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Abstract
�Recent years have evidenced an alarming increase in the incidence of diabetes mellitus (DM) and other metabolic disorders. Rapid urbanization 
and lifestyle changes have been the major factors for this increase. Early diagnosis is the key to better risk stratification and prompt management 
of these patients. Insulin resistance (IR) plays a pivotal role in the pathogenesis of various metabolic disorders. Assessing the IR in the initial 
stages would therefore help in early detection of patients who are susceptible to metabolic disorders. The hyperinsulinemic-euglycemic clamp 
technique has been the gold standard method for assessing IR. The major limitation of this technique is it is invasive and requires a specialized 
setup. Hence, identifying reliable surrogate markers for assessing IR is the need of the hour both in clinical and research settings. This review delves 
into the current knowledge of surrogate markers utilized to assess IR, providing a comprehensive overview of their strengths, limitations, and 
emerging trends. We explore commonly employed surrogate markers such as fasting insulin, homeostatic model assessment-insulin resistance 
(HOMA-IR), adiponectin, triglyceride-to-glucose index, etc. The search for accurate and cost-effective surrogate markers holds significant promise 
for early detection, risk stratification, and targeted interventions. This review aims to contribute to the existing knowledge on IR and highlight 
future directions in the quest for effective markers for IR.
Keywords: Adiponectin, Homeostatic model assessment-insulin resistance, Insulin resistance, Metabolic health assessment, Surrogate markers, 
Triglycerides and glucose index. 
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Introduction
Insulin resistance (IR) is described as a decline in the rate of 
glucose elimination in humans in response to particular insulin 
concentrations. It is a medical condition characterized by reduced 
effectiveness of insulin on the tissues and is linked to metabolic 
disorders like hyperglycemia along with hypertriglyceridemia. 
Insulin resistance can emerge from decreased responsiveness of the 
active organs and tissues to insulin.1 Adipocytes in IR secrete free 
fatty acids that are absorbed by the liver and converted into very 
low density lipoprotein (VLDL) cholesterol rich in triglycerides (TG). 
This VLDL interacts with low-density lipoprotein (LDL) cholesterol 
and high-density lipoprotein (HDL) cholesterol to exchange lipids. 
Due to high triglyceride content, the HDL is eliminated rapidly by the 
kidneys it is unable to engage in reverse cholesterol transport. Both 
IR and hyperglycemia lead to endothelial dysfunction, proliferation 
of vascular smooth muscle, and inflammation in their respective 
ways.2 

Assessing IR would be beneficial in identifying individuals at 
an elevated risk of complications associated with diabetes and MS. 
There are various methods to assess IR. The hyperglycemic clamp 
method is the major standard technique for measuring the quantity 
of glucose the body metabolizes after a controlled hyperglycemic 
shock and measuring beta-cell sensitivity to glucose.3 The major 
disadvantage of this method is an invasive technique. Several other 
noninvasive techniques such as homeostatic model assessment-
insulin resistance (HOMA-IR), quantitative insulin sensitivity check 
index (QUICKI), triglycerides and glucose (TyG) index, etc., are being 
used as alternative markers of the euglycemic clamp technique. In 
apparently healthy subjects, Luis E. Simental-Mendía et al., showed,  
TyG index had high sensitivity and low specificity for diagnosing 

insulin resistance, in comparison with HOMA-IR.4 Therefore, the TyG 
index has been suggested as an alternative indicator of IR, and it 
has been demonstrated to correlate with other approaches used to 
evaluate IR, such as HOMA-IR and the hyperinsulinemic-euglycemic 
clamp (HEC).2,5,6

Earlier studies have tried to highlight the importance of various 
surrogate markers of IR. However (Reviewers studies), this review 
provides a comprehensive overview of IR, its pathophysiology, and 
associated disorders and further provides insights into the various 
techniques used for assessing IR, their clinical utility, and limitations. 
The review specifically focuses on those methods that are simple, 
and easily adaptable in clinical setups with limited facilities; and also 
provides insights into future directions in the quest for effective 
markers for IR. 
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Pathogenesis
Insulin resistance is a condition characterized by a reduced 
responsiveness of the body’s cells to the hormone insulin, 
produced by the pancreas. Insulin plays a vital role in controlling 
blood glucose levels by enabling the cells to take up glucose from 
the bloodstream, where it can be utilized for energy or stored. In 
individuals experiencing IR, cells fail to respond to insulin, resulting 
in elevated blood glucose levels.7

