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Abstract 

Background  Metabolic dysfunction-associated fatty liver disease (MAFLD) has become the most prevalent chronic 
liver condition in adolescents. The triglyceride-glucose (TyG) index, a surrogate marker of insulin resistance, has shown 
promise in adult MAFLD detection but requires pediatric-specific validation, particularly when combined with anthro-
pometric measures. This study investigated the association between modified TyG indices and MAFLD, and evaluated 
their predictive value in adolescents.

Methods  This cross-sectional study analyzed data from 532 adolescents (12–18 years) in the 2017–2020 National 
Health and Nutrition Examination Survey (NHANES) with complete records. MAFLD diagnosis was based on transient 
elastography plus metabolic criteria. The investigators employed multivariate linear regression and restricted cubic 
splines (RCS) to examine linear and nonlinear relationships between modified TyG indices and CAP values. Subgroup 
analyses were stratified by obesity status, and sensitivity analyses were performed on the NAFLD cohort (n = 527). 
Receiver operating characteristic (ROC) curve analysis, using Youden’s index, evaluated the predictive performance 
of TyG indices for MAFLD identification.

Results  Among 130 MAFLD adolescents (vs 402 controls), modified TyG indices demonstrated significantly stronger 
associations with CAP in fully adjusted models compared to the original TyG index. TyG-WC showed the highest 
diagnostic accuracy (AUC = 0.923, 95%CI:0.900–0.947), followed by TyG-BMI (AUC = 0.917) and TyG-WHtR (AUC = 0.915), 
while the original TyG index performed poorly (AUC = 0.673). Subgroup analyses revealed particularly strong associa-
tions in non-obese participants, and sensitivity analyses confirmed result robustness after excluding potential con-
founders. Optimal cutoff values provided clinically useful screening thresholds, with TyG-WC achieving 94% sensitivity 
at 665.94.

Conclusion  This study demonstrates that modified TyG indices incorporating anthropometric parameters (par-
ticularly TyG-WC) significantly outperform the original TyG index for MAFLD detection in adolescents, with superior 
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diagnostic accuracy (AUC 0.915–0.923). The robust predictive performance maintained in sensitivity analyses 
and non-obese subgroups supports their clinical utility as simple, non-invasive screening tools for pediatric MAFLD 
risk stratification.

Keywords  TyG index, Metabolic dysfunction-associated fatty liver disease, Insulin resistance, Adolescent, NHANES

Background
Non-alcoholic fatty liver disease (NAFLD) is a chronic 
liver disease characterized by accumulation of excessive 
fat in hepatocytes in the absence of significant alcohol 
consumption. The disease spectrum encompasses a wide 
range of pathological stages, from simple steatosis and 
non-alcoholic steatohepatitis (NASH) to hepatic fibro-
sis and hepatocellular carcinoma (HCC). Globally, the 
prevalence of NAFLD is estimated at 30.2% in the gen-
eral population [1], with approximately 13% among ado-
lescent [2]. Moreover, NAFLD is associated with obesity, 
type 2 diabetes [3], and cardiovascular disease, contrib-
uting to a significant public health and economic burden 
[4].

Recently, a panel of interntional experts proposed rede-
fining NAFLD as ‘metabolic associated fatty liver disease’ 
(MAFLD) to better reflect its underlying disease pathol-
ogy and strong association with metabolic comorbidi-
ties. Unlike NAFLD, the diagnosis of MAFLD does not 
exclude alcohol consumption or the coexistence of other 
liver diseases, such as viral hepatitis. The proposed diag-
nostic criteria for MAFLD require evidence of hepatic 
steatosis, confirmed by histology, imaging, or blood bio-
markers, in combination with at least one of the follow-
ing metabolic abnormalities: overweight/obesity, type 
2 diabetes mellitus (T2DM), or metabolic dysregulation 
[5]. The global prevalence of MAFLD is substantial, with 
estimates of 39.22% in the general population [6], 50.7% 
among overweight/obese adults [7].

