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AKA-TPG: A Program for Kinetic and Epidemiological Analysis of Data
from Labeled Glucose Investigations Using the Two-Pool Model and
Database Technology

Abstract

Background: The Two-Pool Glucose (TPG) model has an important role to play in diabetes research since it
enables analysis of data obtained from the frequently sampled labeled (hot) glucose tolerance test (FSHGT).
TPG modeling allows determination of the separate effects of insulin on the disposal of glucose and on the
hepatic production of glucose. It therefore provides a basis for the accurate estimation of glucose effectiveness,
insulin sensitivity, and the profile of the rate of endogenous glucose production. Until now, there has been no
program available dedicated to the TPG model, and a number of technical reasons have deterred researchers
from performing TPG analysis.

Methods and Results: In this paper, we describe AKA-TPG, a new program that combines automatic kinetic
analysis of the TPG model data with database technologies. AKA-TPG enables researchers who have no
expertise in modeling to quickly fit the TPG model to individual FSHGT data sets consisting of plasma
concentrations of unlabeled glucose, labeled glucose, and insulin. Most importantly, because the entire
process is automated, parameters are almost always identified, and parameter estimates are accurate and
reproducible. AKA-TPG enables the demographic data of hundreds of individual subjects, their individual
unlabeled and labeled glucose and insulin data, and each subject's parameters and indices derived from AKA-
TPG to be securely stored in, and retrieved from, a database. We describe how the stratification and
population analysis tools in AKA-TPG are used and present population estimates of TPG model parameters
for young, healthy (without diabetes) Nordic men.

Conclusion: Researchers now have a practical tool to enable kinetic and epidemiological analysis of TPG

data sets.

Disciplines
Medicine and Health Sciences

Comments
At the time of publication, author Darko Stefanovski was affiliated with the University of Southern California.
Currently, he is a faculty member at the University of Pennsylvania's School of Veterinary Medicine.

This journal article is available at ScholarlyCommons: https://repositoryupenn.edu/vet _papers/143


https://repository.upenn.edu/vet_papers/143?utm_source=repository.upenn.edu%2Fvet_papers%2F143&utm_medium=PDF&utm_campaign=PDFCoverPages

DIABETES TECHNOLOGY & THERAPEUTICS
Volume 9, Number 1, 2007

© Mary Ann Liebert, Inc.

DOTI: 10.1089/dia.2006.0044

AKA-TPG: A Program for Kinetic and Epidemiological
Analysis of Data from Labeled Glucose Investigations
Using the Two-Pool Model and Database Technology

RAYMOND C. BOSTON, Ph.D.,! DARKO STEFANOVSKI, M.Sc.,2
JAN E. HENRIKSEN, M.D., Ph.D.® GLEN M. WARD, MD., Ph.D.*
and PETER J. MOATE, M.Agr.Sc.!

ABSTRACT

Background: The Two-Pool Glucose (TPG) model has an important role to play in diabetes
research since it enables analysis of data obtained from the frequently sampled labeled (hot) glu-
cose tolerance test (FSHGT). TPG modeling allows determination of the separate effects of in-
sulin on the disposal of glucose and on the hepatic production of glucose. It therefore provides
a basis for the accurate estimation of glucose effectiveness, insulin sensitivity, and the profile of
the rate of endogenous glucose production. Until now, there has been no program available ded-
icated to the TPG model, and a number of technical reasons have deterred researchers from per-
forming TPG analysis.

Methods and Results: In this paper, we describe AKA-TPG, a new program that combines
automatic kinetic analysis of the TPG model data with database technologies. AKA-TPG enables
researchers who have no expertise in modeling to quickly fit the TPG model to individual FSHGT
data sets consisting of plasma concentrations of unlabeled glucose, labeled glucose, and insulin.
Most importantly, because the entire process is automated, parameters are almost always iden-
tified, and parameter estimates are accurate and reproducible. AKA-TPG enables the demo-
graphic data of hundreds of individual subjects, their individual unlabeled and labeled glucose
and insulin data, and each subject’s parameters and indices derived from AKA-TPG to be se-
curely stored in, and retrieved from, a database. We describe how the stratification and popu-
lation analysis tools in AKA-TPG are used and present population estimates of TPG model pa-
rameters for young, healthy (without diabetes) Nordic men.

