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Abstract

Objective: We developed a novel non-insulin-based fasting score to evaluate insulin sensitivity validated against the 

euglycemic–hyperinsulinemic clamp (EHC). We also evaluated its correlation with ectopic fact accumulation and its 

capacity to predict incident type 2 diabetes mellitus (T2D).

Design and methods: The discovery sample was composed by 125 subjects (57 without and 68 with T2D) that 

underwent an EHC. We defined METS-IR as Ln((2*G0)+TG0)*BMI)/(Ln(HDL-c)) (G0: fasting glucose, TG0: fasting 

triglycerides, BMI: body mass index, HDL-c: high-density lipoprotein cholesterol), and compared its diagnostic 

performance against the M-value adjusted by fat-free mass (MFFM) obtained by an EHC. METS-IR was validated in a 

sample with EHC data, a sample with modified frequently sampled intravenous glucose tolerance test (FSIVGTT) data 

and a large cohort against HOMA-IR. We evaluated the correlation of the score with intrahepatic and intrapancreatic 

fat measured using magnetic resonance spectroscopy. Subsequently, we evaluated its ability to predict incident T2D 

cases in a prospective validation cohort of 6144 subjects.

Results: METS-IR demonstrated the better correlation with the MFFM (ρ = −0.622, P < 0.001) and diagnostic 

performance to detect impaired insulin sensitivity compared to both EHC (AUC: 0.84, 95% CI: 0.78–0.90) and the SI 

index obtained from the FSIVGTT (AUC: 0.67, 95% CI: 0.53–0.81). METS-IR significantly correlated with intravisceral, 

intrahepatic and intrapancreatic fat and fasting insulin levels (P < 0.001). After a two-year follow-up, subjects with 

METS-IR in the highest quartile (>50.39) had the highest adjusted risk to develop T2D (HR: 3.91, 95% CI: 2.25–6.81). 

Furthermore, subjects with incident T2D had higher baseline METS-IR compared to healthy controls (50.2 ± 10.2 vs 

44.7 ± 9.2, P < 0.001).

Conclusion: METS-IR is a novel score to evaluate cardiometabolic risk in healthy and at-risk subjects and a promising 

tool for screening of insulin sensitivity.
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Introduction

Decreased insulin sensitivity, better known as peripheral 
insulin resistance (IR), is a state of ineffective insulin action 
in peripheral tissues, which leads to hyperinsulinemia 
and impaired lipid and glucose homeostasis (1). IR is a 
risk factor for the development of type 2 diabetes mellitus 
(T2D), which causes significant health burden world-wide 
(2). Evaluations of IR often require invasive methods, 
which has underscored the search for accurate indirect 
measures of IR (3). Development of accurate and sensitive 
screening measures to detect IR in early stages to prevent 
cardiometabolic complications has gained interest (2, 3), 
leading to the development of fasting insulin and non-
insulin-based surrogate indexes of IR (4).

Fasting insulin-based indexes, which include the 
homeostatic model assessment for IR (HOMA-IR) and the 
quantitative insulin sensitivity check index (QUICKI), 
have long been employed as the basic evaluations for IR 
(5). Nevertheless, non-insulin-based fasting IR indexes 
have been developed to account for the low practicality 
and variability of insulin-based indexes, substituting 
insulin measurements for fasting triglycerides, glucose 
and lipoprotein measures. These include the product 
of glucose and triglycerides (TyG index), the product of 
glucose, triglycerides and BMI (TyG-BMI index), and 
the ratio of triglycerides divided by HDL-c (TG/HDL-c 
ratio) (6, 7, 8). However, evaluations of non-insulin-
based indices against the gold standard, the euglycemic–
hyperinsulinemic clamp (EHC), offer contrasting results 
in terms of diagnostic performance and correlation 
with direct measures of IR (9). In this work, we aimed to 
generate a non-insulin-based surrogate of insulin action 
with higher accuracy compared to other insulin and non-
insulin-based methods against the EHC and estimated its 
correlation with pathophysiological components of IR and 
the metabolic syndrome (MS). Furthermore, we evaluated 
the capacity of the score to predict incident T2D cases.

Subjects and methods

Participants and study setting

In the discovery sample, we included men and women 
20–79 years old, with a body mass index (BMI) between 
18 and 34.9 kg/m2 recruited from the outpatient Diabetes 
Clinic of a university hospital in Mexico City. Subjects with 
T2D participated if they had a glycated hemoglobin (A1c) 
concentration <8% were not receiving insulin and were 
treated only with metformin. No subject smoked tobacco, 

had cardiovascular disease, T2D complications or an acute 
infection. All biochemical and physiologic evaluations 
were completed within a month of initial recruitment. 
Subjects who voluntarily agreed to participate in the study 
signed an informed consent. The Human Research Ethics 
Committee of Instituto Nacional de Ciencias Médicas y 
Nutrición Salvador Zubirán (INCMNSZ) approved the 
study. All procedures were done in accordance with the 
Declaration of Helsinki.

Biochemical, insulin sensitivity and body 
composition evaluations

Fasting biochemical and anthropometric evaluations

A complete medical and family history, including use of 
medications was obtained from all subjects. Subjects were 
weighed on calibrated scales and height was determined 
with a floor scale stadiometer; BMI was calculated as weight 
in kg divided by the squared product of height in meters.

