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Objective: Relationships of triglyceride-glucose (TyG) index and TyG combined with obesity indicators [TyG-waist circumference
(TyG-WC), TyG-waist height ratio (TyG-WHtR), TyG-body mass index (TyG-BMI)] with kidney stone (KS) have been infrequently
investigated among the American. This study aimed to examine these relationships within a substantial, nationwide population.
Methods: The current cross-sectional study recruited totally 9,808 adult participants in National Health and Nutrition Examination
Survey (NHANES) 2007-2018. For investigating relations of the TyG index, TyG-WC, TyG-WHtR, and TyG-BMI with KS,
multivariate logistic regression, restricted cubic spline (RCS), mediation, sensitivity, subgroup and interaction analyses were used.
Results: This analysis indicated that TyG combined with obesity indicators [TyG-WC, (odds ratio (OR) = 2.19, 95% CI: 1.69-2.84,
P <0.001); TyG-WHtR, (OR = 2.26, 95% CI: 1.73-2.95, P < 0.001); TyG-BMI, (OR = 1.88, 95% CI: 1.48-2.39, P < 0.001)] exhibited
a stronger correlation with KS compared to the TyG index alone (OR = 1.40, 95% CI: 1.10-1.78, P = 0.006). Based on RCS analysis,
TyG index and TyG combined with obesity indicators were linearly related to KS (P-overall < 0.0001, P-nonlinear > 0.05). Mediation
analysis indicated that high-density lipoprotein cholesterol (HDL-C) had a significant mediating effect.

Conclusion: In this study, TyG index and TyG combined with obesity indicators (TyG-WC, TyG-WHtR and TyG-BMI) show
a significantly positive relationship to KS. Furthermore, in comparison to the TyG index alone, TyG combined with obesity indicators
exhibited enhanced diagnostic relevance.

Keywords: triglyceride, glucose index, TyG, triglyceride glucose, waist circumference, TyG, WC, Triglyceride glucose, waist height
ratio, TyG, WHIR, Triglyceride glucose, body mass index, TyG, BMI, kidney stone, NHANES

Introduction

Kidney stone (KS) result from the abnormal accumulation of mineral deposits within the renal pelvis and calyces free-
floating or affixed to renal papillae, making it a common disorder of the urinary system.' In the last several decades, the
incidence of KS has consistently increased globally, showing significant regional variations; reported rates range from
1% to 5% in Asia and up to 13% in North America.” Furthermore, KS has been linked to a recurrence rate of 67%." It is
also linked to various metabolic disorders including obesity, hyperglycemia, gout, and gallstones. KS has imposed
significant strain on global public health systems, with the projected annual cost of KS prevention and management in the
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USA alone expected to rise to $36 billion by 2030.% Consequently, identifying risk factors related to the development of
KS is essential for effective prevention.

In 2008, Professor Luis E. Simental-Mendia was the first to employ the Triglyceride-Glucose (TyG) index as the
emerging marker for insulin resistance (IR), calculated using the formula Ln [fasting triglyceride (TG, mg/dL) x fasting
blood glucose (FBG, mg/dL)/2].° Compared to traditional IR indicators, like Homeostasis Model Assessment of IR
(HOMA-IR), the TyG index provides advantages of easier accessibility, lower cost, and greater sensitivity, which have
led to its widespread adoption in clinical settings.” The TyG index is closely associated with chronic kidney disease
(CKD),8 as well as various metabolic disorders including obesity,9 diabetes, '° gout,11 and gallstones.12 Furthermore,
scholars, including Yildirim, have suggested that the TyG index offers reliability and convenience as a prognostic
indicator for adverse outcomes in individuals with renal diseases.'> Thus, exploring whether the TyG index can predict
KS is of interest.

Obesity is linked to IR, compensatory hyperinsulinemia, and metabolic disturbances, and it, along with a larger body
size, may contribute to the formation of calcium-containing KS.'*'> Existing evidence suggests that the TyG combined
with obesity indicators [TyG-waist circumference (TyG-WC), TyG-waist height ratio (TyG-WHtR), TyG-body mass
index (TyG-BMI)] demonstrates superior predictive ability compared to the TyG index alone in forecasting hyperur-
icemia, gallstones, and cardiovascular diseases in patients.''® However, the relationship between the TyG combined
with obesity indicators and KS over the general population remains unclear. Therefore, in this study, we aimed to address
this knowledge gap by investigating the correlation between the TyG combined with obesity indicators and KS, utilizing
the National Health and Nutrition Examination Survey (NHANES) database-the public accessible, comprehensive, and
large-sample database.

