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MINMOD Millennium: A Computer Program to
Calculate Glucose Effectiveness and Insulin Sensitivity
from the Frequently Sampled Intravenous Glucose
Tolerance Test
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ABSTRACT

The Bergman Minimal Model enables estimation of two key indices of glucose/insulin dy-
namics: glucose effectiveness and insulin sensitivity. In this paper we describe MINMOD
Millennium, the latest Windows-based version of minimal model software. Extensive beta
testing of MINMOD Millennium has shown that it is user-friendly, fully automatic, fast, ac-
curate, reproducible, repeatable, and highly concordant with past versions of MINMOD. It
has a simple interface, a comprehensive help system, an input file editor, a file converter, an
intelligent processing kernel, and a file exporter. It provides publication-quality charts of glu-
cose and insulin and a table of all minimal model parameters and their error estimates. In
contrast to earlier versions of MINMOD and some other minimal model programs, Millen-
nium provides identified estimates of insulin sensitivity and glucose effectiveness for almost
every subject.

INTRODUCTION

ERGMAN ET AL.! developed a nonlinear

“minimal” model to mathematically de-
scribe how glucose and insulin together control
the production and disposal of glucose in the
body. The aforementioned model enables esti-
mation of two key indices of glucose/insulin
dynamics: insulin sensitivity (S) and glucose
effectiveness (Sg). Interest in the minimal
model continues to grow, with more than 50

papers being published each year on issues re-
lated to the minimal model.?

The original “MINMOD” computer program
was developed to specifically carry out the nec-
essary calculations to estimate the parameters
of the minimal model.? Parameter estimates de-
termined using MINMOD software have been
shown to be highly concordant with analogous
parameters estimated by means of the eu-
glycemic clamp.*® Extant MINMOD software
has been used to analyze the data from many

!School of Veterinary Medicine, University of Pennsylvania, Kennett Square, Pennsylvania.
2Clinical Endocrinology Branch, National Institute of Diabetes and Digestive and Kidney Diseases, National Insti-

tutes of Health, Bethesda, Maryland.

3Department of Preventive Medicine, 4Keck School of Medicine, University of Southern California, Los Angeles,

California.
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hundreds of experiments including thousands
of patients and has become, in effect, the “in-
dustry standard” for analyzing frequently sam-
pled intravenous glucose tolerance test (FSIGT)
data.?

The parameters of the minimal model are de-
termined using data from either a standard or
modified FSIGT. In the standard FSIGT a bo-
lus of glucose (300 mg/kg) is intravenously in-
jected, and blood samples are collected over the
3 h following the glucose injection. In the mod-
ified FSIGT 20 min after the glucose injection,
insulin (30 mU/kg) is infused.® The modified
protocol is now almost always used because it
allows better estimation of the $; index.® As
well as enabling the estimation of S; and Sg,
the minimal model also enables the estimation
of anumber of other parameters, functions, and
indices that are useful for describing the glu-
cose and insulin status of a subject.»>7-12 These
include: the basal glucose concentration (Gyp);
the basal insulin concentration (I,); a function
that describes insulin action in proportion to
interstitial insulin [X()]; a parameter that de-
scribes the removal rate of insulin from the in-
terstitial space (P2); a parameter that describes
the movement of circulating insulin to the in-
terstitial space (P3); the acute insulin response
to glucose (AIR,); the disposition index (DI);
glucose effectiveness at zero insulin (GEZI); in-
sulin-attributable glucose disposal (IAGD); and

BOSTON ET AL

two indices derived from the so-called homeo-
static assessment (HOMA) model, HOMA B-
cell function and HOMA insulin resistance. The
units and typical “normal” values and normal
ranges of all of these parameters are shown in
Table 1. The mathematical theory and calcula-
tions underpinning the minimal model have
been discussed previously.'® The Appendix
provides an exposition of the minimal model
together with the derivation and explanation of
the above parameters and indices.

