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Tablet matrix compositions for optimized prolonged release were selected by surface response meth-
odology. The extreme vertices experimental design was used to develop a surface response model
which mathematically defined the release of active component from the tablet matrix as controlled by
the percentage of the excipient components. The model, a statistical quadratic equation with a stan-
dard error of 3.3, was validated for accurate prediction of drug release profiles and used to identify
optimum formulations. This study demonstrated a new application of the extreme vertices experimen-
tal design, an efficient method for evaluating a complex mixture system for controlled release, where
specific constraints are placed on one or more of the components.
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INTRODUCTION

The objective of this study was to optimize a tablet ma-
trix for controlled release and to demonstrate a new appli-
cation of the extreme vertices experimental design. The ex-
treme vertices method is a fixed design for surface response
modeling developed by McLean and Anderson (1) specifi-
cally for mixture systems where constraints are placed on
the quantity of one or more components of the formulation.
McCurdy (2) used this approach to evaluate the effect of
sugar coating solution composition of the physical properties
of coated tablets. In this study the extreme vertices experi-
mental method was used to model the effect of the percent-
ages of four tablet excipients on the release of an active
component from the tablet matrix.

Initial experiments were conducted to establish approx-
imate lower and upper limits on the percentage of each com-
ponent required for the tablet matrix to function as a pro-
longed release dosage form. These constraints were used in
an algorithm to determine experimental treatment combina-
tions, or tablet formulations. Tablet compositions defined by
the algorithm were manufactured, including duplication of
two compositions for an independent estimate of error. Us-
ing dissolution test data from these tablets, a model was
developed which mathematically defined the effect of tablet
composition on release of the active component. The model
was validated by testing its capability of predicting the dis-
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solution profiles of five tablet compositions selected at ran-
dom from the experimental inference space as defined by the
extreme vertices algorithm. After model validation had been
completed, a predicted optimum formulation was manufac-
tured on a rotary tablet press. When tested in human sub-
jects, the optimized tablet formulation demonstrated the re-
quired prolonged serum levels and 93% bioavailability com-
pared to multiple doses of a commercially available solution
dosage form.

STATISTICAL THEORY

The measured response of a mixture system, such as a
tablet, composed of g components depends only on the frac-
tional proportions of each component, x;, and not on the
total amount of the mixture (3). A universal constraint on all
mixture systems is that the sum of all component propor-
tions add to 1.0.

q
> x=10 M
i=1

As a result of this constraint, a change in the level of one
component requires an adjustment in the level of at least one
other component, thus, the proportion of a single component
may not be adjusted independently of all other components.
Factorial experimental designs may not be suitable for sur-
face response modeling of mixtures because the experimen-
tal treatment combinations are determined by independent
adjustments of each component level, a condition which is
impossible to achieve for mixture systems with constant
weight. Other types of surface response models may provide
a more appropriate approach to the design of experiments
for mixture formulations.

Some of these surface response modeling methods
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which have been applied to the study of mixture systems
include the polynomial models, the ratio models, the simplex
methods, and the extreme vertices design. Several criteria
were important in selecting the best method. The experimen-
tal design selected for surface response modeling should ef-

ficiently characterize the entire mixture space. The polyno-

mial modeling methods were inappropriate for this study be-
cause they would not cover the entire mixture space
adequately (4). Snee (5) demonstrated the effectiveness of
the ratio model, but computational complications are pro-
hibitive for systems composed of more than three compo-
nents. The simplex method has been widely used for mixture
analyses, but this method cannot accommodate constraints
on the mixture component levels unless the ranges of each
component are equal (6). The extreme vertices experimental
design of McLean and Anderson was developed specifically
for mixtures with constraints on the proportions of one or
more components and was selected for this study because
the entire mixture space could be covered with a reasonable
number of formulations. Computations, data analysis, and
modeling were straightforward, and the unequal range of
constraints on the tablet matrix components could be fac-
tored into the experimental design.

A description of the extreme vertices design helps to
explain its application. Given a mixture of g components (x,,
Xy, .. ., X) With a lower constraint, a;, and an upper con-
straint, b;, on each component such that 0 < g, < x; < b,
then the experimental treatment combinations for the ex-
treme vertices design are uniquely determined as described
by the algorithm of Anderson and McLean (1,6), as demon-
strated in the Appendix. After the treatment combinations
are prepared, the experimental samples are tested, the data
are collected, and a model is fit to the data. The model, or
surface contours, then is examined to determine the regions
where the best response values may be obtained (7). The
surface response of interest, F(y), may be described by the
extreme vertices linear quadratic equation as follows (6):

q q
EQ) = X B+ D, By @)
: i=1
=1 i<j<q
where x; is the fractional level of component i and B; is the
regression coefficient for component x;.

