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Abstract. This report describes a pharmacokinetic/pharmacodynamic model for pramlintide, an
amylinomimetic, in type 1 diabetes mellitus (TIDM). Plasma glucose and drug concentrations were
obtained following bolus and 2-h intravenous infusions of pramlintide at three dose levels or placebo in
25 T1DM subjects during the postprandial period in a crossover study. The original clinical data were
reanalyzed by mechanism-based population modeling. Pramlintide pharmacokinetics followed a two-
compartment model with zero-order infusion and first-order elimination. Pramlintide lowered overall
postprandial plasma glucose AUC (AUC,,) and delayed the time to peak plasma glucose after a meal
(Tmax)- The delay in glucose Tax and reduction of AUC,, indicate that overall plasma glucose
concentrations might be affected by differing mechanisms of action of pramlintide. The observed increase
in glucose Tj,x following pramlintide treatment was independent of dose within the studied dose range
and was adequately described by a dose-independent, maximum pramlintide effect on gastric emptying of
glucose in the model. The inhibition of endogenous glucose production by pramlintide was described
using a sigmoidal function with capacity and sensitivity parameter estimates of 0.995 for I.x and
23.8 pmol/L for ICs,. The parameter estimates are in good agreement with literature values and the 1Cs
is well within the range of postprandial plasma amylin concentrations in healthy humans, indicating
physiological relevance of the pramlintide effect on glucagon secretion in the postprandial state. This
model may prove to be useful in future clinical studies of other amylinomimetics or antidiabetic drugs

with similar mechanisms of action.
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INTRODUCTION

In healthy subjects, normal blood glucose concentrations
are tightly regulated by a complex interplay of several
hormones, including amylin and insulin secreted from pan-
creatic B cells, glucagon from pancreatic o cells, and
gastrointestinal insulinotropic incretins in response to nutrient
stimuli (1). Ingestion of carbohydrates triggers insulin release
from the pancreas and inhibits glucagon secretion in nondi-
abetic individuals. Glucagon primarily acts in the liver to
counteract insulin action by stimulating glycogenolysis and
gluconeogenesis, resulting in a rapid increase in endogenous
production of glucose. Hence, it is the most important
hormone for preventing hypoglycemia. However, in type 1
diabetic patients, an abnormal rise in glucagon concentrations
after meals often results in excursions of postprandial glucose
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and exacerbates diabetic control (2). This dysregulation has
been postulated to be due in part to inappropriate beta-cell
suppression of alpha-cell glucagon secretion and lack of intra-
islet insulin (3,4). In addition, TIDM patients often manifest
both insulin and amylin deficiency, particularly important in
postprandial glycemic control.

Human islet amyloid polypeptide (5) (IAPP) is a 37
amino acid peptide, which forms fibrils in vitro and is toxic to
cultured pancreatic beta cells (6). In contrast, rat IAPP differs
from human IAPP at only six amino acid residues, but rat
IAPP does not fibrillize. Three proline residues in the rat
IAPP sequence play an important role in preventing fibril
formation (7). Pramlintide was designed with proline sub-
stitutions at positions 25, 28, and 29 residues from rat IAPP. It
has improved solubility and nonaggregating properties com-
pared with native human amylin (8). Pramlintide was
approved by the Food and Drug Administration in March
2005 as adjunctive therapy of patients with type 1 or 2
diabetes mellitus who failed to achieve glycemic control
despite optimal therapy with insulin. Clinically, the benefit
of using pramlintide as an adjunct treatment to mealtime
insulin in type 1 diabetic patients was carefully examined (9).
Pramlintide suppresses postprandial secretion of glucagon,
delays gastric emptying, and increases satiety (10), all leading
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to the decreased influx of the endogenous and exogenous
glucose into the circulation after a meal.

Empirical measures such as the area under the glucose
concentration-time curve (AUC,,,) have been used to evaluate
the pharmacological effects of pramlintide (11,12). The temporal
and causal relationships between drug exposure and the extent of
glucose reduction have not been well characterized. In 1996,
Colburn et al. (13) first applied pharmacokinetic/pharmacody-
namic (PK/PD) modeling to describe pramlintide effects on
postprandial glucose using a linked biophase with an empirical
sigmoid E,x model. However, parameter estimates of the
biophase rate constant, k., and ECs, increased with dose, no
fitted curves were provided, and the underlying basis of the drug
action was not made clear. A mechanism-based PK/PD model
can provide meaningful and physiologically relevant insights into
the control of pramlintide on complex postprandial glucose
regulation. In this study, we used the data originally published
(13). This study develops a PK/PD model based on the
mechanisms of action of pramlintide that characterize the
exposure of pramlintide and its effects on plasma glucose during
the postprandial period using a nonlinear mixed effects modeling
approach. We sought a parsimonious and physiologically mean-
ingful model to resolve drug and system-related parameters.

METHODS
Subjects

In the original publication (13), the authors describe 25
male subjects with TIDM who participated in the clinical
study. All subjects were white except for one Hispanic. The
mean (xSD) age, body weight, and height were 29.6+
6.8 years, 170.4+17.0 1b, and 71.6+2.5 in. All subjects had
been diagnosed with T1DM for 2-20 years before study entry.
The glycosylated hemoglobin values were between 6.1 and
13.0% and basal C-peptide concentrations were <0.6 ng/mL.
All subjects had stable glycemic control using insulin for at
least 2 weeks and not having more than 10% required
adjustment of insulin dose in the week before the start of
the study. The study protocol was approved by local
Institutional Review Boards and written informed consent
was obtained from each subject prior to enrollment.