Conclusion: Researchers now have a practical tool to enable kinetic and epidemiological anal-
ysis of TPG data sets.

INTRODUCTION software to help with the elucidation of its
pathogenesis.!2

WORLDWIDE, METABOLIC SYNDROME is in- In 1979, Bergman and colleagues developed

creasing in epidemic proportions, gener- the glucose minimal model to be used to ana-

ating the need for increasingly sophisticated lyze data from the in vivo glucose tolerance test

1School of Veterinary Medicine, University of Pennsylvania, Kennett Square, Pennsylvania.

2Keck School of Medicine, University of Southern California, Los Angeles, California.

50dense University Hospital, Department of Endocrinology, Diabetes Research Centre, Odense, Denmark.
4St. Vincent’s Hospital, Melbourne, Australia.
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in order to obtain indices of the mechanisms
that control the circulating levels of blood glu-
cose.? These indices include insulin sensitivity
(51) and glucose effectiveness (5g). S5; represents
the combined ability of insulin to promote the
disposal of glucose and to inhibit the endoge-
nous production of glucose. Sg represents the
capacity of glucose to mediate its own disposal.
In 1986, Bergman and Pacini* released their
stand-alone computer program (MinMod) pro-
viding clinical investigators a practical tool to
facilitate Minimal Model analysis. Recently,
Boston® and Boston et al.® have released Min-
Mod Millennium and AKA-Glucose, two up-
dated versions of Minimal model software. An
important feature of MinMod Millennium is
that it employs an automated fitting algorithm
that ensure good fits of the Minimal Model to
almost every frequently sampled intravenous
glucose test (FSIGT) data set. The distinguish-
ing feature of AKA-Glucose is not only that it
allows automatic fitting of FSIGT data, but that
it couples this with database technologies.

In the mid-1980s, researchers, cognizant of
deficiencies with the conventional glucose
minimal model, employed the principle of
tracer:tracee indistinguishability, in an attempt
to separate the effects of insulin on the disposal
of glucose and the suppression of hepatic glu-
cose production.”? Initially, Cobelli et al.” in
1986 used two one-compartment models, one
for the unlabeled glucose and one for the “hot”
glucose (either radiolabeled or stable isotope),
with the major difference between these two
models being an absence of a means of en-
dogenous production of the labeled glucose. In
1991, Caumo et al.? pointed out that the time
course of the endogenous glucose production
predicted by the one-pool model failed to con-
form to experimental data and that, contrary to
theory, there was a difference between corre-
sponding parameters estimated from the la-
beled and unlabeled models. Subsequently,
Caumo et al.® in 1993 introduced their two-pool
glucose (TPG) model in which the glucose dis-
tribution space was split between an accessible
pool and an exchangeable pool. They used de-
convolution to estimate the input function, i.e.,
the hepatic glucose production rate (EGP), and
obtained an EGP profile that more closely
matched the pattern anticipated from physio-
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logical considerations. In their approach, they
used the “hot” glucose model (they employed
a stable isotope) to provide the transfer func-
tion, and the endogenous glucose level (pre-
dicted using an approach described by Cobelli
et al.l? in 1990) as the response function. In or-
der to ensure parameter identifiability, Caumo
et al.® introduced the following constraints: (1)
only the exchangeable pool was assumed to be
insulin sensitive, (2) the basal glucose disposal
rate of the exchangeable pool was set to be one-
third of the basal disposal rate of the accessible
pool, and (3) a zero-order removal of glucose
from the accessible pool to tissues such as brain
was set to 1 mg/kg/min.

