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Introduction: The risk of kidney stones in metabolically healthy obesity (MHO) individuals is largely unexplored. This study using percent body fat (%BF) to categorize obesity, to investigate the association between MHO as well as other metabolic syndrome-obesity combined phenotypes and kidney stones in a national representative population.

Materials and methods: This cross-sectional study included 4,287 participants in the National Health and Nutrition Examination Survey from 2011 to 2018. Metabolically healthy status was defined as not having any component of metabolic syndrome or insulin resistance. Obesity was identified by %BF, which was measured and assessed by dual-energy x-ray absorptiometry (DXA) scan. Participants were cross-classified by metabolic health and obesity status. The outcome was self-report kidney stones. Multivariable logistic regression model was used to examine the association between MHO and kidney stones.

Results: A total of 358 participants had kidney stones [weighted prevalence (SE): 8.61% (0.56%)]. The weighted prevalence (SE) of kidney stones in MHN, MHOW, and MHO groups was 3.13% (1.10%), 4.97% (1.36%), and 8.55% (2.09%), respectively. After adjusting for age, sex, race and ethnicity, education level, smoking status, alcohol consumption, physical activity, daily water intake, CKD stage 3–5, and hyperuricemia, MHO individuals (OR: 2.90, 95% CI: 1.18, 7.0) had a significantly higher risk of kidney stones than those with metabolically healthy normal weight. In metabolically healthy participants, a 5% increment in %BF was associated with a significantly higher risk of kidney stones (OR: 1.60, 95% CI: 1.20, 2.14). Furthermore, a nonlinear dose–response relationship between %BF and the kidney stones was observed in metabolically healthy participants (P for non-linearity = 0.046).

Conclusion: Using %BF to define obesity, MHO phenotype was significantly associated with higher risks of kidney stones, suggesting that obesity can independently contribute to kidney stones in the absence of metabolic abnormalities and insulin resistance. Regarding kidney stones prevention, MHO individuals might still benefit from lifestyle interventions aimed at healthy body composition maintenance.
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Introduction

Kidney stones disease is a common problem that affects up to approximately 15% of the world population (1). In the past several decades, the prevalence of kidney stones disease in almost all countries has seemed to be increasing continuously due to the rise in the prevalence of risk factors for kidney stones (2). Obesity and metabolic syndrome have been found to be risk factors for kidney stones (3, 4). In a large proportion of individuals who suffered from kidney stones disease, the deleterious effect of obesity on stone formation is often mediated by adiposity-related metabolic syndrome (4). However, a subset of individuals with obesity does not present metabolic syndrome, i.e., metabolically healthy obesity (MHO) (5). These individuals may display distinct disease outcomes compared with both metabolically unhealthy obesity (MUO) phenotype and metabolically healthy normal weight (MHN) phenotype (6). Emerging evidence is reaching the consensus that the MHO phenotype is not a relatively benign condition in terms of urological disorders, and bladder cancer (7, 8). However, studies on the association between MHO and kidney stones are limited, and the assessment of MHO in previous studies was mainly based on body mass index (BMI) (9, 10), which might bias the results since it was believed that BMI was hard to accurately differentiate between adipose and non-adipose tissues (11). Furthermore, available studies on the association between MHO and kidney stones mostly come from less representative samples (9, 10). Hence, studies based on a nationally representative population, and using relatively accurate indicators to categorize obesity could provide reliable evidence on the association between metabolic syndrome-obesity combined phenotypes and kidney stones, thereby helping to identify high-risk groups and promote kidney stones prevention.

In the National Health and Nutrition Examination Survey (NHANES), which was conducted in a representative sample of US population (12), dual-energy x-ray absorptiometry (DXA) scans were used to assess the body fat parameters of the participants. Therefore, we draw data from the NHANES, using percent body fat (%BF) to categorize obesity status, to investigate the association between metabolic syndrome-obesity combined phenotypes and kidney stones.



Materials and methods


Study population

This was a cross-sectional study using data from the four consecutive cycles of NHANES from 2011 to 2018, which was conducted in the US by the National Center for Health Statistics of the Centers for Disease Control and Prevention. NHANES is a cross-sectional survey program conducted every 2 years, aimed at including individuals who are representative of the general, noninstitutionalized population of all age groups. A stratified, multistage, clustered probability sampling design is applied during the survey. The survey consists of a structured interview conducted in the home, followed by a standardized health examination that includes a physical examination and laboratory tests. Full methodology of the data collection process is available elsewhere (12). Initially, we included participants enrolled in the four consecutive study cycles from 2011 to 2018 (n = 39,157). Participants whose age < 20 years (n = 16,540), had missing values on components of metabolic syndrome (n = 13,930), did not undergone DXA scan examination (n = 4,273), were underweight (n = 9), had missing values on kidney stones status (n = 7), or did not fast for 8–24 h before blood sample collection (n = 147) were excluded from the study. Finally, 4,287 participants were included in the analyses (Figure 1).
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FIGURE 1
 Flowchart of the study participants.


The original survey was approved by the Centers for Disease Control and Prevention Research Ethics Review Board and written informed consent was obtained from all adult participants. The present analyses were approved by the Institutional Review Board of Peking university People’s Hospital (approval ID: 2020PHB 125–01).



Data collection

Data on demographic characteristics, educational level, smoking status, alcohol consumption, physical activities, and dietary intake were collected using standardized questionnaires. Height, weight, waist circumference, and systolic and diastolic blood pressure were measured using calibrated instruments with standard protocols during the mobile examination center visit. Fasting venous blood samples were collected in a subsample of the total participants in the NHANES. Laboratory methods of measuring fasting blood glucose, insulin, total cholesterol, triglycerides, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, serum creatinine, uric acid, blood urea nitrogen, alkaline phosphatase, aspartate aminotransferase (AST), alanine aminotransferase (ALT), and albumin are reported in detail elsewhere (13).

