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ABSTRACT
Purpose FDA’s bioequivalence recommendation for Zolpidem
Tartrate Extended Release Tablets is the first to use partial AUC
(pAUC) metrics for determining bioequivalence of modified-
release dosage forms. Modeling and simulation studies were
performed to aid in understanding the need for pAUC meas-
ures and also the proper pAUC truncation times.
Methods Deconvolution techniques, In Vitro/In Vivo Correlations,
and the CAT (Compartmental Absorption and Transit) model were
used to predict the PK profiles for zolpidem.Models were validated
using in-house data submitted to the FDA. Using dissolution profiles
expressed by the Weibull model as input for the CAT model,
dissolution spaces were derived for simulated test formulations.
Results The AUC0–1.5 parameter was indicative of IR charac-
teristics of early exposure and effectively distinguished among
formulations that produced different pharmacodynamic effects.
The AUC1.5-t parameter ensured equivalence with respect to
the sustained release phase of Ambien CR. The variability of
AUC0–1.5 is higher than other PK parameters, but is reasonable
for use in an equivalence test.
Conclusions In addition to the traditional PK parameters of
AUCinf and Cmax, AUC0-1.5 and AUC1.5-t are recommended
to provide bioequivalence measures with respect to label indi-
cations for Ambien CR: onset of sleep and sleep maintenance.

KEY WORDS bioequivalence . modeling . modified-release .
partial AUC . quality by design

INTRODUCTION

In August 2009, the FDA published the Draft Guidance on
Zolpidem Tartrate Extended Release (ER) Tablets with
bioequivalence (BE) recommendations that included partial
area-under-the-curve (pAUC) metrics (1). The use of the
pAUC as a measure for assessment of early exposure is
described in the 2003 General BA/BE guidance (2), but is
limited to immediate-release (IR) drug products. The Draft
Guidance on Zolpidem is the first guidance which includes
recommendations for pAUCs as pharmacokinetic (PK)
parameters for BE assessment for modified-release (MR)
drug products.

For two products to be considered bioequivalent, they
must be equivalent in the rate and extent of absorption of
the active moiety, which are usually measured by Cmax (the
maximum drug concentration) and AUC (the area under
the concentration-time curve), respectively. MR dosage
forms are designed to achieve a particular plasma concen-
tration profile, which in turn produces a specific therapeutic
profile. For some drug products which exhibit multiphasic
PK behavior (showing more than one peak/shoulder in the
concentration profile), the traditional metrics of AUC and
Cmax may not be sufficient to ensure BE. In these cases, the
total extent of exposure may be equivalent for two products,
but the rate or extent of exposure during a clinically relevant
time interval may not be equivalent (3). An additional PK
metric, such as a pAUC to assess early exposure, may be
necessary to quantify potential differences in therapeutic
equivalence.

The regulatory decision to recommend pAUC metrics
for zolpidem has been the subject of extensive internal
research, review, and discussion with industry and scientific
communities. The pAUC for zolpidem was discussed at a
workshop on establishing scientific and regulatory standards
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for assuring therapeutic equivalence of MR products spon-
sored by the American Association of Pharmaceutical
Scientists, the International Pharmaceutical Federation,
and the Product Quality Research Institute on October
2009 (4). At the Pharmaceutical Science and Clinical Phar-
macology Advisory Committee Meeting on April 2010, the
topic on the use of pAUCs for the evaluation of products
with complex PK profiles, including zolpidem ER tablets,
was reviewed (5). The use of pAUCs for MR dosage forms,
and for zolpidem ER tablets in particular, received broad
support at both of these meetings.

Ambien CR® (zolpidem tartrate extended release tablets)
is formulated to exhibit biphasic absorption characteristics
by incorporating an IR layer and a controlled release (CR)
layer (6). Ambien CR® is indicated for the treatment of
insomnia characterized by difficulties with sleep onset
and/or sleep maintenance. To produce these therapeutic
effects, the IR layer releases drug quickly to produce sleep
onset and the CR layer releases drug over a sustained period
of time for sleep maintenance.

Several modeling strategies were used to explore the need
for pAUC measures and also to identify the proper pAUC
truncation times for zolpidem ER tablets. A physiologically-
based model (the Compartmental Absorption and Transit
model; CAT), In Vitro/In Vivo Correlations (IVIVC), and
deconvolution techniques were utilized and the approach
implemented for each is described below.