In the period between 1991 and 1999, there
were few efforts to refine or apply the TPG
model.1112 In the early 1990s, the authors,
when working with the TPG model, found
problems with parameter estimability, espe-
cially physiologically implausible negative es-
timates for k;, (the parameter defining the first-
order removal of glucose from the accessible
pool). In 1999, Cobelli et al.’* addressed the is-
sue of estimability by introducing a Bayesian
approach, i.e., the use of priors, to the estima-
tion of the first-order parameters describing the
exchange of glucose between the accessible and
exchangeable pools. While the Bayesian ap-
proach eases the problem of parameter estima-
tion, taken to the extreme, and if applied with-
out caution, this approach resists the chance to
discover new properties of hitherto unexplored
populations. Although Cobelli et al.,'* using
theoretical arguments, were able to show that
all of the parameters of the TPG model should
be identifiable, noisy data in the initial phase
of the frequently sampled labeled (hot) glucose
tolerance test (FSHGT) make parameter es-
timability problematic.

The most recent improvement to the TPG
model was made in 2003 by Toffolo and Co-
belli.'* They tied the zero-order disposal from
the accessible pool to the total glucose disposal,
thus preventing a negative value for this com-
ponent of glucose disposal and improving pa-
rameter estimability. Appendix 1A depicts a
schematic of the TPG model. Appendix 1B pro-
vides a complete account of the equations de-
scribing the TPG model. Appendix 1C provides
definitions and descriptions of the variables as-
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sociated with the TPG model, their corre-
sponding WInSAAM constructs, and their
units.

Unlike the Minimal Model, the TPG model
has not been extensively used by investigators.
Possible reasons for this include the increased
complexity of the experimental protocol and
the necessity of using either radioactive tracers
(with attendant problems) or stable isotopes
(which entails considerable costs associated
with chemicals and analytical devices). How-
ever, for researchers needing to measure the
two effects of insulin (promoting glucose dis-
posal and inhibiting hepatic production of glu-
cose), we consider the principal reason has
been the unavailability of a program dedicated
to the automatic fitting of the TPG model to
data. SAAMII code for fitting the TPG model
to data has been freely available on the Inter-
net, but for all except expert users of SAAMII,
this code is not easy to implement or to obtain
consistently identified accurate and repro-
ducible parameter estimates. TPG investiga-
tions typically generate a considerable number
of individual patient data sets (patient demo-
graphics and TPG data), which can create prob-
lems in terms of reliable storage and retrieval
of individual files. Furthermore, there is a re-
quirement that publicly funded experimental
data must be retained for a period up to 10
years, in a form that can be readily accessible
and retrievable. We address all of these prob-
lems by presenting a new computer program,
AKA-TPG, an implementation of refinement of
Toffolo and Cobelli'* to the TPG model cou-
pled with database technology.

RESULTS

Program description

Since AKA-TPG incorporates many of the
functions present in MINMOD Millennium
and in AKA-Glucose, we, as far as possible, uti-
lized the successful design and structural
features present in these programs.>® As in
MINMOD Millennium and AKA-Glucose, we
utilized SAAM technology for the numerical
integrator and processing kernel and an auto-
mated fitting algorithm.15 AKA-TPG is similar
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to AKA-Glucose in that it incorporates data-
base technology and the powerful SAAM pop-
ulation modeling tool'® and the Microsoft (Red-
mond, WA) Jet version 4.0 database engine.
The user can also use Microsoft Access 2000 or
higher to independently access the database
files that are populated by AKA-TPG. By or-
chestrating the interchange of data between
these various programs, the AKA-TPG inter-
face enables data to be easily imported into the
program and analyzed, the data and results of
analyses to be efficiently stored and retrieved,
and the results of analyses (e.g., charts and re-
ports) to be easily exported to a number of
other productivity settings (Word, PowerPoint,
Excel, STATA, WinSAAM). AKA-TPG is writ-
ten in Visual Basic, and is designed to run on
any PC with a Windows 98 or higher platform.