MATERIALS AND METHODS

All materials were pharmaceutical or food grade, and no
organic solvents were used. Each tablet contained 17.14%
active ingredient and 5.00% lubricant. Some characteristics
of the experimental components x;, x,, x5, and x, are sum-
marized in Table 1.

Eighteen experimental formulations were determined
by the algorithm of Anderson and McLean (6), using the
constraint levels shown in Table I as demonstrated in the
Appendix. Of the 18 formulations, 16 were unique and 2
were replicates for an independent estimate of the error
mean square for batches, which was the experimental infer-
ential unit. Eight extreme vertices, or extrema, were identi-
fied which defined the geometric boundaries of a seven-sided
hyperpolyhedron which represents the experimental mixture
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Table I. The Constraint Limits and General Characteristics of the
Experimental Components of the Tablet Matrix

Lower Upper
constraint constraint
Component Material type fraction fraction
Xy Soluble adhesive 0.100 0.300
Xy Insoluble film-former 0.025 0.075
X3 Insoluble adhesive 0.200 0.400
X4 Insoluble excipient 0.200 0.500

space as shown in Fig. 1. Eight additional experimental
points were determined, one at the center of each of the
seven faces of the heptahedron and one at the geometric
center of the mixture space, designated the centroid point in
Table II.

The materials were processed using conventional phar-
maceutical equipment and compressed on a motorized lab-
oratory press (Fred S. Carver Inc.). Drug release profiles for
each formulation were determined for six tablets using USP
Dissolution Method II, the paddle method. The equipment
setup included a six-station multiple-spindle drive and dis-
solution drive control (Hanson Research Corp.) for stirring
six standard Teflon-coated paddles at 100 rpm. The dissolu-
tion vessels were USP standard 1000-ml round-bottom flasks
(Pyrex) which were filled with 900 ml of the appropriate
dissolution medium. The schedule and compositions of the
dissolution media are given in Table III. The temperature of
the test media was maintained at 37°C by a constant-
temperature water bath. Samples of 4.0 ml of the dissolution
fluid each were collected and immediately filtered through a
0.45-pm filter at 0.5, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, 8.0, 10.0, and
12.0 hr. The sample volume was replaced with 4.0 ml of fresh
solution. Dilution effects were accounted for in the calcula-
tions of the concentration of the active ingredient. Evapora-
tion of the dissolution fluid was minimized by covering the
dissolution flasks during the test. Sink conditions were main-

100%
X

100%
x2
Fig. 1. A geometric representation of the mixture space of the ex-
treme vertices experiment.
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Table II. The Experimental Treatment Combinations for the Ex-
treme Vertices Surface Response Experiment

Percentage of each component

Treatment
combination X, X, X, X,
Extrema 1 15.4 2.5 40.0 20.0
2 10.2 7.5 40.0 20.2
3 30.0 2.5 25.4 20.0
4 30.0 7.5 20.2 20.2
S 10.0 2.5 20.0 45.4
6 30.0 2.5 20.0 25.4
7 10.0 2.5 40.0 25.4
8 10.0 7.5 20.0 40.4
Midpoints of 9 19.1 2.5 29.1 27.2
facial planes 10 16.7 7.5 26.7 26.9
11 21.4 5.0 31.4 20.1
12 11.8 4.2 40.0 21.8
13 20.0 5.0 20.0 32.8
14 10.0 5.0 30.0 32.8
15 30.0 4.2 21.9 21.8
Centroid 16 18.2 4.4 28.2 27.1

tained with solubility exceeding maximum concentration by
a factor of at least 125.

The concentration of the active ingredient in the disso-
lution samples was determined by UV detection using a
spectrophotometer (Beckman Model DU-7).

RESULTS AND DISCUSSION

Three criteria were established for the target drug re-
lease profile: (i) a loading dose of 17-33% of the total drug
released within the first 0.5 hr, followed by (ii) prolonged
release of the remaining drug over the next 10-12 hr, pref-
erably at a relatively constant rate, and (iii) at least 90% of
the total dose dissolved after 12 hr.

The three example profiles in Fig. 2 represent the fastest
and slowest release profiles observed as well as one of the
intermediate profiles. Drug dissolution from different exper-
imental formulations was complete in as little as 4.0 hr to a
maximum of more than 12.0 hr. The amount of active ingre-
dient released during the first 0.5 hr of the dissolution test
was similar for all formulations, varying from 18.6 t0 25.9%
of the total dose, which is within the recommended loading
dose of the compound (8). The cumulative percentage of the
dose released from the systems after 12.0 hr ranged from 65
to 100%. The intermediate curve in Fig. 2, for example, met
the criteria for the target drug release profile. A loading dose
was released by 0.5 hr, followed by prolonged release for the

Table III. Schedule of Media for the Dissolution Test

Time (hr) pH Dissolution medium

0.0to 1.5 1.2 Simulated gastric fluid, USP*
1.5to 3.5 4.5 Simulated intestinal fluid, USP%?
3.5t0 12.0 6.8 Simulated intestinal fluid, USP%*

¢ Without enzymes, adjusted to equivalent ionic strength with NaCl.
® Adjusted to pH shown by the addition of 10% HCI solution sink
conditions maintained for all media; no common ion effect.
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g. 2. Drug dissolution profiles representing the range of release
patterns obtained from the extreme vertices experiment.
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remainder of 12.0 hr. The cumulative percentage of the dose
released over 12.0 hr exceeded the 90% minimum.