In instances of IR, adipocytes release free fatty acids that the 
liver  incorporates into triglyceride-rich, VLDL. This VLDL engages 
in lipid exchange with LDL and HDL. Notably, triglyceride-rich 
HDL is swiftly eliminated by the kidneys, rendering them unable 
to contribute to reverse cholesterol transport. Insulin resistance 
and hyperglycemia operate independently to foster endothelial 
dysfunction, vascular smooth muscle proliferation, and inflammation 
in skeletal muscle. In the context of IR, there is a diminished response 
to circulating insulin, leading to a decrease in glucose transport 
and a reduction in muscle glycogen synthesis. Insulin resistance 
in skeletal muscle stems from a deficiency in glucose transport, 
characterized by reduced translocation, fusion, or exposure and 
activation of GLUT-4 glucose transporters. The irregularities in 
GLUT-4 translocation within muscle seem to arise from deficiencies 
in intracellular signaling. These deficiencies may either be inherent 
in the tissue or attributed to circulating or paracrine factors, such 
as hyperglycemia (glucose toxicity), heightened serum levels of 
free fatty acids, or increased TNF-α. Furthermore, insulin-stimulated 
glucose uptake in adipocytes is also impaired, primarily due to the 
down-regulation of GLUT-4 expression.8–10

In the liver, IR is selective because it continues to stimulate the 
production of fatty acids while failing to stop gluconeogenesis. 
In adipose tissue, IR is characterized by compromised insulin-
stimulated glucose transport and diminished inhibition of lipolysis.11 
Insulin resistance plays a significant role in the development of 
obesity, diabetes, and IR syndrome, and is linked to an elevated 
risk of cardiovascular diseases.12

Diseases Associated with IR
Metabolic Syndrome (MS) 
Insulin resistance is a major feature of MS, a condition characterized 
by a combination of abdominal obesity, elevated blood pressure, 
increased blood sugar levels, elevated triglyceride levels, and 
reduced levels of HDL cholesterol. Insulin resistance and MS 
are linked in both ways. Insulin resistance might lead to the 
development of MS by impairing cells’ capacity to react to 
the effects of insulin, which can cause high blood sugar levels 
(Hyperglycemia), increased fat storage, and other metabolic 
abnormalities. On the other side, IR can be made worse by the MS 
elements, such as obesity and high blood sugar.13,14

Cardiovascular Disease 
Insulin resistance is associated with a high risk of disease of the 
heart, like myocardial infarction, and stroke. It contributes to 
the development of atherosclerosis (hardening and narrowing 
of the arteries) and inflammation. Insulin resistance is related to 
endothelial dysfunction, because of which the blood vessel lining 
cells lose their function. When the endothelium fails to function 
effectively, it can lead to atherosclerosis, a condition in which 
fatty deposits (plaques) accumulate in the arteries. The plaques 
formed can constrict also stiffen arteries, limiting the flow of blood 
and increasing the danger of heart attacks as well as strokes.15 

Insulin resistance can result in increased sympathetic nervous 
system activity and sodium retention, both of which contribute to 
hypertension. Because it puts pressure on the blood vessels and 
heart, hypertension stands as a significant factor for CVD.15

Polycystic Ovary Syndrome (PCOS) 
Polycystic ovary syndrome is an endocrine disease impacting 
females and is marked by IR, irregular menstrual cycles, excess hair 
growth, and ovarian cysts. Elevated insulin levels can stimulate 
the ovaries to create more androgens (male hormones) such as 
testosterone. This can result in PCOS symptoms such as hirsutism 
(excess hair growth), acne, and irregular menstrual cycles. Insulin 
resistance can interfere with the normal hormonal regulation of 
the menstrual cycle, resulting in irregular or missing ovulation. 
According to Evanthia Diamanti-Kandarakis and Dunaif the link 
between PCOS and IR has unveiled the significance of insulin as a 
crucial reproductive hormone emphasizing the critical functioning 
of insulin signaling in the CNS for the process of ovulation.16 Park 
KH et al. concluded that PCOS women have significant IR which is 
independent of adiposity.17

Non-alcoholic Fatty Liver Disease (NAFLD) 
The fat accumulated in the liver is closely connected to IR, which 
can lead to NAFLD, a condition that ranges from simple fatty liver 
to more severe forms of liver damage.18 A study by Matthew J 
et al. describes the NAFLD-induced alteration in the secretion of liver 
proteins, lipids, other metabolites, and miRNAs. These molecules 
in turn impact the metabolism of the liver, muscle, adipose tissue, 
and pancreas ultimately resulting in IR.19