The whole-body DXA scans were conducted in the four study cycles using a Hologic QDR 4500A fan-beam densitometer (Hologic, Inc., Bedford, MA, USA) following the manufacturer’s protocol (14). The principle of whole-body DXA scan relies on the different X-ray absorptions of tissues with different densities (e.g., bone vs. soft tissue) to determine the type and characteristics of the tissues. The accuracy of using DXA to measure body fat has been verified as good or very good by previous studies (15, 16). Each DXA scan was reviewed and analyzed by the Department of Radiology of University of California, San Francisco, using standard radiologic techniques and study-specific protocols developed for the NHANES. Hologic Discovery software version 12.1 was used to analyze DXA examinations and provide body composition data. %BF was determined as a ratio of fat mass over total body mass (including bone mineral mass). In the present study, %BF were extracted from the DXA scan data for each participant to conduct the analyses.



Assessment of obesity-metabolic syndrome phenotypes

Participants were classified as meeting criteria for normal weight, overweight, or obesity according to %BF based on the criteria recommended by Bray (Supplementary Table S1) (17). Metabolic health was defined based on the 2009 harmonized criteria of metabolic syndrome and homeostasis model assessment of insulin resistance (HOMA-IR) (18, 19). Participants who had none of the following five components of metabolic syndrome were considered metabolically healthy: (1) systolic blood pressure ≥ 130 mmHg or diastolic blood pressure ≥ 85 mmHg or self-reported hypertension or taking antihypertensive medication; (2) fasting blood glucose ≥ 5.6 mmol/L or self-reported diabetes or using antidiabetic drugs; (3) high-density lipoprotein cholesterol <1.03 mmol/L for men and < 1.29 mmol/L for women or using lipid-lowering medication; (4) triglycerides ≥1.7 mmol/L or using lipid-lowering medication; and (5) HOMA-IR ≥ 2.5 (calculated by insulin*glucose/22.5). Those who had ≥1 component were categorized as metabolically unhealthy. Finally, participants were categorized into six phenotypes: MHN, metabolically healthy overweight (MHOW), MHO, metabolically unhealthy normal weight (MUN), metabolically unhealthy overweight (MUOW), and MUO. To comprehensively explore the association of obesity with kidney stones, we further categorized participants into different groups using BMI and waist circumference (WC) criteria. BMI was calculated as body weight in kilograms divided by the square of height in meters. For BMI criteria, normal weight (BMI 18.5–24.9 kg/m2), overweight (BMI 25.0–29.9 kg/m2), and obese (BMI ≥ 30.0 kg/m2) were categorized according to the cut-offs suggested by the World Health Organization (20). For WC criteria, participants were also categorized into three WC groups corresponding to the normal weight, overweight, and obese groups in BMI category. According to the recommendation of the World Health Organization, WC ≥ 80 cm for females and WC ≥ 94 cm for males (WC ≥ 90 for Asian American males) were the cut-off points for central obesity (18); moreover, the median values of WC among females (75.3 cm) and males (85.8 cm for others or 83 cm for Asian American males) without central obesity in this study were used as the cut-offs between normal and medium WC.



Assessment of kidney stones status

Questions on kidney conditions, including kidney stones status, were asked in the home, by trained interviewers, using the Computer-Assisted Personal Interview (CAPI) system. Participants reported their status of kidney stones by responding to the question: “Have you ever had kidney stones?” Participants who answered “Yes” were defined as having kidney stones (21).



Assessment of covariates

Sex was categorized as male or female. Age was analyzed as continuous variable. Race and ethnicity were categorized as non-Hispanic white, non-Hispanic black, Hispanic, Asian, and others. Educational level was categorized as less than 12 grade, high school, college, or above. Smoking status was categorized into never, former, and current smokers. Alcohol consumption was categorized into not excess, and excess (≥ 30 g/d for male, ≥ 20 g/d for female). Physical activity was classified as inactive (no moderate-to-vigorous physical activity), and active (any moderate-to-vigorous physical activity during a typical week) groups. Daily water intake was categorized into three groups according to the 33.33 and 66.67% percentiles. Estimated glomerular filtration rate (eGFR) was calculated according to the Chronic Kidney Disease Epidemiology Collaboration equation (22), and chronic kidney disease (CKD) stage 3–5 was defined as an estimated glomerular filtration rate < 60 mL/min/1.73 m2 (23). Hyperuricemia was defined as uric acid ≥ 420 μmol/L. Serum analytes, including lipid profile, serum creatine, uric acid, etc., were analyzed as continuous variables. Dietary factors, including protein, carbohydrate, fiber, and total fat were analyzed as continuous variables.



Statistical analyses

Given the data collected in the NHANES were obtained through a stratified, multistage probability sample design, we used survey analyses procedures to account for sample weights, stratification, and clustering in our study. Sample size and characteristics were described according to different metabolic health-obesity phenotypes. Data were presented as weighted proportions (SE) for categorical variables and as weighted means ± SE for continuous variables. Logistic regression models were used to calculate the odds ratios (ORs) and 95% confidence intervals (CIs). Model 1 was not adjusted. Model 2 was adjusted for age, sex, and race and ethnicity. Model 3 was adjusted for age, sex, race and ethics, education level, smoking status, alcohol consumption, physical activity, daily water intake, CKD stage 3–5, and hyperuricemia. The covariates adjusted in the model were risk factors of kidney stones that were well-established in previous studies (1, 2, 24–27). Trend tests were conducted by treating the metabolically healthy or unhealthy phenotypes as continuous variables, which were generated by assigning a median %BF/BMI/WC value to each phenotype. Restricted cubic splines with knots at the 5th, 27.5th, 50th, 72.5th, and 95th percentiles were used to further explore the shape of the dose–response relationship between %BF and kidney stones in metabolically healthy and unhealthy participants, respectively. The multivariable-adjusted model was stratified by demographic and lifestyle characteristics as potential modifiers: age (<40 or ≥40 years), sex (male or female), smoking status (current or none-current), and physical activity (inactive or active). The multiplicative interaction terms between these subgroups and metabolic health-obesity phenotypes were added to the fully adjusted model, and models with and without multiplicative interaction terms were compared using the likelihood ratio test. The following sensitivity analyses were conducted to examine the robustness of our findings: (1) additionally adjusting systolic blood pressure, diastolic blood pressure, glucose, triglycerides, high-density lipoprotein-cholesterol, and HOMA-IR (all were analyzed as continuous variables) in the multivariate logistic regression model and (2) additionally adjusting dietary protein intake, dietary carbohydrate intake, dietary fiber intake, and dietary intake of total fat (all were analyzed as continuous variables) in the multivariate logistic regression model.

