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Incremental area under the curve of plasma glucose during MT'T
AUClInsulin

Incremental area under the curve of insulin during MTT

BMI: Body mass index

Cmax, Glucose

Maximum incremental plasma glucose concentration during the MTT
Cmax, Insulin

Maximum incremental plasma insulin concentration during the MTT
DI disposition index

FPG fasting plasma glucose

FPI fasting plasma insulin

HbAIC glycated hemoglobin

IVGTT iv glucose tolerance test

MO fasting pancreatic 3-cell responsiveness

MI postprandial pancreatic 3-cell responsiveness

MTT meal tolerance test

SG glucose effectiveness

SI insulin sensitivity

We examined the ability of indices of insulin sensitivity and pancreatic 3-cell responsiveness
to explain interindividual variability of clinical measures of glucose control in newly
presenting type 2 diabetes. Subjects with newly presenting type 2 diabetes (n = 65; 53 males
and 12 females; age, 54 £ 1 yr; body mass index, 30.5 * 0.7 kg/m2 ; mean * SE) underwent
an insulin-modified iv glucose tolerance test to determine minimal model-derived insulin
sensitivity (SI ), glucose effectiveness, first-phase insulin secretion, and disposition index.
Subjects also underwent a standard meal tolerance test (MTT) to measure fasting/basal
(MO ) and postprandial (MI ) pancreatic B-cell responsiveness. Stepwise linear regression
used these indices to explain interindividual variability of fasting and postprandial plasma
glucose and insulin concentrations and glycated hemoglobin (HbA1 C ). All measures of
pancreatic B-cell responsiveness (MO , MI , and first-phase insulin secretion) were negatively
correlated with fasting plasma glucose ( P < 0.01) and positively correlated with fasting

plasma insulin (FPI) and insulin responses to MTT ( P < 0.05). SI demonstrated negative



correlation with FPI ( P < 0.001) but failed to correlate with any glucose variable. MI
followed by disposition index (composite index of insulin sensitivity and pancreatic B-cell
responsiveness) were most informative in explaining interindividual variability. It was
possible to explain 70-80% interindividual variability of fasting plasma glucose, FPI,
HbA1C , and insulin responses to MTT, and only 25-40% interindividual variability of
postprandial glucose. In conclusion, postprandial insulin deficiency is the most powerful
explanatory factor of deteriorating glucose control in newly presenting type 2 diabetes.
Indices of insulin sensitivity and pancreatic B-cell responsiveness explain fasting glucose and
HbA1 C well but fail to explain postprandial glucose. (] Clin Endocrinol Metab 87: 198-203,
2002)

THE PATHOGENESIS OF type 2 diabetes is complex and has yet to be fully understood
[1] [2] , however, it has been established that both insulin resistance and deficient insulin
secretion play decisive roles in the development of type 2 diabetes [3] [4] .

The minimal model analysis [5] using the standard or insulin-modified iv glucose tolerance
test (IVGTT) measures insulin sensitivity (SI ) and glucose effectiveness (SG ). IVGTT also
provides a measure of the first-phase insulin secretion (AIR G ). The minimal model has
been widely used to assess insulin resistance in various pathophysiological states [5] and has
become invaluable especially in population studies due to its simpler experimental design
compared with the glucose clamp technique [0] .

The insulin secretion model is an approach that was developed recently to measure fasting
(MO ) and postprandial (MI ) pancreatic 3-cell responsiveness during a meal tolerance test
(MTT) [7] . The MTT is a standardized physiological test and has the benefit of a typical
postprandial exposure of the pancreas to glucose, other nutrients (fat, protein), gut and vagal
hormones. The insulin secretion model has been shown to discriminate across a wide
spectrum of pancreatic 3-cell responsiveness [7] .

The generally accepted but as yet not confirmed hypothesis is that the IVGTT and/or MTT
facilitate the estimation of essential indices of the whole-body carbohydrate metabolism. The
aim of this study was to investigate whether these indices are able to explain interindividual
variability of clinical measures of glucose control such as fasting plasma glucose (FPG) and

insulin, glycated hemoglobin (HbA1 C), and the glucose and insulin responses to a meal. In
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this study, subjects with newly diagnosed type 2 diabetes were studied because they present

the end-point of the natural development of the disease before therapeutic intervention.