Assessment of IR
A marker is a quantifiable characteristic identified in a biological 
sample that is easily available or discovered by imaging of tissue, 
which can represent the pathophysiology of the substantial 
disease, anticipate further occurrences, and also demonstrate the 
efficacy of treatment. They function as sensitive indicators for the 
detection of initial signs of damage to target organs.20 Verified risk-
evaluation techniques are currently unable to adequately take into 
consideration the elevated risk factors linked to MS. Therefore, it is 
necessary to identify the syndrome’s markers.21

Numerous human studies are underway to develop methods 
for estimating IR. It is crucial to establish suitable animal models 
for investigating the epidemiology, pathophysiological causes, 
outcomes of therapeutic interventions, and medical advancements 
related to individuals with IR. Insulin resistance serves as a 
recognized independent indicator for various diseases. Even 
before the onset of disease symptoms, IR is already present. 
Identifying and promptly managing individuals with IR is essential, 
as hyperinsulinemia may persist unnoticed for an extended 
period, increasing the risk of developing other components of the 
syndrome and associated disorders.22,23

Consequently, there is a need for a dependable method to 
rapidly assess insulin sensitivity and monitor changes resulting 
from therapeutic interventions.

Gold Standard Method for Assessment of IR
Hyperinsulinemic Euglycemic Clamp (HEC) 
The HEC is regarded as the gold standard test for evaluating 
sensitivity to insulin and assessing IR. It is a sophisticated and 
precise technique used in research settings and specialized clinical 
centers. The principle of HEC involves the continuous infusion of 
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insulin into the bloodstream to mimic the body’s natural insulin 
secretion, combined with simultaneous adjustments of glucose 
infusion to maintain a stable blood glucose level (euglycemia). 
The infusion rate of glucose required to sustain stable blood sugar 
levels indicates the body’s sensitivity to insulin.24 During the HEC, 
glucose and insulin levels are monitored frequently. By varying 
the insulin infusion rate and monitoring the corresponding rate 
of glucose infusion required to keep up euglycemia, researchers 
can calculate the “glucose disposal rate” (GDR), which is a direct 
measure of insulin sensitivity. A higher GDR indicates better insulin 
sensitivity, while a lower GDR suggests IR.3,25

A study conducted by Charmaine S et al. established an 
endpoint for defining IR using HEC. The researchers also presented 
a classification system to predict IR based on regularly assessed 
biochemical and clinical markers.26 Ralph A et al. study concluded 
that the hyperglycemic clamp technique serves as a highly 
reproducible method for measuring the quantity of glucose 
metabolized by the body in response to a regulated hyperglycemic 
stimulus. This approach is also effective in evaluating beta-cell 
sensitivity to glucose.3

The HEC provides a direct assessment of insulin sensitivity, 
making it a reliable method for comparing IR among different 
individuals or study groups. It allows for precise measurements 
and can detect subtle changes in insulin sensitivity.27 Despite its 
accuracy, the HEC is a complex and labor-intensive procedure that 
requires skilled personnel and specialized equipment. As a result, it 
is not a practical test for routine clinical use or large-scale screenings. 
Additionally, it can be uncomfortable for the participant due to the 
continuous blood sampling and insulin infusion.3 While the HEC is 
an excellent tool for research purposes, it may not be feasible or 
necessary for routine clinical practice. Instead, more straightforward 
approaches such as Fasting insulin and glucose levels, oral glucose 
tolerance tests, as well as surrogate markers (e.g., HOMA-IR) are 
frequently employed in clinical settings.

Need for Surrogate Markers
Surrogate markers are widely utilized in both medical research 
and clinical practice they ultimately measure a specific condition 
when direct measurement might be impossible, invasive, or costly. 
In the context of testing IR, surrogate markers serve as suitable 
and informative tools to assess the condition without the need 
for complex or painful procedures. To measure insulin sensitivity, 
surrogate markers for IR offer a quicker and easier method. 
Although the surrogate markers provide a practical method to 
calculate IR, it’s crucial to be aware of their limitations. Rather than 
offering a precise measurement, they offer an approximation of 
the situation. Additionally, the precision of these indicators may 
be impacted by individual variation, hereditary variables, and 
other health issues.