The AKA-TPG interface

Users of modern, scientific, software pack-
ages expect user-friendly interfaces with self-
evident icons and features typical of those
found in Windows-based programs. AKA-TPG
has these types of features. The AKA-TPG in-
terface is similar to that found in MinMod Mil-
lennium and AKA-Glucose, ensuring that users
familiar with these programs would quickly
become adept at using AKA-TPG. The main
components of the AKA-TPG interface are six
dialog windows: (1) Patient Data, (2) Observa-
tions, (3) Protocol, (4) Parameters, (5) Chart,
and (6) Settings. The user gains access to each
dialog window by selecting the appropriate
window tab. In Figure 1, we see part of the Pa-
tient Data dialog window, which is where the
user can add to the database or edit patient de-
mographic data.

The Observations window (not shown) con-
tains each subject’s (sampling times, plasma
concentrations of unlabeled glucose, labeled
glucose, and insulin) and weighting structure
in spreadsheet format. A new subject’s data can
be entered by selecting the “New” button. This
produces a spreadsheet in which the new data
can be manually entered, or the new data can
be copied from an Excel spreadsheet and
pasted into the spreadsheet. Alternatively, new
data can be added to the database by selecting
“Add.” This results in a Windows file directory
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B 1wo Pool Glucose Model C:\temp\AKA-TPG\TPG.mdb |
[Patient Datal I Observations T Protocol T F
__|Demographic [value |Units |
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FIG. 1. Part of the Patient Data dialog window in AKA-TPG. The Patient Data tab is in bold font, indicating that

the user has selected this tab to open this dialogue window. The text box contains the identifiers for the demographic
teatures, their values, and corresponding units. The demographic features apply to every subject within the database,
but the values of each demographic feature shown in the open dialog window pertain to a particular subject. Im-
portant demographic features include the patient’s or subject’s age, gender, body weight, ethnicity, etc. On the right
side of the Patient Data dialog window are three Local Buttons that enable the user to add, delete, or edit the patient

demographic features. BMI, body mass index.

from which the user can select a tab-delimited
text file containing the new data. The current
subject under focus can be deleted from the
database by selecting the delete button.

The Protocol window (not shown) presents
a schematic of the two-pool model and contains
a text box in which the user can specify the ad-
ministration protocols for insulin and labeled
glucose.

Fitting the model to data

Prior to AKA-TPG, researchers faced with
analyzing data from individual subjects and
populations had no way to automatically ana-
lyze the data in a reproducible fashion to
quickly obtain consistent, accurate, and precise
estimates for TPG model parameters. The im-
portance of the reproducibility of parameter es-
timates cannot be overstressed. This means that
when a set of TPG data from a specific subject
is analyzed, the parameter estimates should not
depend upon the user or the time or place that
the data are analyzed. Second, previous means
of fitting the TPG model to data in SAAMII or
WinSAAM were laborious and time consum-
ing. Third, researchers needed a secure way to
store the results of model fitting in a dedicated
database. These aspects of TPG modeling are
addressed in AKA-TPG. The fitting process is
initiated in the Settings window. The user se-
lects an appropriate local button to open an ex-
isting database or start a new database. The

successful fitting of the TPG model to experi-
mental data is greatly dependent upon good
initial estimates of model parameters. To facil-
itate this process, we have included in the Set-
tings window, as the default option, the popu-
lation parameter means as reported by Toffolo
and Cobelli* (Table 1), as initial estimates of
major parameters. In order to allow for diffi-
cult cases or “nonhuman experimental subjects”
the user can opt to enter, as initial estimates of
model parameters, previously determined esti-
mates of model parameters from specific pop-
ulations.