Study Design

A total of 25 subjects with TIDM divided into three groups
participated. This was a randomized, single-blind, placebo-
controlled, ascending-dose clinical trial designed to evaluate
pharmacokinetics, pharmacodynamics, and safety of pramlintide
(13). The complete details of study design were described in the
original publication (13). Pramlintide doses of 30 pg (group 1),
100 pg (group 2), or 300 pg (group 3) were administered as a
bolus (2 min i.v. infusion) and as an infusion (120 min i.v. infusion)
to each group. Subjects in each dose group underwent a two-
period crossover where the bolus and infusion doses of pramlin-
tide were given. This crossover was accomplished within a 2-week
interval. During each part of these crossover periods, the subjects
were confined to the clinical trial unit for 3 days: the first day for
baseline measurements and acclimatization; the second and third
day for an embedded crossover, i.e., from placebo to pramlintide
or vice versa. Therefore, each subject received two pramlintide
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treatments (bolus and infusion) at a specific dose level (dose
group), and each pramlintide dose was accompanied by PK
measurements and matching PD observations collected during
the placebo and active drug treatment. One subject who
completed only the first crossover was included in our PK/PD
analysis; however, this subject was excluded in the earlier data
analysis (13). Additionally, two subjects in each dose group were
randomly assigned to receive only placebo throughout the study
to help assess drug-safety aspects. The PD data for these
subjects were also used in the assessment of the PK/PD
relationships. The drug was injected into a forearm vein
contralateral from the i.v. cannula used for blood sampling.
The PK blood samples were collected 30 min prior to dosing, at
the end of the 2-min bolus dose, and at 5, 15, 30, 45, 60, 90, 120,
150, 180, and 240 min after completion of the bolus dose; and
30 min prior to dosing, and at 30, 60, 120, 135, 150, 165, 180, 210,
240, and 300 min after beginning the 2-h infusion. Blood samples
were collected for the measurement of plasma glucose at 30 min
predosing, at the end of the 2-min bolus dose, and at 15, 30, 60,
90, 120, 180, 240, 300, and 630 min after completion of the bolus
dose; and at 30 min pre-dosing and at 15, 30, 60, 90, 120, 150, 180,
210, 240, 300, and 630 min after beginning the 2-h infusion. Each
subject followed a fixed insulin and meal regimen based on their
screening interview and history, and daily caloric intake was
reflected in the individual’s interview and history. Subjects
injected their usual prebreakfast dose of insulin approximately
30 min before initiating the bolus or infusion dose. Breakfast
was served 30 min after dose initiation.

Analytical Procedures

The analytical methods were described previously (13).
In brief, plasma pramlintide equivalent concentrations were
measured with a two-site “sandwich” immunoradiometric
assay using an 8-point standard curve. The average minimum
detectable concentration for this study was 3.7 pmol/L with a
range of 1.0-10.8 pmol/L. Intra- and interassay coefficients of
variations were <10% and 15% across the range of the assay.
This assay is susceptible to interference by endogenous
amylin and the des-lysine-pramlintide metabolite. It should
be noted that, in this study population, amylin plasma
concentrations were nondetectable or at the low end of the
normal range; thus, the measurements would largely reflect
the pramlintide and its active metabolite concentrations.

Structural Model Development

For the PK data of pramlintide, a total number of 342
observations in 18 individuals were used for the PK model
building. Individuals in the placebo group had negligible
endogenous amylin compared to the measured drug concen-
trations, and most were below the detection limit. Therefore, they
were not included in the PK data analysis. Plasma glucose data for
all individuals were modeled with a total number of 1,028
observations in 25 individuals including both placebo and drug
dosing results.

Pharmacokinetic Model
A noncompartmental (NCA) assessment was first carried

out to compare selected parameters for the bolus and infusion
doses. Parameters generated were Cpax, Tmax, AUCq int,



PK/PD of Pramlintide in Type 1 Diabetic Subjects

clearance (CL), volume of distribution (V), and Ty,. Dose
proportionality was assessed by nonlinear regression analysis as:

AUCy_int = & % dose® (1)

where b is a power coefficient.

A series of PK models including one-, two- and three-
compartment models with zero-order input and first-order
elimination from the central compartment with and without
lag time were assessed to describe the PK of pramlintide. A base
model without covariates was evaluated first, and all random
effects were assumed as a log-normal distribution. A propor-
tional error model was used to describe the residual variability
for the plasma drug concentrations. Because 13.8% of PK data
were reported as below the lower limit of quantification
(LLOQ), the M3 method in NONMEM was used to maximize
the likelihood for observations below the LLOQ with respect to
the model parameters (14,15).

All PK models assuming 2 min i.v. cannula infusion for the
bolus regimen without a lag time significantly overestimated the
drug concentrations in the first blood samples collected 2 min
after the start of the drug infusion and underestimated the plasma
concentration at 7 min. We observed that the mean of the
maximum plasma drug concentration occurred from 4 to 7 min
for the 2 min i.v. infusion and at 90-110 min for the 120 min i.v.
infusion, both of which did not occur at the end of protocol-
defined infusion time. This was also observed and addressed by
Colburn et al. (13). For the short 2-min infusion, the actual dosing
time may exceed the protocol-defined 2 min, or there was a lag
time before concentrations were observed; for the 120-min
infusion, the results may have reflected random variability.
Furthermore, in this study, 5 mL blood samples was collected at
each time point (13), which suggests that blood withdrawal times
were not fast. The circulation time for drug molecules from the
site of injection to the contralateral vein of blood sampling may be
an issue. Lastly, the pramlintide assay measurement may detect
cross-reactive metabolites, which may contribute to the increase
in measured concentrations after the end of the infusion. In order
to account for the practical inaccuracies and justify the variability,
we sought to estimate the duration of infusion for the bolus
regimen along with the interindividual variability (ITV). Adding
the lag time greatly improved the model stability and visual
fitting. A significance level of 0.05 based on the likelihood ratio
test was used to evaluate significance of incorporating additional
compartments and the lag time.

As PK samples were available on two occasions for each
subject, interoccasion variability (IOV) was evaluated for
each PK parameter. The model for subject i at occasion j was

Pl‘/‘ =P x 6‘"’+K[i (2)

where Pj;is the ith individual’s parameter value at jth occasion as
a function of P, the typical parameter value in the population,
and #»; and k; are assumed to be independently, normally
distributed variables with mean zero and variances »” and 7°.
The likelihood ratio test (LRT) and drop in residual
variability were used to assess the significance of including
IOV. Regarding covariate model building, initial covariate
screening was examined graphically by plotting the individual
posterior Bayes estimates of PK parameters generated from the
base structure model versus age, body weight, and body mass
index. Each covariate was tested using either a linear or power
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covariate function model centered to the median covariate value
in the dataset. Forward selection of any covariate was based on
the LRT at a significance level of 0.05. Correlations between
parameters were assessed by graphical inspection of the
individual parameter values and tested using off-diagonal
elements in the covariance matrix. The final PK parameter
estimates were fixed in the subsequent PD analysis.

