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Abstract

Insulin resistance is defined as a state where insulin produces a diminished biological response,
primarily in its capacity as a glucose-regulating hormone. Insulin resistance is commonly
diagnosed by pediatric clinicians, but is rarely measured directly in children or adolescents. This
review provides an overview of the techniques that can be used to assess insulin sensitivity in
children, summarizing the methods involved, the assumptions, pitfalls, and appropriate uses of
each technique, as well as their validation and reproducibility in pediatric samples.
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Introduction

Insulin resistance, clinically defined as a state where insulin produces a diminished
glucoregulatory response, is clearly recognized as one of the risk factors for the
development of type 2 diabetes, a disease that, as pediatric obesity becomes more common,
is increasingly diagnosed among children. There are no widely accepted clinical diagnostic
criteria available to separate insulin sensitive from insulin resistant children, and there are no
approved pharmaceuticals for the treatment of pediatric insulin resistance unaccompanied by
dysglycemia. However, accurate and reproducible estimates of children’s insulin sensitivity
are of interest from a research perspective, even if measurement of insulin sensitivity is very
seldom clinically indicated. The gold standard research technique to determine whole-body
insulin sensitivity is the hyperinsulinemic-euglycemic clamp (1, 2). Because this method
requires considerable time and expertise to perform, numerous surrogate measures have
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been developed to estimate insulin sensitivity. This review provides an overview of the
techniques used to assess insulin sensitivity in children, summarizing the methods involved,
the assumptions, pitfalls, and appropriate use of each technique, and their validation and
reproducibility in pediatric samples.

Insulin action

Insulin acts via its cognate receptor to increase glucose transporter 4 translocation to the cell
surface and therefore increases glucose uptake in many body tissues. Notable exceptions are
most neural cells, red blood cells, the renal tubules, the liver, and the intestinal mucosa, each
of which can take up glucose via other glucose transporter molecules that are permanently
located in their cell membranes (3). There are three major insulin responsive organs that are
commonly studied: the muscle, the liver, and the adipose tissue. The adipose tissue is the
most sensitive to insulin, with stimulation of glucose uptake and lipogenesis, and
suppression of lipolysis, occurring at relatively low insulin concentrations. The liver is
slightly less sensitive than the adipocyte; somewhat higher insulin levels are required to
promote hepatic glucose uptake, by increasing glucose phosphorylation and glucose
utilization, and to suppress hepatic gluconeogenesis. Still higher concentrations of insulin
are required to stimulate glucose uptake maximally in muscle. Muscle insulin response is
particularly important because skeletal muscle is responsible for over 75% of insulin-
stimulated whole body glucose uptake (4). Insulin’s ability to stimulate whole body glucose
uptake should be conceptualized as a summing of insulin’s action at many independently
regulated tissues.

Measurement of insulin and glucose

Techniques for assessing insulin sensitivity require accurate measurement of insulin. Insulin
assays have changed over time, and show considerable inter-laboratory variation (5). It is
important to avoid assays that have significant cross-reactivity with proinsulin or other
insulinomimetic compounds. The standards used for insulin assay calibration also may vary
among assays (6). Thus, any numerical value for insulin (and therefore for measures of
insulin sensitivity) cannot necessarily be directly compared between laboratories, but only
among patients studied in a single lab using the same assay with known standards. For this
reason, universal numerical definitions of insulin resistance do not exist for clinical use, and
measurement of insulin sensitivity remains a research technique. In addition to variation
between laboratories, falsely low insulin readings may be caused when blood specimens are
hemolyzed, because insulin degrading enzymes are released (7).

Almost all assessments of insulin sensitivity also require accurate measurement of blood
glucose. When whole blood samples are permitted to remain at room temperature for
prolonged periods of time prior to processing, continued glycolysis will lower the
concentration of glucose in the sample. To avoid this problem, common practice is to draw
blood for measurement of glucose into gray-top tubes, which contain sodium fluoride, an
inhibitor of glycolysis. Less recognized is that sodium fluoride fails to inhibit glycolysis
fully during the first few hours after sample collection, as sodium fluoride inhibits enolase,
an enzyme that acts late in the glycolytic pathway, but does not inhibit early glycolytic
enzymes (8). The problem of glucose lowering due to glycolysis can be effectively
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minimized either by acidification of the sample with a citrate buffer, or by immediately
placing samples in an ice-water slurry and separating plasma from cells within 30 minutes of
collection (9).