All statistical analyses were performed using R version 3.6.2. The “survey” package in R was used to account for the survey design analyses. The “rms” package in R was used to conduct logistic regression analyses. The “rms” and “ggplot2” packages were used to perform restricted cubic spline analyses. All p-values were two-sided, and statistical significance was defined as p < 0.05.




Results


Characteristics of participants cross-classified by metabolic health and obesity

The characteristics of the study participants across metabolic health-obesity phenotypes defined by %BF are presented in Table 1. Among the 4,287 study participants, the mean (SE) age was 39.16 (0.27) years, and 50.53% were male. Metabolically healthy phenotypes accounted for 26.45% of the total study population. Among metabolically healthy participants, 277 (24.43%) participants were defined as having the MHO phenotype. Compared with the MUO phenotype, individuals with MHO had a favorable metabolic profile. On the contrary, compared with individuals with the MHN phenotype, MHO individuals were more likely to have fewer healthy metabolic parameters, CKD stage 3–5, and hyperuricemia.



TABLE 1 Characteristics of the study participants according to metabolic health-obesity (defined by %BF) phenotypes.
[image: Table1]

A total of 358 participants had kidney stones [weighted prevalence (SE): 8.61% (0.56%)]. The weighted prevalence (SE) of kidney stones in MHN, MHOW, and MHO groups was 3.13% (1.10%), 4.97% (1.36%), and 8.55% (2.09%), while the figures were relatively higher in metabolically unhealthy groups, with the weighted prevalence (SE) increased to 6.81% (1.47%), 9.55% (1.14%), and 10.98% (0.82%) in MUN, MUOW, and MUO groups (Table 1).



Associations between metabolic health-obesity phenotypes and kidney stones

The association between kidney stones and metabolic health-obesity phenotypes (defined by %BF) is presented in Table 2. After adjusting for age, sex, race, education level, smoking status, alcohol consumption, physical activity, daily water intake, CKD stage 3–5, and hyperuricemia, individuals with MHO (OR: 2.90, 95% CI: 1.18, 7.08) had a significantly higher risk of kidney stones than those with MHN. The corresponding OR (95% CI) for MHOW was 1.62 (0.56–4.05). Individuals with MUO had the highest OR (95% CI) among all phenotypes (OR: 3.82, 95% CI: 1.79, 8.14). In metabolically healthy participants, a 5% increment in %BF was associated with a significantly higher risk of kidney stones (OR: 1.60, 95% CI: 1.20, 2.14), while the corresponding OR (95%CI) for metabolically unhealthy participants was 1.17 (1.00–1.37). Significant trend associations were observed for %BF and kidney stones in metabolically healthy and unhealthy participants (All P for trend <0.05).



TABLE 2 The association between metabolic health-obesity phenotypes (defined by %BF) and kidney stones.
[image: Table2]

Figure 2 shows the results of restricted cubic spline analyses. A non-linear dose–response relationship between %BF and the kidney stones was observed in metabolically healthy participants (P for non-linearity = 0.046) (Figure 2A). However, the dose–response relationship was approximately linear throughout the range of its levels in metabolically unhealthy participants (P for non-linearity = 0.161) (Figure 2B).

[image: Figure 2]

FIGURE 2
 Dose–response relationship between %BF level and kidney stones. The association between %BF level and kidney stones among metabolically healthy (A) and unhealthy (B) participants. The solid lines and shaded areas represent the ORs and corresponding 95% CIs. The models were adjusted for age, sex, race and ethics, education level, smoking status, alcohol consumption, physical activity, daily water intake, CKD stage 3–5, and hyperuricemia. p-values for non-linearity were obtained using a chi-squared test to compare nested models. %BF, percent body fat; OR, odds ratio; CI, confidence interval.


The results were largely unchanged when using the BMI or WC criteria to categorize various obesity phenotypes (Supplementary Table S2). When using BMI to define obesity, the multivariate adjusted ORs (95% CIs) comparing individuals with MHOW, MHO, MUN, MUOW, and MUO to MHN were 2.20 (1.13–4.32), 2.89 (1.01–8.24), 1.72 (0.86–3.44), 2.72 (1.54–4.82), and 3.70 (2.06–6.64), respectively. The corresponding ORs (95% CIs) when using WC categories exhibited a similar pattern.

Subgroup analyses are presented in Table 3. No significant interactions of metabolic health-obesity phenotypes with sex, age, smoking status, and physical activity on the risk of kidney stones were detected (all P for interaction >0.05).



TABLE 3 Subgroup analyses of the association between metabolic health-obesity (defined by %BF) phenotypes and kidney stones.
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In the sensitivity analyses (Supplementary Table S3), the associations between metabolic health-obesity phenotypes and kidney stones were largely unchanged when additionally adjusting blood pressures, glucose, lipid profiles, and HOMA-IR in the multivariate logistic regression model, or additionally adjusting important dietary factors in the model.




