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The gold standard for quantifying insulin sensitivity (IS)
is the hyperinsulinemic–euglycemic clamp (Clamp)
with a cut-off point of 5 ����� 10�����2 (dL/min)/(µU/mL) or
less to indicate insulin resistance. Bergman’s minimal
model (Min-Mod) is also being used to estimate IS, but
there are doubts as to its equivalence with Clamp. The
objective of the present study is to determine if Clamp
and the tolbutamide and insulin techniques of Min-
Mod are equivalent. Meta-analysis based on a biblio-
graphic search from 1970 until the present was made
for the MeSH terms: insulin resistance, hyperglycemic–
clamp, euglycemic–clamp, Min-Mod, minimal model
approach. Concordance was determined with both
simple and intraclass correlation and Bland and Alt-
man’s concordance limits using R. Three of the 109 arti-
cles found were included. The concordance limits indi-
cate that Clamp and Min-Mod are not equivalent,
which could result in diagnostic errors if the accepted
cut-off point is used for both methods. Given this lack
of equivalence, a ROC analysis was performed and
new diagnostic cut-off points of 2.4 and 4.6 ����� 10�����2 (dL/
min)/(µU/mL) for insulin and tolbutamide techniques
of Min-Mod, respectively, are proposed, with adequate
sensitivity, specificity, and predictive value. These
values should be prospectively validated.
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Introduction

Clinical insulin resistance (IR) is defined as the lack of

expected biological action by tissues in the utilization of glu-

cose (1). Since the 1970s, this metabolic alteration has been

quantified in humans with the hyperinsulinemic–euglucemic

and hyperglycemic clamps (Clamp), which have been ac-

cepted as the “gold standards” for measuring glucose con-

sumption in living organisms (2). The cut-off point for

diagnosis of IR with these methods is 5 � 10�2 (dL/min)/

(µU/mL). Values >6 are considered as normal and values

<2 indicate severe IR (3). The process is highly labor inten-

sive and requires an exclusive metabolic hospital unit with

highly trained personnel resulting in elevated costs.

Bergman’s Minimum Model (Min-Mod), a computer-

ized statistical program, analyzes serum insulin and glu-

cose during a glucose tolerance test (4). Min-Mod has been

proposed as an alternative to Clamp for clinical studies as

it is more accessible. As such, it ought to have equivalent

precision and reproducibility (5,6). The initial technique

for the application of Min-Mod has been modified to in-

clude fewer blood samples and the use of tolbutamide IV

(7,8), or insulin IV at 20 min (7) in the validation of Min-

Mod and Clamp equivalences (9,10). These changes to the

original procedure make it necessary to reevaluate the utili-

zation of Min-Mod and its variants as equivalents to Clamp.

The objective of the present work is (1) to determine if

there is equivalence between Clamp and the tolbutamide,

and insulin variants of Min-Mod in non-diabetic subjects,

and (2) to determine the best diagnostic cut-off point for

Min-Mod in the case that the methods are not equivalent.

Results

Nine articles included comparisons between Clamp and

Min-Mod. Three included data or graphics in the indicated

units and were used in the analysis:

1. Tolbutamide variant: Data published in Bergman and Saad

studies 6 and 7.

*A preliminary version of this paper was presented during the oral

session of the 3rd International Workshop on Insulin Resistance held

February 17–19, 2003, New Orleans, LA, USA.
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2. Insulin variant: Data were obtained from tables and graph-

ics used in studies 7 and 8 (n = 46).

Given the no normality of the Min-Mod ISI in the tolbut-

amide variant (see Table 1), Spearman’s Rho was used,

0.653. The ICC3,1 was 0.7 (CI: 0.58 to 0.81). Figure 1 is a

BA plot of the differences between the values reported by

both methods which had a difference of �0.349 with a stan-

dard deviation of 1.9. The concordance limit, the mean minus/

plus two standard deviations, where �4.072 and 3.374.

The mean difference is near 0 and was interpreted as

demonstrating equivalence between the methods. How-

ever, the differences show substantial variation reflected

by the wide concordance limits. It should be noted that the

differences between Min-Mod and Clamp can be up to 7.4

units � 10–2 (dL/min)/(µU/mL) for the same subject.

Again, with the no normality of the Min-Mod ISI in the

Insulin variant (see Table 2), Spearman’s Rho was used,

0.61. The ICC3,1 was 0.25 (CI: �0.1 to 0.57). Figure 2 is a

BA plot of the differences reported by both methods that

had a mean of �2.966 and a standard deviation of 1.85. The

concordance limits where �5.573 and 0.741. The mean

difference was different from 0 and was interpreted as dem-

onstrating a lack of equivalence between the methods. The

differences between Min-Mod and Clamp with the insulin

variant are similar to those obtained with the tolbutamide

variant and can be up to 7.3 units � 10�2 (dL/min)/(µU/mL)

for the same subject.