Methods

Study Population

The extensive, multiphase NHANES was conducted by the National Center for Health Statistics (NCHS) of the Centers
for Disease Control and Prevention (CDC) among the US non-institutionalized civilian demographic to examine health
and nutrition-associated risk factors within the American populace.'® The cross-sectional work collected data from 2007
to 2018 and recruited a total of 59,842 participants for the health examination survey. Specific exclusion criteria were
used to ensure that our study results were valid and reliable, including (1) age < 18 years, (2) lack of outcome index (KS)
data, (3) lack of exposure-related indices (TyG, TyG-WC, TyG-WHtR, TyG-BMI) data, and (4) missing covariate data.
Finally, 9,808 participants were recruited for this study (Figure 1). The NCHS Research Ethics Review Board approved
the NHANES protocols. Written informed consent was obtained from every participant.

Definition of Exposure

The TyG index was determined by TG and FBG concentrations. FBG and TG were measured according to standardized
NHANES laboratory protocols. Venous blood samples were collected in the Mobile Examination Center after an
overnight fast and processed in central laboratories. FBG was determined using the hexokinase enzymatic method
(hexokinase/G-6-PD) on the Roche/Hitachi Modular P chemistry analyzer (2007-2012), the Roche Cobas ¢501 (2013-
—2014), and the Roche Cobas c311 (2015-2018). TG concentrations were assessed using the enzymatic colorimetric
method based on the Wahlefeld procedure, with analyses performed on the Roche/Hitachi Modular P (2007-2012) and
the Roche Cobas 6000 (2013-2018) chemistry analyzers.

We obtained WC, height and weight data through a mobile examination center and computed TyG, TyG-WC, TyG-
WHItR, and TyG-BMI values as follows: (1) TyG = In[TG (mg/dL) x FBG (mg/dL)/2], (2) TyG-WC = TyG x WC, (3)
TyG-WHtR = TyG x WHtR (WHtR = WC/height), and (4) TyG-BMI = TyG x BML'® Subsequently, patients were
classified into 4 groups (Q1-Q4) according to TyG, TyG-WC, TyG-WHtR, and TyG-BMI quartiles, separately, with
group QI being a control.
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Participants from the NHANEA database 2007-2018
(N =59,842)

Excluded age < 18y
(N =23262)
v

Include participants (N = 36,580)

» Excluded outcome data not available
(N=1,901)

v
Include participants (N = 34,679)

Excluded exposure relevant data not available (N =20,307)
1. Excluded TyG data not available (N = 19,597)
———» 2. Excluded TyG-WC data not available (N = 676)

3. Excluded TyG-WHtR data not available (N = 18)

4. Excluded TyG-BMI data not available (N = 16)

v
Include participants (N = 14,372)

Excluded covariate data not available (N = 4,564)

Include participants (N = 9,808)

Figure | Participant screening flowchart.
Abbreviations: NHANES, National Health and Nutrition Examination Survey; TyG, triglyceride-glucose; TyG-WC, triglyceride glucose-waist circumference; TyG-WHtR,
triglyceride glucose-waist height ratio; TyG-BMI, triglyceride glucose-body mass index.

Definition of Outcome
KS was confirmed on the basis of the health questionnaire in which the subjects were asked, “Have you ever had

a kidney stone?”, and KS was confirmed with the answer of “yes”.?

Assessment of Covariates

The current study identified relevant covariates based on prior research to serve as candidate confounders. Continuous
variables included age (years), BMI (kg/m?), WC (cm), height (cm), high-density lipoprotein cholesterol (HDL-C, mmol/L),
low-density lipoprotein cholesterol (LDL-C, mmol/L), total cholesterol (TC, mmol/L), insulin (pmol/L), alanine aminotrans-
ferase (ALT, U/L), aspartate aminotransferase (AST, U/L), y-glutamyl transferase (GGT, U/L), serum calcium (mmol/L),
serum phosphorus (mmol/L), serum creatinine (Scr, pumol/L), and serum uric acid (SUA, umol/L). Among these, age was
categorized into two groups: less than 60 years and 60 years or older for subsequent analyses. Categorical variables
encompassed gender, race, education, marital status, household income, smoking status, alcohol consumption, hypertension,
and diabetes, as outlined below. Household income was classified into two groups based on the ratio of family income to
poverty, with values greater than one categorized as the poverty or richer group. Smoking status was divided into two
categories according to cotinine concentration, with a threshold of greater than 14 ng/mL. Alcohol consumption was classified
based on responses to the question, “Had at least 12 alcoholic drinks in the past year”. Hypertension was categorized based on
responses to the question, “Ever told you had high blood pressure”. Diabetes status was divided into three groups: diabetes
(defined as “Doctor told you have diabetes” answered “Yes” or HbAlc > 6.5% or FBG > 126 mg/dL), prediabetes (defined as
“Ever told you have prediabetes” answered “Yes” or 5.7% < HbAlc < 6.5% or 100 mg/dL < FBG < 126 mg/dL), and normal.
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Statistical Analysis
Data were analyzed in accordance with CDC guidelines (https://wwwn.cdc.gov/nchs/nhanes/tutorials/default.aspx),