TaBLE 1. DEFAULT INITIAL ESTIMATES AND THEIR
STANDARD DEVIATIONS OF THE SIX ADJUSTABLE
PARAMETERS IN THE TPG MODEL

Parameter Unit Value  Standard deviation
ko1 min ! 0.07 0.008

ki min ! 0.08 0.014

koz min~! 0.0039 0.00027

V, dL/kg 128 0.1

Sk mL pU~! min=! 0.00127 0.00028

P2 min~! 0.113 0.023

These initial estimates of parameter values and their
standard deviations are based on the findings of Toffolo
and Cobelli.'* The automatic fitting algorithm in AKA-
TPG uses these “priors” as default initial estimates of
parameters so as to stabilize the estimation process and
thereby improve parameter identifiability. The standard
deviations of these parameters are employed as Bayesian
constraints to counter problems with parameter estima-
bility. The user can alter in AKA-TPG these initial
estimates and Bayesian constraints if there is good
justification.
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B Two Pool Glucose Model C: \temp\AKA-TPG \ TPG.adb _|oO] x|
Patiam Datn T Obszrvannns T Protacal T Paromelers I Chart T Setings )
Adjustable Paramelers
Fixed  |[Nome [Units |Categore |¥alue ol 4 |
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FIG. 2. The AKA-TPG Parameters dialog window. The names, units, best fit estimates, and uncertainties of the six
adjustable parameters and 10 derived parameters of the TPG model are displayed in the Parameters window. Within
the Parameters window are three local buttons—Restore Adjustable Parameters, Reinitialize Adjustable Parameters,
and Error Specification—that are used to facilitate the model fitting process. Below the open dialogue window, one
can see seven general buttons that initiate the major functions that can be carried out in AKA-TPG. These functions
are: Report, Fit, Solve, Delete, New, Add, and Close. In between the “Solve” and “Delete” button is a small window
showing the subject identifier (usually a name or unique identifying number). Below the subject identifier window
is another small window containing the database record number corresponding to that particular subject. At the left
and right on the bottom of the interface are arrows that allow the user to scroll between database records. Note that
the Subject and Record windows show the subject and corresponding database record that is currently in “focus,”
i.e., retrieved from the database. CV, coefficient of variation; HGP, hepatic glucose production; PCR, plasma clear-
ance rate.

The fitting process begins as described
above, by the insertion in the text box in the
Settings window of the initial estimates of the
six adjustable parameters and five fixed pa-
rameters. To further enhance the likelihood
that the model-fitting algorithm will locate fea-
sible model solutions, we have employed the
population parameter standard deviations re-
ported by Toffolo and Cobelli'* as default
Bayesian error constraints (see Table 1). In the
Parameters window (Fig. 2), selecting the local
button “Error Specification” results in a drop-
down table containing the names of the ad-
justable parameters and their default Bayesian
error constraints. A particularly useful at-

tribute of AKA-TPG is that, after some experi-
ence of using AKA-TPG or in the light of a
priori information, the user is able to appro-
priately edit these Bayesian error constraints in
order to “best-fit” the model to a particular data
set. At any time, the user can select the “Solve”
button so as to invoke solution of the TPG
model with the current parameter values. Se-
lecting the “Fit” button automatically updates
the parameters window with a “least-squares”
best-fit of TPG model parameter estimates and
their uncertainties and also updates the chart
window with the new best-fit predictions of la-
beled glucose.

For each individual subject, model parame-



104

BOSTON ET AL.