All formulations contained 17.1% active ingredient and
5.0% lubricant by weight. The formulation which released
the active ingredient the most rapidly, extremum No. 6 in
Table II, was composed of 30.0, 2.5, 20.0, and 25.4% of
components x,, x,, x5, and x,, respectively. This formulation
contained the lower limit of the water insoluble components
X, and x5 and the upper limit of the water-soluble component
x;. The 12-hr dose of drug was completely released from the
tablet by 5.5 hr, so release of the active ingredient from this
formulation was too rapid. By comparison, the formulation
which released the active ingredient most slowly, extremum
No. 2 in Table II, contained 10.2% x,, 7.5% x,, 40.0% x,,
and 20.2% x,, which was the lower limit of the water-soluble
component x; and the upper limit of the water-insoluble
components x, and x;. Only 65% of the total amount of ac-
tive ingredient was released after 12.0 hr of the dissolution
testing.

The dissolution data from all formulations of the ex-
treme vertices experiment were fit by a quadratic polynomial
[Eq. 2)] by computer-assisted multiple regression analysis
using the stepwise method of SPSS (Statistical Package for
the Social Sciences). The F-test ratio for including a regres-
sor into the equation was initially set at 0.01 (Fiy = 0.01)
and the F-test ratio for deleting or excluding a regressor from
the model was set at 0.005 (Foyr = 0.005). These values
were set low to assure that all significant regressors were
included in the initial model. For the final model the values
of Fy and Foyr were set at 4, which approximates the 95%
confidence level for inclusion of a regressor term in the
model (9). The best fit of a model to the data had an R? of
0.85. The low R? value was caused by ill conditioning of the
matrices used to estimate the regression coefficients of the
model.
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Kurotori (10) described the computational precision
problems associated with multiple regression analysis of
highly constrained independent variables with fractional nu-
merical values and recommended transforming the data to
pseudocomponents to circumvent this complication using
the following equation:

xi' — __u (3)

I_E(Zi

i=1

where x;' is the pseudocomponent level of component x;
which has the lower constraint limit of a; for ¢ components
fromi = 1,2, ..., q. Whenthe independent variables were
transformed to pseudocomponents and fit to the dissolution
data, a transformed model with the R? of 0.97 was obtained.
This value indicated an excellent fit since the standard error
was only 3.3 and the coefficient of variability was 4.5%. The
F ratio for the lack of fit for the model by the method of Snee
(5) was 1.08, which was less than 2.08 (« = 0.05), the critical
F ratio for significant lack of fit. At a 95% confidence level
the lack of fit for the model, therefore, was concluded to be
statistically nonsignificant.

The analysis of residuals also indicated that the model
accurately described the data. Only 2 data points of a total of
180 deviated from the model by more than two standard
deviations. The numbers of positive and negative residuals
were approximately equal, at 53 and 55, respectively, but the
30 runs of signs value was lower than the expected number
of 55. An uneven number of positive and negative residuals
or a large number of runs of signs may indicate autocorre-
lation or time-series correlation of the data. The Durbin-
Watson test statistic of 0.89 was inconclusive for autocorre-
lation. Examination of the variation of the data within each
treatment combination revealed no apparent correlation of
the variation for the data taken between 1.5 and 12.0 hr
inclusive. The variation of the 0.5-hr data, however, was
consistently lower than the variation from 1.5 to 12.0 hr by a
factor of 1.9. Tablet composition had less effect on dissolu-
tion during the first 0.5 hr because drug was dissolving from
the surface of the tablet. This extent of autocorrelation did
not disturb the fit of the model according to an evaluation
proposed by Anderson and McLean (6) since the two vari-
ations differ by a factor which is substantially less than the
critical value, calculated to be 9. The pseudocomponent
model was concluded to quantitate accurately the functional
relationship between the drug dissolution profiles and the
composition of the tablets.