MATERIALS AND METHODS

In clinical studies that supported the approvals of Ambien®

and Ambien CR®, most subjects (>90%) fell asleep 1.5 h
after dosing. For both Ambien® and Ambien CR®, the
difference in the rate of falling asleep between the drug
and placebo was also greatest at 1.5 h. At later times (such
as 2.0 h), all subjects were asleep, while at earlier times (such
as 1.0 h), there was still a growing difference in the rate of
falling asleep compared to placebo. Based on this clinically
relevant time point, the pAUC truncated through 1.5 h
(AUC0–1.5) was chosen for investigation in modeling and
simulation studies.

During drug product development of Ambien CR, sev-
eral formulations with varying ratios of IR and ER compo-
nents were investigated and tested in pharmacodynamic
studies (7). Three of these formulations tested, C, E, and
G, were similar to Ambien CR, but contained different
ratios of zolpidem in IR to ER components, and their in-
vitro release profiles differed. For all 3 formulations, the
active ingredient was completely released by 4 h post-dose.
Formulation C had a larger amount of IR zolpidem and
immediately released 80% of the drug followed by a slow
release of the remaining 20% over the following 4 h.

Formulation E produced an immediate dose of 60% fol-
lowed by sustained release of the remaining 40%; formula-
tion G released an immediate dose of 40% followed by
sustained release of the remaining 60%. In a comparative
pharmacodynamic study of formulations C, E, and G, dif-
ferences in duration of sleep and residual post-awakening
effects were observed among the formulations. Formulation
E was selected for further clinical development, and its in-
vivo drug plasma concentration profile was determined from
subsequent pharmacokinetic studies. However, in the com-
parative pharmacodynamic study that led to the selection of
formulation E, the drug plasma concentrations of the vari-
ous investigational formulation prototypes, including formu-
lations C and G, were not measured at adequate time
intervals to construct a PK profile. We used a series of
modeling approaches (IVIVC, deconvolution, and CAT)
to estimate the pharmacokinetic profiles of these prototype
formulations, and to evaluate if the traditional bioequiva-
lence parameters of AUC and Cmax would distinguish
among prototypes C, E, and G that differed in their phar-
macodynamic effects. The models were subsequently used
to evaluate the sufficiency of the traditional PK parameters
in determining BE, and the proper pAUCmetrics for zolpidem
ER. Simulations were performed using MATLAB®

(MathWorks, Inc.) and Octave (www.octave.org).

Deconvolution

To compare the amount of systemic absorption of zolpidem
from the IR and CR formulations, deconvolution by point-
area method was performed on the mean PK data obtained
from a pharmacokinetic study (8) submitted in support of
approval of Ambien CR. The study included dosing with
intravenous (IV) zolpidem, Ambien IR and Ambien CR.
The mean PK profile of an IV bolus was simulated based on
PK parameters from a two-compartment model of the IV
infusion data. To predict the pharmacokinetic profiles for
formulations C, E, and G, a deconvolution of the IR and
bilayer formulations against IV data provided the indepen-
dent contributions of the IR and ER components of the
formulation by subtraction. The IR and ER components
were then recombined based on the IR/ER ratio of the
formulations C, E, and G. This deconvolution approach
can only make predictions for formulations that have the
same IR and ER components (in varying ratios) as formu-
lations C, E, and G.

IVIVC

A standard two-stage approach (convolution and deconvo-
lution) was used to establish a Level A IVIVC between the in
vitro dissolution profiles and the in vivo release profiles of
formulation E under fasting conditions. The dissolution
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profiles were measured with USP Apparatus 1 (basket) at
100 rpm with 500 mL aqueous Hydrochloric acid (pH02.2)
at 37°C for 6 h. A two-compartment model with elimination
from the central compartment was selected as it better
described the IV infusion PK data (8) than a one-
compartment model for most subjects. The mean PK profile
after giving an IV bolus was simulated based on the two-
compartment model PK parameters obtained by fitting the
IV infusion data. Then the simulated mean IV bolus profile
was used as the reference for all deconvolution and convo-
lution calculations. The mean in vivo release profiles were
obtained by deconvolution (by point-area method) using the
mean plasma PK profiles of the zolpidem modified release
(MR) formulation under two different doses. In order to
correlate the in vitro and in vivo release profiles, a Hill model
(1) was used with a lag time correction for the in vitro release
profile:

y ¼ axb

cb þ xb
; ð1Þ

where y is the % released in vivo, x is the % release in vitro,
and a, b, and c are parameters obtained by fitting. The fitted
values of a, b, and c were 73.75, 5.14, and 69.69, respec-
tively. A plot of the in vitro-in vivo relationship is shown in
Fig. 1.