Preparation for testing

It has been recommended that assessment of glucose metabolism be performed after 72
hours of high-carbohydrate diet (250-350g per day). Although this recommendation has not
been evaluated in children, adult studies suggest the carbohydrate content of the diet in the 3
days prior to testing has relatively little effect on assessment of glucose metabolism in
healthy (10) or pregnant individuals (11). Some elevation of post-prandial blood glucose
may be seen with malnutrition or after low carbohydrate diets (50-100g per day) (10).

Techniques to estimate insulin sensitivity

Many approaches to estimate insulin sensitivity have been promulgated, from single blood
sample tests to investigational procedures requiring frequent sampling for many hours. The
consensus “gold standard” technique for whole body insulin sensitivity assessment is the
hyperinsulinemic-euglycemic clamp study (1). Because all other methods are compared in
their ability to approximate data from this complex research procedure, we present the
hyperinsulinemic-euglycemic clamp test first, before exploring simpler measures.

The hyperinsulinemic-euglycemic clamp

The hyperinsulinemic-euglycemic clamp is a direct measure of insulin stimulated glucose
disposal (primarily by the muscle) at a given level of hyperinsulinemia. It has been used
extensively in children and adolescents, including lean and obese Caucasians and African
Americans (12-20), those with prediabetes (18, 21), those with type 1 (18, 22, 23) and type
2 diabetes (18, 24), survivors of childhood cancer (25) and those with critical illness (26).
The hyperinsulinemic clamp in pediatrics has allowed greatly improved understanding of the
causes of insulin resistance in childhood and during adolescence, including the role of
growth hormone in mediating pubertal insulin resistance, how competition between
oxidation of glucose and free fatty acids can help explain pubertal insulin resistance, and the
associations of factors such as race and intra-abdominal adipose tissue with pathologic
insulin resistance and type 2 diabetes (27).

The basic principle of the technique is simple: measure glucose uptake while exogenous
insulin is given via intravenous infusion to raise blood insulin concentration above baseline
to a new, steady-state, “hyperinsulinemic” level. As a result of the hyperinsulinemic state,
glucose disposal increases in insulin sensitive tissues that take up glucose, and endogenous
glucose production from the liver is suppressed. Simultaneously, glucose is infused at a
variable rate to maintain a constant, or “clamped” blood glucose in the normal, or
“euglycemic” range, typically 90-100 mg/dL + 5%.

The original description of the hyperinsulinemic-euglycemic clamp (1) involved
measurement of arterial blood glucose concentrations. Arterial catheterization for
measurement of insulin sensitivity is generally considered more risky than venous sampling
in adults (and clearly in children), thus an attempt is made to “arterialize” venous blood
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samples. This is done by increasing arterio-venous shunting through the capillary beds by
warming the extremity in a hot box or heating blanket, and drawing blood from an IV placed
in a distal location (e.g. the hand). Ideally, the IV should be placed in a retrograde fashion,
but this is seldom done in pediatric studies.

