blood pressure, diastolic blood pressure, fasting blood
glucose, total cholesterol, triglycerides, HDL-C, eGFR, total homocysteine at baseline, vitamin B12, serum folate at baseline, and time-averaged BR, during the treatment period.
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Subgroups Serine, i mol/L OR(95%CI) P for interaction

Q1 (<254.2) Q2-Q4 (>254.2)
N Cases (%) N Cases (%)

Age,y 0.199
<64.5 (median) 69 28 (40.6) 222 17 (52.7) 1.83(0.98, 3.41)
264.5 77 22(28.6) 214 124 (57.9) 3.12(1.67,5.81)

Sex 0.509
Female 58 21(36.2) 196 106 (54.1) 2.17(1.10, 4.28)
Male 88 29(33.0) 240 135 (56.2) 2.82(1.57,5.07)

BMI, kg/m? 0.141
<24.5 (median) 71 29(40.8) 220 126 (57.3) 1.97 (1.06, 3.66)
>24.5 7% 21(28.0) 216 115 (53.2) 3.96(2.04, 7.67)

Smoking 0777
Never 7% 26 (34.7) 241 132 (54.8) 2.36(1.81,4.27)
Former 2 8(30.8) 44 26 (59.1) 5.64(1.20,25.50)
Current 45 16(35.6) 151 83 (55.0) 3.08(1.27,7.48)

Alcohol drinking 0.848
Never 82 30 (36.6) 250 139 (55.6) 2554 (1.42, 4.58)
Former 15 5(33.3) 50 30 (60.0) 3.51(0.39,31.57)
Current 49 15(306) 136 72(529) 3.15(1.36, 7.30)

Systolic BP at baseline, mmHg 0.650
<168.0 (median) 64 20(31.2) 223 111 (49.8) 3.19(1.59, 6.37)
>1680 82 30(36.6) 213 130 (61.0) 257 (1.42, 4.65)

Diastolic BP at baseline, mmHg 0.684
<94.0 (median) 71 24/(33.8) 215 111(516) 2.37 (1.24,4.54)
294.0 7% 26 (34.7) 221 130 (58.8) 2.53(1.40, 4.58)

Treatment group 0.286
Enalapril 84 25 (29.8) 226 130 (57.5) 3.30(1.78, 6.10)
Enalapri-folic acid 62 25 (40.3) 210 111 (529) 2.09(1.08, 4.04)

MTHER C677T o.182
cc 28 6(21.4) 113 62(54.9) 4.06 (1.32, 12.54)
cT 71 22(31.0) 221 122 (55.2) 2.99(1.60, 6.57)
™ a7 22 (46.8) 102 57 (65.9) 1.20(0.51, 2.89)

€GFR, mU/(min-1.73 m?) 0.018
<91.2 (median) 73 19(26.0) 211 121(57.3) 4.42 (2.25, 8.69)
>91.2 70 30 (42.9) 215 112 (52.1) 1.32(0.72, 2.44)

Total cholesterol, mmol/L. 0570
<5.6 (median) 76 25 (32.9) 208 118 (56.7) 2.81(1.63,5.17)
256 67 24/(35.8) 218 115 (52.8) 2.27(1.18,4.37)

Triglycerides, mmol/L. 0.084
<1.4 (median) 65 27 (415) 223 121 (54.3) 1.80(0.97,3.36)
=14 80 23(28.7) 209 117 (56.0) 335 (1.81,6.22)

HDL cholesterol, mmoVL 0.807
<1.3 (median) 75 27 (36.0) 208 115 (55.3) 2.38(1.29, 4.38)
>13 70 23(32.9) 225 124 (55.1) 2.39(1.29, 4.45)

Diabetes 0.878
Non-DM 121 41(339) 358 191 (53.4) 2.46(1.54,3.93)
DM 23 8(34.8) 69 43 (62.3) 1.67(0.36, 7.83)

tHoy, pmol/L 0012
<13.7 (median) 65 27 (415) 220 110(50.0) 1.38(0.74, 2.58)
>13.7 78 22(282) 208 125 (60.1) 476 (2.43,9.32)

Folate, ng/mL. 0.056
<6.5 (median) 63 19(30.2) 220 125 (56.8) 3.58(1.84, 6.95)
=65 78 29(37.2) 206 107 (51.9) 1.48 (0.82, 2.68)

Vitamin B12, pg/mL 0.753
<3874.7 (median) 78 27 (34.6) 205 112 (54.6) 255 (1.39, 4.67)
>3747 63 21(33.9) 221 120 (54.3) 3.08(1.56, 6.08)

5-MTHF, ng/mL. 0.048
<6.1 (median) 68 23(33.8) 219 135 (61.6) 4.10 (2.09, 8.05)
=6.1 74 26(35.1) 214 105 (49.1) 1.83(0.98, 3.40)

Adjusted, if not stratified, for age, sex, body mass index, treatment group, MTHFR C677T genotype, smoking status, alcohol drinking status, systolic blood pressure, diastolic biood
pressure, fasting blood glucose, total cholesterol, triglycerides, HDL-C, eGFR, total homocysteine at baselie, totel folate at baseline, vitemin B12, and time-averaged BP during the
treatment period. DM, diabetes mellitus.