Discussion

In this study, compared with metabolically healthy individuals with normal %BF, BMI, or WC, MHO individuals had significantly increased risk of kidney stones. The dose–response relationship between %BF and kidney stones was observed to be non-linear in metabolically healthy participants. The association between %BF and kidney stones was evident in different subgroups of sex, age, smoking status, and physical activity. These findings suggest that obesity assessed by body fat can independently contribute to kidney stones, even among individuals without metabolic abnormalities.

The association between obesity and kidney stones has been well established in many epidemiological studies (2, 3, 28, 29). However, a complex scenario has been proposed, in which obesity promotes both lithogenic process and insulin resistance, but obesity and insulin resistance promote a range of metabolic abnormalities, with the latter acting as determinants of kidney stones (28, 30). Therefore, it is difficult to determine whether obesity per se is causally involved in kidney stones disease or whether obesity and its related metabolic disorders jointly promote urinary stone formation. Assessing the risk of kidney stones among individuals cross-classified by metabolic health and obesity may help clarify the role of obesity in the development of kidney stones. In the present study, MHO individuals were not only free form metabolic disorders such as elevated blood pressure, elevated blood glucose, and dyslipidemia, but also were insulin sensitive. Even so, the risk of kidney stones was significantly higher in MHO individuals than in those with MHN, which validated the hypothesis that obesity can contribute to kidney stones formation even in the absence of metabolic abnormalities and insulin resistance.

To date, there are two studies explored the association between MHO (defined by BMI) and kidney stones (9, 10). Kim et al. found that among metabolically healthy individuals, the multivariable-adjusted HRs (95% CIs) for incident nephrolithiasis comparing BMI 25.0–29.9 kg/m2, and ≥30.0 kg/m2 with a BMI of 18.5–22.9 kg/m2 as the reference were 1.12 (1.03–1.22), and 1.72 (1.21–2.44), respectively, whereas the corresponding HRs (95% CIs) in metabolically unhealthy individuals were 1.27 (1.20–1.34), and 1.36 (1.22–1.51), respectively (9). Choi et al. found that compared to the MHN group, after adjusting for age and sex, the MHO group had an HR (95% CI) of 1.24 (1.18–1.31) for undergoing either extracorporeal shockwave lithotripsy or surgery during the follow-up, indicating that MHO individuals have a higher risk of developing symptomatic urolithiasis than their non-obese counterparts (10). Consistent with their results, in this nationally representative population, MHO group (defined by BMI) was a high-risk population for kidney stones. Moreover, we further found that the MHO phenotype defined by %BF and WC was also significantly associated with an increased risk of kidney stones. Of note, since %BF can well reflect obesity and is able to characterize obesity more accurately than BMI and WC, our findings provide convincing evidence to support that obesity per se, regardless of metabolic abnormalities or insulin resistance, is able to increase the risk of kidney stones. Hence, maintaining healthy body composition, normal weight, and WC are of great significance to prevent kidney stones for all adults. In addition, we found that the shape of the dose–response relationship between %BF and kidney stones was non-linear in metabolically healthy participants. Their relationship presents a rapidly increasing trend when the %BF elevated from 32 to 40%, suggesting that in this range of %BF, the risk of kidney stones increased more rapidly.

Although many questions remain on the link between obesity itself and kidney stones formation, several potential mechanisms may explain how obesity contribute to kidney stones disease in the absence of metabolic abnormalities. Obesity alters adipokine expression and has been shown to increase the levels of inflammatory cytokines, including tumor necrosis factor-α and interleukin-6 (31). Obesity has been associated with a decline in circulating plasma adiponectin, and this downregulation has been linked to increased oxidative stress and pro-inflammatory state (32, 33), which were both conditions promoting the formation of kidney stones. Furthermore, previous studies had also shown that obesity altered urine chemistry, correlated with lithogenic urinary risk factors, including uric acid supersaturation and lower urinary pH (34, 35), thereby increasing the risk of nephrolithiasis.

Kim et al. found that the association between obesity and incident nephrolithiasis was stronger in men (9). The reason for this sex difference is uncertain but may be related to the protective effect of estrogen against the formation of kidney stones (36). Compared with men with MHO, estrogen in MHO women may counteract the lithogenic effects of obesity. However, in the present study, no interaction was observed across subgroups of sex. The small sample size of our study makes it difficult to adequately test the association between subgroups, which may partially explain the differences of the results between ours and previous study.

This study found that the incidence of kidney stones in individuals with metabolically unhealthy status was higher than that in individuals with metabolically healthy status across all %BF categories. Because metabolic syndrome is a well-established risk factor for kidney stones (2), the results of ours are expected. This finding also re-emphasizes the clinical significance of the management of metabolic syndrome for the prevention of kidney stones.

The strengths of this study include using %BF and both BMI and WC to identify obesity, assessing the insulin resistance by HOMA-IR to better distinguish metabolically healthy individuals from those who are unhealthy, and comprehensively adjusting for confounders such as demographic, lifestyle, and comorbidities. However, this study also had several limitations. First, the assessment of kidney stones was based on self-report in NHANES, which may introduce a recall bias in our study. However, evidence shows that in a random sample of 60 self-reported kidney stones patients, medical records confirmed that 97% of them did have kidney stone diseases (37), which suggested that self-reported records were reliable for the outcome of kidney stones. Moreover, a previous study on kidney stones using NHANES data additionally considered a secondary outcome of self-reported stone passage that reflected symptomatic stones and found similar results regarding stone prevalence (38). Second, the causal association between MHO defined by %BF and kidney stones could not be evaluated due to the cross-sectional design. Further studies using a prospective cohort design will be helpful in understanding the causal relationship between MHO and nephrolithiasis. Third, information on the composition of kidney stones is unavailable in the NHANES, and the original records or imaging examination results of the types of stones (size, single/multiple, one side/both sides, staghorn or not) are also unavailable, hence we could not further explore the association between MHO and different types of kidney stones, which might help to provide valuable evidence on the pathophysiological mechanism of obesity itself on kidney stones formation. Finally, the NHANES only conducted DXA scans in participants aged 20–59 years, hence the participants in our study were mainly middle-aged adults. Since age differences exists in kidney stones prevalence (38), the results reported here may not necessarily generalize to populations of older adults.

