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Purpose. NONMEM was applied to single dose and multiple dose
bioavailability data for an immediate release (iR) and a controlled
release (CR) dosage form of alprazolam to acquire additional informa-
tion from the data which are not easily obtainable by traditional means.
Methods. The objective function value (OBJ) and diagnostic plots were
used as measures of goodness of fit of the model to the data. A change
in the OBJ value of 7.9 was necessary to show statistical significance
(p < 0.005) between two models when the two models differed by
| parameter.

Results. A two-compartment linear model with first-order absorption
and elimination best describes the data. Including a lag time, two
different rates of absorption (KA and KAcg), and bioavailability for
the CR relative to the IR dosage form significantly improved the fit
of the model to the data. Cigarette smoking was associated with a
100% increase in clearance of alprazolam as compared to non-smokers.
The higher residual variability observed in this study, where interocca-
sion variability (IOV) was not initially modeled, could be explained
to a large extent by the presence of significant interoccasion variabil-
ity (IOV).

Conclusions. Since alprazolam has been suggested to be mainly metab-
olized by the CYP3A4 isozyme in humans, it appears that tobacco
could be an inducer of CYP3A4 and/or alprazolam may be metabolized
by other isozyme(s) (specifically, CYP1A1/1A2) that are induced by
cigarette smoke. The population pharmacokinetic model approach com-
bined with exploratory graphical data analysis is capable of identifying
important covariates from well-controlled “data rich” Phase I studies
early in drug development.

KEY WORDS: alprazolam; controlled release; relative bioavailabil-
ity; NONMEM; P450; covariate analysis; interoccasion variability.

INTRODUCTION

Alprazolam is a triazolobenzodiazepine and its receptor
binding characteristics are qualitatively similar to those of the
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other benzodiazepines (1). Alprazolam has been approved for
the management of anxiety and panic disorders. The mean
effective dose necessary to treat patients with panic syndrome
is approximately 5 to 6 mg a day administered in divided doses,
three or four times a day (2).

The drug is metabolized primarily by hepatic microsomal
oxidation to at least 29 different metabolites (3), including
two minor active metabolites, a-hydroxy-alprazolam and 4-
hydroxy-alprazolam, which combined are usually less than 15%
of the concentrations of the parent drug in human plasma (1,3).
The pharmacokinetics of alprazolam are linear and concentra-
tions are proportional to dose up to the maximum recommended
dose of 10 mg a day (1).

The NONMEM (nonlinear mixed effect model) program
has been used to estimate population pharmacokinetic parame-
ters from routine clinical data involving sparse blood samples
from large number of patients (4). In addition, the use of nonlin-
ear mixed effects modeling has been shown to be useful in the
assessment of routine bioavailability data (5). This approach
may be particularly valuable and informative when other analy-
ses may be confounded by the experimental conditions (6,7).
A population pharmacokinetic approach may also be a useful
tool for modeling Phase I human pharmacokinetic data as well
as for identifying important covariates early in drug develop-
ment. The objective of this current analysis was to simultane-
ously model single dose and multiple dose data for an immediate
release (IR) and a recently developed controlled release (CR)
dosage form of alprazolam (8) when given at different doses,
and at different and unequal dosing intervals. The nonlinear
mixed effects modeling approach using the NONMEM software
(9) was specifically used: (i) to compare the bioavailability of
alprazolam from an IR and a CR dosage form, (ii) to estimate
the intersubject and random residual variability, (iii) to compare
the intersubject variability between the IR and the CR dosage
forms, (iv) to test the appropriateness of a first-order input rate
versus a zero-order input rate for the CR dosage form, (v) to
investigate the effect of available covariables (cigarette smok-
ing, age, weight and gender) on alprazolam disposition in
humans, and finally, (vi) to examine the effect of interoccasion
variability (IOV) on population parameter estimates, interindi-
vidual variability and residual variability.