Once a steady state is attained during which blood glucose, blood insulin, and glucose
infusion rate are constant (usually after 2—-3 hours of insulin infusion), the glucose infusion
rate (GIR), after adjusting for changes in glucose concentration over the evaluated period
and subtracting out any urine glucose excreted during the test, is equal to the rate of glucose
disposal (often referred to as “M”). An individual who is sensitive to the blood glucose
lowering effects of insulin will require a high GIR in order to maintain euglycemia, while an
insulin-resistant individual will require a lower GIR to maintain euglycemia. M is usually
expressed relative to body size (total weight or lean mass) and time (mg dextrose
disposed/kg/min), although there has been little study of how correction for body size should
be done for children. M must be interpreted in relation to the level of hyperinsulinemia
achieved during the clamp: a GIR of 8 mg/kg/min at a sub-maximal insulin level of 50
mclU/mL is not equivalent to a GIR of 8 mg/kg/min at an insulin level of 100 mclU/mL, a
concentration at which maximal glucose uptake is generally observed. The insulin dose
should be matched to the anticipated insulin sensitivity of the study population, such that a
range of glucose disposal rates is observed, allowing the investigator to distinguish
differences among subjects. If too low a dose is chosen, M will be clustered in a low range,
too high a dose will produce high M values even in more insulin-resistant subjects. Thus,
investigators planning hyperinsulinemic-euglycemic clamp studies should carefully review
the literature to pick an insulin dose that will maximize variation in observed insulin
sensitivity. For example, investigators studying lean, prepubertal children might choose a
low dose (e.g. 20 mcU/m2/minute), while those studying obese adolescents might choose a
higher dose (e.g. 40-80 mcU/mZ/minute) due to physiologic insulin resistance of puberty
(28) combined with pathologic insulin resistance associated with obesity. However, even at
the same rate of insulin infusion, individuals may have varying steady-state insulin levels
due to differences in insulin clearance; thus insulin concentrations must be measured during
each study.

One of the critical assumptions of the hyperinsulinemic-euglycemic clamp is that measured
GIR equals glucose disposal (M) in the steady state; however, this is true only if steady state
conditions are achieved. Although many investigators report M values during a predefined
time period during the clamp (e.g. the final 30 or 60 minutes), steady state conditions may
not have been achieved during this time frame for all subjects. Some recommend defining
the steady state period individually, as a 30 minute time period occurring at least one hour
after beginning the insulin infusion, during which the GIR, insulin concentration, and blood
glucose do not vary by more than 5% (29). However, glucose disposal generally increases
with increasing duration of insulin infusion, even when serum insulin remains constant.
Thus, it is important to attempt to keep the duration of insulin infusion similar among study
subjects. In addition, GIR will not equal M if hepatic glucose production (HGP) is not
completely suppressed by the hyperinsulinemic state. HGP may not be suppressed in
insulin-resistant individuals if the dose of insulin chosen is not high enough (30, 31).
Suppression of HGP may be verified by using glucose tracers during the study.
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Numerous variants of the hyperinsulinemic-euglycemic clamp exist that can add to the
scientific information gained. These include use of multiple insulin doses to investigate
insulin sensitivity at different target tissues (adipose, liver, and muscle), somatostatin
analogs to suppress incretin hormone production as well as pancreatic insulin or glucagon
secretion (with or without the addition of basal pancreatic hormone infusions), isotope
tracers to measure endogenous glucose or lipid production, and indirect calorimetry to
measure energy expenditure and substrate oxidation (32, 33).

The major limitation for use of the hyperinsulinemic-euglycemic clamp as a research tool is
that it is non-trivial to perform: it requires a minimum of 2-3 hours of time per subject, and
experienced operators must be present to manage the infusions, draw blood, measure blood
glucose every 5 minutes, and adjust glucose infusion rates. As bedside glucometers do not
have sufficient precision or accuracy for use during hyperinsulinemic-euglycemic clamps, a
more accurate glucose measurement device such as the Yellow Springs Instrument or
Beckman analyzer must be used. Although algorithms exist to assist in decision-making
regarding adjustment of glucose infusion rates, an experienced operator will typically do
better than a computer in maintaining steady state glucose concentrations (29, 34). Finally,
subjects must be mature enough to cooperate; in the experience of the authors, this may be
challenging in children less than eight years of age.

Even though blood glucose is monitored frequently, there is a risk for hypoglycemia during
hyperinsulinemic-euglycemic clamps. Care must be taken to ensure continued patency of the
intravenous line through which dextrose is infused, and to avoid infiltration of the line, as
infiltration with high-concentrations of dextrose may cause tissue damage. Most groups
have two glucose analyzers available during each study in case of equipment malfunction,
and a bedside glucometer should be present as well in case of IV failure. Especially with
higher doses of insulin, hypokalemia may result from intracellular shifts of potassium, and
serum potassium should be monitored and replaced as needed. For these reasons, the
hyperinsulinemic-euglycemic clamp remains a research test performed at relatively few
pediatric centers and the vast majority of pediatric studies report other, simpler, measures of
insulin sensitivity.

to the Hyperinsulinemic-Euglycemic Clamp to Assess Insulin Sensitivity

Alternative indices of insulin sensitivity include steady-state (usually fasting) and dynamic
measures. Dynamic indices measure the change in glucose and/or insulin during a
perturbation. Formulas for surrogate measures of insulin sensitivity and their correlations
with the hyperinsulinemic-euglycemic clamp in pediatrics are summarized in Table 1.