In conclusion, in this nationally representative population in US, MHO phenotype defined by %BF exhibited an increased risk of kidney stones. Our findings indicate that regarding kidney stones prevention, all adults with obesity, even those with metabolically healthy status, should be encouraged to maintain a normal body composition through lifestyle interventions.



Data availability statement

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



Ethics statement

The studies involving human participants were reviewed and approved by the Centers for Disease Control and Prevention Research Ethics Review Board and written informed consent was obtained from all adult participants. The present analyses were approved by the Institutional Review Board of Peking university People’s Hospital (approval ID: 2020PHB 125–01). The patients/participants provided their written informed consent to participate in this study.



Author contributions

WC, SM, TX, XH, and BW contributed to the conceptualization. SM, WC, and YH carried out the formal analysis. SM, WC, and LC involved in writing – original draft. GK, LX, QX, XH, and BW involved in writing – review and editing. XH and BW were responsible for resources. All authors contributed to the article and approved the submitted version.



Conflict of interest

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



Publisher’s note

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



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2023.1103393/full#supplementary-material



References

 1. Romero, V, Akpinar, H, and Assimos, DG. Kidney stones: a global picture of prevalence, incidence, and associated risk factors. Rev Urol. (2010) 12:e86–96.

 2. Khan, SR, Pearle, MS, Robertson, WG, Gambaro, G, Canales, BK, Doizi, S , et al. Kidney stones. Nat Rev Dis Primers. (2016) 2:16008. doi: 10.1038/nrdp.2016.8 

 3. Taylor, EN, Stampfer, MJ, and Curhan, GC. Obesity, weight gain, and the risk of kidney stones. JAMA. (2005) 293:455–62. doi: 10.1001/jama.293.4.455 

 4. Spatola, L, Ferraro, PM, Gambaro, G, Badalamenti, S, and Dauriz, M. Metabolic syndrome and uric acid nephrolithiasis: insulin resistance in focus. Metabolism. (2018) 83:225–33. doi: 10.1016/j.metabol.2018.02.008 

 5. Stefan, N, Haring, HU, Hu, FB, and Schulze, MB. Metabolically healthy obesity: epidemiology, mechanisms, and clinical implications. Lancet Diabetes Endocrinol. (2013) 1:152–62. doi: 10.1016/S2213-8587(13)70062-7 

 6. Kramer, CK, Zinman, B, and Retnakaran, R. Are metabolically healthy overweight and obesity benign conditions?: a systematic review and meta-analysis. Ann Intern Med. (2013) 159:758–69. doi: 10.7326/0003-4819-159-11-201312030-00008

 7. Kim, JK, Lee, YG, Han, K, and Han, JH. Obesity, metabolic health, and urological disorders in adults: a nationwide population-based study. Sci Rep. (2021) 11:8687. doi: 10.1038/s41598-021-88165-z 

 8. Kim, JW, Ahn, ST, Oh, MM, Moon, DG, Cheon, J, Han, K , et al. Increased incidence of bladder cancer with metabolically unhealthy status: analysis from the National Health Checkup database in Korea. Sci Rep. (2020) 10:6476. doi: 10.1038/s41598-020-63595-3 

 9. Kim, S, Chang, Y, Yun, KE, Jung, HS, Kim, I, Hyun, YY , et al. Metabolically healthy and unhealthy obesity phenotypes and risk of renal stone: a cohort study. Int J Obes. (2019) 43:852–61. doi: 10.1038/s41366-018-0140-z 

 10. Choi, C, Kim, JK, Han, K, Lee, YG, and Han, JH. Effect of obesity and metabolic health on urolithiasis: a nationwide population-based study. Investig Clin Urol. (2022) 63:63–70. doi: 10.4111/icu.20210332 

 11. Lavie, CJ, De Schutter, A, Patel, DA, Romero-Corral, A, Artham, SM, and Milani, RV. Body composition and survival in stable coronary heart disease: impact of lean mass index and body fat in the "obesity paradox". J Am Coll Cardiol. (2012) 60:1374–80. doi: 10.1016/j.jacc.2012.05.037 

 12. Centers for Disease Control and Prevention (CDC). NHANES—History (2022) Available at: https://www.cdc.gov/nchs/nhanes/history.htm

 13. Centers for Disease Control and Prevention (CDC). NHANES—Laboratory Data (2022) Available at: https://wwwn.cdc.gov/nchs/nhanes/search/datapage.aspx?Component=Laboratory

 14. Centers for Disease Control and Prevention (CDC). National Health and Nutrition Examination Survey, 2011–2012 data documentation, codebook, and frequencies, dual-energy X-ray absorptiometry-whole body (DXX_G) (2022) Available at: https://wwwn.cdc.gov/Nchs/Nhanes/2011-2012/DXX_G.htm

 15. Prior, BM, Cureton, KJ, Modlesky, CM, Evans, EM, Sloniger, MA, Saunders, M , et al. In vivo validation of whole body composition estimates from dual-energy X-ray absorptiometry. J Appl Physiol. (1985). 1997) 83:623–30. doi: 10.1152/jappl.1997.83.2.623

 16. Wang, Z, Heymsfield, SB, Chen, Z, Zhu, S, and Pierson, RN. Estimation of percentage body fat by dual-energy x-ray absorptiometry: evaluation by in vivo human elemental composition. Phys Med Biol. (2010) 55:2619–35. doi: 10.1088/0031-9155/55/9/013 

 17. Bray, GA. Contemporary diagnosis and management of obesity and the metabolic syndrome. 3rd ed. Newtown, PA: Handbooks in Health Care Co (2003).