CAT Model

The CAT model simulates the effect of physiological con-
ditions on drug absorption as it transits through successive
gastrointestinal (GI) compartments (9–11). The system of
equations includes different drug states (unreleased, undis-
solved, dissolved). The total amount of absorbed material is
summed over the integrated amounts being absorbed from
each compartment. This model requires input parameters

of physicochemical drug properties and PK data. In this
modeling study, data on zolpidem solubility at various pH,
volume of distribution (Vd), and clearance (CL) were
obtained from the New Drug Application (NDA) submission
of Ambien CR and from population PK analysis of the
NDA studies (Vd/F067.7 L and 39.5 L for males and
females, respectively; and CL/F015.8 L/hr and 8.83 L/hr
for males and females, respectively). The bioavailability, F,
was set to 0.68. The permeability (Peff07.5×10−4 cm/sec)
was obtained by a fit to data from the IR formulation. The
physiological parameters for the GI tract are summarized in
Table I.

Prediction of plasma concentration profiles (without any
other adjustable parameters) is made by inputting the in vivo
dissolution as described by a Weibull model (2):

F ðtÞ ¼ 1� exp
�ðt � tlagÞb

a

" #
; ð2Þ

where t is time and tlag is the lag time which was considered
to be 0. The a parameter has units of time and is related to
the dissolution rate with a larger a indicating slower disso-
lution. The b parameter is a dimensionless shape parameter
with b01 being an exponential release, b>1 representing an
“S” shaped profile and b<1 representing a profile with
faster than exponential release. By using the CAT model
together with the Weibull model, it is assumed that the in
vitro dissolution profile suitably matches the in vivo dissolution
profile.

Mapping the Bioequivalence Region

The advantage of using theWeibull model in conjunction with
the CAT model is that the Weibull model can describe the
drug release characteristics of the Reference (R) product, the
Test (T) formulations used in the NDA product development,
and the drug release space of all submitted Abbreviated New
Drug Applications (ANDAs) for generic zolpidem CR. There-
fore, by using appropriate a and b adjustable parameters, the
Weibull model can be used to comprehensively describe the
entire possible space of zolpidem drug release profiles that
could be submitted as putative generic versions of zolpidem
CR products in ANDAs.

The CAT model was then used to make predictions of Test
to Reference (T/R) ratios for all PK parameters of interest
including AUC, Cmax, AUC0–1.5, AUC1.5-t, AUC3–6, and
AUC6−∞ over the entire dissolution space that could be poten-
tially used by ANDA applicants. Test products were simulated
with different values of a and b in the Weibull model. For each
Test product, the in vivo dissolution was calculated for input into
the CATmodel, which predicted the resulting PK profiles. The
T/R ratio was calculated for each PK parameter. Products
were considered to be bioequivalent when the ratio was
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Fig. 1 In vivo-in vitro relationship of formulation E (Ambien CR) derived
from the two-stage IVIVC.
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between 0.9–1.11, as most generic products differ by less than
10% in AUC from that of the innovator product (12).

Evaluation of the Variability of Partial AUCs

We further evaluated the relationship between the AUC T/
R ratios with various cutoff times for partial AUCs (0–0.5,
0–1.0, 0–1.5, 0–2.0, 0–2.5, 0–3.0, 0–4.0, 0–6.0, and 0-tlast).
The residual variability was also calculated for the above
partial AUCs from all in-house BE studies to evaluate the
variability of partial AUCs. Because BE criteria are based
on confidence intervals, understanding the residual variabil-
ity would be important for sample size calculation and study
design.

RESULTS

Comparison of IR and CR Absorption

The cumulative systemic absorption of Ambien IR and CR
formulations were obtained from deconvolution of data
from a PK study in the NDA submission. The profiles of
the total amount absorbed were almost superimposable up
to 2 h (Fig. 2). This is consistent with the label claims which
state that Ambien CR is designed to provide initial plasma
concentrations comparable to Ambien IR.