10000

& Two Pool Glucose Model C:\Program Files\AKA-TPG\TPG.mdb _ ol x|
PaiertData | Obzevation: 1 Pratecol 1 Paiamaler: 1 Chart Settings
T Labeled Glcose Yes |
T |Glucoie [res
Glucooe Inezuin mledn Tes
00000 7 _ |Erd Gcose  |Tes |
W =

Legend

Labeled Glucose: Modal
. Labeled Glucoss: Data
. Glucoss: Data

14 10 End. Glucose: Model
| =@~ |nsulin Data
i\lH
LR
. Tr ., . 0
= - - &
100 L . s .
&Y - - .
w L]
L . 10
ey g -
L ETEEEET ]
L — 10
0 1MW 20 30 40 & S0 70 &0 90 100 10 2D 13D 140 150 180 170 180
Time fmin]
Repon | | sowe | Study [iD0m pese | Mew | add | Clos=
M| A fAecod 1 »|M
EE— %

FIG. 3. The AKA-TPG Chart dialog window. AKA-TPG produces publication-quality charts in which the axis la-
bels, axis type (logarithmic or linear), line style and symbol style can all be customized and color coded. The plasma
data for the unlabeled glucose, labeled glucose, and insulin are depicted by dots while I(t), the insulin driving func-
tion as well as AKA-TPG predictions of labeled glucose and endogenous glucose concentrations are depicted by lines

(see chart legend).

ters are generally estimated with a coefficient
of variation of less than 10%. Using AKA-TPG,
we have been able to successfully analyze data
from a number of different projects in which
the “hot” glucose involved both radiolabeled
and stable isotope. In our experience, data from
30 subjects have been imported into AKA-TPG,
the model has been fitted to the data, and re-
ports on individual subjects and the population
analysis report have all obtained within 30 min.

Obtaining results

The entire purpose of TPG modeling is to ob-
tain estimates of the parameters of the TPG
model and to make predictions such as the in-
stantaneous rate of endogenous glucose pro-
duction. In AKA-TPG, we display in the Pa-
rameters window (Fig. 2) the names, units,
best-fit estimates, and uncertainties of the six
adjustable parameters and 10 derived parame-
ters of the TPG model.

In the Chart window (see Fig. 3), we display
a color-coded representation of the plasma un-
labeled and labeled glucose and insulin. The
TPG model predictions of labeled glucose and
endogenous glucose production are shown by
blue and green lines, respectively. Right click-
ing on the chart results in a dropdown menu
that facilitates customization of the chart.

By selecting the “Report” button (bottom left
in Fig. 3), the user activates a dropdown menu
from which he or she can elect to print (1) a
publication-quality chart depicting the time
course of plasma concentrations unlabeled and
labeled glucose and insulin in the current case
under focus, (2) a tabulation of the current sub-
ject’'s model parameters and derived indices,
together with their error estimates and units,
(3) a table pertaining to the current case under
focus, the time course of plasma concentrations
of unlabeled glucose and labeled glucose, pre-
dicted unlabeled glucose, and predicted en-
dogenous plasma glucose, and (4) a report for
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TaBLE 2. THE TPG MODEL: PARAMETER NOMENCLATURE AND UNITS, PARAMETER DESCRIPTION,
WINSA AM NOMENCLATURE, POPULATION MEAN ESTIMATES, AND
THEIR STANDARD ERRORS OF TPG PARAMETERS AND DEMOGRAPHIC DESCRIPTORS

WinSAAM

Parameter Description construct Mean = SE Units?

kn Rate constant P(01) 0.046 *+ 0.004 [min 1]

k1o Rate constant P(02) 0.046 *+ 0.006 [min 1]

Rdy Insulin-dependent P(03) 0.92 + 0.04 [mg kg ! min—1]
glucose disposal

k Rate constant P(04) 0.0048 =+ 0.00024 [min~1]

G Basal glucose P(05) 89 + 17 [mg/dL]

koz Glucose disposal rate P(06) 0.0044 =+ 0.00021 [min~1]
from compartment 2

1 Volume of accessible pool P(07) 14 * 0.06 [dL/kg]

Sk Tissue insulin sensitivity P(08) 0.0016 *+ 0.00009 [mL pU 'min—1]

P2 A constant P(09) 0.060 *+ 0.0095 [min—1]

S Insulin sensitivity P(10) 0.042 = 0.0080 [mL pU™Y

Iy Basal insulin P(11) 23.0 = 347 [wU/mL]