 18. Alberti, KG, Eckel, RH, Grundy, SM, Zimmet, PZ, Cleeman, JI, Donato, KA , et al. Harmonizing the metabolic syndrome: a joint interim statement of the international diabetes federation task force on epidemiology and prevention; National Heart, Lung, and Blood Institute; American Heart Association; world heart federation; international atherosclerosis society; and International Association for the Study of obesity. Circulation. (2009) 120:1640–5. doi: 10.1161/CIRCULATIONAHA.109.192644 

 19. Matthews, DR, Hosker, JP, Rudenski, AS, Naylor, BA, Treacher, DF, and Turner, RC. Homeostasis model assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia. (1985) 28:412–9. doi: 10.1007/BF00280883 

 20. World Health Organization (WHO). Obesity: preventing and managing the global epidemic In:. Report on a WHO consultation on obesity. Geneva: World Health Organization (1997)

 21. Centers for Disease Control and Prevention (CDC). National Health and Nutrition Examination Survey, 2011-2012 Data documentation, codebook, and frequencies, kidney conditions-urology (KIQ_U_G) (2014). Available at: https://wwwn.cdc.gov/Nchs/Nhanes/2011-2012/KIQ_U_G.htm

 22. Levey, AS, Stevens, LA, Schmid, CH, Zhang, YL, Castro, AF 3rd, Feldman, HI , et al. A new equation to estimate glomerular filtration rate. Ann Intern Med. (2009) 150:604–12. doi: 10.7326/0003-4819-150-9-200905050-00006 

 23. National, KF. K/DOQI clinical practice guidelines for chronic kidney disease: evaluation, classification, and stratification. Am J Kidney Dis. (2002) 39:S1–S266. doi: 10.1681/ASN.2013050548

 24. Watson, G, Payne, SR, Kunitsky, K, Natchagande, G, Mabedi, C, and Scotland, KB. Stone disease in low-and middle-income countries: could augmented reality have a role in its management? BJU Int. (2022) 130:400–7. doi: 10.1111/bju.15877 

 25. Khalili, P, Jamali, Z, Sadeghi, T, Esmaeili-Nadimi, A, Mohamadi, M, Moghadam-Ahmadi, A , et al. Risk factors of kidney stone disease: a cross-sectional study in the southeast of Iran. BMC Urol. (2021) 21:141. doi: 10.1186/s12894-021-00905-5 

 26. Mao, W, Zhang, L, Sun, S, Wu, J, Zou, X, Zhang, G , et al. Physical activity reduces the effect of high body mass index on kidney stones in diabetes participants from the 2007-2018 NHANES cycles: a cross-sectional study. Front Public Health. (2022) 10:936552. doi: 10.3389/fpubh.2022.936552 

 27. Kim, S, Chang, Y, Yun, KE, Jung, HS, Lee, SJ, Shin, H , et al. Development of nephrolithiasis in asymptomatic hyperuricemia: a cohort study. Am J Kidney Dis. (2017) 70:173–81. doi: 10.1053/j.ajkd.2017.01.053 

 28. Aune, D, Mahamat-Saleh, Y, Norat, T, and Riboli, E. Body fatness, diabetes, physical activity and risk of kidney stones: a systematic review and meta-analysis of cohort studies. Eur J Epidemiol. (2018) 33:1033–47. doi: 10.1007/s10654-018-0426-4 

 29. Sorensen, MD, Chi, T, Shara, NM, Wang, H, Hsi, RS, Orchard, T , et al. Activity, energy intake, obesity, and the risk of incident kidney stones in postmenopausal women: a report from the Women's Health Initiative. J Am Soc Nephrol. (2014) 25:362–9. doi: 10.1681/ASN.2013050548 

 30. Taylor, EN, Stampfer, MJ, and Curhan, GC. Diabetes mellitus and the risk of nephrolithiasis. Kidney Int. (2005) 68:1230–5. doi: 10.1111/j.1523-1755.2005.00516.x

 31. Ronti, T, Lupattelli, G, and Mannarino, E. The endocrine function of adipose tissue: an update. Clin Endocrinol. (2006) 0:060227032642002–65. doi: 10.1111/j.1365-2265.2006.02474.x

 32. Lakkis, JI, and Weir, MR. Obesity and kidney disease. Prog Cardiovasc Dis. (2018) 61:157–67. doi: 10.1016/j.pcad.2018.07.005

 33. Ouchi, N, Kihara, S, Arita, Y, Okamoto, Y, Maeda, K, Kuriyama, H , et al. Adiponectin, an adipocyte-derived plasma protein, inhibits endothelial NF-kappa B signaling through a cAMP-dependent pathway. Circulation. (2000) 102:1296–301. doi: 10.1161/01.CIR.102.11.1296 

 34. Pigna, F, Sakhaee, K, Adams-Huet, B, and Maalouf, NM. Body fat content and distribution and urinary risk factors for nephrolithiasis. Clin J Am Soc Nephrol. (2014) 9:159–65. doi: 10.2215/CJN.06180613 

 35. Powell, CR, Stoller, ML, Schwartz, BF, Kane, C, Gentle, DL, Bruce, JE , et al. Impact of body weight on urinary electrolytes in urinary stone formers. Urology. (2000) 55:825–30. doi: 10.1016/S0090-4295(99)00617-2 

 36. Heller, HJ, Sakhaee, K, Moe, OW, and Pak, CY. Etiological role of estrogen status in renal stone formation. J Urol. (2002) 168:1923–7. doi: 10.1016/S0022-5347(05)64264-4 

 37. Curhan, GC, Willett, WC, Rimm, EB, and Stampfer, MJ. A prospective study of dietary calcium and other nutrients and the risk of symptomatic kidney stones. N Engl J Med. (1993) 328:833–8. doi: 10.1056/NEJM199303253281203 

 38. Scales, CD Jr, Smith, AC, Hanley, JM, and Saigal, CS. Urologic diseases in America P. prevalence of kidney stones in the United States. Eur Urol. (2012) 62:160–5. doi: 10.1016/j.eururo.2012.03.052 



OPS/images/fpubh-11-1103393-t003.jpg
Subgroup!