CAT Model: Fitting and Validation

The in vivo permeability of zolpidem is unknown. To find the
appropriate permeability, a parameter scan was performed.
Figure 3a shows that with increasing permeability, Cmax
increased and Tmax decreased. However, the changes in
Cmax and Tmax became less sensitive to changes in perme-
ability when permeability was higher than 4.0×10−4 cm/sec.
The permeability (7.5×10−4 cm/sec) was obtained by fitting

the CAT model to the mean PK profile of Ambien IR
(Fig. 3b).

Prediction of PK Profiles for Zolpidem ER

Three different approaches, IVIVC, deconvolution, and
CAT modeling, were used to predict the PK profiles for
zolpidem ER. The IVIVC for formulation C unrealistically
predicted that formulation C would release faster than the
IR Ambien product (Fig. 4a). Thus, the IVIVC was not
valid for prediction of formulation C. Predicted PK profiles
are shown in Fig. 4 and the calculated PK parameters are
summarized in Table II for each modeling approach. The
Weibull values obtained from fitting Ambien CR (a00.72
and b00.54) were used to simulate the PK profiles in Fig. 4c.
Figure 4d further supports that the IVIVC approach is not
accurate for the IR components as it does not accurately
predict the results from a pure IR product.

Table I Parameters Used in CAT
Simulation Compartment Volume Radius Kt(diss) Kt(undiss) Peff×10−4 Ka pH

(mL) (cm) (hr−1) (hr−1) (cm/sec) (hr−1)

Stomach 250.00 1.30 4.00 4.00 0.00 0.00 1.70

Duodenum 114.29 1.30 2.11 2.11 7.50 4.15 6.00

Jejenum1 114.29 1.30 2.11 2.11 7.50 4.15 6.20

Jejenum2 114.29 1.30 2.11 2.11 7.50 4.15 6.40

Ileum1 114.29 1.30 2.11 2.11 7.50 4.15 6.60

Ileum2 114.29 1.30 2.11 2.11 7.50 4.15 6.80

Ileum3 114.29 1.30 2.11 2.11 7.50 4.15 7.20

Ileum4 114.29 1.30 2.11 2.11 7.50 4.15 7.50

Colon1 600.00 1.50 0.11 0.11 7.50 3.60 5.00

Colon2 600.00 1.50 0.11 0.11 7.50 3.60 5.00
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Using formulation E as the reference formulation, the
deconvolution method and the CAT model predicted similar
T/R ratios for AUCinf, Cmax, and AUC3–6. For AUC0–1.5,
the T/R ratios predicted by all models indicated that it
was a sensitive measure of the formulation differences
(Table II).

The CAT model is the most physiologically consistent
approach of the three attempted because it includes realistic
gastric emptying and GI transit times. The IVIVC and
deconvolution methods are purely empirical methods with
no link to the underlying physiology. However, it is of
interest to note that the deconvolution method gave com-
parable results to the CAT model. Another advantage of
using the CAT model is that PK profiles were predicted
from dissolution profiles expressed by the Weibull model. By
simulating the PK profiles from all possible combinations of
the a and b parameters in the Weibull model, the dissolution

region that passes the BE criteria can be mapped. This
modeling approach can be useful in implementing a quality
by design approach to formulation development.

The CAT Model Reasonably Predicted the Observed
T/R Ratios of AUCinf, Cmax, Tmax and AUC0–1.5

We further validated the CAT model by comparing the
predicted T/R ratios of AUCinf, Cmax, Tmax and AUC0–

1.5 with the observed T/R ratios. The a and b parameters
for 10 different Test formulations were obtained by fitting
the in vitro dissolution profiles (obtained from 10 ANDA
submissions) measured in 0.01N HCl at 100 rpm in USP
Apparatus I. The predicted versus observed values of the
T/R ratios for the PK parameters are shown in Fig. 5.
Additionally, the tabulated prediction errors of this model
were calculated per the FDA IVIVC Guidance (Table III)
(13). The prediction errors for AUC and Cmax parameters
were for the most part within the error margin of <10% for
establishing the external predictitability of an IVIVC, even
though some formulations had dramatically different disso-
lution rates. The higher observed errors in the predictability
of the Tmax and AUC0–1.5 are expected as these parameters
have higher variability.