The pathogenesis of MAFLD remains incompletely 
understood. However, increased hepatic triglyceride 
accumulation and insulin resistance (IR) are critical in 
the disease’s onset [8]. IR is characterized by impaired 
suppression of lipolysis and excess fat accumulation 
through adipocyte de novo lipogenesis in the presence 
of elevated insulin serum levels [9]. The TyG index, 
derived from fasting triglyceride and glucose levels, has 
emerged as a reliable surrogate marker of IR, particu-
larly for peripheral and hepatic IR. Evidence suggests 
that the TyG index is not only associated with IR but 
also serves as a predictor for diabetes, cardiovascular 
diseases, and NAFLD [10, 11]. Furthermore, elevated 
TyG index levels have been linked to increased risks of 
all-cause and cardiovascular mortality [12]. While the 
TyG index has demonstrated a strong association with 
NAFLD in adult populations [13–15], its relationship 

with pediatric MAFLD remains underexplored and 
warrants further investigation,, particularly under the 
revised diagnostic criteria.

Liver biopsy remains the gold standard diagnostic 
tool for MAFLD, yet its invasiveness and complica-
tions, such as internal bleeding and abdominal pain, 
limit its application in pediatric populations. Conse-
quently, there is an urgent need for non-invasive and 
effective diagnostic tools. Recent studies [16–21] have 
highlighted the potential of various obesity indices, 
including body mass index (BMI), waist circumference 
(WC), waist-to-hip ratio (WHR), and waist-to-height 
ratio (WHtR), as predictors of NAFLD.

Therefore, this study aimed to evaluate both the asso-
ciation and predictive value of the original TyG index 
and its anthropometric-enhanced variants (TyG-BMI, 
TyG-WC, TyG-WHR, TyG-WHtR) for MAFLD identifi-
cation in a nationally representative adolescent cohort.

Methods
Data sources and study population
The National Health and Nutrition Examination Sur-
vey (NHANES), conducted by the National Center for 
Health Statistics (NCHS), is a nationally representa-
tive survey designed to assess the health and nutri-
tional status of both adults and children in the United 
States. NHANES collects demographic and in-depth 
health information through home visits, screening, and 
laboratory testing conducted at a mobile examination 
center (MEC). Written informed consent was obtained 
from all participants prior to their inclusion in the sur-
vey. As this study involved secondary analysis of pub-
licly available NHANES data, additional Institutional 
Review Board (IRB) approval was not required. The 
NHANES data are available via the NHANES website 
(http://​www.​cdc.​gov/​nchs/​nhanes.​htm).

In our research, data from 2017–2020 NHANES 
cycles were utilized, and all details were retrieved 
from the official website. We included adolescent (≤ 18 
years) with complete data on liver ultrasound transient 
elastography, fasting glucose, triglyceride, high-density 
lipoprotein(HDL), C-reactive protein (CRP), body mass 
index (BMI), and waist circumference (WC) datas. A 
total of 532 participants were included according to the 
MAFLD diagnostic criteria (Fig. 1).

http://www.cdc.gov/nchs/nhanes.htm
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Hepatic steatosis
Hepatic steatosis was detected by vibration-controlled 
transient elastography (VCTE). In the 2017–2018 and 
2019–2020 cycle, VCTE was performed by trained tech-
nicians using the FibroScan® model 502 V2 Touch device 
equipped with medium (M) or extra-large (XL) probes. 
All participants aged 12 years and older were eligible 
unless they met any of the following exclusion criteria: 
inability to lie flat, current pregnancy, presence of an 
implanted electronic medical device, or skin lesions at 
the measurement site. To ensure data quality, only par-
ticipants meeting the following criteria were included in 
the analysis: a fasting time of at least 3 h, a minimum of 
10 valid stiffness (E) measurements, and a liver stiffness 
interquartile range/median < 30%. Hepatic steatosis was 
defined as a median controlled attenuation parameter 
(CAP) score ≥ 248 dB/m, based on established diagnostic 
thresholds [22].

Diagnosis of MAFLD
MAFLD was diagnosed in the presence of steatosis 
(evaluated by CAP) plus at least one of the following 

criteria: overweight or obesity, prediabetes or diabetes, 
and at least two metabolic abnormalities [5, 23]. Meta-
bolic abnormalities included elevated BP, triglyceride 
levels ≥ 150 mg/dl, high-density lipoprotein (HDL) cho-
lesterol levels < 40 mg/dL, and triglycerides-to-HDL cho-
lesterol ratio > 2.25 (while adult MAFLD criteria were 
applied for adolescents 16 years and older).