MATERIALS AND METHODS

Study Population

A total of 17 healthy adult subjects (7 females and 10
males) between the ages of 20 to 47 years (mean = std: 31.8
* 9.5 years) and weight ranging from 52 to 95 kg (mean =
std: 71.2 = 10.5 kg) completed the bioavailability study. Eight
of the subjects were cigarette smokers and nine were non-
smokers. A total of 1289 measurable plasma concentrations
were available for NONMEM analysis {approximately 76 sam-
ples (range: 74-76) per subject for all four treatments].

Study Design

The study was an open label, single dose and multiple
dose study consisting of two, 2-way crossover designs. The
research followed the tenets of the Declaration of Helsinki
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promulgated in 1964 and was approved by the Institutional
Human Experimentation Review Board. Subjects provided writ-
ten informed consent before enrollment in the study. The single
dose treatments (1.5 mg for IR and 3 mg for CR) were adminis-
tered to the subjects at 7:00 AM and multiple dosing began
two days after the single dose treatments. The multiple dose
treatment for the IR dosage form was administered at 7:00 AM,
12:00 NOON, 5:00 PM, and 10:00 PM (i.e., 1.5 mg QID using
unequal dosing interval), and for CR dosage form was adminis-
tered at 7:00 AM and 8:00 PM (i.e., 3 mg BID using unequal
dosing interval) for 7 days. All treatments were administered
with 180 ml of water and subjects were fasted from 10 hours
before and up to 4 hours after the 7:00 AM doses. No caffeine
containing beverages were consumed during the fasting period,
and no fluids were allowed for 4 hours after the 7:00 AM doses.
Due to the type of medication administered, subjects were
allowed to remain sedentary.

Blood Sampling

A total of 14 blood samples of 7 ml each were drawn
from an antecubital vein of each subject on Day 1 immediately
before both single dose treatments (0 hour) and then at 0.25,
05,1,1.5,2,3,4,6,8, 12, 16, 24, and 36 hours after the IR
dose, and for the CR dose samples were collected at 1, 1.5, 2,
3,4, 6,8, 12, 16, 24, 30, 36, and 48 hours after the dose.
Following multiple dose administration of the IR and CR dosage
forms for 7 days, steady-state blood samples were drawn from
each subject immediately before both multiple dose treatments
(0 hour) on Day 7. Thirty blood samples from each subject
were collected at 0.5, 1, 1.5, 2, 3, 4, 5 (12:00 NOON), 5.5, 6,
6.5,7,8,9,10 (5:00 PM), 10.5, 11, 11.5, 12, 13, 14, 15 (10:00
PM), 15.5, 16, 16.5, 17, 18, 19, 24, 36, and 48 hours after the
IR dose and eighteen blood samples were drawn from each
subject after the CR dose at 1, 1.5, 2, 3, 4, 6, 8, 12, 13, 13.5,
14, 15, 16, 18, 20, 24, 36, and 48 hours.

Analytical

Plasma alprazolam concentrations were measured using
a modified HPLC method (10). Alprazolam and the internal
standard (triazolam) were extracted from plasma and chromato-
graphed under isocratic conditions. Peak heights were moni-
tored with a variable wavelength ultraviolet detector at 223 nm
and quantitation was achieved using peak height ratios. The
recovery of alprazolam from plasma was 96 * 4%. The interday
coefficient of variation for alprazolam at the low end of the
standard curve (1.0 ng/ml) was 2.5% and 3.2% at the upper
end (100.0 ng/ml).

Pharmacostatistical Models

Structural Model

A two compartment open model (2-COM) parameterized
in terms of clearance (CL), volume of central compartment
(V1), intercompartmental clearance (Q), volume of peripheral
compartment (V2), and first-order absorption rate constant (KA)
using ADVAN4 TRANS4 from the PREDPP library of models
provided in the NONMEM software (Version 1V, Level 2) was
used to fit the data. In addition, a zero-order input into the
central compartment was also used to fit the data for the CR
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dosage form. This was compared with the first-order input rate
to determine which input rate provided the best fit for the CR
data. For relative bioavailability (F,,), F was set to one for the
IR dosage form (reference) and was estimated for the CR dosage
form (test). All analyses were performed using the conventional
first-order estimation method (Method = 0).