utilizing weighted data for the analysis. Baseline characteristics of participants were presented according to the
quartiles of the TyG index, TyG-WC, TyG-WHtR, and TyG-BMI. Continuous data were expressed as mean + standard
deviation (SD), while categorical data were presented as frequency (percentage). Comparisons of continuous and
categorical data between groups were performed using one-way ANOVA or Kruskal-Wallis tests, as well as Chi-
square or Fisher’s tests.

Also, we tested relations of the TyG index and TyG combined with obesity indicators with KS through multivariate
logistic regression. The results were expressed as odds ratios (ORs) along with 95% confidence intervals (Cls) for three
models. The median value in each quartile was utilized as a continuous variable to evaluate linear trends among the TyG
index, TyG-WC, TyG-WHtR, and TyG-BMI quartiles. In Model 1, no covariates were adjusted. In Model 2, adjustments
were made for age, gender, and race. In Model 3, the adjustments included age, gender, race, HDL-C, LDL-C, ALT, AST,
GGT, serum calcium, serum phosphorus, Scr, SUA, education level, marital status, household income, smoking status,
alcohol consumption, hypertension, and diabetes.

We used a restricted cubic spline (RCS) to explore the dose-response relationships of the TyG index, TyG combined
with obesity indicators, and KS. Mediation analysis was conducted to examine whether the correlation between the TyG
index and TyG combined with obesity indicators and KS could be explained by HDL-C, with covariates adjusted in
Model 3. Additionally, subgroup analyses were performed based on stratified factors, including age (<60, >60 years),
gender (male, female), smoking status (yes, no), and alcohol consumption (yes, no).

Furthermore, sensitivity analyses were utilized to assess the robustness of the results: (1) excluding individuals with
diabetes, (2) excluding individuals with diabetes and prediabetes, and (3) excluding individuals with hypertension.
Statistical analyses were performed using the R programming language (version 4.4.1). A P-value of less than 0.05 was
considered indicative of a significant difference in two-tailed statistical assessments.

Results
Basic Characteristics of the Participants According to TyG Index, TyG-WC,
TyG-WHTtR and TyG-BMI Quartiles

Table 1 and Supplementary Tables S1-S3 present the baseline characteristics of the participants. A total of 9,808

participants were recruited, with an average age of 49.62 years (SD 17.63), comprising 4,825 (49.19%) males and 944
(9.62%) KS patients. Individuals with higher levels of the TyG index, TyG-WC, TyG-WHtR, and TyG-BMI were
generally older and exhibited increased BMI, WC, LDL-C, TC, insulin, ALT, GGT, Scr, and SUA levels, while
displaying reduced HDL-C and serum phosphorus levels. As the TyG index and TyG-WC levels increased, the proportion

Table | Baseline Characteristics of the Study Population Based on TyG Quartiles

Variable Total TyG (N = 9,808) P
QI (<8.17) Q2 (8.17 to <8.58) | Q3 (8.58 to <9.02) Q4 (=9.02)
N = 2,453 N = 2,452 N = 2,451 N = 2,452
Age (year) 49.62 + 17.63 42.86 + 17.24 49.34 + 18.02 52.13 £ 17.22 54.16 + 15.87 <0.001
BMI (kg/m?) 2897 + 6.74 26.40 + 6.26 28.24 + 6.44 29.83 + 6.68 31.39 + 6.52 <0.001
WC (cm) 99.24 + 16.30 90.84 + 14.96 97.38 + 15.41 101.95 + 15.43 106.81 + 15.00 | <0.00I
Height (cm) 167.52 + 10.04 | 167.37 £ 9.42 167.76 + 10.05 167.42 + 10.33 167.52 + 10.34 0.372
HDL-C (mmol/L) 1.40 + 0.41 1.64 + 0.43 1.47 + 0.40 1.34 £ 0.36 1.16 £ 0.30 <0.001
LDL-C (mmol/L) 2.95 £ 0.92 2,62 £ 0.76 2.93 £ 0.85 3.11 £0.93 3.12. £ 1.01 <0.001
TC (mmol/L) 4.96 + 1.05 4.55 + 0.90 4.86 + 0.96 5.10 £ 1.04 533 % .12 <0.001
Insulin (pmol/L) 80.47 * 93.05 50.21 + 39.63 66.13 + 54.18 85.18 + 77.06 120.39 + 146.49 | <0.001