TyG index
Blood samples for glucose and triglyceride measure-
ments were collected during the mobile examination 
center (MEC) visits. These samples were processed, 
stored at − 30 °C, and subsequently shipped to the Uni-
versity of Missouri-Columbia and the University of Min-
nesota for analysis. Detailed procedures for specimen 
collection, handling, and processing are documented in 
the NHANES Laboratory/Medical Technician Proce-
dures Manual (LPM). Triglyceride to glucose index was 
calculated using the formula: TyG index = Ln [fasting 
triglycerides (mg/dL) × fasting glucose (mg/dL)]/2[24]. 
Modified TyG indices were calculated as follows: TyG-
BMI = TyG × BMI; TyG-WC = TyG × WC; TyG-WHR 
= TyG × WHR; TyG-WHtR = TyG × WHtR [14, 25, 26].

Fig. 1  Flow diagram of participants. NHANES, National Health and Nutrition Examination Survey
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Other covariates
The study included demographic, anthropometric, and 
laboratory variables as covariates. Demographic variables 
included age, gender, and race/ethnicity (categorized as 
Mexican American, other Hispanic, non-Hispanic White, 
non-Hispanic Black, and Other [including multiracial]). 
Anthropometric measures included height, weight, body 
mass index (BMI), waist circumference (WC), hip cir-
cumference, and blood pressure. BMI was calculated as 
weight (kg) divided by height (m2) and categorized as 
underweight, normal weight, overweight, and obese. 
Hypertension was defined as systolic blood pressure 
(SBP) > 130 mmHg or diastolic blood pressure (DBP) > 85 
mmHg. Laboratory data included aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), glyco-
hemoglobin (HbA1c), insulin, total cholesterol (TC), 
low-density lipoprotein (LDL), high-density lipoprotein 
(HDL), C-reactive protein (CRP), and total bilirubin. 
Diabetes was defined as HbA1c ≥ 6.5% or a self-reported 
diagnosis, while prediabetes was defined as HbA1c 
between 5.7% and 6.5% [27] or a self-reported diagnosis 
of prediabetes.

Statistical analysis
Continuous variables were expressed as weighted means 
± standard error (SE), and categorical variables were sum-
marized as weighted proportions. Group comparisons 
were performed using the t-test for continuous variables 
(assuming normal distribution) and the chi-square (χ2) 
test for categorical variables. To further analyze the rela-
tionship between TyG indices and MAFLD, univariate 
and multivariate liner regression models were employed.

Multivariate analyses included: (1) unadjusted models, 
(2) model 1 adjusted covariates including age, gender, 
and race, and (3) fully adjusted models. To evaluate the 
potential nonlinear relationship between TyG indices and 
MAFLD, restricted cubic spline (RCS) regression was 
performed. Four nodes located in the 5 th, 35 th, 65 th, 
and 95 th percentiles of different TyG index are used in 
restricted cubic spline. The significance of nonlinearity 
was tested using the spline test.

Receiver operating characteristic (ROC) curve analy-
sis was performed to evaluate the diagnostic accuracy 
of five TyG-related indices for MAFLD detection. The 
area under the curve (AUC) with 95% confidence inter-
vals (CI) was calculated to assess overall diagnostic per-
formance. Optimal cutoff values were determined by 
maximizing Youden’s index. Corresponding sensitivity, 
specificity, positive predictive value (PPV), and nega-
tive predictive value (NPV) at the optimal cutoffs were 
computed.

Subgroup analyses were conducted to explore the 
potential modifying effect of obesity on the association 

between TyG indices and MAFLD. Sensitivity analy-
ses were conducted by excluding hepatitis B/C-infected 
(n = 2) and heavy alcohol-consuming participants (n 
= 3), confirming robust TyG-CAP associations in the 
final NAFLD cohort (n = 527) using identical multivari-
ate models (Models 1–3). All analyses were performed 
using R version 4.4.2, incorporating appropriate sampling 
weights as recommended by the National Center for 
Health Statistics (NCHS). A two-sided p-value < 0.05 was 
considered statistically significant.