Blood was obtained between 08:00 and 09:00 h after 8- 
to 12-h fast. Plasma glucose concentration was measured 
by an automated glucose analyzer (Yellow Springs 
Instruments, Yellow Springs, OH, USA), serum insulin 
concentration was measured by using a chemiluminescent 
immunoassay (Beckman Coulter Access 2), and A1c 
levels using high-performance liquid chromatography 
(HPLC) (Variant II Turbo, BIORAD). Lipid concentrations 
(cholesterol, triglycerides and HDL cholesterol), apo 
A, apo B, uric acid, creatinine and hepatic enzymes 
were measured using colorimetric assays (Unicel DxC 
600 Synchron Clinical System Beckman Coulter). LDL 
cholesterol was calculated with the Friedewald equation 
when triglycerides were <250 mg/dL.

Euglycemic–hyperinsulinemic clamp and body 
composition analysis

We performed a one-stage EHC in subjects who underwent 
a 12-h fast; subjects with T2D were instructed to suspend 
treatment three days in advance. The study was not 
performed if fasting glucose concentrations were >250 mg/
dL. A priming dose of 200 U/m2/min of insulin was 
infused for 5 min, followed by 100 U/m2/min for 5 min; 
subsequently, insulin was infused at a rate of 50 U/m2 
body surface area (BSA)/min. Euglycemia (~100 mg/dL) 
was maintained by a variable infusion of 20% dextrose; 
arterialized blood samples using a hot box were obtained 
every 10 min during the final 30 min of the EHC to determine 
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glucose and insulin concentrations. Insulin sensitivity was 
determined by the glucose infusion rate or M-value (10) 
during the final 30 min adjusted for fat-free mass (MFFM) 
obtained by dual X-ray energy absorptiometry (DXA) with 
a GE Lunar iDXA densitometer. Subcutaneous and intra-
abdominal adipose tissue volume were quantified using 
magnetic resonance imaging (MRI); intrapancreatic and 
intrahepatic triglyceride (IHTG) content was determined 
using magnetic resonance spectroscopy (11).

Development and validation of the METS-IR index

Association of fasting biochemical measures with MFFM

We used linear regression analysis to develop an 
explanatory model for MFFM using fasting biochemical 
measures and anthropometric measurements obtained 
from the day of the EHC. Variables were removed from 
the model until the best fitting model with the maximum 
adjusted R2 was achieved.

Mathematical modeling

Standardized beta coefficients for the associated variables 
in the linear regression model were considered to generate 
an equation for an IR index. Associated variables with 
negative beta coefficients were included in the numerator 
and variables with positive beta coefficient were included 
in the denominator; the magnitude of the coefficient 
was used to equilibrate variable contributions within the 
equation and variables with non-parametric distribution 
were log-transformed to approximate normality. Finally, 
we performed algebraic transformations in the model 
until achieving the equation that produced scores with 
the higher correlation with MFFM obtained from linear 
regression analyses, adjusted for age, sex and T2D, which 
we named metabolic score for IR (METS-IR).

Validation of the METS-IR index against the MFFM 
from EHC

For validation of the index, we included 59 additional 
subjects who also underwent an EHC and body 
composition analysis using DXA, aged 20–79  years old 
and BMI > 30.0 kg/m2, without diagnosed cardiovascular 
disease or acute infection and who were evaluated 
using a 2-h oral glucose tolerance test (GTT) to rule-out 
T2D. The comparison between the validation and the 
discovery cohorts (Supplementary Table  1, see section 
on supplementary data given at the end of this article) 
showed significant differences between both cohorts; to 

account for those differences, evaluation was initially 
carried out in the validation cohort (n = 59), followed 
by evaluation of the overall EHC cohort, including the 
discovery sample (n = 184). We calculated HOMA-IR 
((Glucose*Insulin)/405) (12), QUICKI (1/(log insulin + log 
glucose)) (13), TyG index (Ln((Glucose*Triglycerides)/2) 
(6), TG/HDL ratio (triglycerides/HDL-c) (14)) and the 
TyG*BMI index (TyG-BMI) (15) from fasting biochemical 
parameters and anthropometric measures in both cohorts. 
Validation of METS-IR against other surrogate measures of 
insulin action were evaluated using MFFM values <25th 
percentile as a cut-off point for IR in our validation cohort.

Validation of METS-IR against the SI index from the 
modified FSIVGTT and HOMA-IR

A second validation was carried out in a cohort of 61 
subjects, aged 18–55 years old, with BMI between 18.5 and 
24.9 kg/m2, healthy and who were not taking medications 
that interfere with insulin sensitivity. These subjects were 
also evaluated with a 2-h oral GTT to rule-out T2D and 
subsequently insulin sensitivity was assessed with a 3-h 
modified frequently sampled intravenous GTT (FSIVGTT). 
Glucose was administered intravenously at a dose of 0.3 g/kg 
for 60 s beginning at time 0 and insulin at a dose of 0.03 IU/
kg at minute 20 for 5 min; blood samples were obtained at 
−15, −10, −5, 0, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 19, 22, 24, 25, 
27, 30, 40, 50, 60, 70, 90, 100, 120, 140, 160 and 180 min, 
and data were analyzed using the MINMOD Millennium 
software to estimate insulin sensitivity (SI index). METS-IR, 
HOMA-IR, TG/HDL ratio, TyG-BMI and the TyG index were 
also calculated using fasting laboratory values obtained 
before the FSIVGTT. A cut-off value for the SI index <5 µU/
min/mL was defined as IR for this evaluation.