Pharmacodynamic Model

The PD model was developed based on the fundamental
actions of pramlintide. The drug delays gastric emptying time,
thereby affecting glucose reaching the intestinal absorption
site, and also inhibits postprandial glucagon secretion to
reduce endogenous glucose production (4,16). Pramlintide
effects on satiety were not considered to be important due to
the short time frame of the study.

The overall patterns of gastric emptying are dependent on
the type of meal (17). The emptying of a solid meal approx-
imates a zero-order pattern, whereas the gastric emptying of a
liquid meal is relatively faster with a first-order pattern (17,18).
Similar types of gastric emptying patterns for either solid or
liquid components of the meal were also observed in assessing
pramlintide effects (19). Due to lack of detailed information
about the meal components and carbohydrate amounts, the
amount of glucose (D) in the meal was assumed to be an
arbitrary value of 50 g, and the bioavailability (F) of glucose
absorbed from food together with its ITV was estimated in the
model. A two-compartment disposition model with elimination
from the central compartment was used previously to describe
glucose kinetics. In this pramlintide study, there is insufficient
information in the data to support the estimation of the central
and peripheral volumes of distribution and the intercompart-
mental clearance. Therefore, these parameters were fixed to
literature values (20). We examined different gastric emptying
models. Oral ingestion of glucose from meals represents a key
component in the model; two published models were examined
(21,22). The first model used a semiphysiological model
mimicking glucose transit through the gastrointestinal (GI) tract
before reaching the systemic circulation and assumed two
compartments for stomach and one compartment for intestine
(22). In the second model, a series of transit steps described
glucose absorption after an oral glucose tolerance test (21). Both
models have a first-order rate constant for glucose transit
through the GI tract. We also examined a linear gastric emptying
model. The latter resulted in best fitting of postprandial glucose
concentrations in plasma.

Glucose homeostasis is basically a turnover process. Hence,
an indirect response (IDR) model was used to describe the
plasma glucose concentrations during the postprandial period.
The final PK/PD model is displayed in Fig. 1. A dose-
independent increase in the observed glucose Ty,.x following
pramlintide treatment compared to placebo justifies using a
maximum, dose-independent pramlintide effect to describe the
drug delaying the time for glucose entry into blood. Further-
more, the delayed Tp,.x and reduced AUC,., indicated that
overall plasma glucose concentrations might be affected by
different mechanisms of action of pramlintide.

A two-compartment IDR model was used to describe the
turnover of glucose and its distribution kinetics. The input of
glucose is described by the sum of net entry of exogenous
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Fig. 1. Schematic representation of the PK/PD model. The dotted lines
and bars depict stimulatory (open bar, represents increase in 7;,) and
inhibitory (closed bar) effects of pramlintide on the various processes via
indirect mechanisms. Symbols are defined in Tables I-111

glucose from the meal (kp) and endogenous glucose from
hepatic output (k;,) and ko, indicates the net removal of
glucose by tissue uptake and utilization. The duration (7;,) of
zero-order input of glucose transit from stomach to small
intestine (Int) describes the gastric emptying and a first-order
rate constant (k,) depicts absorption of glucose from intestine,
with pramlintide prolonging (S) the duration of glucose input
and inhibiting k;, (I). The effect of pramlintide on gastric
emptying was modeled using a linear function including the
parameter Sp.x, assuming that all studied doses had the same
effect. Initially, we evaluated different dose-response relation-
ships; with the sigmoidal equation, the estimated SCs, was very
small with a relatively high standard error.

Due to lack of suppression of postprandial glucagon,
endogenous hepatic glucose release contributes in part to the
postprandial hyperglycemia (23). Hence, incorporating an inhib-
itory function on the glucose production side is necessary to
account for one mechanism of action of pramlintide. This effect of
pramlintide was modeled using an inhibitory sigmoidal I,.x
(maximum effect of the pramlintide concentration on endoge-
nous glucose production) function. The PD equations are:

dint
7’: = ko(0— Tiy x ) — kg x Int, Int(0) =0  (3)
S: 1+Smax (4)
D xF
kO_,TinXS7 D_Sog (5)
dg" = kin ¥ I + ko x Int — ko x GC+5_GG,,>< G, —8—Z>< G., Ge(0) = Geo
(6)
de QG QG
=295 G -=9%G,, G,(0)=G 7
d Vg, . Ve, o »(©) e 7
Tnax X C,
I=1-"2""7 8
ICs + G, ®
kin = Kout X GcO (9)

where Int(0) is the premeal glucose amount in the intestine, G
is the baseline central compartment glucose amount that is
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estimated by the product of the baseline plasma glucose
concentration and the central volume of distribution (Vg,) ,
G, is the amount of glucose in the peripheral compartment with
volume of distribution of 8.56 L, and C, is the plasma drug
concentration. The I,.x and ICsy represent the maximum
inhibition of k;, and the plasma drug concentration required at
one half of I,,,.x. Baseline (predose) and sample times of 300 or
302 min were used for the PD data analysis.

Data Analysis

Nonlinear mixed effect models using NONMEM Version
VII level 2.0 (first-order conditional estimation with interaction)
(24) were used (Appendix). Diagnostic graphs were created in S-
Plus version 8.0 (Insightful Corp, Seattle, Washington, USA).
Phoenix WNL 6.1 (Pharsight Corp., Mountain View, California,
USA) was used for noncompartmental PK analysis. Nonlinear
regression analysis of AUCy s and Cp,ax With dose was used to
examine linearity across all dose levels. This was implemented
with the SAS 9.1 procedure NLIN. For PD exploratory data
analysis, the fasting plasma glucose measured before dosing was
used as baseline values to determine the net area under the
glucose concentration-time curve (AUC,¢). The AUC,, was
calculated as the difference between AUC above baseline
between time of drug dosing and 5 h and AUC below baseline
between time of drug dosing and 5 h using Phoenix WNL 6.1. The
peak glucose concentration time (7ax) and AUC,. were
compared between dosing groups. The paired Student’s ¢ test
was used in SAS 9.1 with a significance level of p<0.05. Data are
presented as mean+SD.