Statistical Model

Intersubject Variability. This was modeled using an expo-
nential error model as follows:

CL; = CL*DEXPnf%; " iid. ~ N(O, wdy)

where CL; is the hypothetical true total body clearance (CL)
for the jth individual as predicted by the regression model. CL
is the typical population value of clearance; the nf" represents
the persistent difference between the jth individual’s CL value
and that predicted by the regression model; m"’s are indepen-
dent, identically distributed (i.i.d.) random variables with mean
0 and variance equal w” Interindividual variability in V1, Q,
V2, KA, T ac (lag time) and F, (relative bioavailability) were
similarly modeled. KA was partitioned for the two dosage forms
(KA and KAcR) using both a common variance or assigning
different variances to the two different rates of absorption.
Similarly, Ty ag Was also partitioned (T; ag; and Tyac,). Interin-
dividual variability in relative bioavailability (Fgg;, = CR/IR)
was also modeied using an additive error model:

Freyj = Fua + T]JF“"; T]JF’C‘ Lid. ~ N(O, u);zzrel)

Since, F, is expected to follow a standard normal distribution
and is not necessarily limited to a value of 1, the simpler of
the two models (i.e., the additive over the exponential error
model) was chosen based on the pre-defined model selection
criteria.

Residual Intrasubject Variability. A model involving a
combination of constant coefficient of variation and additive
error was used to model this component of variability as
shown below:

Cij = Cuij + Cri*eryj + &

where Cj; is the ith observed concentration for the jth individual;
Chij is the ith concentration predicted by the model for the jth
individual. This value includes the contribution of the n°* term.
£ and &, are independent, identicaily distributed statistical
errors with mean equal zero and variance equal o2. The magni-
tude of residual intraindividual variability usually depends on
measurement, dosing, sampling and model misspecification
errors but also on the presence of interoccasion variability
aovy (1n.

DATA ANALYSIS

Model Selection Criteria

The following criteria were used in selecting the optimized
basic structural model and for evaluating the effect of adding
a covariable in building the final regression model. In general,
a lower value for the NONMEM objective function is desirable.
When comparing two models (full vs reduced, e.g. 2-COM vs
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1-COM) the chi-squared test (p < 0.005) of the log-likelihood
difference (LLD) between the objective function values (OBJs)
was used with degrees of freedom equal to the difference in
number of parameters between the models. Thus, a change in
the objective function value of 7.9 was necessary to show
statistical significance (p < 0.005) between two models when
the two models differed by 1 parameter. To partially compensate
for the multiple comparisons, a conservative p value of less
than 0.005 was chosen in the selection of a covariate (12). The
goodness-of-fit of each NONMEM analysis was also assessed
by the evaluation of the residual plots and by the decrease in
the estimate of the inter-individual and residual variances. For
non-hierarchical models, where all models had the same number
of parameters, model comparison was based on examination
of the OBJ, and other criteria enumerated above.

Model Building Steps

A combination of statistical techniques and graphical dis-
plays were used in the analysis of the multivariable data. A
stepwise approach was used in the analysis of the data: (i)
determination of a basic pharmacokinetic structural model using
the NONMEM program and obtaining Bayesian individual
parameter estimates (12-16). Empirical Bayes estimates of
pharmacokinetic parameters derived from the two compartment
(2-COM) open model fit of the data was obtained using the
POSTHOC option within the NONMEM program, (ii) explor-
atory data analysis for a graphical screening of the relative
importance of several covariates and their relationships with
pharmacokinetic parameters were then examined (17) using S-
PLUS statistical software package (Version 3.1) (18), and (iii)
final NONMEM modeling to determine the relationship of
subject demographics to pharmacokinetic parameters (12-16).

Covariates analyzed included total body weight, lean body
mass, body surface area, cigarette smoking, age and gender.
Each covariate was modeled linearly using all possible combi-
nations and tested for a significant intercept term by fixing this
value to zero and assessing the change in OBJ value in compar-
ing that to a full model incorporating an intercept term. In order
to diagnose the presence of IOV, the data set was modified so
that each occasion for a subject was treated as if arising from
a different subject. The difference in residual variability
between the final covariate model and the final covariate model
with IOV allows to extract the IOV contribution to total residual
variability. The following equations (19) were used for calcula-
tion of lean body mass (LBM) and body surface area (BSA):

LBM (men) = 1.10 X TBW — 120 (TBW/HT)?