MHN OR
(95% CI)

MHOW OR
(95% CI)

MHO OR
(95% ClI)

MUN OR
(95% ClI)

MUOW OR
(95% CI)

MUO OR
(95% CI)

P for interaction

Sex

Male

Female

Age

<d0years

>d0years

Smoking status

Current smokers

Non-current smokers

Physical activity status

Active

Inactive

Reference

Reference

Reference

Reference

Reference

Reference

Reference

Reference

0.45 (0.07-2.92)

3.18(0.75-13.39)

2.94(0.79-10.86)

0.18 (0.03-1.13)

116 (0.06-23.13)

157 (0.51-4.87)

212(0.10-11.22)

113 (0.31-4.20)

135 (030-
6.13)
487 (134~
17.69)

432(1.23-
15.13)
150 (0.25-
9.12)

248 (031-
19.64)
3.02(1.06-
8.64)

3.89 (095
15.88)
237 (072~
7.86)

0.54 (017
1.70)
5.16(1.28-
20.83)

518 (141~
18.94)
0.27 (005~
153)

161 (021-
1252)
2.22(069-
7.17)

322(071-
14.60)
0.87 (024~
3.21)

1,19 (0.39-3.63)

5.29 (1.48-18.93)

4.88 (1.59-14.97)

0.86 (0.24-3.03)

221(0.32-15.46)

290 (1.14-7.41)

288 (0.74-11.22)

2,65 (0.92-7.64)

1.63 (0.56-
4.79)
635(1.94-
20.75)

557 (178~
17.44)
1.28 (036~
452)

3.12 (046~
2111
351(1.48-
833)

331(087-
12.52)
3.68(1.29-
10.50)

0395

0.082

0947

0271

%BE, percent body fat; MHN, metabolically healthy normal weight; MHOW, metabolically healthy overseight; MHO, metabolically healthy obesity; MUN, metabolically unhealthy normal
weight; MUOW, metabolically unhealthy overweight; MUO, metabolically unhealthy obesity; OR, odds ratio; C1, confidence interval.
‘Multivariable model was adjusted for age (except for age subgroups), sex (except for sex subgroups), ace and ethics, education level, smoking status (except for smoking status subgroups),
alcohol consumption, physical activity (except for physical activity subgroups), daily water intake, CKD stage 3-5, and hyperuricemia.





OPS/images/fpubh-11-1103393-t001.jpg
Characteristics Overall MHN MHOW MH! Ul W

No. of participants 4287 445 a2 277 399 1023 1731
Age, year! 3916027 3326£0.73 35.6440.70 34544074 4125088 42552045 40084036
Male (%)° 5053 (1.02) 3684 (3.43) 3753 (3.24) 3531(3.29) 55.49 (3.05) 5890 (2.15) 54.29 (1.48)
Hispanic (%) 18.39 (1.60) 949 (1.53) 18.30 (290) 18.54 (298) 11.00(1.68) 18.24(1.90) 2710198
College education (%) 65.19(1.79) 7710 (263) 7400 (3.41) 7186 (3.68) 6250 (3.36) 60.87 (3.22) 6154 (1.76)
Current smokers (%)" 21.83(1.14) 1817 (242) 15,36 (202) 16,46 (268) 3425 (3.67) 25.04(227) 2075 (1.09)
Excess alcohol consumption (%)* 16,58 (0.74) 2091 (3.08) 1428 (1.77) 17.35(297) 2377 (3.80) 17.72(182) 13.48 (1.13)
Inactive (%)" 5157 (1.05) 5635 (3.18) 5855 (332) 55.73 (3.68) 4407 (3.20) 5096 (2.16) 49.77(162)
Daily water intake, L/day’ 259 (0.06) 2.94(0.20) 258 (0.14) 278 (023) 250 (0.16) 249(0.11) 253 (0.10)
%BE, %' 32904022 2526+0.40 32044045 38496048 2428£046 30374028 37814022
BMI, kg/m?' 28624017 21714017 24772018 2982043 23312021 27182015 3340023
WC, em' 97.21£042 78274048 87234048 98214099 8395062 94824042 10938045
SBP, mmHg' 11805033 109054059 10994£049 11095071 12033093 121624065 121284040
DBP, mmHg' 71032026 65.0640.53 66472055 66.58+0.61 7050073 73152046 73524037
FBG, mmol/L' 5784003 505002 510£002 508002 5804010 602007 613005
Insulin, uU/mL" 1188034 476015 616015 705016 7445039 1147037 1743060
HOMA-IR' 3276012 1074003 1404004 1604004 200£0.12 3126012 5032022
TC, mmol/L! 491£002 455005 464005 482006 4842008 5124004 498004
TG, mmol/L 1332002 071£002 0822002 0892003 1232007 159006 1582004
HDL-C, mmol/L’ 138001 1.69:+0.03 158002 1474002 1494002 1304002 1242001
LDL-C, mmol/L' 2944002 254004 268004 294005 281007 310£003 305003
Scr, pmol/L' 74424045 73442107 718140.98 71624121 7868167 76.6440.72 73574065
UA, pmol/L! 3797171 276074480 | 28658+486 | 302138557 29824483 | 324284371 | 341332196
BUN, mmol/L! 4542003 451010 4392008 422007 4622011 468007 455004
€GER, mL/min/1.73m" 102995050 10574109 10513123 10620149 99945115 9923075 10401051
AST UL 24912033 2291059 22612048 2235086 26714150 25.60+0.72 25.6840.64
ALT, UL 25722032 19334070 2001063 21412121 24704176 26634076 20434055
Alb, g/dL 429001 439002 4362002 4242002 435£002 4322002 421001
CKD stage 3-5 (%)’ 0.92(0.17) 0.35(021) 0,00 (0.00) 0.55(032) 261(1.38) 120 041) 0.85(0.19)
Hyperuricemia (%)" 10.45 (0.56) 274 (1.00) 456 (1.28) 636 (191) 5.58 (1.59) 12.94(1.42) 14.47(0.92)
Dietary protein (gm)" 86.35£0.87 87.30£2.92 8279275 75.05£2.66 9359335 8849183 86024131
Dietary carbohydrate (gm)" 26438254 264155845 | 244408776 | 23547£721 291124855 | 27521%605 | 262032373
Dietary fiber (gm)" 17324026 19.380.65 1712070 16332075 1787067 17.72048 1659035
Dietary total fat (gm)’ 87012097 87.57£2.94 80.92£275 8042263 90.70£3.38 88722200 87664154
Kidney stones (%)" 8.61(0.56) 3.13(1.10) 497 (136) 855 (209) 6581 (1.47) 9.5 (1.14) 10.98 (0.82)