Surrogate Markers
Adiponectin Levels in IR
Adiponectin is a hormone that is primarily produced and secreted 
by adipose tissue, which is the body’s fat cells. It has a significant 
function in regulating several metabolic functions in the body, 
including glucose regulation and fatty acid breakdown. They 
enhance insulin sensitivity, meaning they help cells respond 
better to insulin and improve glucose utilization. Adiponectins 
also stimulate fatty acid oxidation (fat burning) and inhibit the 
production of glucose in the liver.12

Adiponectin and IR
Numerous researchers have established the inverse connection 
between adiponectin levels as well as IR. In conditions where 
adiponectin levels are low, as seen in obesity and type 2 diabetes 
mellitus (DM), insulin sensitivity is impaired. Adiponectin can be 
used as a biomarker for IR. Adiponectin levels can be measured 
in blood samples to identify individuals at risk of or already 
experiencing IR. Low adiponectin levels suggest a higher likelihood 
of IR. Adiponectin level scans also help assess the severity and 
progression of IR. Lower adiponectin levels are associated with 
a higher possibility of developing disturbances associated with 
IR, such as type 2 DM, CVS disorders, as well as MS. It’s important 
to note that while adiponectin is a valuable biomarker, it is not 
the only factor to consider in assessing IR. Other biomarkers, 
such as fasting insulin levels, glucose tolerance tests, and HbA1c 
(glycated hemoglobin) levels, are often used in conjunction with 
adiponectin to provide a comprehensive evaluation of IR.28 Given 
the positive impact of adiponectin on insulin sensitivity and glucose 
metabolism, it has been considered a potential therapeutic target 
for IR and linked to conditions like type 2 diabetes and MS.29 
However, direct administration of adiponectin as a therapeutic 
agent has been challenging due to its large size and the complexities 
associated with its production and stability. Alternative therapeutic 
approaches include lifestyle modifications such as regular physical 
activity and a balanced diet can increase adiponectin levels. Weight 
loss and regular exercise have been shown to raise adiponectin 
levels, leading to improved insulin sensitivity. Some medications 
used to treat diabetes, such as thiazolidinediones (TZDs), have been 
found to increase adiponectin levels. Thiazolidinediones improve 
insulin sensitivity and glycemic control partly through their effect 
on adiponectin. Certain dietary supplements and nutraceuticals, 
like omega-3 fatty acids and certain polyphenols, have been 
associated with increased adiponectin levels, potentially improving 
insulin sensitivity. Adiponectin therefore may be the molecular 
link between obesity and IR, and it may also act as a biomarker 
for the MS, according to research by Buechler et al. Schöndorf 
et al. in their research, proposed a close association between 
adiponectin concentrations and IR, along with components of the 
MS, in individuals with type 2 DM. He also emphasized that the 
concentration of adiponectin proves valuable in addition to the 
criteria employed for identifying obese individuals having MS.30

Homeostatic Model Assessment of IR 
Homeostatic model assessment IR is a broadly used surrogate 
indicator for IR. Matthews et al. first proposed it in 1985 as a 
technique for assessing insulin sensitivity and IR based on fasting 
glucose values and insulin levels. Because of its simplicity, cost-
effectiveness, and non-invasiveness, it has now become a popular 
tool in both clinical and research contexts.27 The HOMA-IR is 
calculated using a simple formula Fasting Insulin (μU/mL) × Fasting 
Glucose (mmol/L)/22.5. An increased HOMA-IR indicates decreased 
Insulin sensitivity and increased IR. A study by Hui-Qi Qu et al. 
concluded increased sensitivity and specificity of HOMA-IR >3.80 
for IR.31 Dicky Levenus Tahapary et al. concluded that the HOMA-IR 
is a simple and frequently used method for determining IR.32

Clinical Use and Applications
•	 Screening for IR: Homeostatic model assessment IR is preferred 

as a preliminary screening tool to recognize individuals at risk 
of IR or type 2 DM.
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•	 Research Studies: Homeostatic model assessment IR is widely 
employed in large-scale epidemiological studies and clinical 
trials to evaluate insulin sensitivity and resistance within the 
study populations.

•	 Predicting Outcomes: Homeostatic model assessment IR has 
been linked with various physical outcomes, as well as the risk 
of CVS diseases as well as metabolic disorders. 

Limitations
Homeostatic model assessment IR provides an estimate of IR and 
sensitivity, but it is not a direct measurement like the HEC, which 
is accepted as the gold standard. 

Insulin Clearance
Homeostatic model assessment IR does not account for variations 
in insulin clearance rates, which may vary among individuals. 
Homeostatic model assessment IR relies on fasting blood samples, 
which may not fully represent the dynamic insulin response to 
glucose challenges. 