OPS/images/fnut-09-871768/crossmark.jpg
©

2

i

|





OPS/images/fnut-09-803985/fnut-09-803985-t003.jpg
Life styles

Serum 25 (OH)D
All-cause mortality
<25.0 (nmol/L)
25.0-49.9 (nmol/L)
50.0-74.9 (nmol/L)
>75.0 (amolrt)
CVD mortality
<25.0 (nmol/L)
25.0-49.9 (nmol/L)
50.0-74.9 (nmol/L)
>75.0 ("mol/L)
Cancer mortality
<25.0 (nmol/L)
25.0-49.9 (nmol/l)
50.0-74.9 (nmol/L)
>75.0 (hmol/L)
Cadmium
All-cause mortality
<021 (ugh)
0.21-037 (ugh)
0.37-06 (ug/)
>0.6 (ug/)

CVD mortality
<021 (ugl)
0.21-037 (ug/)
0.37-06 (ug/)
>0.6 (ug/)
Cancer mortality
<021 (ugh)
0.21-037 (ugh)
0.37-06 (ug/)
>0.6 (ug/)

CRP

All-cause mortality
<0.08 (mg/dL)
0.08-0.2 (mg/dlL)
0.2-0.46 (mg/dL)
>0.46 (mg/dL)
CVD mortality
<0.08 (mg/dL)
0.08-0.2 (mg/clL)
0.2-0.46 (mg/dL)
>0.46 (mg/dL)
Cancer mortality
<0.08 (mg/dL)
0.08-0.2 (mg/dlL)
0.2-0.46 (mg/dL)
>0.46 (mg/dL)

Deaths

624
810
459

18
128
167
87

26
168
170
108

200
338
877
766

a2
73
141
144

a7
87

141
197

327
525
539
590

70
T2
101
117

74

116
127
155

aModel 1: adjusted for age and sex.
bModel 2: Model 1, additionally adjusted for education, marital status, race, the ratio of family income to poverty.
¢Model 3: Model 2, additionally adjusted for BMI, drinking, smoking, physical activity.

Total population

710
5,118
6,881
4,567

710
5,118
6,881
4,567

710
5118
6,881
4,567

4,247
4,506
4,273
4,250

4,247
4,506
4273
4,250

4,247
4,506
4,273
4,250

4,156
4,705
4,175
4,240

4,156
4,705
4,175
4,240

4,156
4,705
4,176
4,240

Model 1*

HR (95%Cl)

1.00 [Reference]
0.77 (0.60-0.98)
051(0.39-0.68)
0.44 (0.32-0.60)

1.00 [Reference]
0,86 (0.51-1.46)
051(0.29-087)
0.38(0.22-0.67)

1.00 [Reference]
0.64 (0.40-1.03)
0.38(0.22-0.65)
0.33 (0.19-0.56)

1.00 [Reference]
1.05 (0.82-1.34)
1.35 (1.06-1.78)
2.47 (1.99-3.06)

1.00 [Reference]
089 (0.58-1.38)
1.17 (0.75-1.81)
1.67 (1.06-2.63)

1.00 [Reference]
1.46 (0.93-2.31)
1.66 (1.10-2.51)
3.37 (2.80-4.96)

1.00 [Reference]
1.03 (0.89-1.20)
1.22 (1.08-1.45)
1.77 (1.49-2.11)

1.00 [Reference]
1.01 (0.72-1.44)
0.99 (0.74-1.31)
1.61 (1.12-2.33)

1.00 [Reference]
1.05 (0.74-1.48)
1.18(0.87-1.16)
1.98 (1.44-2.71)

P-value

0.08
<0.001
<0.001

0.58
0.02
0.001

0.07
0.001
<0.001

0.71
0.02
<0.001

0.60
0.49
0.08

0.10
0.02
<0.001

0.66
0.02
<0.001

0.94
092
0.01

0.80
0.28
<0.001

Model 2°

HR (95%Cl)

1.00 [Reference]
0.88(0.68-1.19)
0,63 (0.47-0.86)
0.57 (0.40-0.80)

1.00 [Reference]
0.92 (0.52-1.62)
0.56 (0.32-1.00)
0.44 (0.24-0.80)

1.00 [Reference]
0.78 (0.49-1.25)
052 (0.30-0.90)
0.47 (0.27-0.83)

1.00 [Reference]
1.05 (0.83-1.34)
1.31(1.03-1.65)
215 (1.74-2.66)

1.00 [Reference]
0.90 (0.59-1.39)
1.14 (0.74-1.77)
1.49 (0.95-2.34)

1.00 [Reference]
1.45 (0.98-2.27)
1.61(1.07-2.41)
3.04 (2.06-4.49)

1.00 [Reference]
1.02 (0.88-1.19)
1.19 (0.99-1.43)
1.65 (1.38-1.97)

1.00 [Reference]
1.00 (0.71-1.43)
0.97 (0.72-1.29)
1.52 (1.05-2.19)

1.00 [Reference]
1.03(0.73-1.44)
1.13 (0.83-1.55)
1.79(1.31-2.47)

P-value

0.30
0.004
0.001

077
0.06
001

0.31
0.02
001

0.68
0.03
<0.001

0.64
0.55
0.08

0.10
0.02
<0.001

0.78
0.07
<0.001

0.98
0.82
0.03

0.88
0.44
<0.001

Model 3¢

HR (95%Cl)