Prediction of T2DM incidence using METS-IR and 
validation against HOMA-IR

We then evaluated the capacity of the METS-IR index to 
predict incident T2D, in our metabolic syndrome cohort, 
which was developed with the aim to evaluate the risk 
of MS components in incident T2D, hypertension, and 
cardiovascular mortality in an urban population living in 
9 different cities in Mexico. The inclusion criteria included 
individuals aged 25–69  years, BMI ≥ 23 kg/m2, without 
T2D, hypertension or other significant cardiovascular 
comorbidities and obese individuals (BMI ≥ 30 kg/m2) 
with at least one of the following conditions: blood 
pressure ≥140/90 mmHg, fasting glucose >100 mg/dL, 
total cholesterol >200 mg/dL and triglyceride levels 
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>150 mg/dL. Individuals with diagnosed T2D, coronary 
artery disease, cerebral vascular disease, alcoholism, taking 
corticosteroids, with liver disease, kidney dysfunction or 
life-threatening diseases that would prevent the two-year 
follow-up were excluded.

Subjects were interviewed to obtain medical history, 
sociodemographic information, dietary and physical 
activity habits and anthropometric measurements, 
including weight, height, and waist circumference. Blood 
pressure measurement was also performed. We obtained 
a 20 mL blood sample after 9- to 12-h fast to measure of 
glucose, insulin, total and HDL cholesterol, triglyceride, 
apolipoprotein B and C-reactive protein concentrations 
using the same laboratory techniques as described earlier. 
These same evaluations were carried out after a minimum 
of two-year follow-up. Incident T2D was defined as a 
construct of previous medical diagnosis of T2D, taking 
oral hypoglycemic medication and/or fasting glucose 
levels as determined by current ADA guidelines. Time to 
follow-up was estimated from recruitment up to the last 
follow-up or T2D diagnosis, whichever occurred first. We 
also performed validation of METS-IR against HOMA-IR 
using the baseline evaluation of our MS cohort, using 
scores >75th percentile as the cut-off point to define IR.

Statistical analysis

Intergroup differences and paired data

To evaluate intergroup differences in sociodemographic, 
biochemical measures and IR indexes, we used Student’s 
t-test and Mann–Whitney U where appropriate. Frequency 
distribution of categorical variables is reported as frequencies 
and percentages and was compared between groups using 
chi-squared tests. For measurements in follow-up studies, 
we used Student’s paired t-test and Wilcoxon’s rank-sign 
tests, where appropriate. Logarithmic transformations 
were applied to approximate normality in those variables 
showing a non-parametric distribution. Data are presented 
as mean ± s.d. or as median and interquartile range.

Validation of METS-IR

We used partial correlation analysis to evaluate correlation 
of individual IR indexes, including METS-IR, against MFFM 
for the EHC cohort, SI index for the FSIVGTT cohort and 
HOMA-IR for the MS cohort, adjusted for age, sex and the 
presence of T2D where appropriate; we generated 95% 
confidence intervals for the correlations using bootstrap 
sampling drawing 2000 random stratified samples. 
Diagnostic performance was evaluated using areas under 

the receiving-operating characteristic curve (AUC of 
ROC) and 95% confidence intervals were estimated using 
bootstrap sampling drawing 2000 stratified random 
samples in both cohorts. To estimate differences between 
AUC of ROC curves, we performed non-parametric ROC 
tests using a stratified bootstrap sampling method using 
the pROC package from R, version 3.4.3, as proposed 
by DeLong et al. (16). The cut-off point was determined 
using the Youden index; sensitivity, specificity, positive 
and negative predictive values and likelihood ratios (PPV, 
NPV, LR(+), LR(−), respectively) were calculated using the 
OptimalCutpoints package from R, version 3.4.3 (17).

Correlation of METS-IR with pathophysiological 
components of IR and MS

To evaluate dose–response correlation of physiologic 
parameters with METS-IR scores, trend analysis with linear 
regression was used against quartiles of intrahepatic, 
intrapancreatic and intravisceral fat adjusted for age, sex and 
T2D. Intrapancreatic and intrahepatic fat, fasting insulin 
and body composition measures using DXA were evaluated 
to develop an explanatory model for METS-IR using linear 
regression analyses. Variables were removed from until 
achieving the model with the highest adjusted R2 value.

Prediction of incident T2D using METS-IR

To evaluate the association of the METS-IR score with 
incident T2D, we performed survival analysis comparing 
across METS-IR terciles and quartiles using Kaplan–Meier 
curves compared with log-rank tests. Cox proportional-
risk regression analyses were used to evaluate risk of 
incident T2D across terciles and quartiles of METS-IR scores 
adjusted for age, sex, family history of T2D, hypertension, 
physical activity, waist circumference and smoking. 
Statistical analyses were performed using the Statistical 
Package for Social Sciences software (SPSS, version 21.0), R 
software (Version 3.4.4) and GraphPad Prism, version 6.0.

Results

Study population

An outline of the study subjects and phases is presented 
in Fig.  1. In the discovery sample, we included 67 and 
58 subjects with and without T2D, respectively. Subjects 
without T2D were predominantly female, younger and 
with a significantly lower BMI, A1c, fasting glucose, 
insulin and liver enzyme levels compared to subjects 
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with T2D (P < 0.001). No significant differences were 
observed in triglyceride, total cholesterol, LDL-c, HDL-c 
and serum creatinine concentrations. As expected, raw 
M-values, weight-adjusted M-values, MFFM and QUICKI 
values were significantly higher for subjects without T2D 
(P < 0.001); conversely, HOMA-IR, TG/HDL, TyG and TyG-
BMI indexes were lower (P < 0.001, Table 1).