LBM (women) = 1.07 X TBW — 148 (TBW/HT)?
where TBW is total body weight in kg and HT is height in cm.
BSA = WT45 x HT®'® x 0.007184
where WT is actual body weight in kg and HT is height in cm.

RESULTS

Initial NONMEM runs showed that the two compartment
model with first-order absorption described the data (OBJ =
6856) better than a simple one compartment open model (OBJ
= 6975). A combination of constant coefficient of variation
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(CCV) and additive residual error model (OBJ = 6646, model
#1 in Table I) was found to describe the error in the data better
than the CCV error model alone (OBJ = 6856) or the additive
error model alone (OBJ = 6706.5). Partitioning of KA but
assigning a common variance for the two different dosage forms
(KA and KAcg) provided an OBJ of 5796.5 (LLD of —849.5
compared to model #1 in Table I, where KA was not parti-
tioned). In addition, assigning different variances to the two
different rates of absorption further reduced the OBJ value to
5746 (LLD of ~50.5 compared to model #2 in Table I, where
KA was partitioned but share a common variance). A common
lag time (T} 5g) for the two dosage forms provided an OBJ of
5733 (LLD of —13 compared to the reduced model #3 in Table
D). Partitioning of T s (Tiac: and Tpag,) and assigning either
a common variance or two different variances for the two
different dosage forms (IR and CR) did not improve the fit.
Finally, including relative bioavailability (Frg. = CR/IR) signi-
ficantly improved the fit with an OBJ of 5630.5 (LLD of —102.5
compared to the reduced model #4 in Table I), and provided the
final 2-COM optimized structural model for covariate analysis
(model #5 in Table I).

Exploratory graphical data analysis indicated possible rela-
tionships between clearance and total body weight, clearance
and smoking, and volume of peripheral compartment and total
body weight. Using the final, optimized 2-COM structural
model #5 of Table I, linear models for total body weight (WT)
as a predictor of relevant model parameters (specifically, CL,
V1, Q, and V2) provided an OBJ value of 5597 (LLD of —33.5
from optimized structural model). On further testing, using all
possible combinations of WT on CL, V1, Q and V2, WT was
only found to be a predictor of CL and V2 (OBJ = 5598), and
the intercept term was found to be unnecessary for modeling
these parameters (OBJ = 5598.5, model #6 in Table II).

NONMEM analysis confirmed that cigarette smoking was
a very important predictor of alprazolam clearance. Using all
possible combinations of CIG on CL, V1, Q, V2, and KA, CIG
was only found to be a predictor of CL (OBJ = 5350.5) with
a loglikelihood difference of —248 between the full (model #7)
and the reduced model (model #6) shown on Table II. Lean
body mass (LBM) was a better predictor of clearance (CL) as
well as the peripheral volume of distribution (V2) of alprazolam
than WT or body surface area (BSA), while age was found not
to be a predictor of CL and V2 (Table II). Gender was found
not to be a significant predictor of clearance of alprazolam
(Table II).

The final covariate model (model #10 in Tables II and III)
was reanalyzed using a zero-order input rate for the sustained
release dosage form. The magnitude of residual variability
remained unchanged at 34%, however, the OBJ value increased
from 5337.5 to 5454.5 suggesting a first-order input rate is
more appropriate for the CR dosage form. Figure 1a shows the
relationship between the observed and predicted alprazolam
concentrations using the optimized 2-COM structural model
described in Table I (model #5), while Figure 1b shows a
much more improved fit between the observed and predicted
alprazolam concentrations using the final covariate model
(model #10) described in Tables II and III. In Figures 1a and
1b, the observed higher concentrations represent steady-state
concentrations following administration of IR and CR dosage
forms in two individuals and these concentrations constitute a
very small fraction of the total data set.
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Table 1. Optimization of the Two Compartment Structural Model