Variability
Factors such as age, body weight, ethnicity, and medication use 
can influence the accuracy of HOMA-IR.33 

Fasting Insulin, Fasting Glucose and Fasting C-peptide 
Levels
Evaluation of fasting insulin levels plays a pivotal role in assessing 
IR.34 In insulin-resistant subjects, cells do not react competently 
to glucose as well as insulin uptake is impaired. As a result, the 
pancreas releases more insulin to overcome this resistance and 
maintain glucose homeostasis. This results in higher fasting insulin 
levels as the pancreas is constantly producing and secreting more 
insulin even during fasting periods.35 Laakso M concluded that, 
particularly in people with unusual glucose tolerance, only the 
fasting insulin level should be utilized as a marker of IR.36 Elevated 
fasting insulin levels are directly linked to an increase in resistance 
to insulin-mediated glucose uptake. Notably, these changes can 
occur even when there are no identifiable causes for reduced insulin 
responsiveness. According to Olefsky J et al. the observed increase 
in fasting insulin levels appears to be an alternate mechanism, 
aimed at overcoming the resistance to glucose uptake.37 

While fasting insulin levels are a valuable marker, they also have 
some limitations:38 

•	 Heterogeneity: Insulin resistance is a unique condition with 
various contributing factors, and the correlation between fasting 
insulin levels and IR may not be the same in all individuals. 

•	 Other Factors: Fasting insulin levels can be affected by factors 
such as obesity, physical activity, and genetics.

•	 Different Reference Ranges: There is no universally agreed-
upon cutoff for fasting insulin levels indicative of IR. Reference 
ranges may vary among laboratories and populations.

Fasting Glucose Levels 
Fasting glucose levels are an essential indicator in assessing IR. 
Elevated fasting glucose levels are a characteristic feature of pre-
diabetes, a condition in which blood glucose levels are higher 
than normal but not yet at the threshold for a diabetes diagnosis. 
Pre-diabetes poses a substantial risk factor for the onset of type 2 
DM. Impaired fasting glucose is a component of MS, a cluster of 
metabolic abnormalities that collectively raise the risk of developing 

type 2 DM and Cardiovascular disorders disorders.39 Nobuo Sasaki 
et al. found that in the initial phases of impaired insulin metabolism, 
hyperglycemia, and hyperinsulinemia play substantial roles in 
contributing to the development of hypertension.35 

Limitations 
Heterogeneity
Insulin resistance is a complex condition with various contributing 
factors, and the correlation between fasting glucose levels and IR 
may not be the same in all individuals. Fasting glucose levels can 
be affected by factors such as diet, physical activity, medications, 
and stress. 

Fasting C-peptide
Fasting C-peptide levels are often used in clinical practice as 
part of the assessment for IR and other related conditions. The  
C-levels of fasting C-peptide are utilized to assess the basal insulin 
secretion of the body, which is the amount of insulin released by 
the pancreas in the fasting state. In conditions like IR and type 
2 DM, the pancreas increases insulin secretion often to balance 
reduced insulin sensitivity. Therefore, measuring C-peptide levels 
can give insights into the pancreas’ ability to produce insulin. When 
assessing insulin levels in the blood, C-peptide is preferred over 
insulin itself because it helps distinguish endogenous (produced 
by the body) insulin from exogenous insulin (administered 
externally, e.g., in insulin injections). This differentiation is crucial 
in cases where patients are on insulin therapy.40,41 The extended 
half-life of C-peptide, roughly 5-fold longer than insulin, further 
supports its use as a biomarker with lower susceptibility to 
fluctuations.40 

The Quantitative Insulin Sensitivity Check Index 
The QUICKI is a simple as well as convenient method used to 
estimate the sensitivity of insulin in both research and clinical 
settings. It is calculated from fasting levels of glucose and insulin 
and offers a rapid assessment of insulin sensitivity. Here is a 
review of QUICKI in the context of IR. The QUICKI is derived using 
the formula: QUICKI = 1/(log fasting insulin µU/mL + log fasting 
glucose mg/dL). It is based on the contrary relationship between 
insulin sensitivity as well as fasting insulin levels.42 Higher QUICKI 
values indicate better insulin sensitivity, whereas lower QUICKI 
values suggest decreased insulin sensitivity and a higher likelihood 
of IR. The main advantage of QUICKI is its simplicity and ease of 
use. It only requires measurements of fasting glucose and fasting 
insulin, which are standard tests commonly available in clinical 
laboratories. Quantitative insulin sensitivity check index has 
been shown to correlate reasonably well with more complex and 
invasive techniques for measuring insulin sensitivity, such as the 
HEC. Quantitative insulin sensitivity check index is a consistent 
surrogate marker for IR in large-scale studies as well as clinical 
research where more labor-intensive tests may not be feasible.43 
Chen, Hui et al. concluded that QUICKI is a straightforward as well 
as robust marker of insulin sensitivity. It proves to be valuable 
for assessing and monitoring IR in hypertensive patients in both 
clinical practice and research studies, particularly in the context 
of IR, DM, and glucose clamp studies.42 