1.00 [Reference]
097 (0.75-1.25)
0.73(0.54-0.99)
067 (0.48-0.99)

1.00 [Reference)
098 (0.55-1.72)
062(0.35-1.11)
050 (0.28-091)

1.00 [Reference]
0.88 (0.54-1.44)
063 (0.36-1.10)
0.58 (0.33-1.03)

1.00 [Reference]
1.01 (0.80-1.29)
1.18 (0.94-1.49)
1.70 (1.34-2.15)

1.00 [Reference]
088 (0.58-1.35)
1.04 (0.68-1.62)
1.26 (0.77-2.08)

1.00 [Reference]
1.35 (0.86-2.12)
1,34 (0.89-2.02)
2.08(1.35-3.22)

1.00 [Reference)
1.03 (0.88-1.21)
1.18 (0.98-1.43)
162 (1.34-1.96)

1.00 [Reference]
098 (0.68-1.42)
092 (0.68-1.24)
1.41(0.97-2.04)

1.00 [Reference)
1.00 (0.71-1.40)
1.06 (0.76-1.48)
1,62 (1.15-2.28)

P-value

0.79
0.04
0.02

0.93
0.10
0.02

0.62
0.10
0.08

0.92
0.15
<0.001

0.56
0.83
0.35

0.20
0.16
0.001

0.69
0.08
<0.001

091
058
0.07

0.99
0.73
0.01
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Life styles Deaths  Total population Model 12 Model 2° Model 3°

HR (95%Cl) P-value HR (95%Cl) P-value HR (95%Cl) P-value
25 (OH)D

All-cause mortality

<25.0 (nmol/L) 65 188 1.00 [Reference] 1.00 [Reference] 1.00 [Reference]

25.0-49.9 (nmol/L) 302 1118 0.56 (0.39- 0.80) 0.002 054(037-0.78)  0.001 055 (0.39-0.79) 0.001
50.0-74.9 (nmol/L) 303 1,182 039(028-054) <0001  036(0.25-052) <0001  0.40(027-058  <0.001
>75.0 (amolrt) 138 507 039(0.28-055) <0001  038(0.26-055) <0001  041(028-060)  <0.001
CVD mortality

<26.0 (nmol/L) 20 188 1.00 [Reference] 1.00 [Reference] 1.00 [Reference]

25.0-49.9 (nmolrL) ) 1,118 0.47 (0.24-0.92) 0.03 0.46 (0.24-0.86) 002 0.45 (0.24-0.58) 001
50.0-74.9 (nmol/L) 69 1132 029(0.16-058 <0001  030(0.17-051) <0001  031(0.17-055  <0.001
>75.0 (amolt) a1 507 0.4 (0.20-0.99) 0048 0.46(0.22-0.98) 004 0.46 (0.22-0.95) 0.04
Cancer mortality

<25.0 (nmol/L) 6 188 1.00 [Reference] 1.00 [Reference] 1.00 [Reference]

25.0-49.9 (nmol/l) 76 1,118 1.96 (0.74-5.20) 0.17 1.89(0.70-5.07) 0.21 2.16 (0.78-5.95) 0.13
50.0-74.9 (nmol/L) 49 1,182 0.85 (0.32-2.26) 074 076 (0.28-2.02) 057 1.00 (0.37-2.68) 099
>75.0 (hmol/L) 23 507 1.00 (0.35-2.86) 0.99 0.89 (0.30-2.67) 0.84 1.23 (0.40-8.77) 071
Cadmium

All-cause mortality

<024 (ugh) 132 733 1.00 [Reference] 1.00 [Reference] 1.00 [Reference]

0.24-0.39 (ug/) 169 769 0.90 (0.64-1.27) 055 0.94 (0.66-1.32) 070 091 (0.66-1.25) 056
0.39-06 (ug/) 267 767 1.32 (0.99-1.77) 0.06 1.28(0.94-1.74) 0.1 1.21(0.90-1.62) 0.20
>0.6 (ug/) 240 676 196(1.45-264) <0001  1.82(133-250) <0001  1.49(1.06-2.09) 0.02
CVD mortality

<0.24 (ug/) 30 733 1.00 [Reference] 1.00 [Reference] 1.00 [Reference]

0.24-0.39 (ug/) a4 769 1.21 (0.70-2.11) 0.495 1.22(0.69-2.47)  0.496 1.16 (0.65-2.07) 0.61
0.39-06 (ug/) 69 767 1.46 (0.75-2.85) 026 1.38(0.71-2.68) 033 1.26 (0.65-2.46) 049
>0.6 (ug/) 55 676 212 (1.06-4.28) 0.04 1.92 (0.94-3.93) 007 1.55 (0.70-3.45) 0.28
Cancer mortality

<0.24 (ugh) 28 733 1.00 [Reference] 1.00 [Reference] 1.00 [Reference]

0.24-0.39 (ug/) 35 769 0.88 (0.40-1.95) 075 0.92 (0.42-2.06) 085 089 (0.43-187) 0.76
0.39-0.6 (ug/) 43 767 082 (0.43-1.58) 055 0.81(0.42-158) 054 079 (0.41-152) 0.48
>0.6 (ug/) 48 676 1.95 (0.95-3.98) 0.07 1.85(0.91-8.77) 009 1.21(0.67-2.59) 0.61
CRP