%BE, percent body fat; BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DB, diastolic blood pressure; FBG, fasting blood glucoses HOMA-IR, homeostasis model
assessment of insulin resistance; TC, total cholesterol; TG, triglycerides; HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; Ser, serum creatinine; UA, uric acids BUN; blood urea nitrogen;
¢GER, estimated glomerular filtration rate; AST, aspartate aminotransferase; ALT, alanine aminotransferase; Alb, albumin; CKD, chronic kidney disease; MHN, metabolically healthy normal
weight; MHOW, metabolically healthy overeight; MHO, metabolically healthy obesity; MUN, metabolically unhealthy normal weight; MUOW, metabolically unhealthy overweight; MUO,
metabolically unhealthy obesity.

‘Data are presented as the weighted mean - SE.

‘Data are presented as the weighted prevalence (SE).





OPS/images/fpubh-11-1103393-t002.jpg
Metabolic health- Events Participants Model 1' OR Model 2! OR Model 3° OR

obesity phenotypes (95% CI) (95% CI) (95% CI)
Metabolically healthy

participants

MHN 12 445 Reference Reference Reference
MHOW 2 412 1.62(0.56-4.65) 1,56 (0.53-4.59) 151 (0.51-4.53)
MHO 18 277 2.90 (1.18-7.08) 2.98(1.20-7.42) 292 (1.15-7.42)
Per 5% increment in %BE 1.3 (1L07-1.66) 156 (1.17-2.07) 160 (1.20-2.14)
P for trend 0026 0.026 0023

Metabolically unhealthy

participants

MUN 2 399 2.26(0.94-5.44) 2,08 (0.83-5.23) 199 (0.77-5.14)
MUOW 95 1,023 3.27 (1.49-7.17) 291 (1.26-6.72) 278 (1.19-6.50)
MUO 186 1731 3.82(1.79-8.14) 3.62(1.64-7.97) 3.4 (1.55-7.63)
Per 5% increment in %BF 116 (1.08-126) 119 (1.02-139) 117 (1.00-1.37)
P for trend 0.008 0.005 0.007

%BE, percent body fat; MHN, metabolically healthy normal weight; MHOW, metabolically healthy overweight; MHO, metabolically healthy obes
weight; MUOW, metabolically unhealthy overweight; MUO, metabolically unhealthy obesity; OR, odds ratio; CI, confidence interval.

‘Model 1 was not adjusted.

‘Model 2 was adjusted for age, sex, and race and ethics.

‘Model 3 was adjusted for age, sex, race and ethics, education level, smoking status, alcohol consumption, physical activity, daily water intake, CKD stage 3-5, and hyperuricemia

+ MUN, metabolically unhealthy normal






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Association between metabolically healthy obesity and kidney stones: results from the 2011–2018 National Health and Nutrition Examination Survey



		Introduction



		Materials and methods



		Study population



		Data collection



		Assessment of obesity-metabolic syndrome phenotypes



		Assessment of kidney stones status



		Assessment of covariates



		Statistical analyses









		Results



		Characteristics of participants cross-classified by metabolic health and obesity



		Associations between metabolic health-obesity phenotypes and kidney stones









		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fpubh-11-1103393-g001.jpg
Paricipants in the National Health and Nutiion Examination Survey (NHANES)
between 2011 10 2018 (1=39,157)

Exclusions (1 = 34723
aged <20 years

16,540)

had missing values on components of metabolc syndrome
had missing values on body fat percentage (n = 4.237)
underweight (1= 9)

had missing values on Kidney stones status (1= 7)

i not fast for 8 to 24 hours before blood sample collection (147)

Paricipants aged 20:59 years, with complete information on metabolic healh status,
body fa percentage, and kidhey stones status were included Int the final analyses.

(n=4287






OPS/images/fpubh-11-1103393-g002.jpg
OR (95% ClI) for kidney stones

P overall = 0.014 P for non-linearity = 0.046

s 2 »
5 8 8
No. of participants

N
S

OR (5% Cl) for kidney stones

4

P overall = 0.030 P for non-linearity = 0.161

15 20 25 30 35 40 45 50
%BF

s 2 ®
5 8 8
No. of participants

N
S





OPS/images/cover.jpg
& frontiers | Frontiers in Public Health

Association between metabolically
healthy obesity and kidney stones:
results from the 2011-2018
National Health and Nutrition
Examination Survey












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
& frontiers Frontiers in Public Health