(Continued)
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Table | (Continued).

Variable Total TyG (N = 9,808) P
Ql (<8.17) Q2 (8.17 to <8.58) | Q3 (8.58 to <9.02) Q4 (29.02)
N = 2,453 N = 2,452 N = 2,451 N = 2,452

ALT (U/L) 2531 £ 1828 21.49 £ 17.78 23.86 = 1561 26.14 £ 18.65 29.75 £ 19.79 <0.001

AST (U/L) 25.86 +20.43 24.85 £ 2424 25.56 + 25.15 25.77 £ 15.10 27.25 £ 1481 <0.001

GGT (U/L) 28.67 * 37.62 21.06 £ 29.55 25.10 £ 27.47 29.38 + 34.23 39.16 £ 51.79 <0.001

Serum calcium (mmol/L) 2.34 £ 0.09 2.33 £0.08 2.34 £ 0.09 2.34 £ 0.08 235+0.10 <0.001

Serum phosphorus (mmol/L) .19 £0.17 121 £0.17 1.19 £ 0.18 .18 £ 0.17 1.19 £0.18 <0.001

Scr (umol/L) 78.73 £ 39.34 74.53 £ 31.39 79.77 £+ 47.80 79.57 £ 37.12 81.05 + 39.00 <0.001

SUA (umol/L) 327.59 £ 84.16 | 292.11 £ 74.07 321.56 + 79.59 339.68 + 80.80 357.03 £ 87.65 | <0.001

Gender (%) <0.001
Male 4,825 (49.19) 965 (39.34) 1,232 (50.24) 1,273 (51.94) 1,355 (55.26)

Female 4,983 (51.81) 1,488 (60.66) 1,220 (49.76) 1,178 (48.06) 1,097 (44.74)

Race (%) <0.001
Mexican American 1,471 (15.00) 232 (9.46) 351 (14.31) 422 (17.22) 466 (19.00)
Non-Hispanic Black 1,865 (19.02) 746 (30.41) 499 (20.35) 344 (14.04) 276 (11.26)
Non-Hispanic White 4,474 (45.62) 1,004 (40.93) 1,124 (45.84) 1,166 (47.57) 1,180 (48.12)

Other Hispanic 1,024 (10.44) 203 (8.28) 255 (10.40) 264 (10.77) 302 (12.32)
Other Race 974 (9.93) 268 (10.93) 223 (9.09) 255 (10.40) 228 (9.30)

Education (%) <0.001
Below high school 935 (9.53) 131 (5.34) 227 (9.26) 252 (10.28) 325 (13.25)

High school 3,629 (37.00) 782 (31.88) 903 (36.83) 922 (37.62) 1,022 (41.68)
Above high school 5,244 (53.47) 1,540 (62.78) 1,322 (53.92) 1,277 (52.10) 1,105 (45.07)

Marital status (%) <0.001
Having a partner 5,904 (60.20) 1,364 (55.61) 1,456 (59.38) 1,555 (63.44) 1,529 (62.36)

No partner 3,904 (39.80) 1,089 (44.39) 996 (40.62) 896 (36.56) 923 (37.64)

Income (%) 0.338
Poverty 2,098 (21.39) 501 (20.42) 521 (21.25) 523 (21.34) 553 (22.55)

Richer 7,710 (78.61) 1,952 (79.58) 1,931 (78.75) 1,928 (78.66) 1,899 (77.45)

Smoker (%) 0.010
Yes 2,364 (24.10) 531 (21.65) 604 (24.63) 604 (24.64) 625 (25.49)

No 7,444 (75.90) 1,922 (78.35) 1,848 (75.37) 1,847 (75.36) 1,827 (74.51)