MINMOD1 was written in FORTRAN 77 and
designed to run on a DOS platform. While
MINMOD 1 was, in most cases, very accurate
with respect to parameter estimates, for per-
haps in as many as 15% of cases, parameter es-
timates were not identified. In an attempt to fit
these recalcitrant cases, users tended to subjec-
tively “experiment” with the weighting of in-
dividual data points, and consequently they
sometimes obtained, for specific cases, param-
eter estimates quite different from those ob-
tained by another user analyzing the same
data. In addition, alternative FSIGT protocols
were introduced to reduce difficult cases.>®

Improvements were made to the computa-
tional algorithms underpinning MINMOD,
and versions II and III were released. Some of
the computational changes that have been in-
troduced into MINMOD may, prima facie,
seem subtle if not trivial, but, nevertheless,

TabBLE 1. GrLucosE MINIMAL MopEeL INDICES, THEIR UNtTs, AND TyPicAL NORMAL VALUES AND NORMAL RANGES
Clinical index Typical normal
Name Abbreviation Unit Value Range
Glucose effectiveness Sc min~! 2.2¢-2 (1.2e-3, 4.5e-2)
Insulin sensitivity S (mU/L) ' min~1  2.0e-4 (5.0e-5, 2.2e-3)
P2 min~! 5.0e-2 {1.3e-3, 2.0e-1)
P3 (mU/L) min—2 2.1e-5 (5.4e-7, 8.0e-5)
Basal glucose Gp mg dL ! 84 (65, 103)
Distributed glucose concentration at time 0 _ Go mg dL™! 200 (150, 400)
Basal insulin Iy mU L1 10 (1,32)
Acute insulin response to glucose AlR, mU L1 min™? 800 (45, 3700)
Disposition index DI 8.0e-2 (1.6e-2, 1.0)
Glucose effectiveness at zero insulin GEZI min™! 1.8e-2 (NA)
Insulin-attributable glucose disposal IAGD Y% 10 (0, 90)
B-Cell function B-Cell function mU/mM 170 (30, 1,440)
Insulin resistance mM mlJ L2 2.0 (04, 8)
Insulin action X min ™! 8.01 (0, 0.03)
Apparent volume of glucose distribution Vg dL 140 (36, 292)

NA, not applicable.
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MINMOD MILLENNIUM

many of these changes significantly improved
the ability of MINMOD software to converge
on feasible solutions of the minimal model with
identified parameter estimates. However, to
date, no publications have critically compared
the several versions of MINMOD. Further-
more, with the advent of the Windows operat-
ing system and the gradual phasing-out of DOS
systems, there has been a growing need for a
replacement program that would incorporate
all of the latest improvements in MINMOD
software into a program with standard Win-
dows features. To attempt to satisty this need
we have introduced an entirely new version of
MINMOD that incorporates features of Win-
dows, and that is designed to automatically de-
liver accurate and precise estimates of S¢ and
S1. This new version, entitled MINMOD Mil-
lennium™, is described herein.

DESIGN CONSIDERATIONS

Before we embarked on the development of
MINMOD Millennium, a panel of MINMOD 111
users was asked to identify design issues they
would like to see incorporated into MINMOD
Millennium. Although the panel identified
over 20 desirable design attributes (see Table
2), they considered the following as most im-
portant: be Windows-based, have a simple in-
terface, and be automatic, accurate, repeatable,
reproducible, and concordant with prior ver-
sions of MINMOD. In order to meet these de-
sign considerations we have focused on three
main areas: (1) improved automatic estimation
of initial values of parameters; (2) an improved
baseline correction algorithm; and (3) a highly
robust and accurate numerical integrator.

MATERIALS AND METHODS

Program development

Optimization of the estimates of the param-
eters of the minimal model necessitates some
sophisticated mathematical procedures.® Rather
than developing new computer code to carry
out these procedures, we chose to utilize in
Millennium the new processing kernel in the

1005

TABLE 2. DESIRABLE DESIGN ATTRIBUTES
oF MINMOD MILLENNIUM

* Windows-compatible

¢ Simple and powerful data editor for data entry and
correction

* Consistent and sensible statistical weighting of

observations

Manual data weighting for difficult cases

Automatic initialization of all estimable parameters

Automatic and flexible baseline estimation

Minimal user intervention io produce Minimal

Model parameters

Proven/published estimation and model solution

strategies

Execution time less than 4 s per subject

Reliable, precise, and efficient

Accurate, repeatable, and reproducible

Rigorous testing prior to release

All Minimal Model determinations and their

uncertainties automatically tabulated

* Tabulation of predicted values of glucose and insulin
action

¢ Exportation of results between productivity and
statistical packages

* Results concordant with prior versions of MINMOD
to better than 90%

* Conservation of prior MINMOD method to simulate
interstitial insulin inputs

¢ Able to process all past MINMOD input files

¢ A comprehensive help system

SAAM (Simulation, Analysis and Modeling)
program 314

The most important part of the development
process involved devising an expert system
that would enable the program to automati-
cally obtain “best fits” of the minimal model to
FSIGT data. The principal features of the expert
system were: (a) the automatic estimation of
good initial estimates of S¢, Gy, and Gy; (b) the
capability to convert Millennium files into files
that can be analyzed by the SAAM processing
kernel; and (c) the capability to instruct the
SAAM processing kernel to progressively ad-
just the data weighting during the iterative es-
timation process.