All-cause mortality

<0.08 (mg/dL) 176 727 1.00 [Reference] 1.00 [Reference] 1.00 [Reference]

0.08-0.21 (mg/dL) 216 775 1.36 (1.01-1.84) 0045 1.32 0.97-1.77) 007 1.26 (0.94-1.68) 0.12
0.21-0.49 (mg/dl) 206 708 1.63 (1.21-1.95) 0.001 1.44 (1.12-1.84) 001 1.38 (1.08-1.77) 001
>0.49 (mg/dL) 210 735 1.90 (1.44-2.52) <0.001 1.76 (1.34-2.32) <0.001 1.65 (1.24-2.19) 0.001
CVD mortality

<0.08 (mg/dL) 44 727 1.00 [Reference] 1.00 [Reference] 1.00 [Reference]

0.08-0.21 (mg/dL) 53 775 1.33 (0.84-2.10) 021 1.35 (0.81-2.25) 025 1.37 (0.81-2.31) 0.24
0.21-0.49 (mg/dL) 56 708 1.6 (0.84-3.30) 0.14 1,68 (0.76-3.28) 022 1.65 (0.76-3.56) 0.20
>0.49 (mg/dL) 5 735 1.37 (0.76-2.47) 029 1.26 (0.68-2.34) 0.46 1.24(0.67-2.31) 0.49
Cancer mortality

<0.08 (mg/dL) 25 721 1.00 [Reference] 1.00 [Reference] 1.00 [Reference]

0.08-0.21 (mg/dL) 40 775 2,65 (1.46-4.79) 0,002 251(1.40-4.49) 0002 2.13(1.18-3.84) 001
0.21-0.49 (mg/dl) a4 708 298(1.71-647) <0001  277(168-483) 0001 2.23(1.27-3.92) 001
>0.49 (mg/dL) a5 735 425(228-790) <0001  406(228-7.42) <0001  325(1.82-580)  <0.001

aModel 1: adjusted for age and sex.
bModel 2: Model 1, additionally adjusted for education, marital status, race, the ratio of family income to poverty.
¢Model 3: Model 2, additionally adjusted for BMI, drinking, smoking, physical activity.
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Exposure Model 1° HR (95% Cl) p-value Model 2° HR (95% CI) p-value Model 3° HR (95% CI) p-value

All-cause mortality

Yogurt 086 (0.73, 1.02) 0,096 0.79(0.67,0.93) 0005 0.83(0.71,0.98) 0,035
Probiotic supplements 064 (0.36, 1.14) 0.132 067 (0.38, 1.19) 0.181 074 (0.43, 1.29) 0.300
Cardiovascular mortality

Yogurt 066 (0.41, 1.04) 0076 0.62(0.39, 0.99) 0048 068 (0.43, 1.08) 0.109
Probiotic supplements 0.83 (0.25,2.72) 0.763 0.99 (0.30, 3.24) 0.993 1.13(0.34,3.67) 0.837
Cancer mortality

Yogurt 1.03 (075, 1.41) 0845 098 (0.71, 1.35) 0904 1.00 (0.72, 1.38) 0972
Probiotic supplements 1.12 (0.41,3.07) 0815 1.21(0.45,3.27) 0699 1.34 (050, 3.62) 0555
Unadjusted.

b Adjusted for age, sex, race, and body mass index.
“Adjusted for age, sex, race, body mass index, white blood cell count, hemoglobin, platelet count, total bilrubin, creatinine, blood urea nitrogen, hypertension, diebetes, asthma
congestive heart failure, coronary heart disease, stroke, chronic bronchitis, and cancer.
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Subgroup All-cause mortality HR (95% CI)  p-value

Gender
Male 0.89(0.70, 1.15) 0.403
Female 0.7 (0.62, 0.97) 0028
Age

Aged < 60y 0.96 (0.6, 1.40) 0851
Aged = 60y 0.80 (0.68, 0.96) 0017
Race/Ethnicity

Mexican American 0.66(0.40, 1.10) 0113
Other Hispanic 1.85(0.94, 3.64) 0073
Non-Hispanic White 087 (0.73, 1.05) 0170
Non-Hispanic Black 054 (0.30,0.97) 0042
Other Race 0.40(0.13, 1.21) 0.107
Weight

Underweight (BMI < 18.5) 0.44(0.16, 1.18) 0.104
Normal (BMI, 18.5 0 24.9) 0.78(0.59, 1.04) 0096
Overweight (BMI, 25 to 29.9) 0.86(0.66, 1.14) 0313
Obese (BMI = 30) 0.83(0.60, 1.15) 0275

“Adjusted for age, sex, race, bodly mass index, white blood cell count, hemoglobin, platelet
count, total bilrubin, creatinine, blood urea nitrogen, hypertension, diabetes, asthma
congestive heart failure, coronary heart disease, stroke, chronic bronchit
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Exposures/outcomes Consortium Ethnicity

Vitamin D UK Biobank European
25-hydroxyvitamin D SUNLIGHT European
Atrial fibrillation HUNT, DECODE, MGI, European
DiscovEHR, UK
Biobank, and AFGen
Consortium

Sample sizes

304,818

79,366

1,030,836

Model

Model 1
Model 2
Model 1
Model 2
NA

R-squared %
(of variance in
Exposure)

0.546
0.521
1.095
1.059
NA

F-statistic
(total)

31.578
33.279
146.428
169.767
NA

AF, atrial fibrillation; HUNT, The Nord-Trendelag Health Study; DECODE, DiscovEHR, Collaborative analysis of Diagnostic criteria in Europe study; MG, Michigan Genomics Initiative; AF
Gen, Atrial Fibrillation Genetics. Model 1, SNPs were not extracted which were associated with any potential confounders of AF; Model 2, SNPs were extracted which were associated

with any potential confounders of AF.
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Total (N)

Female

Male

Age (N)

Nonagenarian (90-99 y)
Centenarian (100-107 y)
BMI (kg/m?)

