
Assessment of insulin action on carbohydrate metabolism:
physiological and non-physiological methods

S. Dube1, I. Errazuriz1, C. Cobelli2, R. Basu1, and A. Basu1

1Division of Endocrinology, Diabetes, Metabolism and Nutrition, Department of Internal Medicine,
Mayo Clinic and Foundation, Rochester, MN, USA
2Department of Information Engineering, University of Padova, Padova, Italy

Abstract
Carbohydrate metabolism in humans is regulated by insulin secretion from pancreatic β-cells and
glucose disposal by insulin-sensitive tissues. Insulin facilitates glucose utilization in peripheral
tissues and suppresses hepatic glucose production. Any defects in insulin action predispose an
individual to glucose intolerance and Type 2 diabetes mellitus. Early detection of defects in insulin
action could provide opportunities to prevent or delay progression of the disease state. There are
different approaches to assess insulin action. Initial methods, such as peripheral insulin
concentration and simple indices, have several limitations. Subsequently, researchers developed
methodologies using intravenous glucose infusion to determine glucose fluxes. However, these
methodologies are limited by being non-physiological. Newer, innovative techniques that have
been developed are more sophisticated and physiological. By modelling glucose kinetics using
isotope dilution techniques, several robust parameters can be obtained that are physiologically
relevant and sound. This brief review summarizes most of the non-physiological and physiological
methodologies used to measure the variables of insulin action.

Introduction
Insulin, secreted by β-cells of the pancreatic islets, is fundamentally involved in maintaining
glucose homeostasis both in post-absorptive and postprandial states. It suppresses hepatic
glucose production and stimulates whole body glucose uptake in insulin-sensitive tissues,
i.e. muscle, fat and, to an extent, liver. Hence, impaired insulin action signifies a state of
reduced ability of insulin-sensitive tissues to respond to the biological action of insulin on
carbohydrate metabolism. In addition, insulin has multiple vital influences on protein and fat
metabolism as well as mitogenic effects.

Impaired insulin action is the hallmark of metabolic abnormalities that include pre-diabetes
(impaired fasting glucose and/or impaired glucose tolerance), Type 2 diabetes, obesity,
dyslipidaemia and the metabolic syndrome (insulin resistance syndrome). It is estimated that
diabetes affects about 285 million people worldwide, and the prevalence could double by the
year 2030 in parallel with the worldwide rise in obesity, with two-thirds of all diabetes cases
occurring in low- to middle-income countries [1]. This exponentially emerging global public
health crisis is fuelled by rapid urbanization, change in eating habits and increasingly
sedentary lifestyles.
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Rational therapeutic approaches need to be fashioned to contain and prevent this global
pandemic. However, such interventions need to be grounded on accurate estimation of the
pathophysiological abnormalities that predispose and lead to these metabolic conditions that
in turn translate to increased burden of cardiovascular morbidity and mortality. As insulin
resistance is the fundamental problem in these individuals, it is critical to have
physiologically pertinent and accurate methods to measure this variable in free living
humans.

Various methods have been developed over the years to assess insulin action. These can be
further classified as ‘hot’ or ‘cold’ techniques, depending on whether glucose isotopes are
utilized or not:

Cold methods
These techniques do not involve use of glucose isotopes.

Assessment of basal insulin action
Fasting plasma insulin concentrations—This has been suggested as a simple way to
assess insulin action because of its ease of measurement. However, limitations include
extreme variability of insulin assays (intra-day, inter-laboratories, etc.); variability in, and
dependence on, insulin secretion and insulin clearance; dependence on fasting glucose
levels, etc., which makes this a poor indicator of insulin action [2,3]. This measure has been
applied to provide an indication of insulin action, with all the caveats, in large
epidemiological studies.

Homeostasis model assessment (HOMA)—In population-based studies, the
proponents of this method have used the product of fasting plasma glucose (mM) and fasting
plasma insulin (mU/l) divided by 22.5 as an index of insulin action [4].This model is based
on various assumptions that include: (1) the degree to which fasting plasma glucose is
increased in individuals with impaired β-cell function, reflects the shape of the normal
insulin secretory response to a glucose challenge. This premise is likely non-physiological
except in a most general sense; (2) fasting plasma insulin concentration is directly related to
the severity of insulin resistance and assumes that hepatic and peripheral insulin resistance is
equivalent in a given individual. Numerous investigations in humans with and without Type
2 diabetes have suggested that this assumption is an oversimplification of physiology; (3)
the relationship between insulin secretion and insulin action is independent of age and sex.
Again, elegantly performed investigations have demonstrated the considerable influence of
age and sex on these physiological factors [5,6,7]; (4) finally, the dynamic relationship
between glucose and insulin concentrations in any given individual, reduced to a
mathematical factor that is valid and relevant to people of all ages and ethnicities, is likely
an oversimplification of physiological reality. The main advantage of this model is its
usability in population-based studies. However, extreme care needs to be exercised in the
interpretation of this index, especially as a measure of individual insulin action or in
investigations that employ limited sample sizes.