Subjects and Methods

Subjects

Subjects with newly presenting type 2 diabetes according to WHO criteria participated in the
study [n = 65; 53 males and 12 females; age 54 * 1 yr; body mass index (BMI), 30.5 + 0.7
kg/m2 ; mean & SE]. The study was approved by Bro Taf Local Research Ethics Committee
(Cardiff, UK).

199

Experimental design

The subjects were admitted on two consecutive study days to the Diabetes Research Unit,
Llandough Hospital (Penarth, UK), after an overnight 12-h fast. Each subject underwent
two procedures in random order.

The insulin-modified IVGTT consisted of a 0.3 g/kg glucose bolus per body weight given at
0 min over 2 min, followed by 0.05 mU/kg insulin (Actrapid; Novo Nordisk, Bagsvaerd,
Denmark) at 20 min [8] . Blood samples were taken at —30, =15, 0, 1, 2, 3, 4, 5, 6, 7, 8, 10,
12, 14, 16, 19, 22, 23, 24, 25, 27, 30, 40, 50, 60, 70, 80, 90, 100, 120, 150, and 180 min for
measurement of plasma glucose, insulin, and C-peptide.

A standard 500-kcal meal was consumed at 0 min (75 g carbohydrates; calorie contribution,
58% carbohydrate, 23% fat, and 19% protein) [8] . Subjects were required to consume the
whole meal within 10 min. Blood samples were taken at —30, 0, 10, 20, 30, 40, 50, 60, 75, 90,
120, 150, 180, 210, and 240 min to measure plasma glucose, insulin, and C-peptide.

In both tests, blood was taken via an indwelling iv cannula that was inserted into the
antecubital fossa vein and connected via a three-way tap to a slow-running saline infusion to
maintain the patency of the vein.

Assay method

Glucose was assayed using the glucose oxidase method (model 2300 Yellow Springs
Analyzer, YSI, Inc., Yellow Springs, OH) (intra-assay coefficient of variation <2%). Insulin

and C-peptide were assayed using immunoassays using monoclonal antibodies (DAKO
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Corp., Ely, Cambridgeshire, UK) (intra-assay coefficient of variation <5% and <6%,
respectively).

Data analysis

Glucose and insulin levels.

FPG and fasting plasma insulin (FPI) were obtained as mean values of pretest IVGTT and
MTT measurements. Cmax,Glucose and Cmax,Insulin were the maximum incremental
plasma glucose and insulin concentrations during the MTT. AUCGlucose and AUClInsulin
were the incremental area under the curve of plasma glucose and insulin during MTT from
0-240 min.

Minimal model analysis.

The minimal model analysis of IVGTT data gave insulin sensitivity (S I, ability of insulin to
enhance the net glucose disappearance from plasma) and SG (ability of glucose to promote
its own disposal) [9] [10] . Both SI and SG are measures of insulin sensitivity; the former
measures insulin sensitivity at an incremental insulin concentration, the latter at the basal
insulin concentration.

The AIRG (measure of pancreatic 3-cell responsiveness) was calculated as the incremental
area under the curve from 2-8 min during the IVGTT [11] . The disposition index (DI ;
composite measure of insulin sensitivity and pancreatic B-cell responsiveness) was calculated
as DI = SI X AIR G [11].

Insulin secretion model.

Insulin secretion model was used to quantify pancreatic B-cell responsiveness from MTT
data, providing MO (ability of fasting glucose to stimulate C-peptide secretion) and MI
(ability of postprandial glucose to stimulate C-peptide secretion) [7] .

MO represents fasting prehepatic insulin secretion divided by the FPG. MI represents the
increase in prehepatic insulin secretion given an increment in postprandial glucose.
Statistical analysis.