Results
Baseline characteristics of the study population
This study enrolled 532 participants, included 276 males 
and 256 females. Among them, 130 were diagnosed with 
MAFLD and 402 were non-MAFLD controls. Compared 
to the non-MAFLD group, patients with MAFLD were 
predominantly Non-Hispanic white and exhibited signifi-
cantly higher levels of weight, BMI, waist circumference, 
AST, ALT, fasting glucose, insulin, LDL, triglyceride, 
CRP, HOMA-IR, WHR, WHtR, TyG index, TyG-BMI, 
TyG-WC, TyG-WHR, TyG-WHtR, and CAP, but signifi-
cantly lower levels of total bilirubin and HDL. Addition-
ally, the majority of MAFLD participants were classified 
as having prediabetes or diabetes and obesity (Table 1).

Associations of TyG‑index and modified TyG‑indices 
with CAP among adolescents
Table  2 shows the results of multivariate linear regres-
sion analyses across three models. In unadjusted model 
and model 2, there was a significantly positive linear 
association between TyG index, TyG-BMI, TyG-WC, 
TyG-WHR, TyG-WHtR, and CAP. However, in Model 3, 
significant positive linear associations persisted for TyG-
BMI, TyG-WC, TyG-WHR, and TyG-WHtR, while no 
significant associations were found for the TyG index.

To further explore potential nonlinear relationships, 
restricted cubic spline (RCS) analyses were performed. 
The results revealed an S-shape relationship between 
TyG-BMI and CAP, as well as positive linear relationship 
between TyG-WC, TyG-WHR, TyG-WHtR and CAP. 
In contrast, no significant relationship was observed 
between the TyG index and CAP (Fig. 2).

Diagnostic performance
The diagnostic performance of TyG-related indices is 
presented in Table  3. All five indices demonstrated sig-
nificant discriminative ability for MAFLD identification 
(all AUCs > 0.85 except TyG index) (Fig.  3). TyG-WC 
showed the highest diagnostic accuracy (AUC = 0.923, 
95% CI: 0.900–0.947), with optimal cutoff at 665.94 yield-
ing 94% sensitivity and 79% specificity. TyG-BMI and 
TyG-WHtR also exhibited excellent performance (AUC 
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= 0.917 and 0.915 respectively). Notably, TyG-WHtR at 
cutoff 3.93 achieved the highest sensitivity (95%) among 
all indices, while TyG-BMI showed the best balance 

between sensitivity (89%) and specificity (80%). The origi-
nal TyG index had the lowest discriminative power (AUC 
= 0.673), particularly demonstrating low specificity (39%) 
despite high sensitivity (87%).

Table 1  Baseline characteristics of the study population

Data are expressed as weighted means ± standard error (SE) for continuous variables and weighted proportions for categorical variables. BMI Body Mass Index; AST 
aspartate aminotransferase; ALT alanine aminotransferase; HbA1c Hemoglobin A1c; LDL low density lipoprotein; HDL high density lipoprotein; CRP C-reactive protein; 
HOMA-IR homeostatic model assessment for insulin resistance; TyG triglyceride to glucose index; WHR waist-to-hip ratio; WHtR waist-to-height ratio; CAP controlled 
attenuation parameter

Variable Total
(n = 532)

Non-MAFLD
(n = 402)

MAFLD
(n = 130)

p

Age (years) 14.98 (0.10) 14.87 (0.12) 15.36 (0.25) 0.064

Gender (%) 0.476

  Male 276 (52.0) 208 (51.1) 68 (54.9)

  Female 256 (48.0) 194 (48.9) 62 (45.1)

Race (%) 0.007

  Mexican American 90 (17.0) 59 (13.1) 31 (30.1)

  Other Hispanic 52 (8.2) 34 (7.2) 18 (11.4)

  Non-Hispanic White 169 (50.3) 132 (54.3) 37 (37.0)

  Non-Hispanic Black 119 (13.1) 95 (13.6) 24 (11.6)

  Other Race 102 (11.4) 82 (11.9) 20 (9.8)