Linear regressions were calculated for Clamp ISI (y)

with respect to the tolbutamide variant ISI (x), the insulin

variant ISI (x), and Clamp ISI (x). The residuals were nor-

mal for the three regressions. The tolbutamide ISI (x) and

insulin ISI (x) slope were tested for equality with the Clamp

ISI (x) slope following Kleinbaum (11). There is no evi-

dence that the tolbutamide ISI regression slope is different

from the Clamp ISI regression slope (p = 0.29), but the

insulin ISI regression slope is different from the Clamp ISI

regression slope (p < 0.0001) (Fig. 3).

The established cut-off point for the “gold standard,”

Clamp, is 5 � 10�2 (dL/min)/(µU/mL). Given the lack of

Table 1

Summary of ISI’s Values for Clamp

and Min-Mod Tolbutamide Variant in Units � 10–2

(dL/min)/(µU/mL) (n = 45) (6,7)

Clamp Min-Mod

Mean 5.0 4.6

Median 5.0 4.5

SD 2.2 2.6

Shapiro–Wilks 0.97 (p = 0.35) 0.93 (p < 0.01)

Fig. 1. BA plot of the differences between the values reported by
ISI Clamp and ISI tolbutamide variant Min-Mod, with a mean
difference of �0.35 and a standard deviation of 1.9.

Table 2

Summary of ISI’s Values for Clamp

and Min-Mod Insulin Variant in Units in � 10–2

(dL/min)/(µU/mL) (n = 46) (7,8)

Clamp Min-Mod

Mean 5.7 2.9

Median 5.7 2.7

SD 2.3 1.4

Shapiro–Wilks 0.95 (p = 0.7) 0.92 (p < 0.01)

Fig. 2. BA plot of the differences between the values reported by
ISI Clamp and ISI insulin variant Min-Mod with a mean differ-
ence of �2.97 and a standard deviation of 1.85.
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equivalence between the Clamp and the two Min-Mod vari-

ants as a diagnostic test (12), a ROC curve (13) was used to

define the cut-off point which best differentiated between

insulin resistant and normal individuals with the two Min-

Mod variants (Figs. 4 and 5).

Discussion

The analysis shows that the ISIs obtained by Clamp and

Min-Mod variants are not equivalent given that the ICC for

the tolbutamide variant was 0.70 and for the insulin variant

was 0.25. ICCs � 0.75 demonstrate concordance (14). The

BA plots showed that a patient’s ISI values using Min-Mod

can vary 7.4 � 10�2 (dL/min)/(µU/mL) (tolbutamide vari-

ant) and 7.3 � 10�2 (dL/min)/(µU/mL) (insulin variant) from

the values reported by Clamp. This is of fundamental im-

portance given that the measurements from Clamp classify

patients as insulin resistant if the ISI is <5 � 10�2 (dL/min)/

(µU/mL) (15). It should be noted that the variation is greater

than the cut-off value. Thus, lack of equivalence between the

procedures can cause a subject to be classified as insulin

resistant by Min-Mod, while the same subject is classified

as normal by Clamp [values >5 � 10�2 (dL/min)/(µU/mL)].

This phenomenon has been reported previously (16,17).

This lack of equivalence can be at least partially explained

by the fact that Clamp estimates insulin sensitivity by mea-

suring glucose disappearance in a pharmacokinetic single

compartment model, while Min-Mod utilizes a two-com-

partment model (18,19). It should be noted that Clamp is

performed in a metabolic unit with artificially controlled

conditions, while Min-Mod is performed in an uncontrolled

environment. Another factor explaining the lack of equiva-

lence is the fact that Clamp only utilizes external insulin

and Min-Mod also uses the subject’s insulin secretion stim-

ulated by glucose challenge.

The correlation coefficients demonstrate that both meth-

ods measure the same biological phenomena; however, the

measurement values are not equivalent. On the other hand,

information exists that validates both the theoretical and

clinical basis of analysis of the glucose tolerance and insu-

lin curve with Min-Mod. With the objective of evaluating

if the lack of equivalence between the results of the methods

suggests the inability of the ISI values obtained by Min-Mod

to recognize patients with insulin resistance, ROC curves

were utilized for each technique to evaluate their diagnos-

tic utility and to obtain new cut-off points for the diagnosis

of insulin resistance that correspond with the Clamp’s cut-

off point. For the tolbutamide variant, the best cut-off point

is 4.6 � 10�2 (dL/min)/(µU/mL) with a sensitivity of 0.86

(95% CI 0.65–0.95), specificity of 0.71 (95% CI 0.51–

0.85), positive predictive value of 0.72 (95% CI 0.52–0.86),

and negative predictive value of 0.85 (95% CI 0.64–0.95).

The test has a diagnostic accuracy in accord to Altman of

0.69 (20).