The Insulin Tolerance Test

Perhaps the simplest test of insulin action to understand is the insulin tolerance test (ITT). It
provides a direct measure of glucose disappearance in response to an exogenous insulin
bolus. An insulin bolus of 0.1 units/kg is given intravenously, and blood samples are
obtained for 15 minutes following the injection for measurement of glucose (35). The rate of
glucose disappearance (K;t1) from time 3 to 15 minutes is used a measure of insulin action.
The ITT assumes that the rate of glucose disappearance is linear over time and is solely
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attributable to the effects of insulin. Rises in counterregulatory hormones in response to
falling glucose concentrations may blunt the decline in glucose (36), particularly among
normoglycemic, insulin sensitive individuals. The short (15 minute) ITT has largely replace
prior versions that included measurement of glucose for 30-60 minutes after insulin
injection, as the counterregulatory hormone surge appears between 15 and 30 minutes after
the insulin dose (35). The ITT carries with it a non-negligible risk of symptomatic
hypoglycemia, particularly in insulin sensitive subjects. A lower dose version (0.05 units/kg
of insulin) has been tested in lean adults, and appeared to be safe, with fair correlation with
the hyperinsulinemic-euglycemic clamp (R=0.68) (37). Higher dose versions (0.2 unit/kg of
insulin) have been safely used in populations with extreme insulin resistance, including
adults and children with lipodystrophy or insulin receptor mutations (38, 39). Because the
ITT requires only a single 1V with serial blood draws over 15 minutes, it is far less resource
intensive than the hyperinsulinemic-euglycemic clamp.

Studies validating the ITT to assess insulin sensitivity in children, however, are almost
nonexistant. In 8 adolescents with type 1 diabetes, the validity of the ITT was poor
compared to the clamp (r=-0.33, P=0.43) (40), suggesting this is not an appropriate test of
insulin sensitivity in this population. More thorough study of the safety and validity of the
ITT in children is necessary before recommending this test for pediatric studies.

The Hyperglycemic Clamp

The hyperglycemic clamp is used primarily to measure beta-cell function, but an indirect
measure of insulin sensitivity may be calculated using this technique. The principle of the
hyperglycemic clamp is that glucose is raised using intravenous dextrose infusion to a
hyperglycemic steady-state level, typically at or above 200 mg/dL. The hyperglycemic
clamp maximally stimulates endogenous insulin secretion, allowing measurement of first-
and second-phase beta-cell response to hyperglycemia and measurement of glucose disposal
in response to endogenous insulin. After an overnight fast, the patient is given a bolus of 25—
50% dextrose over 2 minutes to acutely raise the blood glucose to ~225 mg/dL. Arslanian
and colleagues calculate the bolus dose of dextrose as (225 minus fasting plasma glucose)
times body weight (kg) times a glucose distribution factor (1.5 in lean and 1.1 in overweight
or obese children) (34). The bolus is followed by a variable rate 20% dextrose infusion,
adjusted based on glucose measurements every 2.5 minutes for the first 15 minutes, and
every 5 minutes for the remaining 105 minutes. Insulin and C-peptide are typically
measured with each blood draw during the first 15 minutes, and every 15 minutes thereafter.
During the final 30-60 minutes of the study, an index of insulin sensitivity may be
calculated as the rate of glucose utilization (equal to GIR minus urinary glucose loss plus
adjustment for any change in blood glucose concentration) divided by the mean insulin
concentration. Like the hyperinsulinemic-euglycemic clamp, the hyperglycemic clamp
requires two well-functioning IV lines, two accurate glucose measurement devices, and
frequent blood draws. Because dextrose infusion rates vary according to endogenous insulin
secretion (which is phasic and pulsatile), maintaining a hyperglycemic clamped state is
technically quite difficult and even experienced operators find it difficult to achieve better
than £20 mg/dL around the intended target blood glucose concentration.
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Among the identified limitations to the use of the hyperglycemic clamp to estimate insulin
sensitivity are: 1) subjects must have fasting blood glucose below the concentration at which
the glucose is clamped during the study; 2) the clamped glucose level should be below the
renal threshold or one must correct glucose infusion rates for large urine glucose losses; 3)
use of the hyperglycemic clamp method requires that subjects have significant insulin
secretory capacity (thus not useful in those with diabetes); and 4) because the hyperglycemic
clamp uses endogenous insulin production for its estimates, the assay used for its insulin
measurements must have minimal cross-reactivity with proinsulin or other insulinomimetic
compounds (41). In children, greater apparent insulin sensitivity has been observed during
hyperglycemic clamps than during hyperinsulinemic-euglycemic clamps, likely due to
increased glucose effectiveness (the ability of glucose to induce its own entry into cells) in
the setting of hyperglycemia (42). The correlation of the insulin sensitivity index derived
from the hyperglycemic clamp with that obtained from the hyperinsulinemic-euglycemic
clamp in pediatrics has ranged from r=0.45 to 0.92 (34, 42, 43), suggesting that this test is
not completely equivalent, but may be a reasonable alternative to the hyperinsulinemic-
euglycemic clamp, especially if estimation of beta-cell function is desired in addition to
determination of insulin sensitivity.