Bioequivalence Region Predictions

Test products were then simulated with different values of a
and b, reflecting the differing array of possible zolpidem
release rates in proposed generic products. Contour plots
were then generated based upon point estimate ratios for
the various BE parameters, including AUCinf, Cmax,
AUC0–1.5, AUC1.5-t, AUC3–6, and AUC6-inf as a function
of zolpidem release rates using a and b parameters from
the Weibull model (Fig. 6). The bioequivalence region is
shown in white (the colored regions denote BE parameters
outside the 0.9–1.11 ratio).

From this analysis, a wide range of zolpidem CR prod-
ucts with vastly differing zolpidem release rates, may be
deemed to be equivalent to Ambien CR based upon the
AUCinf parameter (Fig. 6a). This analysis also showed that
only a small subset of these zolpidem CR products designed
with limited ranges of zolpidem release rates would be
equivalent to Ambien CR, based on the Cmax or AUC0–1.5

parameter (Fig. 6b and c). The passing regions for Cmax and
AUC0–1.5 are orthogonal to each other, with a limited over-
lapping area. Based upon this analysis, one would expect that
only zolpidemCR formulations designed with a narrow range
of possible zolpidem release rates will yield product that is
equivalent to Ambien CR in AUCinf, Cmax or AUC0–1.5

parameters, and this space is defined in Fig. 7.
The importance of this analysis is that this modeling

approach may be used to define the space of possible
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zolpidem release rates that will result in generic zolpidem
formulations that are equivalent to Ambien CR in AUC1.5-t,
Cmax and AUC0–1.5 parameters. Once this possible space
of zolpidem release rates is known, one can use this infor-
mation to predict whether these formulations having these
release rates, will be equivalent to Ambien CR with respect
to other pAUC parameters such as AUC3–6 and AUC6-inf.
The ratios for AUC3–6 and AUC6-inf that will occur in the
white region of Fig. 7 (the region that is bioequivalent with
respect to AUC1.5-t, Cmax and AUC0–1.5) are summarized
in Table IV. One can conclude from this modeling analysis
that requiring that generic zolpidem formulations be equiv-
alent to Ambien CR in AUC1.5-t, Cmax and AUC0–1.5 will
result in a generic zolpidem ER product that is equivalent to
Ambien CR with respect to the second sustained release
phase of zolpidem including other late pAUC measures
such as AUC3–6, and AUC6-inf.

The formulations considered in this model all provided
for continuous release. Formulations with untraditional

designs, such as those which sequester the drug and provide
for rapid release, may also be considered by a similar modeling
approach.

Variability of AUC0−1.5 Higher than Other PK
Parameters but Reasonable for Use in Equivalence
Test

As expected, the discrimination of partial AUCs decreased
with the increase in partial AUC truncation time (Fig. 8).
Most studies had T/R ratios for AUC0–1.5 outside the
range of 0.8–1.25. However, all studies had T/R ratios
for AUC0-t within the range of 0.8–1.25. The residual
variability (% CV) also decreased with the increasing
value of AUC (Fig. 9). The residual variability in the
crossover studies is the best available estimate of the
within-subject variability. In the IR ANDAs, the %
CV for the partial AUC ranged from 16% to 53% with
a mean of 32.5%. The % CV in Ambien CR ANDAs
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ranged from 18% to 61% with a mean of 39.4%
(Fig. 9). The variabilities of AUC and Cmax are less than
that of AUC0–1.5 for all products shown in Figs. 8 and 9. For
highly variable products (CV≥30%), the number of subjects
needed can be reduced by using the reference-scaled method
recommended for highly variable drugs that have been re-
cently proposed (14–16). For example, Haidar, et al. (15)
showed that even at 60% CV, study power greater than
90% could be achieved using the reference-scaled approach
with 36 subjects.

DISCUSSION

The Guidance on Zolpidem Extended Release Tablet rec-
ommends bioequivalence testing based on two partial AUC
measures, AUC0–1.5 and AUC1.5-t, in addition to the tradi-
tional PK parameters of AUCinf and Cmax. These pAUC
metrics were recommended to ensure that a generic version
of Ambien CR® will produce the same therapeutic effect per

Table II Predicted AUCinf (ng/ml*hr), AUC0–1.5(ng/ml*hr), AUC3–6(ng/
ml*hr), AUC6–inf(ng/ml*hr), and Cmax (ng/mL) by Different Modeling
Approaches