Mathematical modeling of METS-IR

In linear regression analyses (Table  2), we identified 
significant associations between the MFFM and BMI, 
triglyceride, HDL-c and glucose concentrations (r2 = 0.309, 
P < 0.001). Standardized beta coefficients were negative for 
triglycerides, BMI and glucose (β = −0.170, β = −0.186 and 

β = −0.305, respectively) but positive for HDL-c (β = 0.194). 
Given the near twofold difference in the coefficient for 
glucose, a twofold multiplier was added to reflect regression 
coefficients in the equation. Non-parametric variables 
were log-transformed and algebraic transformations were 
performed yielding the resulting equation METS-IR = (Ln 
((2*G0) + TG0)*BMI)/(Ln (HDL-c)), where G0 and TG0 
represent fasting glucose and triglyceride concentrations, 
respectively.

Association of METS-IR and MFFM

The better correlation of fasting IR indexes and the MFFM 
was observed for METS-IR (ρ = −0.569, Supplementary 
Table 2), which was slightly higher than the TyG-BMI score 
(ρ = −0.555). For individuals without T2D, METS-IR also 
displayed the better correlation with MFFM (ρ = −0.652), 
followed by TyG-BMI (ρ = −0.649) and HOMA-IR (ρ = 0.646). 
METS-IR had the highest correlation in subjects with T2D 
(ρ = −0.504), followed by the TyG-BMI index (ρ = −0.442). 
In linear regression analysis, METS-IR had a significant 
association with MFFM (r2 = 0.376, P < 0.001) adjusted for 
age, sex and T2D, which was higher than the explanatory 
model of the independent variables.

METS-IR, visceral adiposity and hyperinsulinemia

In our discovery sample, we observed a significant 
correlation between METS-IR and intravisceral (ρ = 0.660, 
P < 0.001), intrahepatic (ρ = 0.636, P < 0.001) and 
intrapancreatic fat (ρ = 0.408, P < 0.001). These associations 
were confirmed using linear regression analysis, adjusted 
by the presence of T2D, age and sex (Fig. 2). In addition, 
we observed a significant trend of higher METS-IR scores 
correlated with increasing percentiles of intravisceral, 
intrahepatic and intrapancreatic fat (P < 0.001 for all). We 
found a significant correlation between fasting insulin 
concentration (ρ = 0.2608, P = 0.001) and METS-IR score, 
adjusted by age, sex and the presence of T2D. Using linear 
regression analysis (Table 3), we also observed that fasting 
insulin, intrahepatic, intravisceral and intrapancreatic fat 
explain 64.5% of the variability in METS-IR.

Diagnostic performance and validation of METS-IR 
against the MFFM

In the EHC cohort (N = 184), we identified 47 subjects 
with IR using the MFFM value <25th percentile as a cut-
off point (<6.39 mg/min/kg FFM), 20 subjects (16.0%) 
from the original cohort and 27 newly included subjects 

EHC Discovery sample
n=125

Valida�on cohorts
-EHC valida�on cohort n=65

-FSIVGTT cohort n=65
-Metabolic syndrome cohort 

n=9,637

No index test (n=8)
-Incomplete EHC study (n=4) 

-Incomplete DXA evalua�on (n=2)
-Incomplete FSIVGTT data (n=4)

Non-insulin resistant:
-EHC valida�on cohort n=32
-EHC overall cohort n= 137

-FSIVGTT cohort n=33
-Metabolic syndrome cohort 

n=7,223

Insulin resistant:
-EHC valida�on cohort n=27

-EHC overall cohort n= 47
-FSIVGTT cohort n=28

-Metabolic syndrome cohort 
n=2,414

Index test
-EHC valida�on cohort n=59
-EHC overall cohort n=184

-FSIVGTT cohort n=61
-Metabolic syndrome cohort

n=9,637

METS IR
-EHC valida�on cohort 

TP n=27, FN=0
-EHC overall cohort n= 137

TP n=40, FN=7
-FSIVGTT cohort n=33

TP n=16, FN=12
-Metabolic syndrome cohort 

TP n=1,718, FN=686

METS IR
-EHC valida�on cohort 

FP n=21, TN=11
-EHC overall cohort n=137

FP n=34, TN=103
-FSIVGTT cohort n=33

FP n=8, TN=25
-Metabolic syndrome cohort 

FP n=1,941, TN=5,282

Figure 1

STARD diagram of study phases and populations used for the 

development, validation and prediction of incident type 2 

diabetes with the METS-IR score. EHC, Euglycemic–

hyperinsulinemic clamp; FP, False positive; FN, False negative; 

FSIVGTT, Frequently sampled intravenous glucose tolerance 

test; TN, True negative; TP, True positive.
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(45.8%). METS-IR had an AUC of 0.845 (95% CI: 0.783–
0.899) to identify IR in the combined validation cohort 
and 0.738 in the EHC validation cohort (95% CI: 0.601–
0.866), which did not differ significantly (P = 0.18) from 
the discovery sample (AUC: 0.853, 95% CI: 0.769–0.926, 
Fig. 3A and B). The AUC was lower for individuals with 
T2D (AUC = 0.839, 95% CI 0.728–0.931) than for healthy 
individuals (AUC = 0.852, 95% CI 0.778–0.920) but the 
difference was not statistically significant (P = 0.833). A 
cut-off value for METS-IR of >51.13 had a sensitivity of 
85.12% (95% CI 71.7–93.8%) and a specificity of 75.2% 
(95% CI 67.1–82.2%) to identify cases of IR diagnosed 

by MFFM. The NPV and PPV were 93.6% (95% CI 86.7–
95.7%) and 54.0% (95% CI 44.2–75.7%), respectively; the 
positive and negative likelihood ratios were 3.43 (95% CI 
2.50–4.70) and 0.20 (0.10–0.39).