Limitations
It provides only estimation and may not capture all aspects of IR. 
Moreover, QUICKI may not be as accurate in certain populations, 



Surrogate Markers of Insulin Resistance in Metabolic Health Assessment

Indian Journal of Medical Biochemistry, Volume 28 Issue 2 (May–August 2024) 49

such as subjects who have extreme IR or those with type 1 DM.39 
Quantitative insulin sensitivity check index may not detect dynamic 
changes in insulin sensitivity, such as postprandial variations. It is 
more representative of fasting insulin sensitivity.43

Triglycerides and Glucose Index
The TyG index, derived from the fasting levels of glucose and 
triglycerides, has been proposed as an alternate marker for IR. 
This index, which involves measurements of fasting triglyceride 
and plasma glucose, has demonstrated correlations with other 
established markers of IR, including HOMA-IR and the HEC, as well 
as associations with MS.2,5,6 Triglycerides and glucose index is the 
product of serum TG and fasting serum glucose levels. The TyG 
index is a relatively new marker used as a surrogate measure of 
IR. Formula: TyG index = Ln [fasting triglycerides (mg/dL) × fasting 
glucose (mg/dL)/2].8 Triglycerides and glucose index is based on 
the observation that both high triglyceride levels and high glucose 
levels are associated with IR. Therefore, combining these two factors 
into a single index can help in identifying individuals at risk for 
metabolic disorders. The TyG index is a useful tool for predicting 
IR, type 2 DM, and other CVS risk factors.44 Subjects with IR may 
be detected using lipid-based insulin action markers. In people 
with IR, increased triglycerides, and hypoalphalipoproteinemia are 
symptoms of dyslipidemia.8 Elevated triglyceride (TG) levels have 
been found to interrupt with metabolism of glucose in all muscles. 
This observation aligns with the literature that the increase in 
triglycerides in both tissues and serum is associated with reduced 
insulin sensitivity.45 A study conducted by Fernando Guerrero-
Romero et al. concluded that the triglyceride-glucose index is 
highly sensitive and specific for the recognition of patients with 
lowered insulin sensitivity.46 Another study was done by Adriana 
Sanchez-García et al. on nondiabetic healthy individuals to establish 
the diagnostic accuracy of the TG index in assessing IR. This study 
demonstrated low to moderate evidence of the TG index as an 
alternate marker for IR.47

Lipid Indices as Surrogate Markers of Insulin 
Resistance
Lipid indices such as lipid accumulation product (LAP), visceral 
adiposity index (VAI), and triglyceride to TG/HDL ratio are indeed 
used as surrogate markers of IR.

•	 Lipid Accumulation Product (LAP): Lipid accumulation product 
is calculated using waist circumference and fasting triglyceride 
levels. It’s considered a marker of lipid over-accumulation in non-
adipose tissues. Studies have shown LAP to be associated with 
IR, MS, and cardiovascular risk. Higher LAP values are indicative 
of higher cardiometabolic risk. LAP = (waist circumference in 
cm-65) × (triglycerides in mmol/L).

•	 Visceral Adiposity Index (VAI): Visceral adiposity index 
is a mathematical model based on anthropometric (waist 
circumference, BMI) and metabolic (triglycerides, HDL 
cholesterol) parameters. It aims to quantify visceral adiposity 
and its metabolic implications. It ’s calculated using the 
formula derived from gender-specific equations. Elevated VAI 
is correlated with IR, MS, and cardiovascular risk.

•	 TG/HDL Ratio: The ratio of triglycerides to HDL cholesterol 
is a simple and commonly used marker. Higher values are 
associated with IR and atherogenic dyslipidemia. It reflects both 
lipid and glucose metabolism. A ratio above 3.5 is considered 
indicative of IR and increased cardiovascular risk. These markers 

are useful because they offer insights into metabolic health 
beyond traditional measures like BMI or waist circumference 
alone. However, they are considered surrogate markers and 
are typically used alongside other clinical assessments for a 
comprehensive evaluation of metabolic health and IR. Insulin 
plays a role in regulating triglyceride metabolism, and resistance 
to its action can lead to increased production and reduced 
clearance of triglycerides from the bloodstream.48,49