Quantitative insulin sensitivity check index (QUICKI)—Katz and colleagues [8]
have proposed this index derived from the logarithmic transformation of fasting glucose and
insulin levels as a measure of estimating insulin sensitivity. They reported that the
correlation of this measure to the gold standard euglycaemic clamp is high (r = 0.78).
However, the coefficient of determination (r2) is perhaps a more robust and useful measure
of correlation and represents the per cent of the data closest to the line of best fit. Hence, r2
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of 0.6 denotes that only 60% of the relationships between QUICKI and clamp assessments
of insulin action are reliable and true.

Even although, QUICKI and HOMA were derived in a completely different conceptual
fashion, these two surrogate indexes are mathematically related; i.e. QUICKI is proportional
to 1/log (HOMA) [9].

Assessment of post-glucose challenge insulin action
Frequently sampled intravenous glucose tolerance test (FSIVGTT)—A
mathematical minimal model devised by Bergman, Cobelli and colleagues [10], allows
measurement of insulin sensitivity index (SI) from insulin and glucose concentrations
obtained from a frequently sampled intravenous glucose tolerance test. The development of
this model is based on several assumptions and premises: (1) the dynamics of glucose
kinetics following an intravenous bolus is described by a single compartment; (2) there is a
lag effect of insulin on glucose concentration, which represents the time necessary for
insulin to traverse the capillary endothelium and elevate interstitial fluid insulin levels; (3)
glucose inhibition of its production and stimulation of its utilization is proportional to its
plasma concentration (so-called glucose effectiveness); and (4) insulin inhibition of glucose
production and stimulation of glucose utilization is proportional to insulin concentration in a
compartment remote from plasma. Based on the above principles, the minimal model began
to be widely used for estimations of the insulin sensitivity index. The protocol used for the
frequently sampled intravenous glucose tolerance test entailed the administration of an
intravenous glucose bolus of 300 mg/kg, followed 20 min later by a bolus of regular insulin
(0.03 U/kg) or intravenous tolbutamide. Fitting the resultant glucose and insulin values to
the model provided estimates of the sensitivity index. Saad and colleagues directly
compared with each other and with the glucose clamp, estimates of insulin sensitivity
obtained from the tolbutamide-boosted and insulin-boosted protocols [11]. They found that,
although these indices derived from each of the protocols correlated with each other (r2 =
0.5), they were quantitatively different. Subsequently, modifications of this method that
included use of glucose tracers enabled investigators to distinguish between the effects of
insulin on peripheral and hepatic insulin action [12–14]. The advantages of this technique
include the relative simplicity of execution and the reasonable reliability in the assessment
of insulin sensitivity in moderately sized clinical research studies. However, the clear
limitation of this method has been the non-physiological intravenous glucose challenge and
the relevance of the sensitivity index estimate in real-life situations.

Oral glucose tolerance test (OGTT)—The standard 75-g oral glucose tolerance test
with unlabelled glucose provides an estimate of overall glucose tolerance and has been used
to diagnose diabetes mellitus or impaired glucose tolerance. Prior to the advent of more
sophisticated and reliable techniques to measure insulin sensitivity, the glucose:insulin ratio
obtained from the oral glucose tolerance test had been used as an estimate of insulin action.
Although more physiological than the intravenous glucose tolerance test, this method suffers
from confounders that include limited reproducibility, variability of insulin secretion and
assay precision, etc., that detracts it as a reliable method to measure insulin action. However,
Cobelli et al., using sophisticated and robust modelling techniques (oral minimal model;
OMM), have demonstrated the efficacy of this simple, yet physiological tool to estimate
both whole body insulin action (sensitivity index oral glucose tolerance test) and insulin
secretion [15].