Model Selection and Evaluation

Between-subject variability in PD model parameters was
assumed to be log-normally distributed. An additive residual
error model was fitted to the log-transformed glucose data.
Because data were obtained from two different sites, we expected
that the residual error might not be constant across all individuals.
Hence, an interindividual variability term (#,) was included in the
residual error model to account for the individual contribution to
the residual error (25). A series of transit compartments was used
to model the lag time, which was expected to provide a smooth
transition. However, this approach did not provide an improve-
ment, likely due to overparameterization. The asymptotic
standard errors of NONMEM estimates for the PD model could
not be obtained due to an unsuccessful covariance step; hence,
bootstrap analysis was performed. The 95% CI of parameter
estimates were reported based on a 500-replicate-bootstrap
datasets. The final model was chosen based on mechanistic
plausibility, goodness-of-fit plots, precision of parameter esti-
mates, comparison of the objective function value for nested
models, and the principle of parsimony. The final PK/PD models
were evaluated by visual predictive checks (VPCs), stratified by
dosing regimen. Because the baseline glucose varied widely, both
between and within individuals, we implemented an individual
baseline corrected VPC for the PD model (26). The median and
90% prediction intervals (P5-P95) of the individual concentra-
tion—time profiles of pramlintide and glucose were determined
from simulated data in 1,000 subjects for each dosing group and
superimposed on the observed data.
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RESULTS
Pharmacokinetics

In comparison with the original NCA results (13), the
parameters reported in Table I are in excellent agreement. The
AUC) iy and Cpyax values increased with dose. The estimated
power coefficient b was 0.99 with 95% CI of (0.916, 1.25). Similar
results were obtained for Cp,.x (data not shown). The 95% CI
includes 1.0, which indicates that the PK of i.v. pramlintide was
proportional over the 30-300 pg dosage range. The Cy,x did not
occur at the end of the 2-min bolus or 120-min infusion for all
subjects. In addition, we found some inconsistency in terminal
half-life for the three dosages. The shorter ¢, at the 30 pg dose
might be caused by the profiles reaching the limit of detection
(2 pmol/L). The actual variability in terminal half-life was higher
for the 100 and 300 pg doses than for the 30 pg dose.

Pharmacokinetic Modeling

The PK profiles exhibited a biexponential decline and were
best described by a two-compartment linear model with first-
order elimination including a lag time. The PK parameters
generated were: clearance (CL), central volume (V7), peripheral
volume (V3), and distribution clearance (CLp). Adding inter-
occasion variability of CL was found to significantly improve the
model fitting. No covariates were included in the final PK
model. The CL and V; were correlated and estimation of
the covariance parameter was included in the final model.
Figure 2 depicts the individual observed data and the
predictive performance of the PK model as assessed by
visual predictive checks. The population PK model well
describes the time course of drug concentrations for all
doses. However, we observed slight overprediction in the
100-pg dosing group, and the trend is more evident in the
30-pg bolus dosing group. This could result from the small
sample size, insufficient data to support accurate estimate
of the dosing time, and/or model complexity. One
individual in the 30-pg bolus dosing group had much
lower plasma drug concentrations than others, while this was not
obvious in the crossover infusion study. We kept this subject in the
data analysis as we cannot explain the reason that may contribute
to some of the deviations in Fig. 2. It was important to adequately
describe the PK as it provides the driving force for the PD
analysis. For the short 2 min iv. infusion, any practical
inaccuracies would represent a larger fraction of the dosing time
compared to the long 120 min i.v. infusion; hence, it is important
to take that into account. Initially, we sought to estimate the
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dosing time with IIV for the short infusion along with a lag time to
account for any deviations or inaccuracies from protocol-defined
dosing and blood sampling times. However, the population mean
estimate for the dosing time was very sensitive to initial values,
indicating insufficient data to support a reliable estimate. This is
likely due to variability of drug concentrations in the first venous
blood samples across individuals and a limited number of
individuals in the study. Therefore, we fixed the population mean
of the dosing time to 4 min, which produced the best PK fitting
results in the range of 2-7 min that we tried. The individual Bayes
estimates ranged from 1.73 to 6.57 min, which is consistent with
the observed time range for the occurrence of the maximum drug
concentrations. In the original report (13), the infusion duration
that was fixed for bolus regimen varied between 2 and 7 min, and
the PK parameters changed as dose and regimen changed. The
PK model that we implemented with a lag time provided a
suitable means to fit the observed data. The estimated PK
parameters are summarized in Table II. The population mean
estimate of CL was 0.955 L/min and displayed 10.8% variability
between occasions. The individual posterior Bayes estimates of
PK parameters were fixed in the subsequent PD analysis.

Pharmacodynamics

Pramlintide dosing resulted in a decrease of at least 40% in
the mean 5-h integrated glucose AUC,,, for all doses and dosage
regimens except for the 30-pg bolus group (Fig. 3). When
comparing drug and placebo counterparts for each dosing group,
the differences were significant (P<0.05) for both the 100- and
300-pug dose groups. The peak glucose concentration time (7 ax)
also significantly increased (P<0.05) in the 100-pg dosing group
for all modes of administration (Fig. 4). Nevertheless, Tpax
increased for all dosing groups compared to placebo. In addition,
in order to assess the interoccasion variability, six individuals who
were only given placebo on different occasions were evaluated.
No significant differences (P<0.05) occurred for either AUCnet
or Tpax measurements (Figs. 3 and 4). After accounting for day-
to-day variability, the results indicated that pramlintide lowered
overall postprandial plasma glucose and delayed the time to peak
plasma glucose concentrations after meals. For T,.«, the delay
seems to be independent of dose, since the percentage increase of
Tmax compared to placebo is not significantly different among all
regimens (data not shown). This might be due to a maximal effect
at the lowest dose examined, which is consistent with literature
observations (27).