Evaluation of other IR indexes using AUC of ROC 
curves (Table 4) against METS-IR showed the higher AUC 
for HOMA-IR, followed by METS-IR; among non-insulin 
fasting indexes, METS-IR had the higher performance, 
followed by the TyG-BMI index. We observed no significant 
differences in the AUCs of METS-IR, HOMA-IR and the 
TyG-BMI index; however, METS-IR had a significantly 
higher AUC than QUICKI, TyG index and TG/HDL ratio 

Table 1  Sociodemographic variables, fasting biochemical measures, results of EHC and subrogate fasting insulin resistance 

indexes compared between diabetic and nondiabetic subjects in the discovery sample.

Parameter Nondiabetic (n = 57) Diabetic (n = 67) P-value

Female sex (%) 39 (68.4%) 37 (54.4%) 0.110
Age (±s.d.) 32.19 ± 9.75 52.97 ± 12.08 <0.001
HbA1c (%) 5.20 ± 0.35 6.34 ± 0.69 <0.001
BMI (kg/m2) 26.18 ± 3.79 28.78 ± 3.34 <0.001
Fasting glucose (mg/dL) 89.21 ± 7.67 118.07 ± 30.01 <0.001
Fasting insulin (µI/mL) 7.60 ± 4.72 10.50 ± 5.62 0.002
Triglycerides (mg/dL) 104.0 (80.0–158.8) 134.0 (106.5–179.5) 0.070
Total cholesterol (mg/dL) 174.68 ± 33.72 183.92 ± 35.67 0.133
LDL-c (mg/dL) 105.02 ± 12.15 108.47 ± 26.66 0.566
HDL-c (mg/dL) 43.91 ± 9.36 45.10 ± 12.75 0.506
Serum creatinin (mg/dL) 0.70 ± 0.18 0.73 ± 0.21 0.391
ALT (IU/L) 22.5 (17.0–32.3) 28.0 (21.0–39.5) 0.009
AST (IU/L) 22.5 (18.8–27.3) 27.0 (22.5–34.0) <0.001
GGT (IU/L) 15.0 (11.0–25.3) 23.0 (16.0–30.5) <0.001
M-value (mg/min) 567.71 ± 210.86 401.45 ± 154.71 <0.001
M-value adjusted by body mass (mg/min/kg) 8.22 ± 2.96 5.51 ± 2.29 <0.001
M-value adjusted by fat-free mass (mg/min/kg) 13.36 ± 4.76 9.01 ± 3.91 <0.001
HOMA-IR 1.39 (1.00–2.33) 2.70 (1.62–4.83) <0.001
QUICKI 0.33 ± 0.04 0.36 ± 0.03 <0.001
TG/HDL 3.13 ± 2.32 4.30 ± 3.42 <0.001
TyG 8.52 ± 0.57 9.02 ± 0.58 <0.001
TyG-BMI 227.16 ± 43.03 258.23 ± 38.86 <0.001

ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; BMI, Body mass index; EHC, Euglycemic-hyperinsulinemic clamp; HbA1c, Glycated 
hemoglobin; HDL-c, High-density lipoprotein cholsterol; HOMA-IR, homeostatic model assessment for IR; LDL-c, Low-density lipoprotein cholecterol; 
QUICKI, quantitative insulin sensitivity check index; TG/HDL, Ratio of triglycerides and high-density lipoprotein cholesterol; TyG, TyG index; TyG-BMI, 
TyG*BMI index.

Table 2  Linear regression analysis showing fasting laboratory values and anthropometric measurements associated to the 

M-value adjusted by fat-free mass, used for the development of the index.

Beta Standardized beta T P-value 95% CI

Variable
 � Triglycerides −0.012 −0.170 −1.983 0.050 −0.023 to 0.000
 � HDL-c 0.081 0.194 2.433 0.016 0.015–0.147
 � BMI −0.236 −0.186 −2.235 0.027 −0.445 to −0.027
 � Glucose −0.054 −0.305 −3.751 <0.001 −0.82 to −0.025

Adjusted for age, sex and the presence of T2D.
95% CI, 95% Confidence interval; BMI, Body mass index; HDL-c, High-density lipoprotein cholsterol; MFFM, M-value adjusted by fat-free mass; T2D, Type 
2 diabetes mellitus.
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in both healthy subjects and the overall EHC cohort 
(P < 0.01). In subjects with T2D, METS-IR and the TyG-BMI 
index had the best diagnostic performance; we observed no 
significant differences among AUCs of fasting indexes in 
subjects with T2D. Cut-off points along with its diagnostic 
performance indexes showed the higher sensitivity and 
NPV for METS-IR compared to other non-insulin-based 
fasting IR surrogates (Supplementary Table 3).

Validation against the modified FSIVGTT 
and HOMA-IR

In the second validation cohort against the SI index 
obtained from the modified FSIVGTT, we evaluated 61 
healthy subjects, with an average age of 24.8 ± 4.4 years 
and female predominance (73.8%). The average SI index 
was 6.23 ± 3.58 and 28 subjects (45.9%) were classified 
with IR. Using partial correlation analysis adjusted by age 
and sex, all fasting indexes were significantly correlated 
to the SI index calculated by MINMOD (Supplementary 
Table  4). The highest AUC of fasting indexes (Fig.  3C) 
against IR (as defined by an SI index <5 µU/min/mL) was 
for QUICKI (AUC: 0.68, 95% CI: 0.54–0.82), followed 
by METS-IR (0.67; 95% CI: 0.53–0.81) and the TG/HDL 
ratio (AUC: 0.66, 95% CI: 0.53–0.80). We observed no 

statistically significant differences between the AUC of 
any of the fasting indexes (Table 4).