Main pathologies (%)
Diabetes
Hypercholesterolemia
Hypertriglyceridemia
Hypertension
Hypotension

68

46
22

46
22
248+ 0.4

13
19
4

49
3

BMI, body mass index, expressed as mean + SEM.
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Characteristics Obesity Non-obesity

N (%) /mean (SD) N (%) /mean (SD)
Location** Northern China 35,953 (33.01) 220,829 (26.13)
Southern China 72,961 (66.99) 624,209 (73.87)
Sex™* Female 23,584 (21.65) 386,537 (45.74)
Male 85,330 (78.35) 458,501 (54.26)
Age*, year (N = 953,952) 46.13 (14.20) 4456 (14.79)
BMI, kg/m? (V = 953,952) 30.10 (2.10) 23.11(2.65)
TG, mmol/L (N = 933,854) 2.46 (2.15) 1.63(1.39)
TG, mmol/L (N = 933,872) 5.14(1.01) 4.90 0.95)
HDL-c*, mmol/L (N = 923,832) 1.15 (0.29) 1,39 (0.39)
LDL-c**, mmol/L (N = 923,715) 2.84(0.85) 2.72(0.80)
SBP**, mmHg (N = 938,969) 132.81 (16.08) 121.36 (16.31)
DBP*, mmHg (N = 938,985) 83.27 (1157) 7479 (10.92)
FSG*, mmolL (V = 942,864) 5.84(1.61) 535 (1.18)
Hypertension™ No 62,506 (58.53) 681,807 (81.93)
Yes 44,278 (41.47) 150,342 (18.07)
Diabetes™ No 94,512 (87.50) 791,011 (94.75)
Yes 13,500 (12.50) 43,841 (5.25)
Dyslipidernia®* No 40,345 (38.01) 546,177 (66.82)
Yes 65,785 (61.99) 271,260 (33.18)

“p <001
SD, standérd deviation; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FSG, fasting serum glucose; TG, triglyceride; TC, total cholesterol; LDL-c,
low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein cholesterol.

Obesity was defined as BMI = 28 kg/m?.

Hypertension was defined as seff-reported hypertension diagnosed by a physician, sel-reported regular use of antihypertensive medications, or systolic/diastolic blood pressure at
recruitment > 140/90 mmHg.

Dyslpidemia was defined as meeting any of the following criteria: (1) TC = 6.22 mmolL; (2) LDL-C = 4.14 mmolL; (3) HDL-C < 1.04 mmol/L; (4) TG  2.26 mmol/L; (5) self-reported
dyslipidemia or use of ipid-lowering medications; Diabetes melitus was defined as self-reported diabetes diagnosed by a physician, self-reported regular use of antidiabetic medications,
or fasting glucose at recruitment > 7.0 mmol/L.
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Variables**

Depression

Anxiety

Stress

BMI>25

Hypertension

Household ownership
Family size >10 members

*P-values are based on binary logistic regression.
“All the variables were adjusted for BMI, income, marital status, education level, occupation, ethnicity, family size, financial level, and house ownership.

Food-insecure vs. food-secure unadjusted OR (95% CI)

OR

70
6.7
6.1
14
1.0
15
14

cl

42-11.6
39-114
3899
08-2.2
0.4-2.1
09-22
05-33

P-value

0.001
0.001
0.001
0.138
0.990
0.056
0.449

Food-insecure vs. food-secure adjusted OR (95% CI)

OR

49
4.7
38
13
0.7
1.0
0.8

cl

2.7-89
25-88
22-67
0.7-2.4
02-1.7
0.6-1.7
02-19

P-value*

0.001
0.001
0.001
0.255
0471
0.753
0.455
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Characteristic

Baseline characteristics
Age (y)

Man (%)

BMI (kg/m?)

Race (%)

Mexican American
Other Hispanic
Non-Hispanic White
Non-Hispanic Black
Others

Laboratory tests
Hemoglobin (g/dL)
WBC (1,000 cells/uL)
Platelets (1,000 cells/ul)
Total bilrubin (umol/L)
Creatinine (umol/L)
BUN (mmol/L)
Comorbidities
Hypertension (%)
Diabetes melltus (%)
CHD (%)

CHF (%)

Asthma (%)

Stroke (%)

Chronic bronchitis (%)
Gancer (%)

Without probiotic intake (N = 32,965)

462 £ 16.8
49.7
286£6.6

8.4
5.1
69.3
11.6
656

144+£15
73+£23
2585+ 672
122+563
781 +33.2
47+£19

297
8.1
34
23
13.4
26
6.3
87

483 £ 16.4
35.4
277464

6.0
4.2
79.0
4.8
6.0

141+£13
71+£24
252.5+65.4
125+ 5.1
75.2+20.4
48+17

268
6.4
3.1
1.8
125
17
4.1
108

Yogurt consumption (N = 3,539)

probiotic (N = 213)

50.1 £15.7
273
271£65

26
52
81.7
6.5
39

142411
68+18
249.0+ 63.7
128+48
751+ 168
4716

247
99
28
15
18.7
23
9.4
16.4

BMI, body mass index; WBC, white blood cell; BUN, blood urea nitrogen; CAD, coronary heart disease; CHF, congestive heart failure.