Matsuda index—From information derived from the oral glucose tolerance test, a
surrogate index was proposed by Matsuda and DeFronzo [16]. The Matsuda index is a
simple measure of whole-body insulin sensitivity. It is defined as 10 000/square root of
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(fasting glucose × fasting insulin) × (mean glucose × mean insulin during oral glucose
tolerance test). Its correlation with the rate of whole-body glucose disposal during the
euglycaemic insulin clamp was reported by the authors to be r = 0.73 (r2 = 0.5).

Surrogates indices based on dynamic tests—Data obtained from dynamic tests such
as the oral glucose tolerance test, intravenous glucose tolerance test and meal tolerance tests
were used to develop several other insulin sensitivity indices that include the Stumvoll
index, Avignon index, oral glucose insulin sensitivity index, Gutt index and Belfiore index.
These indices use specific sampling protocols for glucose and insulin during the oral glucose
tolerance test, incorporate both hepatic and peripheral insulin sensitivities and are reasonable
choices to predict the development of Type 2 diabetes in epidemiologic studies involving
large sample sizes [17].

Other insulin modified tests
Insulin tolerance test—In an overnight fasted individual, the glucose response over 80
min to a fixed intravenous bolus dose of regular insulin has been proposed as a measure of
insulin sensitivity. The K index of the insulin tolerance test (KITT) represents the per cent
decline in plasma glucose levels per min and is determined by the ratio of 0.693/t1/2, where
the denominator is the half-life of plasma glucose decay [18]. Several practical issues limit
its use. This includes the likelihood of symptomatic unpleasant hypoglycaemia in those
tested and consequent rise in counter-regulatory hormones that tend to offset insulin action,
hence its measurement.

Insulin suppression test—This test is now rarely used. In an overnight fasted
individual, 5 mg of propranolol is given as an intravenous bolus. Thereafter, infusions of
glucose (6 mg kg−1 min−1), epinephrine (6 µg/min), propranolol (0.08 mg/min) and regular
insulin (80 mU/min) are started and maintained for 180 min. Steady-state plasma glucose
and steady-state plasma insulin are obtained in the last hour of the test. The higher the
steady-state plasma glucose, the lesser is the insulin sensitivity [19]. This test had multiple
safety problems, especially with use of epinephrine and propranolol on insulin action and
the cardiovascular system. The method was also subsequently modified to include use of
somatostatin and later on led to the development of the insulin clamp technique described
below.

Glucose clamp technique—This technique, first described by DeFronzo [20], consists
of the administration of a fixed insulin infusion (commonly high-dose insulin) and of a
variable rate of glucose infusion in order to ‘clamp’ the plasma glucose concentration at a
required concentration (euglycaemic or hyperglycaemic). This method is based on the
assumption that under steady-state plasma glucose conditions, the glucose infused must
equal the glucose being translocated out of the glucose space (i.e. glucose metabolized)
provided that endogenous glucose production is completely suppressed. This technique is
purported to be the gold standard for assessment of insulin action [21]. This method,
although non-physiological, labour-intensive and operator dependent, provides assessment
of insulin sensitivity by analysing the rate of glucose infusion required to maintain the
targeted glucose concentration.

Hot techniques
These techniques use glucose isotopes to measure glucose fluxes and to partition hepatic and
peripheral insulin sensitivity measures.
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Labelled intravenous glucose tolerance test (IVGTT)
An unlabelled intravenous glucose tolerance test provides estimates of insulin sensitivity and
glucose effectiveness using a mathematical model of glucose disappearance. However, this
method does not allow the segregation of glucose production from its disposal. Addition of a
glucose tracer to the intravenous glucose tolerance test glucose bolus resolves this limitation.
The tracer allows measurement of glucose disposal and endogenous glucose production
using the single compartment minimal model of hot glucose kinetics [22]. Subsequently, a
two-compartment minimal model has been developed [23], which allows estimation of a
plausible profile of glucose production. Thus, the glucose metabolism assessment using the
labelled intravenous glucose tolerance test data is more precise and accurate than the
unlabelled frequently sampled intravenous glucose tolerance test data.

Labelled oral glucose tolerance test (OGTT)
An oral glucose model is closer to normal life conditions and it can be more easily
implemented for epidemiological studies. However, there are several limitations to the oral
glucose tolerance test. One such limitation is that the rate of appearance (Ra) of orally
administered glucose is unknown. This limitation was overcome by administering an oral
glucose tracer and measuring plasma concentration of total and labelled glucose. The oral
tracer permits us to derive the exogenous glucose by means of tracer:tracee ratio of the meal
or glucose [24,25]. This novel approach, which was named ‘hot’ or labelled oral minimal
model (OMM*), can simultaneously measure insulin action and the rate of glucose
appearance after a meal or glucose ingestion (Fig 1). The ‘hot’ or labelled oral minimal
model has been validated by means of a reference-labelled model in which two additional
tracers were infused intravenously. This allowed reliable and virtually model-independent
estimates of rate of appearance of ingested glucose (Ra meal), which was in turn used to
obtain reference values for the ‘hot’ or labelled oral minimal model variables, in particular
the ‘hot’ or labelled insulin sensitivity index (SI*) [24].