The Insulin-Modified Frequently Sampled Intravenous Glucose Tolerance Test (FSIGT)

Like the hyperglycemic clamp, the FSIGT procedure can be used to produce estimates of
both first-phase insulin secretory capacity and insulin sensitivity; it is technically much
simpler to perform, but more challenging to interpret than clamp studies. After an overnight
fast, basal samples are obtained for measurement of glucose and insulin. Dextrose (300
mg/kq) is then infused intravenously over 2 minutes. Subsequently, insulin (0.02 to 0.05
units/kg) is acutely injected or infused over 5 minutes starting 20 minutes after the glucose
infusion. Blood samples for glucose and insulin are obtained frequently, for example at 2, 4,
6, 8, 10, 12, 14, 16, 20, 22, 23, 24, 25, 27, 30, 40, 50, 60, 70, 80, 90, 100, and 120, and 180
minutes. The data obtained are analyzed assuming a minimal model for insulin action,
applied to the frequently sampled intravenous glucose tolerance test (FSIGT) by Bergman
and colleagues (44, 45). This model solves two differential equations to describe the
dynamic changes in glucose and insulin over time. From these equations, an index of insulin
sensitivity, Sy, is calculated. S essentially equals the effect of insulin to reduce glucose
concentration over time. A reduced-sample FSIGT method (using samples obtained at 0, 2,
4, 8,19, 22, 30, 40, 50, 70, 90, and 180 min) has also been validated by the Bergman group
(46), and may be more appropriate for use in young children. The full 30 sample FISGT
requires a minimum of about 35 mL of blood, while the reduced 12 sample version may be
completed using only about 14 mL. Like the clamp, the FSIGT requires two well-
functioning intravenous lines during a 3-hour test, but involves less time from skilled
personnel after the first hour of the test (after the injections have been completed and the
risk of hypoglycemia lessens). The frequency of hypoglycemia in children undergoing the
FSIGT ranges from one report of 32% in relatively lean prepubertal children given 0.03
U/kg insulin (47) to less than 3% in obese, insulin-resistant children given 0.02 U/kg (48).