Continuous variables were expressed as means and standard deviations and categorical variables were expressed as percentages. Means and percentages are weighted.

Dietary supplements containing

p-value

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
0.0012
<0.001
0.0190

0.0002
0.0002
05734
0.0707
0.0070
0.0014
<0.001
<0.001
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Parameter

Age (years)
Age ranges
<75
75
Sex(n,%)
Male gender
Female gender
Ecucation
0,% 0 =5514)
University
Middle school
Primary school
literate
Marital status
(0,%) (0 = 6510)
Married
Divorosd or
widowed
Ethnicity (n, %)
Han
Others
ing (n, %)
Curent smoker
Former smoker

sme

Non-smoker
Alcohol consumption
0.%)
Cument drirker
Former drinker
Non-drinker
BMI (kg/m?)
BMIranges
(0, %) (n = 5447)
<185
18.5-26.9
24-27.9
228
Death (n, %) (0 = 5215)
Length of hospital stay
(days)
Number of
non-scheduled
rehospitalizations 90
days after discharge (1,
%) (0 = 5139)
Inital biochemical data.
Hemoglobin (/)
Serum albumin (9/)

Blood urea nitrogen
(BUN, mmol)

Creatinine (mol)

Malnourished

(N = 656)

7334602

413 (62.96)
243 (37.04)

358 (54.57)
298 (45.49)

76(11.62)
223 (34.10)
186 (28.44)
169 (25.84)

568 (86.98)
85(13.02)

598 (91.16)
58(8.84)

53(8.08)
144 21.95)
459 (69.97)

510.77)
85 (12.96)
520 79.27)

2047 £3.28

187 (20.92)

345 (55.20)
78 (12.48)
15 (2.40)
61(1029)

12584925

106 (18.76)

11236 4 25.89
34.37 £7.26
8.40 % 18.76

91.74 % 100.79

Malnutrition
risk
(N =1892)

73.16 £ 601

1,248 (65.96)
644 (34.04)

1,101 58.19)
791 @1.81)

219(1.58)
708 (37.42)
615 3251)
350 (18.50)

1,652 (67.41)
298 (12.59)

1,776 93.87)
116(6.13)

239 (12.69)
425 (22.46)
1,228 (64.90)

209 (11.05)
265 (14.01)
1,418 (74.95)
22.05 4325

231 (12.42)
1,179 (63.39)
361 (19.41)
89(4.78)
84472
11524854

295 (16.92)

12027  24.44
35.96.47.07
7.54421.20

9166  105.22

Normal
N = 2968)

72.18£ 566

2,138 (72.04)
830 (27.96)

1,838 (61.99)
1,130 (38.07)

459 (15.46)
1,272 (42.86)
843 (28.40)
394 (13.27)

2,744 (92.48)
223(7.52)

2,847 (95.92)
121 (4.08)

349 (1.76)
717 (24.16)
1,902 (64.08)

426 (14.35)
351 (1.89)
2,191 (73.82)
24.97 £294

0
1,146 (38.69)
1,306 (47.13)
420 (14.18)
35(1.29)
087 £7.49

341 (12.05)

126.51 % 22.08
37.2947.65
7.04+1583

83.60 + 85.46

P-Value

<0.001
<0001

<0001

<0001

<0001

<0001

<005

0.06

<0001
0.001

<0.001
<0.001

<0001

<0001
<0.001
0.41

<0.001

Data presented as mean = standard deviation or frequency (%), as appropriate.

Some data were missing in the calculations.

MNA-SF, Mini Nutritional Assessment Short-Form; BMI, body mass index.
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Parameter which acted as a risk
factor for measured outcome

Malnourished (0-7)
Malnutrition risk (8-11)
Normal (12-14)
BMI
<185
18.5-23.9
24-27.9
228
Hemoglobin (mg/d)
Serum alburmin (g/)
Blood urea nitrogen (BUN, mg/di)
Creatinine (umol)
Age (years)
<75
=75
Sex
Male gender
Female gender
Education
University
Middle school
Primary school
lliterate
Marital status
Married
Divorced or widowed
Ethnicity
Han
Others
Smoking
Current smoker
Former smoker
Non-smoker
Alcohol drinking
Current drinker
Former drinker
Non-drinker

“P < 0.001, P <001, "P < 0.05.
Logistic regression models.
bNegative binomial regression model.

BMI, body mass index; Cl, confidence interval.