From the time course of typical glucose concentration
profiles (Fig. 5), we observed that, compared with placebo
profiles, glucose concentrations decreased after meals except for

Table I. Noncompartmental Pharmacokinetic Parameters

Bolus dose (ng)

Infusion dose (pg)

Parameter (units) 30 (n=6) 100 (n=6) 300 (n=6) 30 (n=6) 100 (n=6) 300 (n=6)
AUC (pmolmin/L) 5,410+2,030 28,200+4,830 78,900+14,200 71,40+1720 25,400+5,950 94,100+12,100
V(L) 50.7+48.7 37.2+12.6 32.8+5.89 35.9+15.7 43.4+15.1 32.9+11.4
CL (L/min) 1.90+1.62 0.923+0.179 0.984+0.141 1.12+0.287 1.04+0.252 0.819+0.110
Ciax (pmol/L) 304+141 1300+322 3700+£610 67.5+8.72 221+35.9 827+97.9
fmax (min) 4+3 6+2 740 90+27 110425 90+27

t1/2 (min) 22.5+5.02 55.1+34.7 50.7 £10.0 19.6+2.41 36.7+£9.63 49.8+15.8

Data are reported as mean+SD
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Fig. 2. Visual predictive check for plasma drug concentrations versus time for each dose group.
The dashed lines are the 90% prediction interval, and the bold line is the predicted median. The
circles are the observed plasma drug concentrations

the 30-pg bolus dosing group. This group shows higher peak
glucose concentrations than placebo, which cannot be explained
by the mechanisms of action of the drug. However, the same
group of subjects did not show a similar pattern in the infusion
regimen. This discrepancy may be due to the small number of
subjects examined or the variability in this study.

Pharmacodynamic Modeling
Representative observed time courses of glucose concentra-

tions and the individual baseline corrected visual predictive checks
for the final PD model are shown in Figs. 5 and 6. From both of the

representative best and worst fitting results, the mechanistic PD
model adequately described the postprandial glucose concentra-
tions after different dosing regimens. The estimated PD parame-
ters are summarized in Table III. In general, the final estimated
parameters controlling glucose turnover are in good agreement
with literature values (20-22,28-32). The population mean esti-
mate of baseline glucose concentration was 161 mg/dL and
displayed 37.1% variability between occasions. In addition, the
final drug-specific parameter estimates are also in good accordance
with reported values (4,16,33).

Different types of relationships were also investigated to
describe the effects of pramlintide on 7, or ki, Although

Table II. Population Pharmacokinetic Parameters

Parameter (units) Definition Estimate (RSE%) IV (RSE%) 10V (RSE%)
Structural
CL (L/min) Clearance 0.955 (12.4) 19.5 (37.6) 10.8 (25.1)
Vi (L) Central volume 19.1 (13.3) 23.3 (40.4) -
V5 (L) Peripheral volume 11.0 (11.3) 61.8 (21.2) -
CLp (L/min) Distribution clearance 0.283 (12.7) - -
D, (min) Duration of short infusion 4 37.2 (25.1)
Tiae (min) Lag-time 0.430 (10.9) - -
Corrcr vy Correlation coefficient 0.487
Residual variability
Proportional (%) 26.2 (3.85)

RSE relative standard error calculated as a standard error divided by population estimate; //V interindividual variability, expressed as standard
deviation in percent; /OV interoccasion variability, expressed as standard deviation in percent
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individual insulin and glucagon values were not available in this
study, we evaluated models that used an empirical Bateman
function to describe the increase in ko, with an assumption that
the major action of insulin is to stimulate glucose disposition to
prevent postprandial glucose excursion as well as models with
transit compartments assuming a delayed effect of glucagon on
glucose endogenous production k;,. Due to model complexity and
lack of relevant information, additional parameter estimates could
not be obtained with reasonable precision, and therefore, insulin
effects were not included in the final model. However, the current
model could be further improved and extended with such
measurements.

The negative feedback triggered by increases of glucose
concentration on the endogenous production k;,, was evaluated
similarly as in the literature (20,21). The estimated parameters
related to either a direct glucose effect on its own production or
an indirect feedback with delay were negligible, which is
consistent with an expectation of lack of significant glucose
feedback on its own production in diabetic patients (20,21).

Others (34) have shown that a significant difference in
gastric emptying time even within a normal postprandial glucose
concentration range of 4-8 mM may occur in both healthy
subjects and T1IDM patients. Nonetheless, hyperglycemia is
known to slow while hypoglycemia is known to accelerate

gastric emptying (34). An inhibitory indirect response model
that incorporates the influence of glucose on gastric emptying
time was evaluated for fitting of the glucose and gastric
emptying data from the current study. However, the resulting
parameters were not physiologically meaningful and the model
produced poor goodness-of-fit plots. In part, the failure to
successfully model this pharmacological response may indicate
that the data generated from the study design did not sufficiently
elucidate pramlintide effects on gastric emptying.

DISCUSSION

Amylin is a 37-residue peptide hormone, which is cosecreted
withinsulin by pancreatic 3 cellsin response to nutrient stimuli (35).
The pharmacological usage of native human amylin was hindered
by the limited physicochemical properties of this peptide. Pramlin-
tide is a potent synthetic analog of human amylin and has been the
only amylinomimetic available in the USA since 2005. The drug
acts predominantly by inhibiting gastric emptying and reducing
excessive hepatic glucose production during postprandial periods.
In this study, a mechanism-based PK/PD model was developed to
describe the quantitative relationship between drug exposure and
pharmacological effects for pramlintide.
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Fig. 4. Glucose Ty, for various treatments. Data are mean+SD. Statistically significant
differences between placebo and pramlintide groups at different doses are indicated by an

asterisk (*P<0.05)
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The PK of pramlintide was best described by a two-
compartment linear model with estimated CL of 0.955 L/min,
which is in accordance with pramlintide being primarily
metabolized and eliminated via the kidneys (36). The primary
active metabolite des-lysine-pramlintide has a similar ¢, and

biological activity in rats (36), which justifies using the total drug
concentration as the driving force in the PD analysis. In this
study, a few subjects exhibited detectable endogenous amylin
concentrations; however, they were negligible compared to the
measured total drug concentrations and thus not considered in
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Fig. 6. Baseline corrected visual predictive checks for plasma glucose concentrations versis
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the predicted median. The circles are the observed plasma glucose concentration values
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Table III. Population Pharmacodynamic Parameters

Estimate v 10V

Parameter (units) Definition (Bootstrap 95% CI)

Structural

Tin (min) Duration of 0-order input of glucose into intestine 85.9 39.7 -

ko (min') Rate constant for glucose utilization 0.0146 (0.00987, 0.0271)  83.1 (50.2, 122) -

Ve (L) Central volume of distribution of glucose 9.33¢ - -

Vap (L) Peripheral volume of distribution of glucose 8.56" - -

Oc (L/min) Intercompartmental clearance of glucose 0.442¢ - -

ko (min") Rate constant for glucose input into plasma 0.0282 (0.0167, 0.0371) - -