HGP Hepatic glucose production P(12) 1.97 = 0.090 [mg/kg/min]

Hot glucose bolus ~ Labeled glucose bolus P(14) [mg/kg/100]P

PCR Plasma clearance rate P(23) 0.022 * 0.0084 [dL/kg/min]

EGPy, Basal hepatic glucose P(24) 0.019 = 0.0009 [mg kg™! min™1]
production

Rd Steady-state glucose disposal P(26) 1.97 = 0.09 [mg kg ! min—1]

g1(0) Dose of labeled glucose IC(1) [mg/kg/100]P

o Toffolo’s « P(27) 0.465 Dimensionless

P28 Toffolo’s constant P(28) 1.14 Dimensionless

P29 Cobelli’s constant P(29) 4 Dimensionless

V4 Volume of distribution P(25) 23 +0.09 [dL/kg]

S&' Glucose effectiveness P(21) 1.19 = 0.04 [mL kg™! min~]
(two pool)

S5 Insulin sensitivity P(22) 0.18 + 0.01 [mL/kg/min(uU/mL) 1]
(two pool)

D Unlabeled glucose bolus IC(4) 300 = 2.6 [mg/kg]

Age Years 321 +1.35 [years]

BMI Body mass index 26.6 = 0.98 [kg m 2]

The population estimates of TPG parameters were for 15 young, healthy(without diabetes) Nordic men involved
in an investigation funded by the Danish Diabetes Association, the Clinical Research Institute, Odense University
Hospital, the Novo Nordisk Foundation, and Aage Louis-Hansens Memorial Foundation.

aUnits for stable isotope dose.

PEor a radioactive label, replace mg/kg /100 with cpm/kg.

all the studies in the database or (5) a Win-
SAAM file of the current subject.

Population studies

A typical investigation in which we em-
ployed AKA-TPG involved an analysis of ge-
netic risk factors for diabetes in Nordic men.
Data for all subjects in the investigation were
entered into the AKA-TPG database and indi-
vidually fitted as described above. A popula-
tion analysis of the “control” group of 15
“young, healthy (without diabetes) men” was
initiated by selecting the “Report Button” in the
Settings window. This produced a dropdown
menu from which the “Population Analysis”

option was activated by means of a radio but-
ton. The constraints describing the control stra-
tum were entered into a dialog box, and the
population analysis was performed by select-
ing the “Analyze Stratum” button. This gener-
ated an extensive amount of useful output in
10 worksheets in spreadsheet format. In par-
ticular, the “Population Parameter” worksheet
contains unbiased estimates of the population
means of the six adjustable parameters of the
labeled TPG model and their respective popu-
lation fractional standard deviations. Table 2
lists nomenclature of the TPG model para-
meters, their units, description, WinSAAM
nomenclature, and the population estimates
and standard errors of the TPG parameters for
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“young, healthy (without diabetes) Nordic
men.”

In this investigation, the population mean es-
timates for TPG parameters were as follows:
Vi=14=%x0.06 dL/kg, ki =0.046 = 0.004
min~!, ki =0.046 = 0006 min !, kp=
0.0044 £ 0.0002 min~!, p, = 0.060 = 0.009
min~!, 5; = 0.0016 * 0.00009 min~! U ! mL,
S& =119 =0.04 mL kg ! min~!, and S¥ =
0.18 = 0.01 mL/kg/min (uU/mL) 1. These es-
timates for a “normal-healthy” population of
“Nordic” men are somewhat different to the es-
timates reported by Toffollo and Cobelli'* for
a mixed population of American and Italian
subjects: V1 = 1.4 * 0.04 dL/kg, ky1 = 0.070 =
0.008 I'I'Lil’l_l, k1> = 0.080 = 0.01 I'I'Lil’l_l, ko =
0.004 + 0.0002 min~!, p» = 0.12 = 0.02 min"},
s = 0.0012 + 0.0003 min~! pU-! mL, S% =
085 + 0.14 mL kg! min~!, and S} =0.14 =
0.03 mL/kg/min (uU/mL)~ 1. The “normal-
healthy” population studied by Toffolo and
Cobelli* lived in different countries (the
United States and Italy) and may very well
have differed in other key (unspecified) demo-
graphic features (e.g., diet) compared with the
“normal-healthy” population in the current in-
vestigation. Yet, similarities in the magnitudes
of the major health-related TPG parameters
(SZ and S7), especially those scaled by body
weight, suggest that these parameters do in fact
define a “normal-healthy” population, and this
supports the utility of the TPG modeling ap-
proach. Differences in the magnitudes of the
“mixing” parameters, especially ki, k»1, and p;
(the parameter describing the rate of decline of
insulin action in a remote compartment) are in-
triguing and warrant further research.