Drinker (%) 0.526
Yes 7,120 (72.59) 1,783 (72.69) 1,784 (72.76) 1,799 (73.40) 1,754 (71.53)

No 2,688 (27.41) 670 (27.31) 668 (27.24) 652 (26.60) 698 (28.47)

Hypertension (%) <0.001
Yes 3,580 (36.50) 562 (22.91) 833 (33.97) 980 (39.98) 1,205 (49.14)

No 6,228 (63.50) 1,891 (77.09) 1,619 (66.03) 1,471 (60.02) 1,247 (50.86)

Diabetes (%) <0.001
Diabetes 1,691 (17.24) 99 (4.04) 229 (9.34) 413 (16.85) 950 (38.74)

Normal 4,131 (42.12) 1,660 (67.67) 1,171 (47.76) 844 (34.43) 456 (18.60)
Prediabetes 3,986 (40.64) 694 (28.29) 1,052 (42.90) 1,194 (48.71) 1,046 (42.66)

Kidney stone (%) <0.001
Yes 944 (9.62) 163 (6.64) 206 (8.40) 248 (10.12) 327 (13.34)

No 8,864 (90.38) 2,290 (93.36) 2,246 (91.60) 2,203 (89.88) 2,125 (86.66)

Notes: The means + SDs were used for continuous data, and P values were obtained via one-way ANOVA or the Kruskal-Wallis test. Frequencies (percentages) for
categorical data and P values were obtained via the Chi-square test or Fisher’s test.
Abbreviations: TyG index, triglyceride-glucose; BMI, body mass index; WC, waist circumference; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; TC, total cholesterol; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, y-glutamyl transferase; Scr, serum creatinine; SUA,

serum uric acid.
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Table 2 Association Between TyG and KS

Model | Model 2 Model 3
OR 95% CI P OR 95% CI P OR 95% CI P

TyG 1.04 | 1.03, 1.05 | <0.001 | 1.03 | 1.02, 1.04 | <0.001 | 1.02 | I.0l, .03 | <0.001
TyG (Quartile)
Ql Reference Reference Reference
Q2 1.29 | 1.04, 1.60 | 0.020 1.10 | 0.88, 1.36 0411 1.04 | 0.83, 1.30 | 0.746
Q3 1.58 | 1.29, 1.95 | <0.001 | 1.27 | 1.03, 1.58 | 0.024 1.15 | 091, 1.44 | 0.242
Q4 2.16 | 1.78,2.64 | <0.001 | 1.68 | 1.37,2.06 | <0.001 | 1.40 | 1.10, 1.78 | 0.006
P for trend <0.001 <0.001 0.002

Notes: In Model |, no variable was adjusted. Model 2 included continuous variables (age) and categorical variables (gender and
race). Model 3 incorporated continuous variables (age, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol,
alanine aminotransferase, aspartate aminotransferase, y-glutamyl transferase, serum calcium, serum phosphorus, serum creati-
nine, and serum uric acid) as well as categorical variables (gender, race, education level, marital status, household income,
smoking status, alcohol consumption, hypertension, and diabetes). Bold font indicates statistically significant differences.
Abbreviations: TyG, triglyceride-glucose; KS, kidney stone; OR, odds ratio; Cl, confidence interval.

of males also rose. Conversely, as TyG-WHtR and TyG-BMI levels increased, the proportion of females correspondingly
increased. An overall increasing trend was observed in the proportion of patients with lower education levels, those with
partners, and those with hypertension, diabetes, prediabetes, and KS as the TyG index and its combined with obesity

indicators increased.

Associations of the TyG Index, TyG-WC, TyG-WHTtR, and TyG-BMI with KS

Table 2 and Supplementary Tables S4—S6 present the relationships between the TyG index, its combined with obesity
indicators, and KS. When covariates were adjusted, all four indicators were significantly positively associated with KS.
For the TyG index, Q4 was significantly positively correlated with Q1 (OR = 1.40; 95% CI: 1.10-1.78; P = 0.006). For
TyG-WC, Q4 shows a significant positive correlation compared with Q1 (OR = 2.19; 95% CI: 1.69-2.84; P < 0.001). For
TyG-WHtR, Q4 was significantly positively correlated with Q1 (OR = 2.26; 95% CI: 1.73-2.95; P < 0.001). For TyG-
BMI, Q4 was significantly positively related to Q1 (OR = 1.88; 95% CI: 1.48-2.39; P < 0.001). Analysis of these four
indicators as continuous variables yielded results consistent with those obtained earlier.