Studies have investigated the effectiveness of novel lipid indices 
in identifying IR. Lipid accumulation product showed higher 
accuracy than the TyG index and VAI. Further combining BMI and 
waist circumference with TyG index further improved accuracy, 
surpassing LAP. Although the exact mechanism of lipid indices in 
causing IR is unclear, glucolipotoxicity has been implicated as one 
of the mechanisms. Visceral adiposity index and LAP correlated 
inversely with insulin sensitivity. Compound indices like TyG-BMI 
and TyG-WC, combining the TyG index with obesity parameters, 
showed promising results in identifying IR, particularly in diverse 
populations. Lipid accumulation product index was also identified 
as a more reliable discriminator of IR as compared with VAI, TyG, 
and TG/HDL-C ratio indexes.48–50 

Advantages
These indices are based on inexpensive measurements such as 
waist circumference and triglycerides, and are also accessible in 
underdeveloped countries, and rural setups with limited facilities. 

Limitations
Most of these studies were cross-sectional studies. In many of 
these studies, comparison was not done with the gold standard 
technique. Studies were conducted in different ethnic groups, and 
need to be validated in other ethnic groups for their widespread 
applicability.49

Future Directions in the Quest for Effective Markers of 
Insulin Resistance
Researchers are exploring various avenues to improve the detection 
and management of IR. Instead of relying on single markers, 
researchers are exploring the development of biomarker panels 
that combine multiple markers from different biological pathways 
associated with IR. These panels may enhance diagnostic accuracy 
and predictive power.

Genetic Markers
Advancements in genomics have revolutionized the identification 
of genetic variants linked to IR, offering valuable insights into its 
underlying mechanisms and potential therapeutic targets. By 
analyzing these variants, researchers attempt to establish genetic 
markers capable of more accurately predicting an individual’s risk 
of IR. Notable genetic markers under study include variants in 
genes such as TCF7L2, PPARG, ADIPOQ, IRS1, and the Glucokinase 
gene, all implicated in regulating insulin sensitivity, adipocyte 
differentiation, glucose sensing, and insulin secretion.51

In recent investigations, genome-wide association studies 
(GWAS) have shown 369 SNP loci linked to TG: High-density 
lipoprotein-cholesterol (HDL-C) ratios, shedding light on adipocyte 
biology, endocrine functions, growth and cancer pathways, 
hepatic genes, and female reproductive system components. 
Additionally, studies have identified potential genetic markers of 
IR and atherosclerosis in type 2 DM patients with coronary artery 
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disease (CAD), including CHI3L1, CD36, LEPR, RETN, IL-18, RBP-4, 
and RARRES2 genes.51,52

Technological approaches such as CRISPR, 3C, and eQTL 
are employed to explore structural and functional associations 
between genetic loci revealed by GWAS or exome sequencing 
and regional or distal genes. CRISPR, particularly as an in vitro 
screening platform, holds promise in pinpointing causal genes at 
loci associated with MS and IR.53 

Investigations into these genetic markers of IR, facilitate 
risk prediction and potentially inform personalized treatment 
strategies. However, it’s crucial to recognize that IR is influenced 
by both genetic and environmental factors, likely involving the 
contribution of multiple genes to its development.

Omics Technologies 
Omics technologies, such as metabolomics, proteomics, and 
transcriptomics, offer a comprehensive view of biological molecules 
and pathways involved in IR. Integrating data from these omics 
approaches may lead to the discovery of novel biomarkers and 
therapeutic targets. Omics technologies have revolutionized the 
field of biomedical research, offering comprehensive insights into 
various aspects of health and disease, including IR. 

Proteomics
Proteomics involves the large-scale study of proteins expressed in 
a cell, tissue, or organism. By identifying and quantifying proteins 
associated with IR, proteomics can uncover biomarkers for early 
detection, prognosis, and therapeutic targets.54 

Metabolomics
Metabolomics analyzes the complete set of small molecules 
(metabolites) present in a biological sample. This approach enables 
the identification of metabolic signatures associated with insulin.55

Lipidomics
Lipidomics focuses on the comprehensive analysis of lipid 
species within a biological system. Since lipid metabolism plays 
a crucial role in IR and related metabolic disorders, lipidomics 
can provide insights into lipid profiles associated with IR and its 
complications.56

Glycomics
Glycomics studies the structure and function of carbohydrates 
(glycans) in biological systems. Abnormalities in glycan structures 
have been linked to IR and type 2 DM. Glycomics can uncover 
changes in glycan composition associated with IR and its 
complications. 