Death®
Odds ratio,
(95% CI)

5738 (3.473,9.48)"*
3.283 (2.126, 5.069)
1.0 (Ref)

1.448 (0939, 2.233)
1.0 (Ref)

1.254 (0.837, 1.878)
0877 (0.392, 1.96)
0.992 (0.985, 0.998)"
0927 (0.902, 0.951)"*
1.004 (0.998, 1.01)
1.001 (1.000, 1.002)

1.0 (Ref.)
1.336 (0.962, 1.854)

1.0 (Ref)
0.646 (0.433, 0.962)"

0.484 (0.247, 0.947)"
0.846 (0538, 1.328)
0.953 (0.606, 1.5)
1.0 (Ref)

1.0 (Ref)
0.844 (0496, 1.437)

1.0 (Ref)
1.041 (0544, 1.991)

0.748 (0.411, 1.361)
0.993 (0.645, 1.529)
1.0 (Ref.)

054 (0.287,1.018)
0.89(0.541, 1.463)
1.0 (Ref)

Length of hospital stay®
Coefficients (95% Cl)

0.2807 (0.0294, 0.5320)"
02574 (0.0863, 0.4286)"
0 (Ref)

~0.2317 (-0.5197, 0.0562)
0 (Ref)

~0.2787 (~0.4558, —0.0916)"*
~0.0185 (~0.2926, 0.2556)

—0.0081 (~0.0114, ~0.0047)"**
~0.0051 (-0.0164, 0.0061)
~0.0003 (~0.0021,0.0015)
0.0002 (~0.0005, 0.0009)

0 (Ref)
—0.2692 (—0.4294, —0.0891)*

0 (Ref)
~0.1262 (~0.3243,0.0718)

~0.2416 (~0.5324, 0.0491)

~0.0275 (~0.2468, 0.1914)

~0.1392 (~0.3686, 0.0901)
0 (Ref)

0 (Ref)
~0.2380 (~0.5286, 0.0525)

0 (Ref)
0.1661 (~0.1600, 0.4922)

0.0606 (-0.2119, 0.3331)
0.4041(0.1994, 0.6088)"**
0 (Ref)

—0.5579 (~0.8452, ~0.2708)"**
0.0534 (~0.1656, 0.2724)
0 (Ref)

90-day readmission®
0Odds ratio, (95% CI)

1,393 (1.052, 1.843)
1.356 (1.124, 1.636)
1.0 (Ref)

0.747 (0543, 1.027)
1.0 (Ref)
0.723 (0594, 0.881)"
0974 (0723, 1.313)
0.99 (0.986, 0.993)"**
0.994 (0.982, 1.007)
1.001 (0.997, 1.005)
1.000 (0.999, 1.001)

1.0 (Ref)
0.733 (0.609, 0.882)"*

1.0 (Ref)
0848 (0.683, 1.053)

0.746 (0544, 1.024)

0.968(0.76, 1.282)

0841 (0654, 1.082)
1.0 (Ref)

1.0 (Ref)
0.765 (0.56, 1.044)

1.0 (Ref)
1.246 (0.868, 1.788)

1079 (0.802, 1.462)
1,632 (1.301, 2.047)"*
1.0 (Ref)

052 (0.383, 0.707)"**
1,072 (0.838, 1.371)
1.0 (Ref)
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Characteristics Obesity Non-obesity

N (%) /mean (SD) N (%) /mean (SD)
Location** Northern China 35,953 (33.01) 220,829 (26.13)
Southern China 72,961 (66.99) 624,209 (73.87)
Sex™* Female 23,584 (21.65) 386,537 (45.74)
Male 85,330 (78.35) 458,501 (54.26)
Age*, year (N = 953,952) 46.13 (14.20) 4456 (14.79)
BMI, kg/m? (V = 953,952) 30.10 (2.10) 23.11(2.65)
TG, mmol/L (N = 933,854) 2.46 (2.15) 1.63(1.39)
TG, mmol/L (N = 933,872) 5.14(1.01) 4.90 0.95)
HDL-c*, mmol/L (N = 923,832) 1.15 (0.29) 1,39 (0.39)
LDL-c**, mmol/L (N = 923,715) 2.84(0.85) 2.72(0.80)
SBP**, mmHg (N = 938,969) 132.81 (16.08) 121.36 (16.31)
DBP*, mmHg (N = 938,985) 83.27 (1157) 7479 (10.92)
FSG*, mmolL (V = 942,864) 5.84(1.61) 535 (1.18)
Hypertension™ No 62,506 (58.53) 681,807 (81.93)
Yes 44,278 (41.47) 150,342 (18.07)
Diabetes™ No 94,512 (87.50) 791,011 (94.75)
Yes 13,500 (12.50) 43,841 (5.25)
Dyslipidernia®* No 40,345 (38.01) 546,177 (66.82)
Yes 65,785 (61.99) 271,260 (33.18)

“p <001
SD, standérd deviation; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FSG, fasting serum glucose; TG, triglyceride; TC, total cholesterol; LDL-c,
low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein cholesterol.

Obesity was defined as BMI = 28 kg/m?.

Hypertension was defined as seff-reported hypertension diagnosed by a physician, sel-reported regular use of antihypertensive medications, or systolic/diastolic blood pressure at
recruitment > 140/90 mmHg.