RCS Analysis on Relations Between the TyG Index, TyG Combined with Obesity

Indicators and KS

Figure 2 illustrates that RCS was utilized for flexible modeling and visualizing the relationships between the TyG index, its
combined with obesity indicators, and KS. After adjusting for the covariates in Model 3, all four indicators were found to be
linearly associated with KS (P-overall < 0.0001, P-nonlinear > 0.05). For the TyG index, there is a significant linear positive
association (P-nonlinear = 0.594, P-overall < 0.0001), with a breakpoint at 8.57. For TyG-WC, there existed a significant linear
positive association (P-nonlinear = 0.869, P-overall < 0.0001), with a breakpoint at 848.60. For TyG-WHIR, there existed
a significant linear positive association (P-nonlinear = 0.796, P-overall < 0.0001), with a breakpoint at 5.05. For TyG-BMI,
a significant linear positive association (P-nonlinear = 0.548, P-overall < 0.0001) was observed, with a breakpoint at 239.86.

Mediation Analysis on Relations Between TyG, TyG Combined with Obesity Indicators

and KS

Supplementary Figure S1 shows that HDL-C partially mediated the correlations of the TyG index, TyG-WC, and TyG-
BMI combined with obesity indicators with KS. For the TyG index, HDL-C mediated a 30.3% (P < 0.01) association
between it and KS. For TyG-WC, HDL-C mediated 10.8% (P < 0.05) of the association between it and KS. For TyG-
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A B
4 . 4 |
— : P-overall < 0.0001 — : P-overall < 0.0001
6 3 1 P-nonlinear = 0.5941 6 3 1 P-nonlinear = 0.8694
R I R i
32 : 32 :
&1 ' g1 '
1
0 ! 0 !
7 8 9 10 700 800 900 1000
TYG TyG-WC
C D
4 | 4 |
s : P-overall < 0.0001 - : P-overall < 0.0001
I3 3 1 P-nonlinear = 0.7959 I3 3 I P-nonlinear = 0.5481
2 | 2 |
32 : 32 :
&1 ' &1 '
0 ! 0 I
4 5 6 7 150 200 250 300
TyG-WHtR TyG-BMI

Figure 2 RCS curve for relations of TyG and TyG combined with obesity indicators with KS. (A) TyG. (B) TyG-WC. (C) TyG-WHtR. (D) TyG-BMI. The solid red lines
represent ORs, whereas red-shaded regions indicate 95% Cls.

Abbreviations: RCS, restricted cubic spline; TyG, triglyceride-glucose; TyG-WC, triglyceride glucose-waist circumference; TyG-WHItR, triglyceride glucose-waist height
ratio; TyG-BMI, triglyceride glucose-body mass index; KS, kidney stone; OR, odds ratio; Cl, confidence interval.

BMI, HDL-C mediated a 13.8% (P < 0.01) association between it and KS. However, for TyG-WHtR, the relationship
between HDL-C and KS was not statistically significant (P = 0.06).

Subgroup Analysis for Relations of TyG Index and TyG Combined with Obesity

Indicators with KS
Figure 3 and Supplementary Figures S2—-S4 present the results of the subgroup analysis for the TyG index and its

combined with obesity indicators. After controlling for variables, segmented analysis was performed based on age (<60,
>60 years), gender (male, female), smoking status (yes, no), and alcohol consumption (yes, no).

In the subgroups stratified by age, gender, smoking status, and alcohol consumption, all four indicators were
significantly associated with KS (all P < 0.05). The interaction tests indicated no significant differences based on age,
gender, smoking status, or alcohol consumption (all P for interaction > 0.05).

Sensitivity Analysis for Relations of TyG Index and TyG Combined with Obesity

Indicators with KS

Supplementary Figures S5—-S7 illustrate the results of the sensitivity analysis concerning the TyG index, TyG-WC, TyG-
WHItR, TyG-BMI, and KS, which aligned with the conclusions of the main analysis. Both analyses indicated that TyG
combined with obesity indicators exhibited positive associations with KS risk.

In sensitivity analysis 1 (excluding the populations with diabetes), TyG combined with obesity indicators demonstrated
a significant positive association with KS, whereas the TyG index did not show a statistically significant difference from KS.
Specifically, for the TyG index, compared with Q1, Q4 did not show any obvious association (OR = 1.29; 95% CI: 0.97-1.72;
P =0.083). For TyG-WC, Q4 shows a significant positive correlation compared with Q1 (OR = 1.96; 95% CI: 1.45-2.66; P <
0.001). For TyG-WHtR, Q4 shows a significant positive correlation compared with Q1 (OR = 1.82; 95% CI: 1.34-2.48; P <
0.001). For TyG-BMI, Q4 shows a significant positive correlation compared with Q1 (OR = 1.70; 95% CI: 1.28-2.26; P <0.001).