F Oral bioavailability of 50 g of glucose

Linax Maximum inhibitory effect of pramlintide on k;,
Smax Maximum stimulatory effect of pramlintide on T},
1Cs0 (pmol/L) Pramlintide concentration at one-half 7,5

Gy (mg/dL) Baseline plasma glucose concentration

Residual variability
Residual error

0.843 (0.518, 1.24) 48.5 (0478, 132)
0.995 (0.429, 1.0) - -
1.26 (0.725, 2.98) - -
23.8 (153, 162)
161 (135, 190)

384 (21.5,52.7)  37.1 (303, 42.8)

157 (13.1, 18.1) 39.5 (11.3, 61.5)

11V interindividual variability, expressed as standard deviation in percent; /OV interoccasion variability, expressed as standard deviation in

percent
“ Obtained from reference (20)

the PK analysis. Due to insufficient information and relatively
tight distribution of an available covariate such as body weight,
no covariate was included in the final PK model. Informative
covariate analysis requires a more diverse patient population.
Although a two-compartment disposition model was used to
describe the PK data as previously reported (13), we
approached the modeling differently. Instead of fitting individ-
ual sets of PK parameters for the different regimens, a
population analysis was used to simultaneously quantify the
model parameters and describe sources of variability. The
population model accounts for data below the LLOQ using a
likelihood approach, and this technique may improve the
accuracy and precision of parameter estimates. In this analysis,
we used the M3 method in NONMEM, which is recommended
when over 10% of data are below LLOQ (14). Finally, for the
2 min i.v. infusion data, preliminary population modeling of the
data suggested that a mean duration of infusion of 4 min (with
37.2% IIV) together with a lag time helped to accommodate the
observed variability and possible deviations in the length of
infusion and plasma sampling times.

Glycemic control is a complex and highly integrated
process, where the normal plasma glucose concentration is
maintained by the balance between glucose production and
utilization. Glucose production originates from dietary carbo-
hydrate absorption, glycogenesis during fasting states, and
gluconeogenesis in the liver. In healthy individuals, increased
glucose concentrations stimulate insulin secretion from pancre-
atic p cells and insulin counterbalances the disturbed glucose
homeostasis by increasing peripheral glucose utilization and
reducing hepatic glucose output. The proposed dual indirect
response model adequately captured the time course of glucose
concentrations during the postprandial period. The k., was
estimated at 0.0146 min ' with relatively high intersubject
variability, which reflects the heterogeneous disease status in
type 1 diabetic patients. Because insulin effects were not directly
included in the final model, the final parameter estimate for kg,
might be better interpreted as a combination of exogenous
premeal insulin effect and net removal of glucose in the basal
state. The ko, value is similar to estimated values in healthy

individuals (0.011-0.071 min") (20,28-30) and to the estimate in
type 2 diabetic patients after an OGTT (0.00861 min') (21).
This is in accordance with the expectation that the major effect
of insulin is to stimulate glucose utilization after meals. Studies
including measurements of insulin would facilitate an improved
characterization of k.. The estimated glucose bioavailability
from the meal is 0.843, which is similar to estimated values in
patients with TIDM (37). In healthy individuals, carbohydrate is
released from the stomach into the intestine at a rate of 1.6
2.1 kcal/min (equivalent to 400-530 mg/min) (31,32). In this
study, the estimated glucose emptying rate is similar at about
491 mg/min. In healthy subjects, it normally takes 35 h for total
stomach emptying after a meal and 90% emptying within 1 h for
clear liquids (17). The estimated typical value for duration of
glucose gastric emptying after a mixed meal is 85.9 min with
39.7% interpatient variability; this is consistent with clinical
observations that variable and accelerated gastric emptying
occurs in TIDM patients (38). Furthermore, as indicated
previously, gastric emptying of a liquid meal is faster than a
solid meal. In our study, this estimated duration is longer than
the estimated average time for glucose molecules to be absorbed
(34.9 min) after an OGTT (21).

Two major mechanisms of action underline pramlintide
effects on postprandial glucose control: glucagon suppression
and delayed gastric emptying rate. These well-known actions
of pramlintide were incorporated into the final structural
model as the drug delaying the duration of exogenous glucose
emptying into the intestine as well as inhibiting endogenous
glucose production. In this study, each subject served as his
own control relative to drug dosing; modeling the placebo
and drug effects simultaneously allows possible resolution of
the related system and drug-specific parameters.

Amylin and/or pramlintide were shown to potently inhibit
gastric emptying in rats and humans and this effect appears to be
mediated by neurons in the area postrema (16). With regard to the
potency, it was shown that the EDs5, of amylin was about 0.42 pg in
nondiabetic rats (39), which was 15-20-fold greater than that of
glucagon-like peptide-1 and cholecystokinin-8 (39). In human
studies, 3090 ug are typical doses of pramlintide, with a 30-pg SC
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dose eliciting almost maximal effects (27). This justifies using a
maximal stimulatory Sp,.x to describe pramlintide effects on
duration of gastric emptying. The estimated stimulatory effect of
pramlintide on 7j, was about 2-3-fold in this study similar to
literature observations (16,27). It is known that pramlintide effects
on gastric emptying can be overridden by concomitant hypoglyce-
mia, which is a physiological counter-regulatory effect especially
when restoring normal glucose concentrations is needed (16). In
this study, the average plasma glucose concentration was about
10 mM (SD=5.2); thus, the permissive effect of glucose to
accelerate gastric emptying might be negligible in this study.