Estimation of initial values of parameters

In order for MINMOD Millennium to opti-
mize the parameters describing the nonlinear
differential equations of the minimal model,
the program requires initial estimates for each
of the adjustable parameters.® We considered a
number of approaches for obtaining initial es-
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timates for parameters S¢, Go, P2, and P3. How-
ever, after much experimentation, the proce-
dure that we finally chose for our initial esti-
mation of Sg involved a linear regression of
log-transformed glucose data between 8 and 20
min, followed by identification of a possible
outlier datum. A robust regression was then
conducted on the 8-20-min data excluding any
identified outlier datum. Our initial estimate of
Gp was then taken as the antilog of the time 0
intercept of this robust regression, and our ini-
tial estimation of Sg was taken to be the re-
gression coefficient. We used values of 0.0506
and 0.0000211 as our initial estimates of P2 and
P3, respectively, as these values are consistent
with typical values determined for a human
population.!> This is equivalent of having a
value of 4.15 X 107* as our initial estimate for
S

Baseline correction

In the past, minimal model parameter iden-
tification was plagued by estimation problems,
especially for subjects with inadequate insulin
response.® For example, failure rates of 4-61%

Previous
MINMOD
Files

/ Mﬂlenmnm
Converter

- Interface .

BN

BOSTON ET AL.

for the fitting procedure for the glucose-only
FSIGT data have been reported.'®!” In these sit-
uations, the assignment of an appropriate G,
has been shown to greatly improve the success
rate for obtaining identified parameters.'® In
the original MINMOD paper, stationarity was
presumed, such that the value of glucose at the
end of the test was presumed to be G, the pre-
injection glucose concentration.® In practice,
however, the plasma glucose concentration
may not return to the exact original pre-injec-
tion glucose concentration. Nevertheless, we
found it was necessary to address the “chang-
ing baseline” phenomenon to produce accept-
able results describing the glucose profile.

In MINMOD Millennium, we have ad-
dressed this “baseline stationarity” problem by
completely automating the procedure for esti-
mating the target “baseline”glucocse as follows:
(a) If the data file contains a datum at 180 min,
and this datum exceeds the pre-injection glu-
cose value, we assign the target glucose to be
approached at the end of the test (t = 180 min)
to the average of the pre-injection value of glu-
cose and the measured value for glucose at time
180 min. (b) If there is no glucose datum at 180

‘Millenniom

/ Milleanium’

Millennium
Charts

SAAM
CExpert Processing)

System

Millennium
Reports

FIG. 1. The structure and functioning of MINMOD Millennium. The gray circles represent the five main parts of
MINMOD Millennium, and the dashed lines depict how the interface controls the activities of the other parts, The
solid lines represent the pathways for the movement of data through MINMOD Millennium.
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MINMOD MILLENNIUM

min, but data after 180 min and data between
120 and 179 min, then we take the average of
the closest datum points on either side of 180
min, and we assign to Gy, the average of this
value and the pre-injection value of glucose. (c)
If we have data with time values greater than
119 min but no data greater than 180 min, then
the program assigns the mean of the glucose
value of the datum closest to time 180 min and
the pre-injection glucose value. (d) If we only
have data with time values less than 120 min,
then Gy, is assigned the pre-injection glucose
value.

There are a number of other ways that we
might have addressed the issue of changing
baseline, and this issue per se has been dis-
cussed in detail in the scientific literature.!®
However, we chose as the default option the
baseline correction algorithm described above
in order to ensure concordance of results ob-
tained from Millennium with results obtained
by using previous versions of MINMOD soft-
ware.