In sensitivity analysis 2 (excluding the populations with diabetes and prediabetes), TyG combined with obesity indicators
was positively linked to KS, although no statistical difference was found between the TyG index and KS. Specifically, for the
TyG index, compared with Q1, there was no significant association in Q4 (OR = 1.30; 95% CI: 0.86-1.98; P = 0.221). For
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Figure 3 Forest plot showing the TyG index association with KS. Model 3 was used for subgroup analysis.
Abbreviations: TyG, triglyceride-glucose; KS, kidney stone; OR, odds ratio; Cl, confidence interval.

TyG-WC, Q4 shows a positive correlation compared with Q1 (OR = 1.56; 95% CI: 1.01-2.44; P = 0.049). For TyG-WHItR,
Q4 shows a positive correlation compared with Q1 (OR = 1.86; 95% CI: 1.18-2.95; P = 0.008). For TyG-BMI, Q4 shows the
positive relation relative to Q1 (OR = 1.66; 95% CI: 1.10-2.54; P = 0.017).
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In sensitivity analysis 3 (excluding the hypertension population), significant positive associations were found for the
TyG index, TyG-WC, TyG-WHtR, and TyG-BMI with KS. Specifically, for the TyG index, Q4 shows a significant
positive correlation compared with Q1 (OR = 1.48; 95% CI: 1.05-2.09; P = 0.026). For TyG-WC, Q4 shows a significant
positive correlation compared with Q1 (OR = 2.59; 95% CI: 1.81-3.76; P < 0.001). For TyG-WHtR, Q4 shows
a significant positive correlation compared with Q1 (OR = 2.60; 95% CI: 1.80-3.76; P < 0.001). For TyG-BMI, Q4
shows a significant positive correlation compared with Q1 (OR = 2.33; 95% CI: 1.66-3.29; P < 0.001).

Discussion

This study’s results revealed a positive correlation between the TyG index, TyG combined with obesity indicators (TyG-
WC, TyG-WHIR, and TyG-BMI), and KS. Notably, the association between TyG combined with obesity indicators and
KS was more pronounced than the TyG index alone. RCS analysis confirmed a significant linear relationship between the
four indicators and KS. Mediation analysis indicated that HDL-C played a crucial mediating role. Furthermore,
sensitivity analysis revealed that the combined index exhibited enhanced robustness and broader population applicability.

Currently, only a few scholars have investigated the relation of TyG index with KS. In the cross-sectional study
conducted by Jiang et al,*' the dose-response curve revealed that the TyG index was positively correlated with KS, with
the higher TyG index group having a 19% higher risk of KS than the lower TyG index group [adjusted odds ratio (OR) =
1.19, 95% CI: 1.02—-1.38, P = 0.03]. As found by Qin et al,>* each one extra unit in the TyG index corresponded to a 12%
rise in KS risk (OR = 1.12; 95% CI: 1.02—-1.22; P = 0.02). Our findings align with those of previous studies. Furthermore,
Lv et al, utilizing the NHANES database, analyzed WC, WHtR, and BMI indicators among individuals from 2007 to
2020 and discovered that these indicators were positively related to KS.>* Nonetheless, whether the TyG combined with
obesity indicators is more strongly correlated with the incidence of KS remains unexplored.

The effect of the TyG index on predicting KS occurrence remains incompletely understood, despite existing research.
However, several potential explanations have been proposed. Considering the calculation formula of the TyG index, FPG
and TG are potential factors affecting the occurrence of KS. Kim et al found that even if the FPG level was elevated within
the normal range, it was still associated with an increased risk of KS in men.?* In a Korean cohort study on urinary stones,
Kang et al reported that hypertriglyceridemia was independently related to stone recurrence (HR = 1.857; 95% CI:
1.211-2.847; P < 0.01).*° In addition, the TyG index is closely related to the assessment of IR. Insulin exerts an important
effect on modulating ammonium balance. On the one hand, in vitro experiments by Chobanian et al confirmed that insulin
can enhance ammonia production in proximal tubular segments.”® On the other hand, insulin can directly trigger Na'/H"
exchanger (NHE3) within proximal tubules, thereby affecting the excretion and reabsorption of renal ammonium,?’*
Given these extensive correlations, further experimental studies are warranted to elucidate the intrinsic mechanisms
underlying the TyG index’s predictive value for KS and to identify key risk factors among human metabolic indicators.