A Spearman correlation analysis with a Bonferroni correction was carried out to assess
relationships between indices classified as independent variables for the purposes of the
study (measures of insulin sensitivity and pancreatic 3-cell responsiveness: SI , SG , AIRG ,
DI, MO, and MI ), and dependent variables (clinical measures of glucose control: FPG, FPI,
AUCGlucose , Cmax,Glucose , AUClnsulin , and Cmax,Insulin ). The stepwise multilinear

regression analysis was used to relate the measures of insulin sensitivity and pancreatic 3-cell


http://www.mdconsult.com/das/article/body/81344066-2/jorg=journal&source=MI&sp=12195918&sid=0/N/267880/1.html#R019809#R019809
http://www.mdconsult.com/das/article/body/81344066-2/jorg=journal&source=MI&sp=12195918&sid=0/N/267880/1.html#R019810#R019810
http://www.mdconsult.com/das/article/body/81344066-2/jorg=journal&source=MI&sp=12195918&sid=0/N/267880/1.html#R019811#R019811
http://www.mdconsult.com/das/article/body/81344066-2/jorg=journal&source=MI&sp=12195918&sid=0/N/267880/1.html#R019811#R019811
http://www.mdconsult.com/das/article/body/81344066-2/jorg=journal&source=MI&sp=12195918&sid=0/N/267880/1.html#R019807#R019807

responsiveness to the clinical measures of glucose control. The probability of F for entry and
removal of a variable to/from regression formulae were 0.05 and 0.1, respectively. The
amount of explained interindividual variability was calculated by the ANOVA. The
dependent and independent variables were tested for normal distribution and, where
appropriate, were logarithmically transformed. The results are expressed as mean * SE
unless stated otherwise. SPSS for Windows V9.0 (SPSS, Inc., Chicago, IL) was used to

perform statistical calculations.

Results

Plasma glucose, insulin, and C-peptide

Elevated FPG and HbA1C , shown in Table 1 , document the lack of control in the newly
diagnosed subjects who also presented elevated BMI (see Subjects and Methods). However,
FPI was comparable to that measured in healthy subjects, indicating a gross reduction in
insulin secretion when corrected to the glucose stimulus.

The profiles of plasma glucose, insulin, and C-peptide during IVGTT and MTT are shown
in Fig. 1 . During IVGTT, the effect of exogenous insulin at 20 min on glucose lowering is
clearly visible. At the start of the experiment, the glucose bolus failed to stimulate an
immediate insulin response, as documented by an early drop in C-peptide, and resulted in a
paradoxical temporary suppression of insulin secretion. During MTT, the glucose and insulin
levels remained elevated for longer than in nondiabetic subjects, with peak values reached at
60-90 min. The paradoxical suppression of endogenous insulin secretion was not present.
Minimal model and insulin secretion model

Results of model analyses are given in Table 1 . All parameters were estimated with
acceptable accuracy (data not shown). As expected, insulin sensitivity SI was markedly
reduced by about 70% and SG by about 20%, compared with healthy subjects [12] . MO and
MI were low, compared with those measured in healthy subjects [13] (reduction by about 50
and 80%, respectively; n = 16; age, 50 £ 10 yr; BMI, 29.2 £ 3.6 kg/m2 ; FPG, 5.1 £ 0.5
mmol/liter).

Correlation analysis

The results of the Spearman correlation analysis are given in Table 2 . FPG was negatively

correlated with all measures of pancreatic B-cell responsiveness (most strongly with MI ) and
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the composite index DI .

HbA1C followed a similar pattern with an even stronger

correlation with MI but correlation with DI failing to reach significance after the Bonferroni

TABLE 1 -- Summary statistics of variables representing glucose control FPG, FPI,
AUCGlucose , AUCInsulin , Cmax,Glucose , Cmax,Insulin , and HbA1C and characteristics
of glucose metabolism SI, S G, AIRG , DI, MO and MI

Variable
FPG (mmol/liter)

FPI (pmol/liter)

AUC Glucose (mmol/liter per 180 min)

Cmax,Glucose (mmol/liter)

AUCinsulin (mmol/liter per 180 min)

Cmax,Insulin (pmol/liter)

HbA1C (%)

SI X 10 =5 (1/min per pmol/liter)

SG x 10-2 (1/min)

AIRG (pmol/liter per 6 min)

DI (1/min per 6 min)
M1 X 10-9 (1/min)

MO x 10-9 (1/min)

200

Mean

11.0

60

607

52

28.7

233

7.9

1.07

1.5

313

488

20.1

5.7

SE (interquartile range)
0.4

(31-81)

41

0.2
(13.6-36.0)
(115-320)
(6.1-9.3)
(0.40-1.51)
0.1
(143-393)
(202-732)
(11.3-27.4)

(3.4-7.8)



Figure 1. Plasma glucose, insulin and C-peptide profiles (mean * SE; n = 65) during IVGTT
and MTT.
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(Conservative) correction. The two MTT-related glucose variables, Cmax, Glucose and AUC
Glucose , were also negatively correlated with MI .