CONCLUSIONS

In this paper we have described AKA-TPG,
the first software specifically developed for fit-
ting the TPG model to data. AKA-TPG has a
user-friendly interface, and it allows the user
to automatically and quickly obtain accurate,
precise, and reproducible estimates of all TPG
parameters and indices for individual subjects.
The population tool within AKA-TPG makes it
possible for investigators and epidemiologists
to determine mean TPG parameter estimates

BOSTON ET AL.

for populations and strata within populations.
The database technology within AKA-TPG al-
lows the user to store and retrieve from a se-
cure database all TPG-related data from many
hundreds of subjects.
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APPENDIX 1A. A SCHEMATIC OF THE TPG MODEL

Plasma Insulin
above basal
{l - Ib}

IC I_'__J_“_

Accessible
Glucose

R/ Q) |k, = kp| ¢ :

Note, in this schematic, k, = pas.

APPENDIX 1B. TPG MODEL EQUATIONS

Rd, . .
g1(t)" = _(kp + =<t k21) qi(t) + k12 * qa(t)

Qu(f)
71(0) = d
q2(t)" = ka1 * qu(t) — (kop + x(t) + k12) * ga(t)
x(t)" = —palx(t) — sidl(t) — I}l
I —L=0ifIH=1I x0)=0

_
g1(t) "

(1)

2)
3)

)



108 BOSTON ET AL.
_ ()
Gi(t) = =+ 5
1(f) v, (5)
Gelt = Gt — (<012 ©)
71(0)
t
AGe(t) = | gi(t,T) * AEGP(T) * dT @)
0
_ 1.14 * k21 * k()z
ko ( kox + k12 ) ®)
Rd() 3k21k02
k, + = 9
PviGy ko + ka2 ©)
4*V1*k21*k02)
PCR = 10
( kox + k12 (10)
EGP, = PCR * Gy, (11)
ko1 * k
2 =100 * Vq * [k, + —2L——02 12
S& =100 * V; (p koo T e (12)
" 100"’5;(*](21*1{12*1/1
s7 = ( ) 13
! (koz + ki2)? (13)
PCR, plasma clearance rate.
APPENDIX 1C. DEFINITIONS OF VARIABLES IN THE TPG MODEL
WinSAAM
Variables Description construct Units®
qa(t) Accessible pool labeled glucose F(1) [mg/kg]®
q2(t) Exchangeable pool labeled glucose F(2) [mg/kg]®
x(t) Insulin action F(3) [min~1]
G1(t) Unlabeled glucose concentration FF(4) [mg/dL]
G(1) Endogenous glucose G(10) [mg/dL]
I(t) Insulin concentration FE(5) [uU/mL]
qa(t)’ Rate of change of accessible labeled UF(1) [mg/kg/min]°
glucose pool
ga(t)’ Rate of change of exchangeable labeled UF(2) [mg/kg/min]°
glucose pool
x(t)' Rate of change of insulin action UF(3) [min—2]

aUnits for stable isotope dose.
bFor radioactive label, replace mg with cpm.
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