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Abstract

Insulin resistance plays an important role during various stages of the type 1 diabetes mellitus disease process. Unfortunately, many of the
techniques used to measure insulin sensitivity are experimentally laborious and time-consuming and are thus impractical for larger clinical
and population studies. Therefore, in this study, we obtain estimates of insulin sensitivity from a simpler experiment, the oral glucose
tolerance test (OGTT), and compare them with those from a frequently sampled intravenous glucose tolerance test (FSIGT) in a population
of subjects defined as having early type 1 diabetes mellitus (abnormal 2-hour glucose on OGTT) and a group of healthy controls. A total of
19 subjects were studied. Eight antibody-positive first- or second-degree relatives of patients with type 1 diabetes mellitus and 11 healthy
controls underwent both a 3-hour OGTT and an insulin-modified FSIGT on separate days. Indices of insulin sensitivity (SI) were estimated
from the recently derived oral glucose minimal model and the original minimal model of glucose kinetics for the OGTT and FSIGT,
respectively. Estimates of SI from the OGTT correlated closely with those from the FSIGT in both early type 1 diabetes mellitus (rs=0.76, P =
.04) and healthy control (rs = 0.67, P = .03) populations. This preliminary study demonstrates the usefulness of OGTT-derived estimates of
insulin sensitivity in an early type 1 diabetes mellitus population. Given the simplicity of the OGTT relative to the traditional methods of
measuring SI, the oral glucose minimal model may be appropriate for large population studies and clinical trials.
© 2008 Published by Elsevier Inc.
1. Introduction

Although an impairment in insulin secretion due to β-cell
destruction is responsible for the pathogenesis of type 1
diabetes mellitus (T1DM), changes in insulin sensitivity may
also play a significant role throughout the disease process
[1-5]. Therefore, measurement of insulin sensitivity may be
important for the design and interpretation of clinical trials
involving patients with T1DM.

Because the euglycemic hyperinsulinemic clamp and
frequently sampled intravenous glucose tolerance test
(FSIGT) methods are impractical for large clinical trials,
the oral glucose minimal model [6] represents an attractive
alternative to estimate insulin sensitivity from the simpler
protocol of the oral glucose tolerance test (OGTT). It has
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only recently been applied in normal subjects [6], in older
people [7], and in the presence of impaired glucose tolerance
[8]. We therefore aimed to compare estimates from the oral
glucose minimal model against reference estimates obtained
from the FSIGT in both healthy subjects and a population of
subjects with early T1DM.
2. Subjects, materials, and methods

The database consisted of a total of 19 subjects. Eight
subjects were first- or second-degree relatives of patients with
T1DM, were islet cell antibody (ICA)-positive, and had a
normal fasting but an abnormal 2-hour glucose value
(N11.1 mmol/L) after a glucose load. These subjects,
originally identified through the Diabetes Prevention Trial–
Type 1 Diabetes Mellitus and previously described [9,10], are
referred to as the early T1DM group. There were 4 men and
4 women, with mean age of 31.1 (range, 13–44) years and
body mass index of 24.6 ± 3.9. The other 11 subjects were
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Fig. 1. Comparison between SI estimated from the OGTT and the FSIGT
in healthy controls (white circles) and subjects with early T1DM
(black circles).
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antibody-negative healthy controls with no relatives with
T1DM. There were 6 men and 5 women, with mean age of
26.1 (range, 19-32) years and body mass index of 23.8 ± 2.5.

All subjects signed a written informed consent document
before any study procedures. As previously described [9], on
separate days, subjects underwent both an insulin-modified
(0.02 U/kg for early T1DM subjects and 0.03 U/kg for
healthy controls infused over 5 minutes) FSIGT (300 mg/kg)
and a 2-hour OGTT (1.75 g/kg, maximum 75 g) sampled
every 30 minutes.

Glucose kinetics during the OGTT were described by
the previously developed oral glucose minimal model [6],
given by:

G
�
tð Þ ¼ � SG þ X tð Þ½ �d G tð Þ þ SGd Gb þ RaðtÞ

V
Gð0Þ ¼ Gb

X
�ðtÞ ¼ �p2d fX ðtÞ � SId ½IðtÞ � Ib�g X ð0Þ ¼ 0

where the overdot represents the first derivative, G is
plasma glucose concentration (in millimoles per liter), I is
plasma insulin concentration (in picomoles per liter), Gb and
Ib are their basal values, X is insulin action (per minute), and
V is the volume of distribution of glucose (deciliters per
kilogram). Glucose effectiveness, SG (per minute), reflects
the ability of glucose to stimulate glucose disposal and
inhibit glucose production. SI (per minute per picomole per
liter) measures insulin sensitivity or the ability of insulin to
enhance the glucose stimulation of glucose disposal and
glucose inhibition of glucose production. p2 (per minute) is
the insulin action parameter. Ra, the posthepatic appearance
of glucose, was described by a piecewise linear model with
breakpoints at the sampling times. Beyond the sampling
period, Ra was assumed to obey monoexponential decay
with a decay rate of 0.017/min [6]. Furthermore, 86% of the
glucose dose is assumed to be absorbed into the circulation
[11]. To ensure model identifiability, SG and V were assumed
to be 0.014/min and 1.7 dL/kg, respectively; and maximum a
posteriori Bayesian estimation was used by assuming p2 is
normally distributed with mean 0.03/min and coefficient of
variation 20% [6]. The original minimal model of glucose
kinetics [12], where SG, p2, SI, and V were simultaneously
estimated, was used to estimate SI from the FSIGT.

Model parameters were estimated using the software
SAAM II (University of Washington, Seattle, WA) [13].
Spearman correlation was used to assess correlation
between indices.
3. Results

Insulin sensitivity estimated from the OGTT (SI
OGTT)

correlated closely (rs = 0.64, P = .004) with reference
estimates obtained from the FSIGT (SI

FSIGT) (Fig. 1). When
each group was analyzed separately, the correlation was
stronger in the early T1DM group (rs = 0.76, P = .04) than in
the normal group (rs = 0.67, P = .03). In absolute terms,
SI
OGTT was lower than SI

FSIGT in the early T1DM population
(4.98 ± 4.09 vs 6.19 ± 5.64/min/pmol/L), whereas SI

OGTT was
higher than SI

FSIGT in the healthy controls (15.32 ± 8.72 vs
8.88 ± 4.58·min/(pmol·l)).
4. Discussion

In this study, we show that estimates of insulin sensitivity
derived from theOGTTwere closely correlatedwith analogous
estimates from the FSIGT in healthy and early T1DM
populations. In keeping with previous observations, SI

OGTT

was about twice as high as SI
FSIGT in the healthy population

[11,14]. Possible explanations for this phenomenon include the
dose of insulin used [15]; the assumptions of SG and fraction of
absorbed glucose; the effect of incretin hormones, specifically
GLP−1, during the OGTT; and the influence of the single-
compartment assumption of glucose distribution [11].
Although the two estimates are not equivalent, the strong
degree of concordance between them suggests that they are
measuring the same physiological processes. In the early
T1DM group, however, SI

OGTT and SI
FSIGT were roughly of the

same magnitude, which may suggest that perhaps some of the
aforementioned assumptions of the oral glucose minimal
model are more appropriate in individuals at risk for or with
T1DM. For example, we have previously demonstrated an
impaired incretin response in the individuals with early T1DM
[9]. Another possible explanation is that higher levels of doses
of insulin, as in our healthy group, have been shown to result in
lower estimates of SI compared with lower doses [15]. Also of
note is one subject from the early T1DM group whose SI

OGTT

and SI
FSIGT estimates were both negative. This problem has

been observed previously for the FSIGT in this population [16]
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and is due to a concentration of insulin that is insufficient to
exert its influence on the glucose concentration profile. The use
of the OGTT may therefore be limited in advanced stages of
T1DMwhere an endogenous insulin response is absent and no
exogenous insulin is infused. It is nevertheless reassuring that
both SI

OGTT and SI
FSIGT were negative for the same subject.

Because a compensatory hyperbolic relationship exists
between insulin secretion and insulin sensitivity [17],
accurate measurements of insulin sensitivity may provide a
more complete description of the interplay between tissue
response to insulin levels and β-cell function during
progression to clinical diabetes. This may be important in a
population at risk for T1DM or with early T1DM, similar to
the one studied here, who often reports conditions of
increased insulin resistance such as infection or the onset of
puberty before the manifestation of disease. Furthermore, as
the frequency of overweight increases in the general
population, it is expected that insulin resistance accompany-
ing overweight would become more common in the
population at risk for T1DM as well. The estimates of
insulin sensitivity described here may be coupled with
recently derived indices of β-cell function [18] to provide a
global portrait of a patient's metabolic status from an OGTT
[19]. Future work is needed to validate these indices in
different populations and establish their usefulness in other
stages of the disease process.

In conclusion, the present observation that estimates of
insulin sensitivity from the OGTT agree with those from the
FSIGT in patients with early T1DM suggests that the OGTT
may be a practical approach to assess insulin resistance in
diabetes prevention and intervention trials.
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