Structural models

No. CL Vi Q V2 KA Tiac FreL OBJ! cfe df LLD#
1 1/1q¢ 1/1qe 1/1me /1 /1 — — 6646 — — —

2 1/1m° /1n /1 1/1me 21y — — 5796.5 1 1 —849.5+
3 1/1qe /19 1/1m¢ 1/1ne 2/27¢ — — 5746 2 1 ~50.5"
4 /1w 1/1q 1/1ne 1/1me 212x¢ 1/1m¢ — 5733 3 2 —13

5 1/1m° 1/1qe 1/1me 1/1m? 22m¢ 1/1me 1/1qe 5630.5 4 2 —102.5"

“ No partitioning (1/1w).

® Partitioning of a parameter and having a common variance (2/17).

¢ Partitioning of a parameter and associated -variance for two dosage forms, IR and CR (2/2v).
4 Objective function value.

¢ Compared with.

I Degree of freedom.

¢ Log-likelihood difterence.

# Statistically significant at p < 0.005.

Table 2. Effect of Cigarette Smoking (CIG), Age, Lean Body Mass (LBM), Body Surface Area (BSA) and Gender (GEN) on Structural Model

Parameters

Covariate Models Tested

Model CL Vi Q \ KA TLac FreL
no. 1/1m 1/1m 1/1m 1/1m 2/2x 1/1m 1/1m OBJ cf df LLD
6 WwT — — WT — — — 5598.5 5 0 —324
7 WT + CIG — — WT — — — 5350.5 6 1 —248¢
Weight (WT) Replaced by AGE, Body Surface Area (BSA) or Lean Body Mass (LBM)
8 AGE + CIG — — AGE — — — 5609 7 0 +258.5¢
9 BSA + CIG — — BSA — — — 5376.4 7 0 +25.9¢
10 0 +38.94
10 LBM + CIG — — LBM — — — 53375 7 0 —13
11 LBM + CIG + GEN — — LBM — — — 5336 10 1 -1.5
¢ Statistically significant at p < 0.005.
Table 3. Typical Population Parameters and Percent Relative Standard Error (%RSE)
CL/F VI/F Q/F V2/F KAR KAcr Tiac FreL Residual
(1/hr) ) (I/hr) M (1/hr) (1/hr) (hr) variability
Phase I study Estimate CL/F = 45 l/hr Ve/F = 6751 KAg = 1.3 hrf Frer = 1.0
2-COM Estimate 3.88 21.7 52.7 49.5 1.59 0.167 0.223 1.2 23%-10 ng/ml
No covariate %RSE 11% 335 195% 12% 325% 12% 3% 14% 35%-5 ng/ml
(Model #5)
2-COM final model Estimate 3.77¢ 20.2 57.5 64.5 1.74 0.17 0.225 1.08 22%-10 ng/ml
with covariate? 7.54
(Model #10) %RSE 10%* 29% 21% 1% 29% 9% 3% 7.5%  34%-5 ng/ml
23.5%
2-COM Final model Estimate 428 227 59.7 68.2 1.57 0.202 0.231 1.13 13%-10 ng/ml
with covariate®? 7.934
(IOV Diagnosis) %RSE 6%" 28.5% 18% 9.5%  33.5% 16.5% 2% 9% 15%-5 ng/ml
19%*

¢ Typical population parameters for the final covariate model were calculated using an average adult weight of 70 kg.
® For the diagnosis of 10V, each subject was coded as a separate individual for each occasion and the modified data set was re-analyzed using

the final covariate model.
¢ Non-smokers.
4 Smokers.
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Fig. 1. (a) Optimized two compartment structural model. (b) Final
two compartment covariate model.