Glucose clamps with glucose tracer and somatostatin
In the present and most advanced stage, the clamp technique involves the following: in the
presence of somatostatin infusion to inhibit endogenous insulin secretion, an intravenous
infusion of insulin is administered at predetermined rates to ensure constant and equal portal
and peripheral insulin concentrations. The level of insulin desired is dependent on the
research question and can thus vary from the physiological to the pharmacological
(hyperinsulinaemic) concentrations. Concomitant basal infusions of glucagon and growth
hormone ensures a controlled hormonal milieu. These methods utilize isotope dilution
technique in order to assess the rate of appearance of total glucose, endogenous glucose
production and glucose disposal (Rd) using Steele’s equation [26]. Insulin sensitivity indices
are also derived using mathematical models [27,28].

Dual tracer mixed meal test
The above-listed methods, except for the oral glucose tolerance test, assess insulin action by
creating a non-physiological milieu. Therefore, methods that are able to assess insulin
sensitivity and actions in a physiological milieu are required, especially after a meal. After
carbohydrate ingestion as part of a mixed meal, plasma glucose levels depend on the net
balance of rate of appearance of ingested glucose, endogenous glucose production and
glucose disposal. Steele et al., in order to assess these glucose fluxes, developed a dual-
isotope method [26]. This approach utilizes two glucose tracers: one ingested and one
infused intravenously. The intravenously infused tracer measures the rate of appearance of
the ingested tracer and of total glucose (i.e. labelled and unlabelled, respectively).
Appearance of the ingested glucose is calculated by multiplying the rate of appearance of
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the ingested tracer by the specific activity (or tracer:tracee ratio if a non-radioactive tracer is
used) of the meal. Initial splanchnic glucose uptake is calculated by subtracting the portion
of the ingested glucose that reaches the systemic circulation from the total amount of
glucose ingested. Endogenous glucose production is calculated by subtracting the rate of
appearance of the ingested glucose from the total glucose appearance. Glucose disposal is
calculated by subtracting the change in glucose mass from the total rate of glucose
appearance [29]. As extensively discussed in a number of reports [29–32], the marked non-
steady-state condition of the tracer:tracee ratio that occurs with the dual-tracer method
introduces errors and renders the calculation of rate of appearance of ingested glucose,
endogenous glucose production and glucose disposal dependent on both the model used in
the calculation (e.g. one or two compartments) and its parameters (e.g. the volume of
distribution) [33].

Triple tracer mixed meal test
In an effort to overcome these problems, Basu et al. proposed a novel triple tracer method
that could be used to minimize changes in both meal and endogenous tracer:tracee ratios.
This method uses an oral glucose tracer [e.g. (1-13C) glucose], mixed within the meal and
two intravenous tracers [e.g. (6-3H) glucose and (6,6-2H2) glucose]. (6-3H) glucose traces
the systemic rate of appearance of the (1-13C) glucose contained in the meal, whereas
(6,6-2H2) glucose traces the rate of appearance of endogenously produced glucose (Fig. 2).
The ratio of the plasma concentration of (6-3H) glucose to (1-13C) glucose is used to
calculate the rate of appearance (1-13C) glucose, and the ratio of the plasma concentration of
(6,6-2H2) glucose to the plasma concentration of endogenously derived glucose is used to
calculate endogenous glucose production. (6,6-2H2) glucose is infused to mimic the
anticipated changes to endogenous glucose production, whereas (6-3H) glucose is infused at
variable rates to match the systemic rate of appearance of the ingested (1-13C) glucose. Even
although it is impossible to predict in every individual, as the rate of appearance of (1-13C)
glucose is influenced by multiple factors, including the rate of gastric emptying, the rate of
glucose absorption and the rate of hepatic glucose uptake, by minimizing non-steady-state
errors, this approach is essentially model independent, thereby enabling more accurate
measurement of postprandial fluxes, rate of appearance of ingested glucose, endogenous
glucose production and glucose disposal [29,33].