In addition to regulating the rate of gastric emptying after
meals, pramlintide complements insulin effects by targeting
postprandial glucagon excess, resulting in improved postprandial
glucose control in diabetic patients (40). Failure to restore the
normal glucagon/insulin ratio in the portal vein may in part
contribute to the fact that many insulin-treated patients continue
experiencing problems of postprandial hyperglycemia (41). Inap-
propriately high plasma glucagon concentrations in diabetic
patients result in impaired suppression of hepatic glucose output
during the postprandial period, which was considered to be an
important contributor to postprandial glucose excursions (2).
Pramlintide inhibits postprandial glucagon secretion in both type
1 and 2 diabetic patients (2,42). In both rodents and humans, the
glucagonostatic effect occurred within the range of normal
postprandial amylin concentrations (2,33), suggesting a physiolog-
ical role of amylin on glucagon regulation. Additionally, it was
shown that glucagon concentrations after meals were highly
associated with postprandial blood glucose concentrations (43).
Further, the effect of amylin to inhibit arginine-stimulated glucagon
secretion was very potent (ECsp=18 pM) with about 70%
inhibition in the dose range studied in rats (33). Similarly,
pramlintide infusion studies in rats also indicated up to 56%
inhibition of glucagon response to arginine with an ECs, about
30.4 pM (4). In type 1 diabetic patients, pramlintide (30 pg SC) has
been shown to inhibit overall glucagon concentrations significantly
compared to placebo at a normal range of postprandial physiolog-
ical concentrations (2). Although the effect of pramlintide on
glucagon was modeled indirectly as inhibiting endogenous glucose
production, the estimated /,,x and ICs, are in good accordance
with reported literature values (2,4,33), suggesting that this
mechanistic PD model adequately described the effect of pramlin-
tide on glucose control during postprandial period. The parameter
Iinax 0f 0.995 is very close to 1, indicating the maximum capacity of
pramlintide to suppress postprandial glucagon secretion, this is
concordant with the clinical observations of blunted increase of
plasma glucagon concentrations after pramlintide treatment (2).
The parameter 1Csy of 23.8 pmol/L indicates the potency of
pramlintide in regulation of glucagon secretion. This value is within
the normal range of plasma amylin concentrations in healthy
humans, indicating physiologic relevance for the effect of pramlin-
tide on glucagon secretion in the postprandial state.

In this study, insulin concentrations were not measured.
However, the study was designed to maintain the same meal time
insulin doses for each patient on different occasions. It is unlikely
that significantly different insulin concentrations would occur and
affect either the gastric emptying time or glucagon responses
differently. The final model structure provided a suitable frame-
work in which the direct insulin effect could be easily incorporated.

Visual predictive checks (Figs. 2 and 6) in this study
revealed that the final PK/PD model appropriately described
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the drug and postprandial glucose concentrations under differ-
ent dosing regimens. In the placebo group, the time of insulin
dosing was approximately 30 min prior to breakfast, which may
not have been kept constant across study occasions. This would
generate more noticeable glucose changes. In addition, the
decline of plasma glucose below the baseline was observed in
some subjects in the placebo group; because of the well-known
effects of insulin on glucose disposition, these deviations also
inform us of the limitations of the current model, which lacks
inclusion of insulin effects. For stratified drug dosing groups, our
individual baseline corrected VPC adequately captured the
central tendency and variability for most of the groups, except
there is a trend of under-prediction in the early phase especially
for the 100 pg group. This could result from the simple diagonal
variance—covariance structure, small sample size, and/or model
complexity. Nevertheless, representative plasma glucose con-
centration—time profiles (Fig. 5) indicate appropriate individual
fittings after either pramlintide or placebo dosing. Other
diagnostic plots of individual predicted and observed values
did not show any systematic bias (data not shown) and, together
with appropriate parameter estimates, confirmed the robustness
of the final mechanistic model.

Although the final model describes gastric emptying and
captures the pramlintide effects on postprandial glucose
concentrations in a manner consistent with physiological and
pharmacological principles, the linear glucose emptying rate
was a simple approximation of a complex physiological
process; it is highly dependent on food type and composition.
Studies including more complete measurements of glucagon
and insulin responses and comodeling of these two along with
glucose concentrations after meals would facilitate improved
understanding of the underlying system and drug actions.
Future modeling efforts should also focus on the long-term
effects of pramlintide. Combination effects with insulin
should be examined to provide more insights into drug
actions and direct appropriate dosing regimens.

CONCLUSIONS

A mechanistic PK/PD model was developed according to
fundamental principles of pramlintide actions and turnover of
glucose. The effects of pramlintide on postprandial glucose
regulation were fitted well in subjects with TIDM. The
estimated parameters are physiologically meaningful and
comparable with literature values. As indicated in a recent
PKPD modeling review in diabetes (44), there was no
previous mechanism-based PK/PD model for pramlintide.
This model may be useful in designing and analyzing future
clinical studies of other amylinomimetics or drugs with similar
mechanisms of action.
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APPENDIX: NONMEM MODEL FILE FOR THE
PRAMLINTIDE PK MODEL

$PROBLEM 2-CMPT WITH 0-ORDER INFUSION and 1st-ORDER ELIMINATION FROM CENTRAL
S$INPUT C ID AMT PLOT TIME DV RATE MDV EVID FLAG REGI GRP OCC TYPE

SDATA

$SUBROUTINE ADVAN3 TOL=4

$PK

TVCL=THETA (1)
TVQ = THETA (2)

TVV1l = THETA(3)
TVV2 = THETA (4)
BOVCL=0

IF (OCC.EQ.0) THEN ; BOLUS REGIMEN
BOVCL =ETA (5)

ENDIF

IF (OCC.EQ.1) THEN ; INFUSION REGIMEN
BOVCL =ETA (6)

ENDIF

CL = TVCL*EXP (ETA(1)+BOVCL)
Q = TVQ*EXP(ETA(4))

V1l = TVV1*EXP(ETA(2))

V2 = TVV2*EXP(ETA(3))

IF (REGI.EQ.0) THEN ; BOLUS REGIMEN
TVD1=THETA (5)

D1=TVD1*EXP (ETA (7))

ALAG1=THETA (6)

ENDIF

s1 =Vl

SERROR

SIG=THETA (7)

L0Q=2

IPRED=F

DUM= (LOQ-IPRED) /SIG
CUMD=PHI (DUM)

IF (TYPE.EQ.1l) THEN

F_FLAG=0

Y=F* (1+SIG*ERR (1))

ENDIF

IF (TYPE.EQ.2) THEN

F FLAG=1

Y=CUMD

ENDIF
STHETA (0.9) ; 1 CL
STHETA (0.2) ; 2 Q
STHETA (17) ; 3 V1
STHETA (12) ; 4 V2
STHETA (4, FIX); 5 D1
STHETA (0.5) ; 6 Ty
STHETA (0,0.2) ; 7 residual error