Weight (kg) 66.26 (0.98) 59.81 (0.82) 87.91 (1.75)  < 0.001

Height (cm) 166.03 (0.55) 165.86 (0.67) 166.59 (1.03) 0.307

BMI (kg/m2) 23.92 (0.31) 21.65 (0.29) 31.56 (0.59)  < 0.001

Hip circumference (cm) 96.37 (0.60) 92.21 (0.64) 110.35 (1.07)  < 0.001

Waist circumference (cm) 81.58 (0.85) 76.04 (0.58) 100.21 (1.34)  < 0.001

Diastolic blood pressure (mmHg) 64 (0.4) 63 (0.5) 68 (0.9)  < 0.001

Systolic blood pressure (mmHg) 109 (0.6) 108 (0.7) 110 (1.2) 0.212

AST (U/L) 19.70 (0.44) 19.20 (0.52) 21.42 (0.74) 0.009

ALT (U/L) 16.16 (0.48) 14.53 (0.53) 21.66 (1.32)  < 0.001

Total Bilirubin (umol/L) 8.45 (0.35) 8.98 (0.43) 6.66 (0.34) 0.001

HbA1c (%) 5.25 (0.01) 5.24 (0.01) 5.30 (0.03) 0.070

Fasting glucose (mmol/L) 5.41 (0.03) 5.38 (0.03) 5.51 (0.06) 0.019

Insulin (mU/L) 12.86 (0.46) 10.21 (0.40) 21.80 (1.11)  < 0.001

Total cholesterol (mmol/L) 3.96 (0.06) 3.93 (0.07) 4.05 (0.06) 0.082

LDL cholesterol (mmol/L) 2.25 (0.05) 2.21 (0.05) 2.38 (0.04) 0.003

Triglyceride (mmol/L) 0.78 (0.03) 0.73 (0.03) 0.98 (0.05)  < 0.001

HDL cholesterol (mmol/L) 1.36 (0.02) 1.39 (0.02) 1.22 (0.03)  < 0.001

CRP (mg/L) 1.98 (0.15) 1.63 (0.20) 3.17 (0.24)  < 0.001

HOMA-IR 3.13 (0.12) 2.46 (0.10) 5.38 (0.28)  < 0.001

WHtR 0.49 (0.01) 0.46 (0.00) 0.60 (0.01)  < 0.001

WHR 0.84 (0.01) 0.82 (0.00) 0.91 (0.01)  < 0.001

TyG index 8.00 (0.04) 7.94 (0.05) 8.22 (0.05)  < 0.001

TyG-BMI 191.1 (2.84) 171.95 (2.45) 259.92 (5.25)  < 0.001

TyG-WC 654.60 (7.99) 603.99 (5.65) 824.79 (12.14)  < 0.001

TyG-WHtR 3.95 (0.05) 3.64 (0.04) 4.79 (0.08)  < 0.001

TyG-WHR 6.75 (0.06) 6.54 (0.05) 7.46 (0.07)  < 0.001

CAP (db/m) 220.75 (3.44) 198.40 (1.61) 295.91 (4.66) 0.009

Hypertension (%) 15 (3.4) 6 (2.5) 9 (6.6) 0.154

Diabetes or prediabetes (%) 57 (8.5) 31 (6.2) 26 (16.2) 0.002

Obesity (%) 126 (20.9) 34 (6.3) 92 (70.4)  < 0.001
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Subgroup analyses
In subgroup analyses fully stratified, it demonstrated a 
consistently significant positive relationship between 
TyG-BMI, TyG-WC, TyG-WHR, TyG-WHtR and CAP in 
participants without obesity (Table 4).

Sensitivity analyses
The sensitivity analysis in the refined NAFLD cohort (n 
= 527) confirmed the persistent associations between 
TyG indices and CAP (Supplemental Table 1).

Discussion
This study investigated the relationship between TyG-
related indices and MAFLD assessed by CAP in ado-
lescents. Modified TyG indices (TyG-BMI, TyG-WC, 
TyG-WHR, TyG-WHtR) showed stronger associations 
with CAP than the original TyG index, which lost signifi-
cance in fully adjusted models. Notably, TyG-WC dem-
onstrated the highest diagnostic accuracy (AUC = 0.923), 
while TyG-BMI and TyG-WHtR also excelled in MAFLD 
prediction. These findings highlight that TyG indices 
combined with adiposity measures (BMI, WC, WHR, 
WHtR) outperform the TyG index alone, particularly in 
non-obese adolescents.