The minimal model makes numerous assumptions and has significant limitations. The
dextrose bolus is assumed to be rapidly distributed in a single “glucose space” or
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compartment; thus rapid injection of dextrose via a well-functioning IV is necessary. The
analysis approach is considered a “minimal model” because insulin is assumed to act when
it leaves the blood stream and reaches a single, “remote compartment,” which is
conceptualized physiologically as the interstitial space. The disappearance of glucose due
either to insulin action or glucose effectiveness is assumed to be monoexponential, which
some studies suggest leads to systematic underestimation of S; in humans (29). Finally, the
model requires glucose concentration at the end of the test (180 minutes) to return to the
initial fasting level, a condition not always observed. Limitations include that the level of
insulin achieved following the glucose bolus must be above a threshold in order to fit a valid
model for S,. Further, in humans, peak endogenous insulin secretion overlaps the period of
maximal glucose effectiveness, so exogenous insulin (or in some versions of the test, an
insulin secretagogue) need to be given 20 minutes after the glucose bolus (at which time the
period of maximal glucose effectiveness has passed) in order to isolate the effect of insulin
to lower glucose. The minimal model cannot distinguish between the effect of insulin to
promote glucose disposal at the muscle (muscle insulin sensitivity), versus the effect of
insulin to suppress hepatic glucose production (hepatic insulin sensitivity). In addition, the
model does not always work well in patients with both insulin resistance and insulinopenia
(e.g. type 2 diabetes with advanced beta-cell failure); some studies report physiologically
impossible estimates of S; (either negative or zero) (49-51) in patients with type 2 diabetes,
although others have not reported this problem (52). The FISGT has been used in multiple
pediatric studies (53-55), and has yielded important insight into, for examples, racial
differences in insulin sensitivity, hepatic insulin extraction, and insulin secretion (56) and
sex-associated differences in free fatty acid flux (57). However, there are surprisingly few
investigations that directly compare the FSIGT to the hyperinsulinemic-euglycemic clamp in
children. Henderson et al. studied 20 healthy children aged 6 to 18 years, including a
spectrum from lean to obese (58). S| from the FSIGT correlated well with hyperinsulinemic-
euglycemic clamp M (R=0.74). In adults, correlation coefficients from as low as 0.44 to as
high as 0.92 have been reported (50). The FSIGT, like the hyperglycemic clamp, is a less-
intensive alternative to hyperinsulinemic-euglycemic clamp that also supplies a measure of
beta cell function (first-phase insulin secretion).

The Oral Glucose Tolerance Test (OGTT)

There are several categories of insulin sensitivity indices that make use of glucose and
insulin measured both before and after administration of oral glucose (Table 1). The first
category includes theoretically-derived equations based on the principle that whole-body
insulin sensitivity during the OGTT is inversely proportional to the product of mean or
integrated insulin and glucose values during the test (i.e. Belfiore (59) and Matsuda (60)
indices). The second category includes empirically derived formulas based on OGTT data
that were designed to maximize correlation with the euglycemic clamp (i.e. Stumvoll (61),
Gutt (62), and Insulin Sensitivity Index [ISI] (63) indices). Finally, the minimal model may
be applied to data derived from the OGTT, analogous to its use with the FSIGT (64).

All tests are based on a standard OGTT with an oral glucose load of 1.75 g/kg, up to a
maximum of 75g. Thus, one major advantage of OGTT-derived indices is that the
investigator makes use of a test that can provide clinical diagnostic information about
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diabetes status as well as research information about insulin sensitivity. In addition to the
clinical measures of glucose in the fasting state and 2 hours after the oral glucose load,
OGTT-derived indices require measurement of fasting and 120 minute insulin, and several
of the indices require measurement of glucose and insulin at intermediate or later time points
(e.g. 30, 60, 90, 150, and 180 minutes after the glucose load). If sampling at multiple time
points is to be done, IV access for the purpose of blood draws is desirable. Although the
OGTT is considered a benign test, some children will refuse to drink the glucose solution,
and some will complain of nausea.

Oral ingestion of glucose more closely mimics the normal physiology activated to handle a
meal than the other tests described here; however, the oral route adds considerable
complexity to interpretation of the results. In addition to insulin secretion and sensitivity,
variability in test results may be introduced by differences in gastric emptying, splanchnic
glucose uptake, and incretin hormone secretion. The test-retest reproducibility of the OGTT
for the diagnosis of impaired fasting glucose and impaired glucose tolerance is poor in
overweight youth (65, 66) and the correlation between glucose measurements from two
OGTTs was remarkably low: 0.73 for fasting glucose, and only 0.37 for 2h glucose
measurements (65), suggesting that subtle changes in test conditions (including unknown
factors) may significantly influence the results. Good correlations with the
hyperinsulinemic-euglycemic clamp (R=0.74-0.78) have been observed between some
OGTT-derived indices (Matsuda index and ISI) in two pediatric studies (67, 68). The OGTT
can also provide data for indices of insulin secretory capacity, although these do not seem
very well correlated to insulin secretion after intravenous dextrose, probably due to incretin
effects.