Although the triple-tracer method is undoubtedly more accurate, it is experimentally more
complex and expensive than the conventional dual-tracer method. Haidar et al. compared
both techniques and concluded that the triple-tracer approach renders highly accurate
measurements of early postprandial period [34]. Hence, the triple-tracer approach, although
not absolutely necessary, is preferred to accurately assess postprandial glucose metabolism.
In practical terms, if the purpose of the experiment is to assess meal appearance alone or
endogenous glucose production alone, then only two tracers are required. In the first
instance, if changes in the plasma tracer:tracee ratio are to be minimized, the profile of the
intravenously infused tracer needs to be varied to mimic the anticipated rate of appearance
of the ingested glucose. In the second instance, the profile of the intravenously infused tracer
needs to be varied to mimic the anticipated pattern of change of endogenous glucose
production. In contrast, if the purpose of the experiment is to simultaneously assess both rate
of appearance meal and endogenous glucose production, then three tracers are preferred
[29].

A limitation of the triple-tracer approach is that there may still be an error in the calculation
of glucose disposal. Because the change in glucose mass is calculated by multiplying the
change in plasma glucose concentration by the volume of distribution (V) of glucose (pV in
Steele’s equation) and glucose disposal is calculated by subtracting the change in glucose
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mass from the total rate of glucose appearance, an error in the value (generally assumed) of
the volume will introduce error in the calculation of glucose disposal [29].

A word on the disposition index
This index is an extremely useful index and represents a mathematical function defined as
the product of insulin sensitivity and β-cell responsivity. It is a measure of β-cell function
appropriate for the prevailing level of insulin action [35,36]. In other words, the disposition
index evaluates the ability of β-cells to regulate insulin secretion appropriate to the level of
insulin resistance [37]. The concept of the disposition index is evident in Fig. 3 and usually
follows a hyperbolic pattern. As observed in the figure, if an individual’s β-cells respond to
a decrease in insulin sensitivity by adequately increasing insulin secretion (state II), the
product of β-cell function and insulin sensitivity (the disposition index) is unchanged and
normal glucose tolerance is retained. In contrast, if there is not an adequate compensatory
increase in β-cell function to the decreased insulin sensitivity (state 2), the individual
develops glucose intolerance [38].

Conclusion
With the worldwide rise in the prevalence of obesity and Type 2 diabetes, it is important to
understand the abnormalities in carbohydrate metabolism and insulin action.

Single indices, although simpler, are not precise methods to assess insulin action. Methods
such as the intravenous glucose tolerance test and clamps are more precise, but are complex,
non-physiological and require sophisticated laboratory facilities. Hence, they cannot be used
for epidemiological studies. Moreover, insulin action and glucose fluxes following an oral
meal cannot be completely evaluated unless the isotope dilution technique is applied with
the use of glucose tracers.

In order to assess insulin action in a more physiologically pertinent manner, approaches such
as the labelled oral glucose tolerance test or mixed meal studies have been proposed that are
more accurate and experimentally feasible. The dual and triple tracer methods
comprehensively assess basal and postprandial glucose fluxes.

Use of mathematical models of glucose metabolism, such as oral minimal model and the
‘hot’ or labelled oral minimal model, derives insulin sensitivity indices along with rate of
appearance and glucose disposal.
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Figure 1.
(a) Oral minimal model (OMM). (b) ‘Hot’ or labelled oral minimal model (OMM*). G, total
plasma glucose concentration; Gmeal, glucose coming from the meal; Rameal, rate of
appearance of Gmeal; Rd, rate of glucose disappearance; Rdmeal, rate of disappearance of
Gmeal; X and X*, insulin action on glucose disposal and production; NHGB, net hepatic
glucose balance [24].
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Figure 2.
A mixed meal containing [1-13C] glucose was ingested at time 0 (a). A primed-continuous
infusion of [6,6 2H2] glucose was started at time −120 min and then varied from time 0
onward to mimic the anticipated pattern of change of endogenous glucose production (b).
An intravenous infusion of [6-3H] glucose was started at time 0, and the rate varied to mimic
the anticipated pattern of appearance of the ingested glucose (c) [29].
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Figure 3.
Different hyperbolas representing the disposition index: a normal subject reacts to impaired
insulin sensitivity by increasing β-cell responsivity (state II), whereas a subject with
impaired tolerance does not (state 2). In state II, β-cell responsivity is increased, but the
disposition index β-cell metric is normal; whereas in state 2, β-cell responsivity is normal,
but the disposition index is impaired [38].
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