Approach Parameter C E G C/E G/E

IVIVC AUCinf N/A 725.99 734.57 N/A 1.01

Cmax N/A 122.46 125.23 N/A 1.02

AUC0–1.5 N/A 112.19 40.86 N/A 0.36

AUC3–6 N/A 237.97 275.67 N/A 1.16

AUC6-inf N/A 204.38 247.52 N/A 1.21

Decon AUCinf 731.87 718.44 705.00 1.02 0.98

Cmax 126.80 111.78 105.70 1.13 0.95

AUC0–1.5 125.78 108.60 91.42 1.16 0.84

AUC3–6 226.36 235.64 244.92 0.96 1.04

AUC6-inf 199.01 208.55 218.09 0.95 1.05

CAT AUCinf 791.66 787.84 788.12 1.00 1.00

Cmax 135.07 117.72 106.32 1.15 0.90

AUC0–1.5 140.74 110.41 78.73 1.27 0.71

AUC3–6 230.08 238.25 253.07 0.97 1.06

AUC6-inf 222.02 222.38 227.36 1.00 1.02
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label indications. Modeling and simulation studies were an
integral part of the decision making process for recommen-
dations for the zolpidem Guidance.

Insufficiency of AUC and Cmax in Determining
Bioequivalence

Using the CAT model, test products were simulated with
different values of a and b, reflecting the differing array of
possible zolpidem release rates in proposed generic prod-
ucts. Simulations of the test product showed that formula-
tions with significantly different Weibull parameters could
be deemed bioequivalent to Ambien CR when evaluated by
AUC and Cmax.

The results of the simulations were verified using in-
house data from generic drug applications. As anticipated,
ANDA formulations exhibiting differing formulation
designs and differing release profiles from Ambien CR gave
rise to varying in vivo plasma concentration profiles. For
example, ANDA formulations with a predominantly IR
component gave rise to zolpidem in vivo drug plasma con-
centration profiles shifted to the left when compared with
Ambien CR. Conversely, ANDA formulations with only an
ER component in their formulation design gave rise to
zolpidem in vivo drug plasma concentration profiles shifted
to the right when compared with Ambien CR. This was
verified by the observed differences in Tmax, amongst the
various formulations. While the median Tmax of Ambien
CR is approximately 1.5 h, the median Tmax of generic
formulations varied from as early as 0.5 h (for formulations
having a predominantly IR component) to as late as 3.0 h
(for formulations having a predominantly ER component).
The in vivo differences in Tmax and shape of the PK profiles
raised concerns that some of the potential generic products
may not provide the same therapeutic effect as the RLD.
Nevertheless, all ANDAs were bioequivalent to the PK
parameters of AUC and Cmax.

The poor discriminatory power of AUC was also dem-
onstrated in a published study that showed that Ambien IR
vs. Ambien CR had 90% conference intervals within 80–
125% (8). The study was conducted as a three-way crossover
study with intravenously administered zolpidem serving as a
reference. The absolute bioavailabilities of Ambien IR and
CR determined from the study were similar (66% and 68%,
respectively). This indicates that a formulation which has
release properties similar to Ambien IR may be deemed
bioequivalent to Ambien CR in terms of AUC.

Early Partial AUC Measure

Ambien IR and CR have almost identical absorption time
profiles from 0–1.5 h, indicating that the amount absorbed
in vivo is similar for the IR and CR products at early times. In
addition, all approved generics for Ambien IR meet the
90% confidence interval statistical criterion for AUC0–1.5.
This suggests that AUC0–1.5 is indicative of IR character-
istics which relate to early exposure. Ambien IR is indicated
for the short-term treatment of insomnia characterized by
difficulties with sleep initiation. As most subjects fall asleep
within 1.5 h after dosing with zolpidem, the AUC0–1.5

metric represents the therapeutic effect of sleep onset.
CAT model predictions showed that formulations with

various IR:ER ratios that produced undesirable PD effects
(such as residual post-awakening effects and psychomotor
impairment) could be deemed bioequivalent to Ambien CR
when evaluated by AUC and Cmax. However, these for-
mulations were not bioequivalent with respect to AUC0–1.5.
While the undesirable PD effects did not occur during the
0–1.5 h time period (they occurred at least 5 h post-dose),
detecting differences in early exposure (AUC0–1.5) can dis-
tinguish formulations that may produce different PD effects
at later times.