1007

RESULTS
Program description

MINMOD Millennium is written in Visual
Basic, designed to run on any PC with a Win-
dows 98 or higher platform, and to have the
appearance and general operating features of
Windows-based programs. There are five main
parts to Millennium: an interface, an input file
editor, a file converter, an expert system linked
to a SAAM processing kernel, and a file ex-
porter. Figure 1 depicts how the interface con-
trols the other parts of Millennium and how
data are handled within Millennium. The Mil-
lennium interface has 10 simple elements (Fig.
2). These include the folder Navigator, the file
picker, and eight control buttons. Simply put,
the Navigator allows you to locate a folder (di-
rectory) containing the dataset you want to
process. The File Picker allows you to select the
actual dataset (file) to process. The Control But-
tons allow you to access the help system, to
view the “flash screen,” to exit Millennium, or

File Navi at4j

> »Control Buttons

: 20 f/ RF-012 tat
Fﬂe Pl“'ke FRFOTE M
FRF-O16.m
ARF-D7.1
ARF-012.1t
FRF-021.0
JRF-024 1wt
ARF025.tut
ARF026.tut
{RF-027 bt
ARF-028.tat
{RF-630.1t
IRFO32.t
ARF133 bt

FIG. 2. The MINMOD Millennium interface.
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to select what you want to do with (how you
want to process) a selected file. The Millennium
user simply uses a mouse to click on the ap-
propriate button to perform the selected task
or processing step. For example, by clicking on
the HELP button, the user is presented with a
dropdown menu of the following items: (1) a
brief overview of MINMOD Millennium; (2)

T R EL SPT T F PRSI0 P P

FIG. 3. The Millennium file editor. The file editor starts
a new file with the default times for a standard FSIGT,
and glucose data from the first 7 min are given zero
weighting. There are four data columns in the data win-
dow: Time, Glucose, Insulin, and Data Weight. The
“time” column contains the sampling times for a standard
FSIGT protocol, and the data weight column contains the
recommended or “default” weighting scheme. The glu-
cose and insulin columns contain “.” or periods, which
signify missing data. New glucose and insulin data can
either be entered directly into this window and the file
saved, or data can be copied from an Excel spreadsheet
and pasted into the Millennium data editor.

BOSTON ET AL.

| -Spurious datum

— Zero weight

FIG. 4. Editing data. Note that we have activated the
“Edit” menu to expose the array of services supported.
For example, the user may wish to weight out spurious
or unreliable data. To do this, the user changes the “1”
weighting to “0” weighting and saves the amended file.
The weights are simply factors that scale the proportional
influence of each observation in accord with the weight
value assigned. For example, if the weight value assigned
for a particular observation is “2,” then this observation
will modify the fit at twice the influence as an identical
observation with weight value “1.” From the statistical
perspective each observation is assigned a constant frac-
tional standard deviation weight, in which the error of an
observation is presumed to be proportional to the mag-
nitude of the observation. Weights apply to glucose ob-
servations only.

the purpose of MINMOD Millennium; (3) de-
sign criteria for MINMOD Millennium; and (4)
instructions for using Millennium. The HELP
system is quite comprehensive and self-ex-
planatory.

Using MINMOD Millennium

To carry out a processing step, the Millen-
nium user must click on the appropriate but-
ton. Note that no processing action can be taken
unless one or more files are selected. However,
only one processing step at a time is allowed.
The five possible processing steps are: (1) edit-
ing the data; (2) entering new data; (3) running
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Parametars

RF-001.b¢ Para: 1
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FIG. 5. Millennium report of minimal model parameters and chart of glucose and insulin data, predicted glucose
concentrations, and predicted insulin-attributable glucose disposal (IAGD), following a FSIGT. The features of the

output parameters window are as follows: All the important parameters estimable from the FSIGT data and the es-

timates of their uncertainties are summarized. If parameters are not well identified (i.e., their estimated fractional

standard deviations are greater than 0.5), then the parameter values and their fractional standard deviations are shown p
in red. The units of the parameters are provided. Parameters whose values are conditionally estimated (e.g., Go} are

displayed in blue, along with their uncertainties. The following features of the plot are visible: glucose observations,

blue dots; unweighted observations, hollow blue dots; fit of minimal model to glucose observations, red line; insulin
observations, green dots (joined with a dashed green line); IAGD, dark solid line. Discontinuous blue and red lines

indicate missing glucose data.
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MINMOD; (4) exporting the MINMOD results
to a tab-delimited text file; and (5) converting
an old MINMOD dataset for processing with
MINMOD Miilennium.

When a user selects the “New data” button,
he/she sees an empty data window as depicted
in Figure 3. New glucose and insulin data can be
entered directly into the window, and the file is
then saved as a Millennium data file with a “txt”
file extension. Alternatively, data can be copied
from an Excel file and pasted into the Millen-
nium data file. If it is necessary to make changes
to the data file, Millennium has a standard Win-
dows-style editing system. The appropriate data
tile is highlighted, the “edit data” button is se-
lected, and the data appear in a window similar
to that shown in Figure 4. Data files that have
been produced by previous versions of MIN-
MOD cannot be run directly in Millennium, but
must first be converted to a form that can be used
by Millennium. This conversion process is easily
achieved by highlighting the file(s) that need to
be converted, and then selecting the “Convert
files to version 5 format” button.