LBM and CIG helped to explain the intersubject variability
in CL which was decreased from 38% (optimized base model
#5) to 21.5% (final covariate model #10) (Table IV). However,
the magnitude of residual variability remained unchanged at
349% for alprazolam plasma concentration of 5 ng/ml (Table
III). Thus, we attempted to diagnose the presence of IOV,
without actually fitting an IOV model to the data set. The final
covariate model (OBJ = 5337.5, model #10 in Tables II and I1I)
was re-analyzed using the same data set, which was modified so
that each subject was coded as a different individual for each
occasion (11). The OBJ value was lower (OBJ = 5146.5) and
residual variability decreased to 15% for alprazolam plasma
concentration of 5 ng/ml, thereby, confirming the presence of
IOV (Table III). However, as expected, an increase in intersub-
ject variability of 4.5-13.5% was observed in some parameters
(i.e., CL, Q and V2), except one (i.e., KA) where it was lower
by 9% (Table IV). Once the existence of IOV was confirmed,
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the modified data set that was created by coding each subject
as a different individual for each occasion was then used with
the final covariate model (model #10 in Tables II and III), to
test whether any of the earlier significant covariables were
erroneously selected. This was tested by stepwise deletion of
each of the covariate. All earlier selected covariables were
found to be significant, which is consistent with the final covari-
ate model (model #10 in Tables II and III).

DISCUSSION

The estimated interindividual variability associated with
KAcr (CV = 17%) was much lower than with KA (CV =
39%) in the optimized structural model (model #5 in Table IV).
An Fggy of 1.08 for the CR dosage form (Table III) is consistent
with values reported in the Phase I study utilizing the standard
two-stage (STS) approach.

Gender was found not to be a significant predictor of
clearance of alprazolam and is consistent with literature reports
(20). Cigarette smoking was associated with a 100% increase
in clearance of alprazolam as compared to non-smokers (final
covariate model #10 in Table III). This result differs from a
previous report showing an increase in alprazolam clearance of
only 25% in smokers which did not reach statistical significance
(21). However, the sample size in that study was small (n =
5). The estimated population parameters are comparable to
the corresponding Phase I estimates (Table III), however, the
interindividual variability was generally reduced by the inclu-
sion of covariables (model #10 in Table IV).

The effect of tobacco smoking on alprazolam pharmacoki-
netics is demonstrated by the present analysis. Since alprazolam
has been suggested to be mainly metabolized by the CYP3A4
isozyme based on several in vitro and in vivo drug interaction
studies (1,3,22,23), an explanation could be that tobacco may
be an inducer of CYP3A4 (24,25) and/or alprazolam may be
metabolized by other isozyme(s) (specifically, CYP1A1/1A2)
(23) that are induced by cigarette smoke (24-28). This needs
further investigation. It is possible that drugs which are primar-
ily metabolized by a specific P450 isoform could also concur-
rently be metabolized by multiple P450 pathways. Fluvoxamine,
an inhibitor of CYP1A2 (29,30), has been reported to inhibit
the 4- and a-hydroxylation of alprazolam in vitro (31) and to
increase plasma alprazolam concentrations in vivo in humans
(32). Erythromycin, an inhibitor of CYP3A4, has been shown
to inhibit the metabolism of alprazolam in humans (23). In
addition, erythromycin is also known to inhibit the metabolism
of theophylline (33), which is a substrate of CYP1A2 (30,34).
These findings suggest that the inhibitory effect of erythromycin
on the metabolism of alprazolam may be mediated partly
through CYP1A2. Using liver microsomes from adult male
mice previously exposed to cigarette smoke, enzymatic activity
determinations for erythromycin N-demethylase activity known
to be catalyzed by CYP3A has been shown to increase by up
to 95%, and Western blot analysis revealed about a 2 fold
increase in CYP3A levels (24). If these findings could be extrap-
olated to humans, then the observed 100% increase in clearance
of alprazolam in cigarette smokers would be consistent with
the magnitude of hepatic CYP3A induction reported in mice,
and would also support the present belief that alprazolam is
primarily metabolized by CYP3A. Currently, CYP3A1/3A2 are
the major P450 3A subfamily identified in the rat (35). These
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Table 4. Variance Estimates (EST) and Percent Relative Standard Error (%RSE)

‘ W V! oQ 2 KA g KA g 0"LAG ¥ gL
Phase I study %RSE CL = 32% Vg = 18% Frer = 16%

2-COM EST 0.144 0.147 0.157 0.02 0.154 0.03 0.004 0.053
No covariate %RSE 38% 38.5% 40% 14.5% 39% 17% 6% 19%