Dyslpidemia was defined as meeting any of the following criteria: (1) TC = 6.22 mmolL; (2) LDL-C = 4.14 mmolL; (3) HDL-C < 1.04 mmol/L; (4) TG  2.26 mmol/L; (5) self-reported
dyslipidemia or use of ipid-lowering medications; Diabetes melitus was defined as self-reported diabetes diagnosed by a physician, self-reported regular use of antidiabetic medications,
or fasting glucose at recruitment > 7.0 mmol/L.
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Parameter

Age (years)
Age ranges
<75
>75
Sex (n, %)
Male gender
Female gender
Education (n, %) (0 = 5,514)
University
Middle school
Primary school
lliterate:
Marital status (1, %) (0 = 5,510)
Married
Divorced or widowed
Ethnicity (n, %)
Han
Others
Smoking (1, %)
Current smoker
Former smoker
Non-smoker
Alcohol consumption (1, %)
Gurrent drinker
Former drinker
Non-drinker
BMI (kg/m?)
BMI ranges (n, %) (1 = 5,447)
<185
18.5-23.9
24-27.9
228
Death (n, %) (n = 5215)
Length of hospital stay (days)
Number of non-scheduled rehospitalizations 90 days
after discharge (0, %) (0 = 5139)
Initial biochemical data
Hemoglobin (g/)
Serum albumin (/)
Blood urea nitrogen (BUN, mmol/)
Greatinine (mol/)
Department (n, 100%)
Surgical
Medicine
Neurology
Orthopedics
Icu
Province or municipality/city (n, 100%)
Sichuan province
Heilongjiang province
Hubei province
Beiing municipality/city
Qinghai province
Zhejiang province

Cases
(N =5516)

7247 £ 577
3,799 (68.87)
1,717 (31.18)

3,297 (59.77)
2,219 (40.23)

754 (13.67)

2,203 (30.95)
1,644 (29.82)
913 (16.56)

4,964 (90.1)
546 (9.91)

5221 (94.65)
295 (5.35)

641 (11.62)
1,286 (23.31)
3,589 (65.07)

686 (12.44)
701 (12.71)
4,129 (74.85)
2356 + 352

418.(7.67)
2,670 (49.02)
1,835 (33.69)
504/(9.62)
180 (3.45)
9794756
742 (14.44)

122.68 + 23.86
36.48 £7.48
7.37 £18.19
87.38 + 94.60

1,978 (35.86)
2,211 (40.08)
511(9.26)
500 (9.06)
316(5.79)

1,584 (28.72)
287 (5.20)
836 (15.16)
742 (13.45)
758 (13.74)

1,309 (23.73)

Data presented as mean  standard deviation or frequency (%), as appropriate.

Some data were missing in the calculations.

MNA-SF, Mini Nutritional Assessment Short-Form; BMI, body mass index.
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Year

2012

2013

2014

2015

2016

2017

2018

2019

2020

p for overall trend
p for non-linear trend
Subtotal

Northern China BMI, kg/m? [mean (95% CI)]

Al

23,85 (23.80, 23.90)
23,67 (23.63, 23.71)
23.78 (23.74, 23.82)
23.78 (23.75, 23.82)
23.97 (23.94, 24.00)
24.04 (24.02, 24.07)
24.16 (24.13, 24.19)
<0.0001
<0.0001
23.94 (23.93, 23.95)

Female

22.76 (22.69, 22.84)
22,59 (22.54, 22.65)
22.71(22.66, 22.76)
22,68 (22.63, 22.73)
22.92 (22,87, 22.96)
22.99 (22.95, 23.03)
22.98 (22.94, 23.03)
<0.0001
<0.0001
22,86 (22.84, 22.88)

Male

24.94 (24.87, 25.00)
24.75 (24.70, 24.80)
24.85 (24.80, 24.90)
2489 (24.85, 24.93)
2502 (24.98, 25.06)
25.10 (25.06, 25.13)
25.34(25.29, 25.38)
<0.0001
<0.0001
25.02 (25.01, 25.04)

Southern China BMI, kg/m? [mean (95% CIj]

AlIF

23.46 (23.44, 23.49)
2363 (23.61, 23.66)
23.74 (23.72, 23.76)
2375 (23.73, 23.77)
23.61(23.58, 23.63)
2368 (23.66, 23.70)
23.67 (23,65, 23.70)
23.79(23.77, 23.81)
2373 (23.70, 23.75)
<0.0001
<0.0001
2368 (23.67, 23.69)

Female

2233 (22.30, 22.37)
20.46 (22.43, 22.49)
22,60 (22.57, 22.63)
22,50 (22.56, 22.62)
22.46 (22.43, 22.49)
2254 (22,51, 22.57)
22.46 (22.43, 22.49)
22,60 (22.57, 22.63)
22.49 (22.45, 22.53)
<0.0001
<0.0001
2251 (22.50, 22.59)

Male

2450 (24.56, 24.62)
24.80 (24.78, 24.89)
24,88 (24.85, 24.91)
24.90 (24.87, 24.93)
24.75 (24.72,24.78)
2482 (24.79, 24.85)
24.89 (24.86, 24.92)
24.98(24.95, 25.01)
24.96 (24.93, 25.00)
<0.0001"
0.207
24.84(24.83, 24.85)

“Estimates are age-standardized to the 2010 Chinese Census population using age groups 20-39, 40-59, and 60 or older; $ additional adjusted by sex; #P for linear trends <0.001.