Analysis of data with MINMOD Millennium

To fit an FSIGT dataset using MINMOD Mil-
lennium, the user simply “picks” the file or files
to be processed, and invokes the control but-
ton “Run MINMOD.” With a modern desktop
or laptop computer (cycle speed of 1.2 GHz)
Millennium provides output in approximately
0.75 s for each dataset. For each dataset ana-
lyzed, Millennium produces a report similar to
that shown in Figure 5. The parameters win-
dow can be directly printed. The results dis-
played in the parameters window can, by sim-
ply clicking on the “Enable editor” button at
the top of the parameters window, be loaded
into what is known as a designer window (see
Fig. 6), and from there, all of the routine spread-
sheet services, including exportation, become
available. In fact we can accomplish this step
using either cut/copy-and-paste operations, or
by saving the spreadsheet in the appropriate
compatible format.

The plot of the results appears in a plot win-
dow accompanying the parameters window
(Fig. 5). A grid can be displayed, the units of
insulin can be toggled between English and so-
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called SI units (mU/L vs. pmol/L), and the dis-
play of IAGD can also be toggled. The symbols,
line styles, fonts, and background colors of the
plot window can all be changed to the user’s
preferences. By clicking on the “Copy chart to
clipbeard” button, the plot window can be
copied and then pasted in Word, PowerPoint,
or other Windows-based programs.

While clinicians are interested in minimal
model parameters of individual subjects, re-
searchers are likely to have a requirement to
analyze FSIGT data from multiple subjects in
experimental groups or populations. The ex-
port facility in Millennium has been specifically
designed to facilitate the rapid analysis of
FSIGT data from large numbers of subjects. To
carry out a minimal model analysis of FSIGT
data from multiple subjects, a Millennium user
need simply select the relevant files (using the
Navigator and File Picker) and then click on the
“Export” button. Millennium will respond
with a dropdown menu prompting the user to
enter the name of a text file in which the results
are to be tabulated. Having entered an appro-
priate file name, Millennium will then produce
a tab-delimited “txt” file containing subject
identifier, minimal model parameter estimates,
and their fractional standard deviations. Sta-
tistical or epidemiological analyses can then be
performed on these population data using stan-
dard statistical packages such as STATA! or
SAS.1®

TESTING AND VALIDATION

Data from 131 subjects who had undergone
the FSIGT were analyzed by both MINMOD 3
and MINMOD Millennium. Concordance
analyses were conducted using the “concord”
command in STATA.!® Figure 7 shows the con-
cordance relationship and concordance statis-
tics for S estimated by MINMOD 3 and by
MINMOD Millennium, while Figure 8 shows a
similar concordance relationship for 51.202! For
this particular population, MINMOD Millen-
nium produced identified estimates (fractional
standard deviations less than 0.5) of Si and §;
for all 131 subjects. In comparison, MINMOD
3 produced identified estimates of S¢ and S; in
125 and 129 subjects, respectively. When the
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FIG. 6. MINMOD Millennium output spreadsheet.

same user repeatedly analyzed the above data,
identical parameter estimates were obtained
for the same subjects. Furthermore, identical
parameter estimates were also obtained when
the same data were analyzed by a different user
employing a different computer. The robust-
ness of Millennium is evident from the fact that
when it was used to analyze data from 30 sub-
jects that had undergone the original FSIGT
protocol (no insulin injection) it was able to
produce identified parameters for 29 of the sub-
jects.

In comparison with MINMOD 3, an out-
standing attribute of Millennium is the ease
and quickness with which it allows the analy-
sis of large numbers of FSIGT cases and the ex-
portation of the results of the analyses to other
productivity programs for statistical analysis.
Using a Fujitsu (C Series Lifebook) and Mil-

Jennium, we have analyzed the above 130
FSIGT studies, exported the results to a “txt”
file, and then, using STATA, made population
estimates of each of the minimal model pa-
rameters in less than 4 min! Using MINMOD 3
to do this would have required several hours.