Our findings are consistent with previous reports on 
the association between TyG index and its modified 
forms with the risk of NAFLD [11, 25, 28]. However, this 
study uniquely identified significant positive associations 
between TyG-BMI, TyG-WC, TyG-WHR, TyG-WHtR, 
and MAFLD even after comprehensive covariate adjust-
ment. These results align with and expand upon prior 
work by Wang et  al.[13] (n = 1,171) showing TyG-BMI 
correlation with steatosis severity, while providing new 
evidence that TyG-WC demonstrates superior diagnostic 
performance (AUC = 0.923) compared to other indices, 
consistent with Song et  al.’s observations in adults [26]. 

Our findings further corroborate Mendelian randomi-
zation evidence linking WHR to NAFLD risk [20],while 
novelly demonstrating the particular utility of TyG-
WHtR (AUC = 0.915) in adolescent MAFLD detection, 
building upon prior observations in T2DM populations 
[29]. The significantly greater discriminative accuracy of 
modified indices (AUC range: 0.915–0.923) versus the 
original TyG index (AUC = 0.673; P < 0.001 for all com-
parisons) in our ROC analyses provides compelling evi-
dence for incorporating anthropometric measures into 
TyG-based MAFLD screening tools.

The superior predictive performance of adiposity-
enhanced TyG indices (TyG-BMI, TyG-WC, TyG-WHR, 
TyG-WHtR) compared to the conventional TyG index 
can be explained through several interrelated physiologi-
cal mechanisms. First, these composite indices integrate 
both metabolic dysfunction (captured by the TyG compo-
nent) and body fat distribution patterns (reflected in WC, 
WHR and WHtR), thereby providing a more compre-
hensive assessment of NAFLD risk factors. Importantly, 
WC serves as a direct marker of visceral adiposity [30], 
which is mechanistically linked to NAFLD pathogenesis 
through increased free fatty acid delivery to the liver and 
adipokine dysregulation. Furthermore, WHR and WHtR 
offer distinct advantages over BMI by specifically quan-
tifying central obesity [31, 32], a metabolic phenotype 
strongly associated with NAFLD development and pro-
gression [33]. The enhanced diagnostic accuracy of these 
modified indices likely stems from their ability to simul-
taneously evaluate two fundamental NAFLD pathways: 
1) insulin resistance (represented by the TyG index) and 
2) dysfunctional adipose tissue distribution and physi-
ology (represented by the anthropometric measures). 
This dual-pathway assessment is supported by accumu-
lating evidence that combined indices outperform stan-
dalone measures in detecting hepatic steatosis [13, 25, 
26, 29], reflecting the multifactorial nature of NAFLD 

Table 2  Associations of TyG-index and modified TyG-index with CAP among adolescents

TyG Triglyceride to glucose index; BMI Body Mass Index; WC waist circumference; WHR waist-to-hip ratio; WHtR waist-to-height ratio

Model 1 was unadjusted

Model 2 adjusted for variables including age, gender, and race

Model 3 was fully adjusted

Variables Model1 Model2 Model3

β (95%CI) P value β (95%CI) P value β (95%CI) P value

TyG index 27.15 (16.06 ~ 38.23)  < 0.001 27.18 (15.07 ~ 39.29)  < 0.001 − 5.04 (− 34.76 ~ 24.68) 0.662

TyG-BMI 0.63 (0.55 ~ 0.70)  < 0.001 0.62 (0.53 ~ 0.72)  < 0.001 0.27 (− 0.10 ~ 0.44) 0.012

TyG-WC 0.26 (0.23 ~ 0.30)  < 0.001 0.26 (0.22 ~ 0.30)  < 0.001 0.15 (0.10 ~ 0.21) 0.002

TyG-WHR 38.24 (30.42 ~ 46.06)  < 0.001 38.75 (30.99 ~ 46.50)  < 0.001 17.05 (6.62 ~ 27.49) 0.011

TyG-WHtR 42.12 (36.73 ~ 47.52)  < 0.001 41.89 (35.14 ~ 48.65)  < 0.001 20.48 (8.29 ~ 32.67) 0.010
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pathogenesis that involves both metabolic derangements 
and body composition abnormalities [34, 35].