Finally, we validated the score using the baseline 
evaluation of our MS cohort (n = 9637) against HOMA-IR, 
defining IR as HOMA-IR score >75th percentile (>3.78, 
Supplementary Table  5). Using partial correlation 
analyses, adjusted for age and sex, we found the highest 
correlation to HOMA-IR among non-insulin-based 
indexes for METS-IR (ρ = −0.568, 95% CI: −0.554 to 
−0.582), followed by the TyG-BMI index; as expected, 
the highest correlation was observed for the QUICKI 
index. Among non-insulin-based indexes, METS-IR had 
significantly higher AUCs compared to the TyG index and 
the TG/HDL ratio (P < 0.001); we observed no significant 
differences between METS-IR and the TyG-BMI index 
(Fig. 3D and Table 4).

Prediction of incident T2D using baseline METS-IR

Our validation cohort included 9637 subjects for the 
baseline evaluation, from which 6144 completed the 
follow-up evaluation. We observed 331 cases of incident 
T2D over 14  850 accumulated person-years, yielding an 
incidence rate of 22.3 cases per 1000 person-years, or 5.4% 
in an average of 2.42  years of follow-up. Most subjects 

Figure 2

(A, B and C) show linear regressions and 

correlations between intrahepatic (A), 

intrapancreatic (B) and intravisceral (C) fat 

content, showing positive and significant 

associations with METS-IR values. Figures 

(D, E and F) show the comparison 

between METS-IR distributions according 

to intrahepatic (D), intrapancreatic (E) and 

intravisceral (F) fat content quartiles, 

showing a statistically significant trend 

(P < 0.001) of increasing METS-IR values 

with higher intravisceral, intrapancreatic 

and intrahepatic fat content.

Table 3  Linear regression analyses to evaluate the association of METS-IR and subrogates of insulin resistance, adjusted for age, 

sex and the presence of T2D.

Beta Standardized beta T P-value 95% CI

Parameter
 � Fasting insulin 0.285 0.189 2.639 0.010 0.071–3.746
 � Intrahepatic fat 1.652 0.267 3.455 0.001 0.704–2.599
 � Intravisceral fat 3.217 0.274 3.092 0.003 1.154–5.281
 � Subcutaneous fat 5.892 0.88 4.309 <0.001 3.181–8.603
 

95% CI, 95% Confidence interval; METS-IR, Metabolic Score for Insulin Resistance.
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were female (66.6%), with no significant differences in 
sex between those who developed T2D after follow-up in 
comparison to those who did not. The mean age of enrolled 
subjects was 42.63 ± 10.79 years, with a significantly higher 
age for subjects with incident T2D. Subjects who developed 
T2D had significantly higher BMI, glucose, insulin, 
triglyceride, total cholesterol along with lower HDL-c levels 
(Table 5). After follow-up, subjects with incident T2D had 
a significant increase in fasting glucose and a decrease 
in triglyceride, total cholesterol, HDL-c and without 
significant changes in BMI and fasting insulin levels.

Subjects who developed T2D had significantly higher 
METS-IR scores at baseline in comparison to those who did 
not (Fig. 4A, 50.2 ± 10.2 vs 44.7 ± 9.2, P < 0.001). Both groups 

had a slight increase in METS-IR scores between visits, which 
remained significantly larger in subjects with incident T2D. 
Individuals in the highest METS-IR tercile had significantly 
higher T2D incidence over time, in comparison to the 
middle and lower terciles (log-rank test P < 0.001; Fig. 4B). 
This observation was confirmed in Cox proportional risks 
regression analysis, which showed progressively higher 
risk of incident T2D for the highest (METS-IR >47.86; HR: 
2.92, 95% CI: 1.87–4.55) and middle tercile (METS-IR: 
40.16–47.86; HR: 2.38, 95% CI: 1.51–3.76) in comparison 
to the lowest tercile, adjusted by family history of T2D, age, 
sex, smoking, hypertension, physical activity and waist 
circumference. Using METS-IR quartiles, a score >50.39 was 
associated with the highest adjusted risk to develop T2D 
(HR: 3.91, 95% CI: 2.25–6.81; Supplementary Table 6).

Discussion

Here, we report a novel surrogate index to estimate insulin 
action validated against the EHC. Our model is calculated 
using fasting measures of glucose, triglycerides and 
HDL-c along with BMI, which are routinely obtained by 
primary care physicians, and do not rely on fasting insulin 
measurements, which are costly and have a high variability 
according to immunoassay technique utilized (18). 
METS-IR is a simple, indirect method for the detection of 
IR that correlates with pathophysiological components of 
the MS (i.e. intravisceral, intrahepatic and intrapancreatic 
fat) and is useful for prediction of incident T2D.

The performance of METS-IR was compared against 
other surrogate IR indexes. The higher correlations with the 
MFFM were observed for METS-IR, HOMA-IR, QUICKI and 
the TyG-BMI indexes and were similar to previous reports 
(19). METS-IR had a good diagnostic performance that was 
significantly higher than the TyG index and the TG/HDL 
ratio, but no different than the TyG-BMI index. Likewise, 
non-insulin-based indexes, particularly METS-IR and the 
TyG-BMI index, had a better correlation with MFFM than 
insulin-based indexes. Analyses of MS components have 
suggested a higher sensitivity for surrogates of obesity to 
identify adverse metabolic outcomes (20, 21). Therefore, 
the use of BMI in IR estimation might increase the spectrum 
of explained variability of the model and elucidates the 
increased correlation and diagnostic performance for both 
METS-IR and the TyG-BMI index, both of which include 
anthropometric measurements, against other non-insulin-
based fasting surrogates of IR; this is relevant, since obesity 
is a known modifier of the reliability of insulin and non-
insulin-based estimates of IR (22, 23, 24).