Obesity and IR are integral components of metabolic syndrome (MS), exhibiting complex and intimate interconnec-
tions. Bulbul et al indicate that expanded adipose tissue releases excessive free fatty acids, ROS, as well as pro-
inflammatory factors, thereby impeding insulin’s role in the insulin signaling pathway and disrupting glucose
homeostasis.”” During the progression of obesity, adipose tissue macrophages may undergo a polarization transition
from M2 phenotype to M1 counterpart, contributing to IR.*® Mouse experiments conducted by Ja et al demonstrated that
S273 phosphorylation of obesity-related PPARyenhanced IR via growth differentiation factor 3. These findings indicate
a potentially stronger link between obesity and IR than currently understood. Consequently, incorporating obesity
indicators may significantly improve the reliability and sensitivity of kidney stone prediction models.

More researchers have recently utilized adjustments to indicators such as height, weight, and waist circumference, in
contrast to the traditional obesity measure BMI, leading to additional metrics like WHtR and weight-adjusted waist
circumference index, all of which positively correlated with KS.*'*? He et al utilized an obesity-induced MS rat model,
revealing that male Sprague-Dawley rats with MS were more likely to develop KS.** Furthermore, the quantity and
distribution of body fat in humans also have a certain connection with KS. A cross-sectional study pointed out that
parameters of total fat and trunk fat were associated with increased KS incidence in adults over 40 years old.** Kelly et al
noted that fat might facilitate stone formation by reducing the ammonia secretion capability of renal tubular cells, thereby
acidifying urine.>> Thus, obesity acts as an unseen force propelling the progression of KS formation.
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Our research further revealed that HDL-C plays a crucial mediating role in the relationship between the TyG
combined with obesity indicators and KS. HDL-C, a plasma homeostasis nanoparticle with multifaceted functions, can
facilitate cholesterol absorption by cell membranes and plays a pivotal role in reverse cholesterol transport.>® Adipose
tissue in obese individuals may further decrease HDL-C levels through the action of adipokines, such as adiponectin and
endothelial lipase.*” A study by Du et al, involving 21,084 participants, indicated a significant positive relation of non-
HDL to HDL cholesterol ratio (NHHR) with KS incidence.’® The results are consistent with previous findings, which to
some extent supports the positive correlation of TyG combined with obesity indicators with KS.

Strengths and Limitations

The present study possesses several strengths. Firstly, it pioneered the exploration of relationships between the TyG index
combined with obesity indicators (TyG-WC, TyG-WHtR, and TyG-BMI) and KS incidence. Secondly, a comparative
analysis of the relationships between TyG, TyG combined with obesity indicators, and KS was conducted. Thirdly,
utilizing data from the NHANES database ensured a large sample size and robust population representation.

However, several limitations warrant consideration. Firstly, the cross-sectional design precluded the determination of
causal relationships between TyG, TyG combined with obesity indicators, and KS. Secondly, this observational study made it
impossible to excluded confounders probably affecting our findings, but we adjusted for available covariates including
demographic characteristics, relevant hematologic measures, and lifestyle factors, aiming to enhance the result reliability and
accuracy. Thirdly, reliance on self-reported questionnaire data for outcome diagnosis and covariate information introduced
potential recall bias. This also leads to many regrets in information collection, such as whether the diagnosis was missed due to
the small size of the sand and stones or their automatic discharge, and the inability to identify the type of kidney stones, etc.

39741 and we obtained

Nevertheless, numerous high-quality studies utilizing NHANES data have employed similar methods,
information in the same way. Fourthly, generalizability to other countries or ethnicities is uncertain due to potential genetic,
environmental, and lifestyle differences specific to the United States population. In light of these limitations, future well-
designed, large-scale studies with higher levels of evidence are necessary to validate these findings and provide more definitive

insights into the relationships between TyG, obesity indicators, and KS.

Conclusion

In conclusion, in the present study, TyG and TyG combined with obesity indicators (TyG-WC, TyG-WHtR and TyG-BMI) were
significantly positively related to KS. Moreover, relative to TyG alone, the combined indicators showed superior diagnostic
relevance. Therefore, TyG combined with obesity indicators and TyG are potential effective markers for KS risk differentiation.
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