CONCLUSIONS

It is a truism that obesity and Type 2 diabetes
are reaching epidemic proportions in Western-
ized populations, including the United States,
and rates are increasing alarmingly in devel-
oping nations.?? However, pharmacological
and lifestyle approaches to prevention have
been demonstrated.?>** Recently, it has become
possible to predict with some degree of confi-
dence (long before the disease is evident) those
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MINMOD 3 S,
. concord msg sg, g{c)
Concordance correlation coefficient (Lin: 1989, 2000)
rho_c  SE(rho_c) Obs [ 9% c1 ] P CI type
0.887 0.019 131 0.851 0.924 0.000 asymptotic
0.845 0.919 0.000 z-transform
Pearson's r = 0.890 Pr(r =0) = 0.000 C_b = rho_c/r = 0.997
Reduced major axis: Slope = 0.967 1Intercept = -0.008

Difference (msg - sg)
Average std. Dev.

95% Limits Of Agreement
(Bland & Altman, 1986)

0.805

FIG.7. A graph showing the high degree of concordance between Sg as determined by MINMOD Millennium and
S¢ as determined by MINMOD 3. Note that data must overlay the dashed line for perfect concordance. Concordance
parameters were obtained by using STATA to analyze the S; estimates from 131 FSIGT data sets. The concordance
correlation coefficient was calculated according to Lin,?° and the 95% limits of agreement according to Bland and Alt-

man.2!

subjects likely to develop Type 2 diabetes. It is
important to identify those individuals at
greatest risk for the disease. A reduced DI is
predictive of Type 2 diabetes. To accurately es-
timate DI one must assess S;and AIR,. This can
be done accurately with the present program.
MINMOD Millennium is a Windows-based
version of minimal model software for the
quantitative assessment of the glucose/insulin
dynamics of individual subjects. Extensive beta
testing of MINMOD Millennium has shown

that it is indeed user-friendly, fully automatic,
robust, fast, accurate, reproducible, repeatable,
and highly concordant with past versions of
MINMOD. It has a simple interface, a compre-
hensive help system, an input file editor, a file
converter, an intelligent processing kernel, and
a file exporter, and it provides publication-
quality charts of glucose and insulin and a table
of all minimal model parameters and their er-
ror estimates. In contrast to earlier versions of
MINMOD and some other minimal model pro-
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Millennium S

MINMOD 3 S,

. concord msi si, g(c)
concordance correlation coefficient (Lin: 1989, 2000)
rho_c SE(rho_c) Obs [ 9% c1 ] P CI type

0.981 0.003 131 0.974 0.987 0.000 asymptotic
0.973 0.986 0.000 z-transform

Pearson's r = 0,983 °Pr(r =0) = 0.000 Cb = rho_c/r = 0.998

Reduced major axis: Slope = 1.037 1Intercept = 0.003
Difference (msi - si) 95% Limits Of Agreement
Average std. Dev. (Bland & Altman, 1986)

0.129 0.434 ~-0.721 0.979

FIG. 8. A graph showing the high degree of concordance between 51 as determined by MINMOD Millennium and 5;
as determined by MINMOD 3. Note that data must overlay the dashed line for perfect concordance. Concordance pa-
rameters were obtained by using STATA to analyze the S; estimates from 131 FSIGT data sets. The concordance corre-
lation coefficient was calculated according to Lin, 2 and the 95% limits of agreement according to Bland and Altman.2!

grams, Millennium provides identified esti- 4G(f)
mates of Sy and S¢ for almost every subject. It ™ g4
is hoped that the availability of this software

may contribute to prevention of diabetes in at-  dX(t) _ ‘ B
risk individuals. T —P2X X(t) + P3 X F(t) X(0) =0 (2)

= ~G(t) X [S¢ + X(1)]
+ Gy X S G(0) = Go (1)

F(t) = 0 if I(t) < I, else I(t) — I
APPENDIX Sy = P3/P2 3)
Bergman’s approach to describe the complex where S¢ is glucose effectiveness; S is insulin

interaction of glucose and insulin involves two  sensitivity; G(f) is plasma glucose at time ¢; Gy,
differential equations: is the basal glucose concentration; I(t) is the
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plasma insulin concentration at time f; I, is the
basal insulin concentration; F(t) is a function that
represents the elevation of plasma insulin above
basal insulin; X(f) is insulin action in proportion
to interstitial insulin'”; P2 is a parameter de-
scribing the removal rate of insulin from the in-
terstitial space; and P3 is a parameter describing
the movement of circulating insulin to the inter-
stitial space. The two main indices of the mini-
mal model are Sg and S;. Sg indicates the ca-
pacity of glucose to mediate its own disposal,
whereas S; indicates the net capacity for insulin
to promote the disposal of glucose and to inhibit
the endogenous production of glucose. In addi-
tion to these, a number of other useful indices
can be derived from the FSIGT and minimal
model. The acute insulin response to glucose
(AIRg) represents the acute insulin response and
is defined as the area under the plasma insulin
curve between 0 and 10 min:

10

[I(t) — Ip]dt

AIR, = | @)

0
The disposition index DI is an overall measure
of the ability of the islet cells to secrete insulin
normalized to the degree of insulin resistance.
DI is the product of AIR, and S¢:
DI = AIRg X §; (5)
GEZI (glucose effectiveness at zero insulin),
which is an index popularized by Araujo-Vilar
et al.,'¥ is a measure of S; that is independent
of incremental insulin. It is defined as follows:
GEZI = 5S¢ — §1 X I, (6)
A useful time-varying descriptor is IAGD (in-
sulin-attributable glucose disposal), viz.:

IAGD =100 X X/(X + Sc) )
This reflects the instantaneous percentage of
glucose disposal attributable to the action of in-
terstitial insulin, as opposed to the action of
glucose per se.

V, (apparent distribution space of glucose) is
the extracellular fluid space in which glucose
appears to distribute, and is estimated by:

Vg =300 X BW/Gy (8)

where BW is the body weight in kg.

BOSTON ET AL.

"HOMA" parameters

Two indices proposed by Mathews et al.!2
from the so-called HOMA model are B-cell
function and insulin resistance. These parame-
ters are defined as follows:

HOMA B-cell function
=20 X Ib/(Gb/18 - 35) (9)

HOMA insulin resistance = Gy, X [,/405 (10)

Solving the nonlinear differential equations in-
volved in the Bergman glucose minimal model
involves some formidable matrix algebra. Fur-
thermore, since glucose and insulin are co-reg-
ulating, the relatively strong correlation be-
tween plasma glucose and insulin that may
occur in some subjects has resulted in some
minimal model programs being able to esti-
mate identified parameters in only about 85%
of cases.!® In the original glucose minimal
model (Egs. 2 and 3), Bergman used the actual
insulin data (interpolated by straight lines) to
represent I(f), thereby uncoupling the glucose
model from the insulin model. This wisely ob-
viated the need for the simultaneous determi-
nation of the parameters of both the glucose
model and the insulin model, and this ap-
proach is maintained in MINMOD Millen-
nium.

ACKNOWLEDGMENTS

We wish to thank: Marilyn Ader for provid-
ing data that were helpful for testing and val-
idating MINMOD Millennium; Peter Grief for
his role in developing the SAAM computer
program, which is used in the processing ker-
nel of MINMOD Millennium; and Oscar
Linares and David Nunamaker for their en-
couragement and financial support. R.N.B. is
supported by the National Institutes of Health
(grants DK27619 and DK29867).

REFERENCES

1. Bergman RN, Ider ZY, Bowden CR, Cobelli C: Quan-
titative estimation of insulin sensitivity. Am J Physiol
1979;236:1667-E677.

2. Finegood DT: Application of the minimal model of
glucose kinetics. In: Bergman RN, Lovejoy JC, eds.

Material may be protected by copyright law (Title 17, U.S. Code)




MINMOD MILLENNIUM

10.

11.

12.

The Minimal Model Approach and Determinants of
Glucose Tolerance. Baton Rouge: Louisiana State Uni-
versity Press, 1997:51-122.

. Pacini G, Bergman RIN: MINMOD: a computer pro-

gram to calculate insulin sensitivity and pancreatic re-
sponsivity from the frequently sampled intravenous
glucose tolerance test. Comput Methods Programs
Biomed 1986;23:113-122.

. Saad MF, Anderson RL, Laws A, Watanabe RM,

Kades WW, Chen Y-D, Sands E, Pei D, Savage PJ,
Bergman RN: A comparison between the minimal
model and glucose clamp in the assessment of insulin
sensitivity across the spectrum of glucose tolerance.
Diabetes 1994;43:114-122.

. Finegood DT, Pacini G, Bergman RN: The insulin sen-

sitivity index: correlation in dogs between values de-
termined from the intravenous glucose tolerance test
and the euglycemic clamp. Diabetes 1984;33:362-368.