By integrating data from these omics technologies, researchers 
can gain a holistic understanding of the molecular mechanisms 
underlying IR, leading to the development of more effective 
diagnostic tools and targeted therapies.

Microbiome Analysis 
Growing evidence suggests that the gut microbiome plays a role 
in regulating metabolism and insulin sensitivity Scientists are 
exploring the composition of the gut microbiome and its metabolic 
by-products as potential indicators of IR.

In one study, variations in gut microbial β diversity were 
linked with IR, with higher α diversity associated with lower IR. 
Additionally, analysis of a middle-aged population-based cohort, 
comprising black and white individuals, revealed notably lower 

microbial diversity and reduced levels of butyrate-producing 
genera in those diabetic patients who were on treatment and those 
with longer diabetes duration compared to those with normal 
glucose levels.57 Another study explored the connection between 
fecal carbohydrates and low-grade inflammation, underscoring 
the significance of investigating microbial metabolites in the 
pathogenesis of IR.58 

Advanced Imaging Techniques
Advanced imaging techniques for assessing IR involve sophisticated 
medical imaging modalities that allow for the visualization and 
quantification of specific anatomical or physiological parameters 
associated with IR. 

Magnetic Resonance Imaging (MRI)
Magnetic resonance imaging provides high-resolution images 
of tissues within the body and can be utilized to assess adipose 
tissue distribution, liver fat content, and muscle composition—all 
of which are linked to IR. 

Computed Tomography (CT)
Computed tomography scanning can assess visceral adipose tissue 
(VAT) and subcutaneous adipose tissue (SAT) volumes, as well as 
liver fat content, providing valuable information regarding IR and 
metabolic health. 

Positron Emission Tomography (PET) Imaging
Positron emission tomography imaging with specific radiotracers 
can assess glucose metabolism in different tissues, allowing for the 
evaluation of insulin sensitivity.59,60 

These advanced imaging techniques offer non-invasive or 
minimally invasive means to evaluate various aspects of IR, aiding 
in both research studies and clinical management of metabolic 
disorders. However, it’s important to note that these techniques 
may not be widely available in all medical settings and can be 
expensive.

Artificial Intelligence (AI) 
Assessing IR using AI and machine learning algorithms has gained 
significant attention in recent years due to its potential to improve 
diagnostic accuracy and personalized treatment strategies for 
conditions like diabetes. Artificial intelligence algorithms can 
analyze large volumes of data from various sources including 
electronic health records, genetic data, lifestyle factors, and medical 
imaging to identify patterns associated with IR.61 

Machine learning models can be trained on these datasets to 
predict the likelihood of IR in individuals based on their specific 
characteristics. Artificial intelligence algorithms can automatically 
identify which features or variables are most relevant for predicting 
IR, helping to streamline the diagnostic process. Artif icial 
Intelligence systems can provide decision support to healthcare 
professionals by interpreting complex data and assisting in the 
diagnosis and management of IR.62 

By analyzing individual patient data, AI algorithms can provide 
treatment plans to the specific needs of each patient, optimizing 
outcomes and potentially reducing the risk of complications 
associated with IR.63 However, it’s essential to ensure that these 
algorithms are validated and integrated into clinical practice 
responsibly and ethically.

By combining insights from genetics, molecular biology, 
microbiology, imaging, and data analytics, researchers aim to 
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develop more accurate and reliable markers for IR, ultimately 
facilitating early detection and personalized management 
strategies for this prevalent metabolic disorder (Table 1).

Conclusion
The exploration of IR represents a dynamic and evolving field 
that holds substantial promise in the arena of metabolic health 
assessment. The diverse array of markers ranging from traditional 
biochemical measures to emerging genetic and molecular 
indicators, underscores the complexity of IR and the multifaceted 
nature of its assessment. While widely utilized markers such 
as fasting insulin and HOMA-IR continue to serve as valuable 
tools, it is crucial to acknowledge their limitations and consider 
complementary measures to enhance accuracy and specificity. The 
integration of novel markers, including adiponectin, triglyceride-
to-glucose ratio, and genetic variants, presents exciting avenues 
for refining our understanding of IR and its associated metabolic 
implications. As we navigate toward more personalized and precise 
health care, the identification of robust surrogate markers becomes 

increasingly critical for early detection, risk stratification, and 
targeted interventions. Future research should focus on elucidating 
the intricate interplay between these markers and their correlation 
with clinical outcomes. Additionally, efforts should be directed 
toward standardization and validation to ensure the reliability of 
these markers across diverse populations.
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