All insulin variables (FPI, Cmax, Insulin, and AUCinsulin) were positively correlated with
measures of pancreatic B-cell responsiveness. In addition, FPI was strongly negatively and
AUC Insulin was weakly negatively correlated with SI. These were the only correlations
demonstrated by the two insulin sensitivity indices S I and SG.

Regression analysis and explained interindividual variability

The results of the step-wise multilinear regression analysis are shown in Table 3 . The table
lists normalized regression coefficients (z-scores; a higher absolute z-score indicates a
stronger explanatory ability; this is achieved by transforming the independent variables to
standardized form, which makes the coefficients more comparable because they are all in the
same units of measure).

The MI entered all formulae with the exception of that associated with FPI and was the
strongest predictor in these regressions. The D I was the second strongest predictor. SI was
a strong predictor of FPI and also entered the formula associated with Cmax, Insulin. AIRG
predicted AUC Insulin, and MO predicted FPI. SG did not enter any regression.

The linear regression analysis was powerful in explaining interindividual variability of all
variables with the exception of glucose responses to MTT (Fig. 2 ). Linear regression

explained
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TABLE 2 -- Spearman correlation between measures of glucose control (FPG, FPI, AUC

Glucose , Cmax, Glucose , AUC Insulin , and Cmax, Insulin ) and indices of insulin

sensitivity and pancreatic 3-cell responsiveness (SI,SG , AIRG, DI, M 0, and MI )

FPG

FPI

HbA1C
Cmax,Glucose
Cmax,Insulin
AUCGlucose

AUClInsulin

b P <0.01.
a P <0.001.
c P <0.05.

TABLE 3 -- Results of step-wise linear regression in the form of z-scores

SI

—0.16

—0.70 a

—0.12

0.16

—0.38

0.01

—0.43 ¢

SG

0.10

0.23

—0.03

—0.01

0.15

—0.01

0.15

AIRG

—0.49 b

0.74 a

—0.37

—0.26

0.64 a

—0.26

0.64 a

DI

—0.58 a

—0.06

—0.43

—0.08

0.21

—0.20

0.19

coefficients when all variables are expressed in standardized form)

FPG

FPI a

HbA1C a
Cmax,Glucose

Cmax,Insulin a

AUCGlucose

SIa

—0.83

—0.47

SG

AIRG

DIa

—0.41

0.44

—0.21

0.26

MO a

MI

—0.73 a

0.40 ¢

—0.81a

—0.49 b

0.78 a

—0.65a

0.75a

MI a

—0.66

—0.73

—0.50

0.69

—0.65

MO

—0.61 a
0.76 a
—0.52b
—0.36
0.77 a
—0.42 ¢

0.76 a

(regression

<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
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TABLE 3 -- Results of step-wise linear regression in the form of z-scores (regression

coefficients when all variables are expressed in standardized form)

SIa SG |AIRG |DIa MOa Mla P

AUC Insulin a — — 0.28 — — 0.65 <0.001

Dash (0) indicates that the independent variables (SI , SG , AIRG , DI , MO , and MI ) did
not enter the regression formula for the dependent variables (FPG, FPI, AUC Glucose
Cmax, Glucose , AUC Insulin and Cmax, Insulin ).

b

a Variable log transformed to assure normality.

L

Figure 2. Explained interindividual variability of clinical measures of glucose control using

indices of insulin resistance and pancreatic 3-cell responsiveness.

70-80% interindividual variability of FPI, FPG, HbA1C, and insulin responses to MTT, and
only 25-40% interindividual variability of glucose responses to MTT.

Discussion

The present study confirms that at the time of presentation of type 2 diabetes, pancreatic 3-
cell deficiency plays the key role in explaining fasting glucose levels. This finding is
consistently supported by MTT and IVGTT data.