(Model #5)

2-COM Final model EST 0.046 0.149 0.186 0.01 0.185 0.05 0.003 0.011
with covariate %RSE 21.5% 38.5% 43% 10% 43% 22% 5.5% 10%

(Model #10)

2-COM Final model EST 0.068 0.136 0.321 0.026 0.176 0.047 0.008 0.00006

with covariate %RSE 26% 37% 56.5% 16% 42% 21.5% 9% 1%

(IOV Diagnosis)®

“ For the diagnosis of IOV, each subject was coded as a separate individual for each occasion and the modified data set was re-analyzed using

the final covariate model.

forms of P450 3A in the rat have been specifically shown to
be responsible for erythromycin N-demethylation, which in
humans has been shown to be catalyzed by CYP3A3/3A4 (26).
It is possible that a substrate metabolized by a specific P450
enzyme in an animal model (e.g., CYP3A1/3A2 in the rat) is
metabolized by a structurally different P450 enzyme in humans
(e.g., CYP3A3/3A4).

It has been reported that the presence of unrecognized
interoccasion variability (IOV) on the random effect parameter
estimates can cause biases by overestimation of the residual
error in NONMEM (11). The population parameter estimates
and associated percent relative standard errors (Table III), and
variance parameter estimates and associated percent coefficients
of variation (interindividual variability) (Table IV) were compa-
rable for the final covariate model, when analyzed with or
without treating each subject as a separate individual for each
occasion for the diagnosis of [OV. By extracting the [OV contri-
bution to residual variability (19% at 5 ng/mL, i.e., the differ-
ence between the residual variability of final covariate model
#10 and final covariate model with IOV), what remains (15%)
is probably closer to “true” residual error, representing variabil-
ity due to measurement, dosing, sampling and model misspecifi-
cation errors (Table III).

CONCLUSIONS

The population pharmacokinetic model approach com-
bined with exploratory graphical data analysis is capable of
identifying important covariates from well-controlled ‘“data
rich” Phase I studies early in drug development. It is probably
beneficial to have diverse demographics in Phase [ pharmacoki-
netic studies so that an initial screening of important covariates
could be conducted without sacrificing the primary objective
of such a study. The nonlinear mixed effects modeling approach
appeared to be a useful tool for the efficient, simultaneous
modeling of single and multiple dose data for both IR and CR
dosage forms. However, one should be cautious in applying
NONMEM during traditional model analysis because the pres-
ence of unrecognized IOV could cause biases by overestimation
of the residual error. The use of NONMEM allowed appropriate
and informative analysis of routine bioavailability data,

ACKNOWLEDGMENTS

The authors are grateful to Dr. Ene Ette for his helpful
suggestions and for critical reading of the manuscript.

REFERENCES

1. D.J. Greenblatt and C. E. Wright. Clin. Pharmacokinet. 24:453—
471 (1993).

2. Physicians’ Desk Reference®, 48th Edition, pages 2456-2459
(1994).

3. P. D. Garzone and P. D. Kroboth. Clin. Pharmacokinet. 16:337-
364 (1989).

4. L.B. Sheiner, B. Rosenberg, and V. V. Marathe. J. Pharmacokinet.
Biopharm. 5:445-479 (1977).

5. A.D. Graves and L. Chang. J. Pharmacokinet. Biopharm. 18:145-
160 (1990).

6. R. Miller and T. M. Ludden. Eur. J. Clin. Pharmacol. 44:231-
235 (1993).

7. N. Kaniwa, N. Aoyagi, H. Ogata, and M. Ishii. J. Pharm. Sci.
79:1116-1120 (1990).

8. J. C. Fleishaker, J. P. Phillips, M. G. Eller, and R. B. Smith. J.
Clin. Pharmacol. 29:543-549 (1989).

9. S. L. Beal and L. B. Sheiner. NONMEM Users Guide, Part [-VI,
Division of Clinical Pharmacology, University of California, San
Francisco, 1979-1992.