- Yang Y, Youn ], Bergman RN: Modified protocols im-

prove insulin sensitivity estimation using the mini-
mal model. Am ] Physiol 1987;253:E595-E602.

. Dunaif A, Finegood DT: p-Cell dysfunction indepen-

dent of obesity and glucose intolerance in the poly-
cystic ovary syndrome. ] Clin Endocrinol Metab
1996;81:942-947.

. Korytkowski MT, Berga SL, Horwitz MJ: Comparison

of the minimal model and the hyperglycemic clamp
for measuring insulin sensitivity and acute insulin re-
sponse to glucose. Metabolism 1995;44:1121-1125.

. Ader M, Ni TC, Bergman RN: Glucose effectiveness

assessed under dynamic and steady state conditions:
comparability of uptake versus production compo-
nents, ] Clin Invest 1997;99:1187-1199.

Araujo-Vilar D, Rega-Liste C, Garcia-Estevez D,
Sarmiento-Escalona F, Mosquera-Tallon V, Cabezza-
Cerrato J: Minimal model of glucose metabolism:
modified equations and its application in the study of
insulin sensitivity in obese subjects. Diabetes Res Clin
Pract 1998;39:129-141.

Godsland IF, Felton C, Wynn V: Venous blood arte-
rialization and parameters from the minimal models
of glucose disappearance and post hepatic insulin de-
livery. Clin Sci 1993;85:89-95.

Matthews DR, Hosker JP, Rudenski AS, Naylor BA,
Treacher DF, Turner RC: Homeostasis model assess-
ment: insulin resistance and B-cell function from fast-
ing plasma glucose and insulin concentrations in
man. Diabetalogia 1985;28:412-419.

. Berman M, Weiss MF: The SAAM Manual. USPHS

(NIH) Publication. Washington, DC: U.S. Govern-
ment Printing Office, 1978:78-180.

16.

17.

18.

19.

20.

21.

22

24.

1015

. Stefanovski D, Moate PJ, Boston RC: WinSAAM: a

Windows-based compartmental modeling system.
Metabolism 2003;52:1153-1166.

. Kahn SE, Prigeon RL, McCulloch DK, Boyko EJ,

Bergman RN, Schwartz MW, Neifing JL, Ward WK,
Beard JC, Palmer JP, Porter D: The contribution of in-
sulin-dependent and insulin-independent glucose-
uptake to intravenous glucose-tolerance in healthy-
human subjects. Diabetes 1994;43:587-592.

Godsland IF, Walton C: Maximizing the success rate
of minimal model insulin sensitivity measurement in
humans: the impaortance of basal glucose levels. Clin
Sci 2001;101:1-9.

Mehring GH, Coates PA, Brunel PC, Luzio SD, Owens
DR: Insulin sensitivity in Type 2 diabetes: univariate
and multivariate techniques to derive estimates of in-
sulin sensitivity from the insulin modified intra-
venous glucose tolerance test (FSIGT). Comput Meth-
ods Programs Biomed 2002;68:161-176.

Stata Corp.: Stata Statistical Software: Release 7.0. Col-
lege Station, TX: Stata Corp., 2001.

SAS User’s Guide: Statistics, Version 5. Cary, NC: 5AS
Institute, 1985.

Lin LI-K: A concordance correlation coefficient to
evaluate reproducibility. Biometrics 1989;45:255-268.
Bland JM, Altman DG: Statistical methods for assess-
ing agreement between two methods of clinical mea-
surement. Lancet 1986;1:307-310.

Zimmet P, Alberti KG, Shaw J: Global and societal im-
plications of the diabetes epidemic. Nature 2001;414:
782--787.

. Tuomilehto J: Strategies for primary prevention of

non-insulin dependent diabetes mellitus. Adv Exp
Med Biol 1988;246:403-411.

Buchanan TA, Xiang AH, Peters RK, Kjos 5L, Marro-
quin A, Goico J, Ochoa C, Tan S, Berkowitz K, Hodis
HN, Azen SP: Preservation of pancreatic beta-cell
function and prevention of type 2 diabetes by phar-
macological treatment of insulin resistance in high-
risk Hispanic women. Diabetes 2002;51:2796-2803.

Address reprint requests to:
Ray C. Boston, Ph.D.

School of Veterinary Medicine
University of Pennsylvania
New Bolton Center

382 West Street Road
Kennett Square, PA 19348

E-mail: Boston@vet.upenn.edu

Material may be protected by copyright law (Title 17, U.S. Code)



https://www.researchgate.net/publication/8931437