Impaired MI is the most powerful explanatory factor of impaired glucose control. This
suggests that the most effective normalization of glucose levels in type 2 diabetes is
associated with increased postprandial insulin appearance.

In the present study during MTT, FPG and HbA1C were strongly inversely related to MO
and, to a greater extent, MI . FPG was also inversely correlated with the IVGTT-derived

AIRG and more strongly with the DI . This confirms that the DI is useful in characterizing
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the overall state of glucose metabolism [11] . However, in newly presenting type 2 diabetes,
postprandial insulin secretion is even more useful because it is more closely correlated with
FPG.

Glucose meal responses were only correlated with pancreatic 3-cell responsiveness but not
with insulin resistance. Insulin sensitivity S I failed to demonstrate relationship with FPG
and glucose meal responses. Reaven et al. [14] also failed to find a simple relationship
between insulin resistance and FPG in nonobese individuals (normal, impaired glucose
tolerance, and type 2 diabetes subjects). However, Van Haeften et al. [15] reported the effect

of insulin sensitivity as assessed

202

by hyperglycemic clamp on fasting glucose in subjects with normal and impaired glucose
tolerance. Levy et al. [16] documented that the ongoing fall in 3-cell function measured by
homeostasis model assessment closely followed the rise in FPG in a 10-yr prospective study
of newly presenting type 2 diabetes but also failed to find any effect of insulin sensitivity.
The insulin-dependent glucose disposal (production) is the product of two factors, the
ambient insulin levels and the ability of insulin to stimulate (suppress) glucose disposal
(production). The former factor is influenced by pancreatic 3-cell responsiveness, and the
latter corresponds to the insulin sensitivity index. It is a paradox that only one factor, the
pancreatic deficiency, is related to glucose control (primarily FPG) in the studied subjects. It
is unclear why there is a lack of relationship between fasting glucose and insulin resistance.
Our interpretation is that when FPG exceeds approximately 7 mmol/liter, insulin sensitivity
is greatly reduced with little or no further reduction with increasing fasting hyperglycemia
(subjects in the present study had already achieved their maximum insulin resistance). In
highly insulin resistant state, insulin-dependent glucose disposal during fasting becomes
negligible and FPG is regulated primarily via the insulin-independent pathways such as the
mass effect of glucose on its disposal (SG). Thus, at fasting, insulin resistance is so high that
insulin fails to exercise any detectable effect on glucose disposal and production, and in turn
on glucose concentration.

This interpretation is not, however, fully consistent with another study finding. Insulin
sensitivity SI and FPI have been found tightly (negatively) correlated in the present study.

This correlation is well documented by others and is normally interpreted by a causal chain
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reasoning that includes plasma glucose. The argumentation is that insulin resistance results in
elevated plasma glucose, which in turn stimulates insulin secretion. Thus, insulin resistance is
the cause of increased FPI. However, this argumentation does not hold in the present study
due to the lack of correlation between S I and FPG, and we must seek alternative
explanations. Two candidate theories emerge. Either chronic elevation of plasma insulin
induces insulin resistance, possibly due to the down-regulation of insulin receptors, or some
other metabolic variable acts as the control messenger between insulin resistance and insulin
secretion.

Note that tight correlation between SI and FPI in the diabetes group supports
methodological validity of SI estimates and suggests that insulin modification of IVGTT
enabled insulin sensitivity to be successfully estimated.

Subjects with type 2 diabetes demonstrate both insulin resistance and reduced pancreatic 3-
cell responsiveness [3] [4] . Our analysis on a subset of the data showed that both insulin
sensitivity (SI ) and MI are reduced by about 80% compared with BMI-matched healthy
subjects, whereas SG and fasting B-cell responsiveness (MO ) are reduced by approximately
25 and 50%, respectively [13] .

Subjects were referred directly after diagnosis by their physicians. The subjects had no
treatment and did not have any dietary advice. It is possible that they may have made their
own dietary adjustments; for example, they may have given up sugar in their tea once they
knew they were diabetic, but for all intents and purposes they had had absolutely no
treatment for diabetes (treatment naive) before undergoing MTT and IVGTT.