Subgroup analyses revealed robust associations 
between adiposity-enhanced TyG indices (TyG-BMI, 
TyG-WC, TyG-WHR, TyG-WHtR) and hepatic steatosis 

(CAP) in non-obese adolescents, a finding that aligns 
with emerging evidence from multiple study designs. Our 
results corroborate the work of Li et  al.[36] and extend 
the observations of Naoya et  al.[37], whose ultrasound-
based study in non-obese adults similarly identified 

Fig. 2  RCS to analyze the nonlinear relationship between TyG index, modified TyG indices and CAP. A TyG index; B TyG-BMI; C TyG-WC; D TyG-WHR; 
E TyG-WHtR; TyG index, triglyceride to glucose index; BMI, body mass index; WC, waist circumference; WHR, waist to hip circumference ratio; WHtR, 
waist to height ratio; 95%Cl, 95% confidence interval
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TyG-BMI as a strong NAFLD/MAFLD predictor. Addi-
tionally, a Chinese longitudinal study with a 5-year fol-
low up involving 841 individuals found that an increase 
in TyG-BMI were associated with a higher incidence of 
NAFLD, as confirmed by ultrasound [38]. Mechanisti-
cally, while non-obese MAFLD shares pathophysiological 
features with obese MAFLD [39], genetic studies suggest 
unique modifiers like GCKR variants may influence WC-
associated risk in lean individuals [40]. These findings 

underscore the importance of screening non-obese indi-
viduals with elevated modified TyG indices for NAFLD, 
as they may represent a high-risk subgroup despite their 
normal BMI.

Our study has several limitations that should be 
acknowledged. First, the cross-sectional design prevents 
determination of causal relationships between modified 
TyG indices and NAFLD, necessitating future prospec-
tive cohort studies for validation. Second, while transient 

Table 3  Diagnostic performance of each parameter for predicting MAFLD

TyG Triglyceride to glucose index; BMI Body Mass Index; WC waist circumference; WHR waist-to-hip ratio; WHtR waist-to-height ratio

Area Under Curve Cutoff Diagnostic Performance

Index AUC​ 95% CI Optimal Cutoff Sensitivity (%) Specificity (%) PPV (%) NPV (%)

TyG index 0.673 (0.621–0.726) 7.75 0.87 0.39 0.32 0.9

TyG-BMI 0.917 (0.892–0.941) 199.37 0.89 0.8 0.59 0.96

TyG-WC 0.923 (0.900–0.947) 665.94 0.94 0.79 0.6 0.98

TyG-WHR 0.852 (0.815–0.889) 6.83 0.84 0.73 0.5 0.93

TyG-WHtR 0.915 (0.890–0.940) 3.93 0.95 0.74 0.54 0.98

Fig. 3  Receiver operating characteristic (ROC) curves of each parameter for predicting MAFLD. TyG, Triglyceride to glucose index; BMI, Body Mass 
Index; WC, waist circumference; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio
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elastography with CAP provides reliable non-invasive 
steatosis assessment, the lack of liver biopsy confirma-
tion (the diagnostic gold standard) may affect diagnostic 
precision. Third, although NHANES’complex sampling 
design with oversampling of minority groups and post-
stratification weighting ensures nationally representative 
estimates, external validation in independent pediatric 
cohorts would strengthen our findings. Notwithstand-
ing these limitations, our study possesses important 
strengths: (1) use of a nationally representative sample 
with rigorous sampling methodology enhances gener-
alizability; (2) employment of standardized CAP meas-
urements provides objective, quantitative steatosis 
assessment superior to conventional ultrasound; and (3) 
comprehensive analytical approaches including multi-
variable regression and restricted cubic spline analyses 
strengthen the validity of our conclusions.

Conclusion
In conclusion, modified TyG indices (TyG-BMI, TyG-
WC, TyG-WHR, TyG-WHtR) exhibit stronger asso-
ciations with MAFLD than the original TyG index in 
adolescents, particularly in non-obese individuals. These 
indices not only maintained significant correlations with 
CAP after full adjustment but also showed superior diag-
nostic accuracy (AUCs 0.915–0.923), with TyG-WC per-
forming best (AUC = 0.923). These results highlight the 
clinical utility of incorporating anthropometric param-
eters (BMI, WC, WHR, WHtR) with the TyG index to 
improve MAFLD risk stratification in pediatric popu-
lations, offering a practical, non-invasive screening 
approach.
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