Fasting surrogates

Fundamentally, almost all fasting surrogates are based on measuring a steady state (fasting)
insulin concentration, and operate on the principle that, in the context of euglycemia, insulin
secretion will compensate for insulin resistance (Table 1). Thus, higher fasting insulin
indicates greater insulin resistance, while lower fasting insulin indicates insulin sensitivity.
Because insulin concentrations are relatively low in the fasted state, insulin is primarily
acting at the level of the adipose tissue and the liver, rather than the muscle. Thus, many
investigators consider fasting surrogates as primarily reflecting hepatic insulin sensitivity
(69). In contrast, the hyperinsulinemic-euglycemic clamp (at the typical doses of insulin
used) primarily measures muscle insulin sensitivity. When patients are truly fasting, simply
measuring the insulin concentration produces very high correlations with M from
hyperinsulinemic-euglycemic clamps (70) (Table 1).

Most fasting measures take into account both insulin and glucose concentrations in an effort
to account for different expected amounts of insulin secretion when glucose is maintained at
different levels within the range of euglycemia. The simplest of these is fasting glucose
divided by fasting insulin. The HOMA-IR model was based physiologically on the idea that
a feedback loop exists between the glucose production by the liver and insulin production by
the beta-cell that works in concert to maintain euglycemia. This index also solely depends
on fasting glucose and insulin concentrations. The original and most widely used model, the
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HOMAL1, approximates the true physiologic model using a simple arithmetic calculation
(Table 1) and can be expressed either as a resistance index, so that higher values indicate
greater insulin sensitivity, or, by calculating the inverse, as a sensitivity index, where higher
values indicate greater insulin resistance. The HOMAZ2 model has non-linear solutions, and
thus must be calculated using computer software, but is more comparable to the minimal
model of S| based on the FSIGT (69). The equation for HOMA1 was originally calibrated to
give an output of 1 for normal insulin sensitivity based on insulin assays from the 1970s, and
thus will overestimate insulin sensitivity using current insulin assays; the HOMA2 computer
software, in contrast, has been recalibrated using modern insulin assays (69). The
quantitative insulin sensitivity check index (QUICKI) is slightly more complicated to
calculate because it log-transforms insulin and glucose, but is mathematically related to
HOMAZ1 (Table 1) and does not appear to offer obvious advantages to HOMAL (70).

The major value of fasting surrogates is their simplicity, as they require measurement only
of insulin (and, in most cases, glucose) after an 8 to 10 hour fast. Ideally, because insulin is
secreted in pulses, 2 to 3 fasting samples should be drawn, 5 to 10 minutes apart, and the
mean of the samples should be used for calculations. Several studies have examined the
correlation between fasting surrogates of insulin sensitivity and the hyperinsulinemic-
euglycemic clamp in children. Correlations have varied considerably among studies, ranging
from poor (R=0.25) to excellent (R=0.92) (43, 67, 68, 70, 71). This variability may depend,
in part, on the rigor with which testing conditions (particularly, fasting) were controlled. In
the majority of large-scale studies, fasting blood draws are performed on an outpatient basis,
and thus the patient must be relied upon to maintain a fasted state. This assumption is
frequently violated, and can be avoided by admitting patients to hospital the night before the
blood sample is obtained. This adds substantially to the cost of studies, but may be less
expensive than performing hyperinsulinemic-euglycemic clamps. As with all measures of
insulin sensitivity, insulin and glucose must be measured accurately, in accordance with the
considerations discussed above.