Subjects presented a wide range of FPG and FPI (5.9-18.4 mmol/liter and 20-150
pmol/liter, respectively), probably due to the duration of undetected diabetes and/or
individual differences in diet and lifestyle. The mean value of FPI was close to that observed
in healthy subjects, whereas the mean value of FPG was considerably elevated. This
observation supports the hypothesis that overt diabetes does not appear until the pancreas is
not able to meet the body's demand for insulin in the face of increasing insulin resistance [4]
[17] [18] . This process is accelerated because glucose is then toxic (glucose toxicity) to the -
cell and peripheral tissues [18] [19] .

It has been shown that during the natural development of type 2 diabetes, FPI increases and
then decreases as insulin resistance develops (the Starling's curve of the pancreas). The

increase in FPI is generally regarded as a compensation mechanism aiming to reverse the
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effect of insulin resistance and the subsequent decrease as a decompensation mechanism
reflecting 3-cell exhaustion. However, such analysis fails to take into account the level of the
stimuli, i.e. the fasting glucose level. When insulin secretion is normalized to fasting glucose
(such as when calculating fasting responsiveness M0 ), no increase in insulin secretion, i.e.
compensation, is observed. There is a consistent pattern of continuously deteriorating fasting
pancreatic 3-cell responsiveness accompanying elevated fasting glucose. This suggests that
no compensation mechanism per se exists and that the apex on the Starling's curve
represents a point when the stimuli is not high enough to overcome deteriorating pancreatic
B-cell responsiveness. It is also known that the early insulin release (parameter comparable to
MI ) during an oral load decreases progressively as the 2-hr plasma glucose increases. There
is no Starling curve for this parameter of insulin secretion, which is compatible with our data.
FPI correlates negatively with insulin sensitivity (—0.70; P < 0.001). This correlation can be
explained by the effect of insulin resistance on the stimulation of insulin secretion [20] [21]
and suggests that elevated F'PI is a reliable index of insulin resistance. Bonora et al. [22] also
found a negative correlation between insulin sensitivity and FPI in mild glucose intolerance
and suggested that overproduction of insulin is due to insulin resistance. Olefsky et al. [20]
found a similar correlation in normal subjects, subjects with impaired glucose tolerance and
type 2 diabetes, and explained FPI elevation as a result of an attempt to overcome insulin
resistance.

The explained interindividual variability of FPG and HbA1C were excellent (>75%) if we
consider intra-individual (day-to-day) variability, which could account for 10-20% of
unexplained variability [23] . A similarly excellent explanation was found for FPI and insulin
responses to meal.

Glucose responses after meal were pootly explained (<45%). It appears that other variables
not included in the study such as gut absorption, gut hormones (incretins), and endogenous
glucose production are responsible for the residual amount of unexplained variability. Thus,
the standard indices of insulin sensitivity and pancreatic 3-cell responsiveness do not enable

reliable predictions of postprandial glucose to be made.
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Other methods exist to measure pancreatic 3-cell responsiveness, e.g. hyperglycemic clamp

[6] , homeostasis model assessment [24] , and continuous infusion of glucose with model
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assessment [25] . The postprandial secretion index MI is basically the ratio (A C-peptide

secretion)/ (A plasma glucose concentration) and thus is very similar to that obtained by the

continuous infusion of glucose with model assessment method but evaluated during

dynamic conditions after meal ingestion. Simple methods have been used in the past to

assess postprandial insulin secretion during MTT, such as insulin incremental concentration

at 30 min, or insulin incremental concentration at 30 min over glucose incremental

concentration at 30 min. However, methodological considerations (the effect of the

measurement error and the inter-subject variability in insulin and C-peptide kinetics) suggest

superiority of the model-based method over a simple one or two concentration-point

assessment. Furthermore, the model-based method has been shown to be reproducible in

subjects with type 2 diabetes [26] .

In conclusion, pancreatic 3-cell responsiveness indices from IVGTT and MTT are better

explanatory factors of FPG, HbA1C , and insulin and glucose responses to meal than insulin

resistance indices in newly presenting type 2 diabetes. Postprandial insulin deficiency is the

most powerful explanatory factor of elevated FPG, HbA1C , and glucose responses to meal.

Indices of insulin sensitivity and pancreatic 3-cell responsiveness are able to explain glucose

control well, with the exception of glucose response to a meal.
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