$SOMEGA BLOCK (2)
0.09 ; CL
0.01 0.04

SOMEGA BLOCK

SOMEGA BLOCK

(1) 0.04 ; Vv2

(1
SOMEGA BLOCK (1

(1

(1

\Y
)
) 0.0 FIX ; Q
) 0.04 ; BOVCL
) SAME

) 0.09 ; D1

SOMEGA BLOCK
SOMEGA BLOCK

SSIGMA 1 FIX

SESTIMATION METHOD=1 INTER LAPLACE NUMERICAL MAX=9999
$SCOVARIANCE
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NONMEM MODEL FILE FOR THE PRAMLINTIDE PD

MODEL

SINPUT C ID REGI GRP AMT TIME CONC LNDV=DV RATE MDV EVID BW SIT CL

$PROBLEM 2CM IDR I INHIBITION KIN AND PROLONG D3
$ABBREVIATED DERIV2=NOCOMMON
V2 ALAG CMT OCC
SDATA
$SUBROUTINE ADVAN6 TOL=3
$MODEL COMP= (CENT)
COMP= (PERI)
COMP= (GUT)
COMP= (GLUC)
COMP= (GLUP)
$PK
TVSMAX= THETA (1)
SMAX = TVSMAX*EXP (ETA (1))

IF (SIT.EQ.0) THEN ;placebo
TVD3 = THETA (2)
ENDIF

IF (SIT.EQ.1.AND.GRP.EQ.1) THEN ;30 ug dose

ST1 = 1+SMAX
TVD3=THETA (2) *ST1
ENDIF

IF (SIT.EQ.1.AND.GRP.EQ.2) THEN ;100 ug dose

ST2 = 1+SMAX
TVD3=THETA (2) *ST2
ENDIF

IF (SIT.EQ.1.AND.GRP.EQ.3) THEN ;300 ug dose

ST3 = 1+SMAX
TVD3=THETA (2) *ST3

ENDIF

TVKA = THETA(3)* 0.001D0
TVKOUT = THETA(4)* 0.001DO
TVBGLC = THETA (5)

TVIMAX = THETA (6)

TVIC50 = THETA(7)

TVFE3 = THETA(8)* 0.001D0
D3 = TVD3*EXP (ETA(2))
KA = TVKA*EXP (ETA(3))
KOUT = TVKOUT*EXP (ETA(4))
BOVGLC=0

IF (OCC.EQ.1) THEN ; PLACEBO INFUSION

BOVGLC =ETA(6)
ENDIF

(OR PLACEBO INFUSION DAY 2)

Fang et al.
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IF (OCC.EQ.2) THEN ; DRUG INFUSION REGIMEN (OR PLACEBO INFUSION DAY 3

BOVGLC =ETA(7)

ENDIF

IF (OCC.EQ.3) THEN ; PLACEBO BOLUS (OR PLACEBO BOLUS DAY 2)
BOVGLC =ETA (8)

ENDIF

IF (OCC.EQ.4) THEN ; DRUG BOLUS (OR PLACEBO BOLUS DAY 3)
BOVGLC =ETA(9)

ENDIF

BGLC = TVBGLC*EXP (ETA (5)+BOVGLC)
IMAX = TVIMAX*EXP (ETA(10))

IC50 = TVICS50*EXP(ETA(11))

F3 = TVEF3*EXP (ETA(12))

S1=v1

KIN = BGLC *93.3* KOUT

793.3 is the glucose central CM volume in dL from literature

IF (A OFLG.EQ.1l) THEN

A 0(1)=
A 0(2)=0
A 0(3)=0

0

A 0(4)= BGLC*93.3

_0(5)=0.917*BGLC*85.6

; 85.6 1s the glucose peripheral CM volume in dL from literature
ENDIF

SDES

ALAG1=ALAG

IF (SIT.EQ.0) THEN
C1=0

C2=0

ENDIF

IF (SIT.EQ.1l) THEN
Cl = A(1)/V1

C2 = A(2)/V2

ENDIF

IF (T.LT.60) THEN
N=0

ELSE

N=1

ENDIF

DADT (1)
DADT (2)

-C1* (CL+Q) + Q*C2
Q * (C1 - C2)
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; GLUCOSE PD
INH =IMAX*Cl / (IC50+C1)

DADT (3) = - KA * A(3)

DADT (4) = KIN* (1.0-N*INH)+KA*A(3)

; GLUCOSE IN central

DADT (5)=0.0473*A(4)-0.0516*A(5) ; GLUCOSE IN peripheral
SERROR

IPRED = LOG(A(4)/93.3)

W = THETA(9)*EXP(ETA(13))

Y = IPRED + W*EPS (1)

IRES=DV-IPRED
IWRES = IRES/W

$THETA (0.1,2.0,100) ;
$THETA (0.1,50,500) ;
$THETA (0.1,15,1000) ;
S$THETA (0.1,3,1000) ;
$THETA (1,158.8,500) ;
STHETA (0,0.5,1) ;
S$THETA (0.1,10.0) ;
STHETA (0,300) ;
STHETA (0,0.2) ;
SOMEGA 0.0 FIX ;
SOMEGA 0.1 ;
SOMEGA 0.0 FIX ;
SOMEGA 0.09 ;
SOMEGA 0.1 ;
$OMEGA BLOCK(l) 0.04 ;
$OMEGA BLOCK (1) SAME
(

SOMEGA BLOCK 1) SAME
SOMEGA BLOCK (1) SAME
SOMEGA 0.0 FIX ;
SOMEGA 0.0 FIX ;
SOMEGA 0.04 ;
SOMEGA 0.03 ;
$SIGMA 1 FIX

SESTIMATION MAXEVAL=9999 SIG=3 PRINT=1 METHOD=1 INTER

SCOVARIANCE

; GLUCOSE IN GUT COMPARTMENT
-KOUT*A (4)+0.0516*A (5

TVSMAX
TVD3 MG/DL/MIN
TVKA 1/MIN
TVKOUT 1/MIN
TVBGLC MG/DL
TVIMAX

TVIC50 PMOL/L
TVF3

RESIDUAL ERROR

BSV_SMAX
BSV_D3
BSV_KA
BSV_KOUT
BSV_BGLC
BOVGLC1

BSV_IMAX
BSV_IC50
BSV_F3

RESIDUAL ERROR

-0.0473*A (4)
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