Figure 3

Receiver-operating characteristic (ROC) curves showing the 

weighed sensitivity and 1-specificity measures of fasting IR 

surrogates to identify cases of insulin resistance against (A). 

M-value adjusted by fat-free mass as the gold standard with a 

cut-off point <25th percentile in the combined EHC cohort 

(n = 184). (B) M-value adjusted by fat-free mass as the gold 

standard with a cut-off point <25th percentile in the 

validation EHC cohort n = 59), (C) SI index obtained using 

MINMOD analyses from modified FSIVGTT using a cut-off of 

<5 µU/min/mL (n = 61) and (D) HOMA-IR values >75th 

percentile in the baseline evaluation of our MS cohort 

(n = 9637). Shaded area represents area under the ROC curve 

of METS-IR. HOMA-IR, homeostatic model assessment for IR; 

METS-IR, Metabolic Score for Insulin Resistance; QUICKI, 

quantitative insulin sensitivity check index; TG/HDL, Ratio of 

triglycerides and high-density lipoprotein cholesterol; TyG, TyG 

index; TyG-BMI, TyG*BMI index.
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METS-IR demonstrated significant correlations with 
visceral, intrahepatic and intrapancreatic fat content, 
known pathophysiological components of both IR and MS. 
Ectopic fat accumulation in muscle and liver tissue has been 
studied as a mechanism for the development of IR (25, 26); 
several studies have linked intrahepatic and intrapancreatic 
fat accumulation with IR (27, 28, 29, 30). Intrahepatic fat 
accumulation has also been linked to the development 
of hepatic IR, which significantly alters glucose and lipid 
homeostasis (31, 32). This translates into hyperglycemia, 
impaired lipemia and increases in body weight, all of which 
are mechanisms evaluated by our index (33). Evaluation of 
at-risk individuals using METS-IR would allow identification 
of pathophysiological alterations of IR, sparing the cost and 
variability of fasting insulin measurements.

Validation of the index against the MFFM was 
carried out combining the discovery sample with a set of 
obese individuals in which EHC data were available. In 
addition, we extended the validation to a second cohort 
of individuals with normal BMI, using as a gold standard 

a modified FSIVGTT with minimal model analysis to 
assess insulin sensitivity. This approach is reasonable, 
since minimal model approaches yield measures of insulin 
sensitivity that adequately correlate with estimations 
made by clamp techniques (34). Despite obtaining a lower 
correlation with SI than the observed with MFFM, METS-IR 
had a good diagnostic performance to identify cases of IR 
against other fasting surrogates of IR in this second cohort. 
Finally, we performed a third validation against HOMA-IR 
in a large cohort, in which the observations from validation 
against the other two measures of insulin sensitivity 
were replicated. Thus, METS-IR had good diagnostic 
performance in all three cohorts and was validated against 
three different methods to estimate insulin action.

IR is known to increase the risk for the development 
of dyslipidemia, hypertension, coronary artery disease and, 
particularly T2D (35, 36). Fasting IR indexes, including 
QUICKI, HOMA-IR, TyG index and the TG/HDL ratio have 
all been shown to predict incident T2D (37, 38, 39, 40). In 
our study, individuals in the highest percentile of METS-IR 

Table 4  Comparison of areas under the receiver operating characteristic curves for insulin resistance subrogate indexes as 

compared to the M-value adjusted by fat-free mass between the overall population, subjects with T2D and controls. Data are 

presented as AUC (95% CI)

 
Index

 
EHC cohort+ (n = 184) 

 
EHC validation+ cohort (n = 59) 

 
FSIVGTT cohort^ (n = 61) 

Metabolic syndrome  
cohort& (n = 9637) 

METS-IR 0.845 (0.783–0.899) 0.738 (0.601–0.866) 0.669 (0.532–0.806) 0.800 (0.789–0.811)
HOMA-IR 0.875 (0.812–0.926) 0.868 (0.756–0.957) 0.645 (0.501–0.790) –
QUICKI 0.702 (0.596–0.809)* 0.720 (0.518–0.846) 0.681 (0.544–0.818) 0.944 (0.940–0.949)*
TyG index 0.692 (0.609–0.771)* 0.692 (0.555–0.822) 0.632 (0.490–0.774) 0.715 (0.703–0.728)*
TyG-BMI index 0.841 (0.778–0.899) 0.733 (0.596–0.863) 0.640 (0.499–0.780) 0.800 (0.790–0.811)
TG/HDL 0.710 (0.626–0.790)* 0.672 (0.531–0.806) 0.663 (0.527–0.800) 0.690 (0.677–0.703)*

*P < 0.01 against METS-IR in non-parametric ROC AUC comparison, +IR defined as MFFM <25th percentile, ^IR defined as SI index <5 µU/min/mL, &IR 
defined ad HOMA-IR values >75th percentile.
95% CI, 95% Confidence interval; AUC, Area under the curve; HOMA-IR, homeostatic model assessment for IR; IR, Insulin resistance; METS-IR, Metabolic 
Score for Insulin Resistance; QUICKI, quantitative insulin sensitivity check index; TG/HDL, Ratio of triglycerides and high-density lipoprotein cholesterol; 
TyG, TyG index; TyG-BMI, TyG*BMI index; T2D, Type 2 diabetes mellitus.