10. R. B. Smith and P. D. Kroboth. Psychopharmacol. 93:105-112
(1987). °

I1. M. O. Karlsson and L. B. Sheiner. J. Pharmacokinet. Biopharm.
21:735-750 (1993).

12. P. O. Maitre, M. Buhrer, D. R. Stanski, and D. Thompson. J.
Pharmacokinet. Biopharm. 19:377-384 (1991).

13. J. W. Mandema, D. Verotta, and L. B. Sheiner. J. Pharmacokinet.
Biopharm. 20:511-528 (1992).

14. M. Davidian and A. R. Galant. J. Pharmacokinet. Biopharm.
20:529-556 (1992).

15. P. Burtin, E. Jacqz-Aigrain, P. Girard, R. Lenclen, J. F. Magny,
P. Betremieux, C. Tehiry, L. Desplanques, and P. Mussat. Clin.
Pharmacol. Ther. 56:615-625 (1994). ’

16. J. R. Wade, S. L. Beal, and N. C. Sambol. J. Pharmacokinet.
Biopharm. 22:165-177 (1994).

17. E. L Ette and T. M. Ludden. Pharm. Res. 12:1845-1855 (1995).

18. S-PLUS (version 3.1), Statistical Sciences Inc., Seattle, Washing-
ton, 1992.

19. J. M. Morgan and K. M. Bray. Clin. Pharmacokinet. 26:292-
307, 1994. :

20. C.Kirkwood, A. Moore, P. Hayes, C. L. DeVane, and A. Pelonero.
Clin. Pharmacol. Ther. 50:404—409 (1991).

21. R. B. Smith, P. R. Gwilt, and C. E. Wright. Clin. Pharm. 2:139-
143 (1983).



Mixed Effects Modeling of IR and CR Alprazolam

22

23.

24.

25.

26.

27.
28.

L. L. von Moltke, D. G. Greenblatt, M. M. Cotreau-Bibbo, J.
S. Harmatz, and R. I. Shader. Br. J. Clin. Pharmac. 38:23-31
(1994).

N. Yasui, K. Otani, S. Kaneko, T. Ohkubo, T. Osanai, K. Sugawara,
K. Chiba, and T. Ishizaki. Clin. Pharmacol. Ther. 59:514-519
(1996).

P. H. Villard, E. Seree, B. Lacarelle, M. C. Therene-Fenoglio, Y.
Barra, L. Attolini, B. Bruguerole, A. Durand, and J. Catalin.
Biochem. Biophys. Res. Comm. 202:1731-1737 (1994).

R. Agrawal, F. K. Jugert, S. G. Khan, D. R. Bickers, H. F. Merk,
and H. Mukhtar. Biochem. Biophys. Res. Comm. 199:1400—
1406 (1994).

L. G. Miller. Clin. Pharmacokinet. 17:90-108 (1989).

W. Kalow and B. K. Tang. Clin. Pharmacol. Ther. 49:44-48
(1991).

D. Sesardic, A. R. Boobis, R. J. Edwards, and D. S. Davies. Br.

29.
30.
31.

32.
33.
34.

35.

315

J. Clin. Pharmacol. 26:363-372 (1988).

K. Brgsen, E. Skjelbo, B. B. Rasmussen, H. E. Poulsen, and S.
Loft. Biochem. Pharmacol. 45:1211-1214 (1993).

B. B. Rasmussen, J. Maenpaa, O. Pelkonen et al. Br. J. Clin.
Pharmacol. 39:151-159 (1995).

L. L. von Moiltke, D. J. Greenblatt, M. H. Court, S. X. Duan, J.
S. Harmatz, and R. L. Shader. J. Clin. Psychopharmacol. 15:125-
131 (1995).

J. C. Fleishaker and L. K. Hulst. Eur. J. Clin. Pharmacol.
46:35-39 (1994).

P. Periti, T. Mazzei, E. Mini, and A. Novelli. Clin. Pharmacokinet.
23:106-131 (1992).

M. A. Sarkar and B. J. Jackson. Drug Metab. Dispos. 22:827-
834 (1994).

S. A. Wrighton and J. C. Stevens. Crit. Rev. Toxicol. 22:1-21
(1992).