Late Partial AUC Measure

To ensure therapeutic equivalence with respect to sleep main-
tenance, AUC1.5h-t was recommended in place of AUC0-t. The
modeling approach in predicting bioequivalence regions is
useful for defining the space of possible zolpidem release rates
that will result in generic zolpidem formulations that are equiv-
alent to Ambien CR in AUC1.5-t, Cmax and AUC0–1.5 param-
eters. Once this possible space of zolpidem release rates is
known, one can use this information to predict whether these
formulations having these release rates, will be equivalent to
Ambien CR with respect to sleep maintenance. Other param-
eters to represent sleep maintenance have been proposed, such
as AUC3–6 and AUC6−∞ (9). However, as evidenced from the
bioequivalence regions, the areas of failure in either AUC1.5-t,
Cmax, or AUC0–1.5 already encompass the failure regions for
AUC3–6 and AUC6−∞. From the modeling analysis, one can

Table III Tabulated Prediction Errors

Test Zolpidem CR Formulation AUCinf Cmax Tmax AUC0−1.5

A 2.33 −12.06 −12.55 −21.54

B −0.72 −7.38 33.79 −8.54

C 6.39 0.67 −15.81 12.17

D 4.83 1.41 10.35 5.29

E 4.41 −1.87 46.72 −7.68

F 8.28 3.90 −11.87 −0.08

G −0.03 7.39 −19.37 17.91

H 2.37 −5.70 −11.84 −9.05

I −0.18 −18.85 −7.43 19.21

J 8.89 −1.00 −3.71 −4.25

Mean 3.84 6.02 17.35 10.57
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conclude that requiring that generic zolpidem formulations be
equivalent to Ambien CR in AUC1.5-t, Cmax and AUC0–1.5

parameters will result in a generic zolpidem CR product that is
equivalent to Ambien CR with respect to the second sustained
release phase of zolpidem, including other late pAUC
parameters.

Results from the simulations indicate that only a small
range of zolpidem release rates can yield a product that is
bioequivalent to Ambien CR in all PK parameters, including
the two pAUCs. Limiting the bioequivalence region to a select
range of release rates is desirable, however, to ensure thera-
peutic equivalence. Expanding the bioequivalence region to
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include a wider range of release rates may permit formulations
such as C and G (development formulations of Ambien CR
which produced undesirable PD effects) to be deemed bio-
equivalent to the reference product.

CONCLUSIONS

The decision to include pAUC measures for bioequivalence
assessment of zolpidem ER tablets was reached after thor-
ough investigation and review by the FDA. Modeling and
simulation studies played an important role in understand-
ing the need for additional BE metrics and in the proper
selection of truncation times for pAUC measures. Due to
the close link between the drug concentration profile and
clinical effect, FDA’s recommended pAUC measures are
necessary to ensure the therapeutic equivalence of potential
generics to Ambien CR.

MR drug products are designed to release drug in a
controlled manner to achieve a particular efficacy and safety
profile. With the increase in development of MR formula-
tions, it is anticipated that consideration of additional

measures of BE (such as pAUC), will be relevant to future
generic products referencing brand products that employ
complex release technologies. As a result, improved modeling
and simulation approaches for predicting the therapeutic
profile ofMR products are expected to increasingly contribute
to regulatory decisions concerning when a pAUC would be
appropriate for use as a BE measure.

For MR products that exhibit a link between drug con-
centration and effect, modeling and simulation methods
could be helpful in investigating the PK/PD relationship.
Such methods can be employed as a tool to better under-
stand the PK/PD relationship and to determine whether
additional BE metrics (such as a pAUC) would be needed to
ensure therapeutic equivalence.
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Table IV Predicted Extreme Values for AUC3–6 and AUC6-inf T/R Parameters
When Ambien CR Bioequivalence is Established Using Cmax, AUCinf , AUC1.5-t,
and AUC0-1.5 Parameters

Bioequivalence Limits Parameter Range

AUCinf Cmax AUC0–1.5 AUC1.5–1.t AUC3–6 AUC6-inf

0.90–1.11 0.90–1.11 0.90–1.11 0.90–1.11 0.85–1.09 0.85–1.08
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RLD) and in normalized dose proportionality studies and bioequivalence
studies comparing formulations from the same manufacturer (RLD vs.
RLD). RLD: Reference Listed Drug (Ambien CR).
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