Table 5  Anthropometric and laboratory measures for subjects with and without incident type 2 diabetes after 2-year follow-up 

in the validation cohort.

 
Parameter

Control  
P-value*

Incident diabetes  
P-value*Baseline Follow-up Baseline Follow-up

METS-IR 44.67 ± 9.22 45.71 ± 10.00 <0.001 50.23 ± 10.16 51.04 ± 10.90 0.021
Fasting glucose (mg/dL) 85.35 ± 10.45 85.53 ± 11.89 0.227 97.47 ± 13.42 112.69 ± 38.41 <0.001
BMI (kg/m2) 28.65 ± 4.58 28.74 ± 4.66 0.001 31.01 ± 5.19 30.79 ± 5.18 0.061
Triglycerides (mg/dL) 187.90 ± 141.26 174.20 ± 112.42 <0.001 226.93 ± 154.87 207.59 ± 121.16 0.020
Fasting insulin (µI/mL) 11.75 ± 7.64 12.11 ± 10.14 0.007 15.82 ± 10.30 17.26 ± 15.37 0.083
Total cholesterol (mg/dL) 205.76 ± 40.94 197.78 ± 40.07 <0.001 211.17 ± 40.69 202.69 ± 39.33 <0.001
HDL-c (mg/dL) 44.81 ± 11.69 41.71 ± 12.11 <0.001 42.41 ± 10.97 40.20 ± 10.88 <0.001

*P-value for paired comparison between baseline and follow-up.
BMI, Body mass index; HDL-c, High-density lipoprotein cholesterol; LDL-c, Low-density lipoprotein cholesterol; METS-IR, Metabolic Score for Insulin 
Resistance.
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score had a 3.9-fold increase in the risk of incident T2D 
after follow-up, compared to the lowest METS-IR quartile. 
In addition, individuals who developed T2D had higher 
baseline METS-IR scores and the risk of incident T2D was 
progressively higher for increasing METS-IR percentiles 
scores, an effect that was modulated by age. Application of 
METS-IR is feasible and reliable to identify subjects at-risk of 
developing T2D, which makes it a useful tool for application 
by primary care physicians, considering the practicality of 
its measurements and the pathophysiological correlations 
with components of MS and IR.

Our study had some strengths and limitations. METS-IR 
was validated against MFFM, the gold standard for assessing 
insulin action without the confounding effect of changes 
in body composition; normalization of M-values by FFM is 
a useful technique and reduces underestimation resulting 
from gender-related differences in fat mass compared to 
adjustment for body weight (41). METS-IR was validated 
in a group of patients with the clinical characteristics in 
which the estimation of insulin action is most likely to be 
clinically useful. Furthermore, it was validated also against 
the SI index, obtained with the minimal model approach. 
The evaluation of our index went beyond the assessment of 
the insulin action; it included also metabolic comorbidities 
and the ability to predict incident T2D. The limitations 
to be acknowledged include a relatively small sample size 
in the discovery sample and a small number of lean and 
healthy individuals in the validation sample. Further, we 
performed validation against the MFFM in an overlapping 
population with the discovery sample, which could lead 
to overestimation of diagnostic performance; this issue 
is common in the development of a surrogate index of 
insulin action due to the complexity and cost of the EHC. 
To account for these limitations, we performed validation 
against other estimators of insulin action and estimated 
confidence intervals using bootstrap methods; finally, 
we could replicate the results from the validation against 
MFFM. In addition, most studies comparing indirect fasting 
IR indexes use as the M-value adjusted by total body weight 
as the gold standard, while we used the MFFM, which makes 
comparisons with results from other studies less feasible. 
Lastly, because nearly half of the subjects evaluated in the 
discovery population had T2D, hyperinsulinemia during 
the one-stage EHC might not completely suppress hepatic 
glucose production, which might underestimate M-values 
for individuals with T2D (42); further, correlation with the 
MFFM and evaluation of ectopic fat accumulation across 
METS-IR percentiles had to be adjusted by T2D, age and 
sex, which leaves the possibility of residual confounding.

Figure 4

(A) Comparison of mean METS-IR values at baseline and 

follow-up between subjects with and without incident T2D. 

As seen in the figure both at baseline and follow-up mean 

METS-IR was significantly different between subjects with 

and without incident T2D (P < 0.001). (B) Kaplan–Meier 

survival curves comparing T2D incidence between METS-IR 

terciles during a two-year follow-up period (P < 0.001 for 

log-rank test).
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In conclusion, METS-IR is a novel score, which combines 
non-insulin fasting laboratory values and anthropometric 
measurements easily obtained during a primary care 
evaluation to evaluate insulin sensitivity and detect IR 
cases. Our index has a good correlation with the MFFM 
obtained from the EHC, ectopic fat accumulation and 
fasting insulin levels, which makes it a reliable indicator of 
overall IR. Furthermore, METS-IR displays a good predictive 
capacity to detect individuals at risk of developing T2D, 
which poses it as a complementary tool to conventional 
clinical predictors for the development of T2D. Therefore, 
METS-IR is a promising score to evaluate cardiometabolic 
risk, which makes it a useful tool for primary care physicians 
as a routine screening tool for metabolic health.

Supplementary data
This is linked to the online version of the paper at https://doi.org/10.1530/
EJE-17-0883.
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