Fig. 3. Linear regression slopes for Clamp ISI (y) with respect to
the tolbutamide variant ISI (x), and the insulin variant ISI (x).

Fig. 4. ROC curve for diagnosis of insulin resistance ISI with
Min-Mod variant tolbutamide, diagnostic cut-off point for Clamp
5 � 10�2 (dL/mg)/(µU/mL).

Fig. 5. ROC curve for diagnosis of insulin resistance ISI with
Min-Mod variant insulin. Diagnostic cut-off point for Clamp 5 �
10�2 (dL/mg)/(µU/mL).
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For the insulin variant the best cut-off point is 2.4 � 10�2

(dL/min)/(µU/mL) with a sensitivity of 0.82 (95% CI 0.59–

0.94), specificity of 0.86 (95% CI 0.69–0.94), positive

predictive value of 0.77 (95% CI 0.54–0.91), negative pre-

dictive value of 0.89 (95% CI 0.73–0.96), and a diagnostic

accuracy of 0.87; which all of them are acceptable. How-

ever, if 2 to 3.2 � 10�2 (dL/min)/(µU/mL) is used as the cut-

off value for diagnosis, the sensitivity increases to 0.93 and

the specificity to 0.94 (see Table 3). Therefore, it is proposed

that values between these two points should be considered

as indicating a probable metabolic alteration, while values

<2 should be considered as indicating a positive diagnosis.

While the tolbutamide variant values more closely resem-

ble the values obtained from Clamp, the unavailability of

this medication for IV application makes its utilization dif-

ficult in clinical practice. The insulin variant uses commer-

cial insulin that is readily available for IV application.

Prospective studies are necessary to validate the sug-

gested cut-off points for ISI by Min-Mod in healthy non-

obese persons.

It is recommended that the cut-off points for values

obtained by Clamp should not be used with Min-Mod vari-

ants. This practice has demonstrated problems in the IR

definition and diagnosis. Furthermore, a strict statistical

reevaluation of all new indices for the ISI measurement is

recommended.

Insulin resistance and lack of insulin secretion are two

physiopathogenic factors associated with the clinical devel-

opment of diabetes mellitus (21). The Min-Mod is a readily

available, correctly validated, and highly precise method

that permits diagnosis of the alteration in the clinical envi-

ronment.

Materials and Methods

We found 109 articles in a bibliographic search for the

MeSH terms: insulin resistance, hyperglycemic–clamp,

Table 3

Sensitivity and Specificity ROC Curve Values for Min-Mod

Insulin Variant in Units of � 10–2 (dL/min)/(µU/mL)

Cut off point Sensitivity Specificity

5.6 + 1 0

3.2 0.94 0.52

3.0 0.82 0.52

2.8 0.82 0.66

2.6 0.82 0.72

2.4 0.82 0.86

2.2 0.76 0.93

2.0 0.64 0.93

1.8 0.58 0.96

1.6 0.47 0.96

1.4 0.23 0.96

1.2 0.12 1

euglycemic–clamp, Min-Mod, and minimal model approach,

using Medline, Educational Resources Information Center

(ERIC), and National Technical Information Service (NTIS)

databases. The criteria for including an article in the meta-

analysis were as follows:

1. Include the comparison of the insulin sensitivity index

(ISI) measurements between Clamp and Min-Mod vari-

ants (nine articles).

2. Include the raw values or usable graphs for every indi-

vidual studied (five articles).

3. Use only non-diabetic subject values.

4. Use the same scale or scales for the techniques that could

be transformed to the same scale (three articles).

The included articles were classified as “tolbutamide

technique” for those that used IV tolbutamide and “insulin

technique” for those that used IV insulin as part of the

procedure. Min-Mod variants with 12 and 22 samples were

treated as equivalent. In agreement with Bergman’s recom-

mendation, the selected measurement scale was units � 10�2

(dL/min)/(µU/mL) which was obtained by multiplying the

ISI generated by Clamp by the corporal surface and by mul-

tiplying the ISI generated in Min-Mod by the subject’s glu-

cose distribution volume (7).

Statistical Analysis

The statistical analysis was performed with R version 1.6.0

(June 15, 2000) (22). Normality was tested with the Shapiro–

Wilk procedure. Clamp and Min-Mod ISI associations were

determined with concordance tests and the Pearson and Spear-

man correlation coefficients.

The concordance determinations applied were the intra-

class correlation coefficient (ICC3,1) (14,23,24), which cor-

rects possible correlation coefficient skew and is recom-

mended by Kramer and Feinstein (25) if the residuals are

normal and it produces similar values to the Lin’s Concor-

dance Correlation Coefficient (26,27) . Also, the Bland–Alt-

man (BA) concordance plot (28) which graphically show

the differences between the measurements of the two meth-

ods on the same subject. Evaluation of the importance of

the differences is subjective (29). This method requires a

normal distribution of the differences.
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