In diabetic subjects with reduced beta-cell function, insulin secretion can no longer
appropriately compensate for insulin resistance, and thus when fasting hyperglycemia is
present, any surrogate measure based on measurement of insulin will not be valid. This is of
particular concern in patients with type 1 diabetes, or those with type 2 diabetes with
advanced disease. To deal with this issue, Dabelea and colleagues developed a fasting
surrogate measure of insulin sensitivity specifically for use in diabetic children that does not
incorporate insulin into the calculation (72). This measure of insulin sensitivity is sometimes
referred to as estimated insulin sensitivity score (elS), and is based on waist circumference,
hemoglobin Alc, and triglycerides (Table 1). The elS had reasonable correlation with
insulin sensitivity measured as the glucose disposal rate obtained from a medium-dose
insulin (80 mU m 5, min 1) hyperinsulinemic-euglycemic clamp (R=0.65) after overnight
normalization of blood glucose by insulin infusion, regardless of diabetes type (type 1 or
type 2). A similar “insulin resistance score” (IRS) was developed in 24 adults with type 1
diabetes, incorporating waist to hip ratio, presence of hypertension, and hemoglobin Alc
concentration (Table 1) (73). However, this index has not been tested in children, and may
have reduced utility in pediatrics due to the inclusion of hypertension as one of the
predictive factors.
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Fasting surrogate markers of insulin sensitivity have been used effectively in large-scale
pediatric clinical trials, for which more complex techniques would have been impractical.
For example, the Treatment Options for type 2 Diabetes in Adolescents and Youth
(TODAY) trial used fasting surrogates to suggest that the addition of rosiglitazone to
metformin resulted in greater improvements in insulin sensitivity than metformin alone (74).

Conclusions

The hyperinsulinemic-euglycemic clamp is considered the gold-standard test of insulin
sensitivity in children, but it requires considerable resources and expertise to perform. In
addition to providing a direct measure of insulin sensitivity, the hyperinsulinemic-
euglycemic clamp can give information about tissue-specific insulin action (using different
insulin doses), insulin clearance, and, when combined with isotopic tracers, endogenous
glucose production. Hyperinsulinemic-euglycemic clamps are thus exceptionally valuable
for small, mechanistic studies.

Surrogate measures of insulin sensitivity, including fasting measures, OGTT measures, the
hyperglycemic clamp, and the minimal model of the FSIGT give distinct views of insulin
sensitivity that are certainly not equivalent to the hyperinsulinemic-euglycemic clamp, but
still have importance and validity. The extant data suggest that, in pediatric-age subjects
who are definitely known to be fasting, simple surrogate indices of insulin sensitivity have
very high correlation with hyperinsulinemic-euglycemic clamp results. Thus if
hyperinsulinemic-euglycemic clamps cannot be performed, only measurement of insulin
sensitivity is needed, fasting can be assured, and insulin and glucose are accurately
measured, it is not clear that testing more involved than measuring fasting glucose and
insulin is required. Fasting measures are especially to be preferred for large scale studies, in
which performing more intensive metabolic testing would require prohibitive resources.
Ensuring that children are fasting is the major challenge — this may be best ensured by
admitting them to the hospital overnight. Although this is expensive, it may still be less
resource intensive than performing hyperinsulinemic-euglycemic clamps.

Even for surrogates with strong correlation to the hyperinsulinemic-euglycemic clamp, there
is considerable variation in clamp insulin sensitivity for any given value of the surrogate.
Thus, researchers and clinicians should not infer that a specific value for insulin sensitivity
from a surrogate, such as fasting insulin or HOMA, in a specific child, may be used to
calculate whole-body insulin sensitivity for that child. Rather, estimates of insulin sensitivity
from surrogates may be compared among different populations. Likewise, surrogate
measures of insulin sensitivity, and even the hyperinsulinemic-euglycemic clamp itself,
should not be used for clinical diagnostic purposes, but only for research.

In conclusion, there are many measures of insulin sensitivity available that supply different
views of insulin action; some require significant technical skills that make them unsuited for
most pediatric investigations and most others have relatively limited validation in pediatric
samples and assumptions that must be carefully evaluated before being applied to a pediatric
sample. Determination of insulin sensitivity is not currently clinically-indicated. Until the
diagnosis of pediatric insulin resistance — independent of abnormalities in glucose
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metabolism - has been demonstrated to have clinical consequences and effective treatment is
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