The transformed model in terms of pseudocomponents
is given by the following equation:

Y = —49.7 + 85.31% — 1.93t + 33.7x,' — 79.3x,’
— 16.2x5" + 137x,'x," — 41.2x,'x5' (4)

where Y is the percentage of the dose released at time ¢, and
x; represents the pseudocomponent level of component x;,
where i = 1,2,3,4. The regression equation included the
pseudocomponent levels of the three polymeric components
X4, X5, and x; and two interaction terms but not the pseudo-
component level of the inorganic component x,,. Component
x4, Used as an inert, insoluble filler in the compositional

1095

range of 20 to 45% of the total tablet weight, apparently had
no effect on drug dissolution which could not be modeled by
the levels of the other components.

Equation (4) may be mathematically converted to a
more easily used form by expressing the model in terms of
the actual component levels instead of pseudocomponents.
The transformed (pseudocomponent) model is back-trans-
formed to a model expressed in terms of the actual compo-
nent levels by the following equations of Gorman (11):

Bo= K + Bo’ S
1| < 1{ <
K== 2 Biaiaj| — + 2 Bi'a;
L - L N (6)
I=sigj<qg i=1
q
L=1-2a )
i=1
1 < B/
.= _ — . + —
Bi=K—p 2 Byt ®)
i#*f
By
Bj = 77 o)

where B, and B,;" are the regression coefficients of the trans-
formed model terms x," and x,'x;" and where B, and B, are the
regression coefficients of the back-transformed model terms
x; and xx;. The back-transformed model was determined as
follows:

Y = —46.5 + 8531+ — 1.93r + 111x,— 285x,

— 34.7x; — 182xyx5 + 607x,x4 {10)

The transformed and back-transformed models return the
same numerical value for any formulation, but the confi-
dence intervals on the coefficients of the transformed model
may not be used for the back-transformed coefficients. Any
projections of confidence levels on the regression coeffi-
cients are restricted to the transformed (pseudocomponent)
model.

In addition to descriptive capabilities, surface response
modeis may be used to predict the response, or drug disso-
lution profiles, for tablet formulations prior to their prepara-
tion and evaluation. This predictive capability enables the
formulation scientist to select the formulations for study
which have the highest probability of achieving a target re-
sponse.

Five formulations with compositions as given in Table
IV were selected randomly from the mixture space of the
extreme vertices experiment to validate the predictive capa-
bilities of the model. The average difference between the
profiles predicted by the model and the profiles determined
experimentally was 2.05, which is well within experimental
error (4.5%). An example comparison between the predicted
and the experimental drug release profiles for a validation
batch is shown in Fig. 3. Full data sets for numerical com-
parisons are given in Table V. Based on these comparisons,
it was concluded that the model validly predicts the percent-
age of active drug which would be dissolved at time, ¢, for
any formulation selected from the extreme vertices mixture
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Table IV. Composition of Tablet Formulations Randomly Selected
for Validation of the Predictive Capability of the Model

Percentage of each component

Formulation
no. X, X, X5 X,
1 12.9 4.7 29.5 30.8
2 16.0 6.2 31.0 24.7
3 16.0 4.5 31.0 26.4
4 25.0 7.4 24.0 21.5
5 26.0 4.1 27.0 20.8

space. Calculated drug dissolution profiles, however, re-
quire experimental verification.

A computer program was written to calculate the pre-
dicted drug release profiles for formulations in the mixture
space represented by 2% increments in the levels of x, and x,
and by 0.5% increments in the level of x, within the con-
straint limits of each component. Component x, did not ap-
pear in the model and, for this reason, was allowed to vary
as required within the allowed range. Each candidate proto-
type formulation was required to release (as calculated by
the equation) approximately 15 to 30%, less than 65%, be-
lieved to improve the manufacturability of the final dosage
form on a rotary tablet press.

The tableting properties of this formulation were con-
firmed by manufacturing four scale-up batches greater than 1
kg using either an 8-station (Stokes) or a 16-station (Colton)
rotary tablet press. Excellent content uniformity (+1.0%)
and low weight variation (+1.0%) were determined for all
tablet batches.

Although it is beyond the scope and intent of this dis-
cussion, a brief statement regarding the bioavailability per-
formance of this formulation compared to an equivalent dose
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Fig. 3. Comparison of the dissolution profiles for a validation for-
mulation as predicted by the model and as determined experimen-
tally.
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Table V. The Average Difference Between the Drug Dissolution
Time Profiles Predicted by the Model and the Experimental Valida-
tion Profiles

Average difference for each formulation

Time
(hr) No. 1 No. 2 No. 3 No. 4 No. 5
0.5 8.10 6.11 5.20 3.76 0.57
1.5 6.06 073 -0.78 —-0.49 -0.29
2.5 7.74 2.84 1.37 1.76 2.40
3.5 262 —-198 —-383 -262 —-2.99
4.5 024 —-484 —-6.04 -3.11 -3.78
5.5 -0.18 —-6.04 —-7.01 —-3.48 -3.01
6.5 038 -520 -637 —161 234
8.0 -173 -6.29 —-825 -3.21 -2.13
10.0 -127 -726 -6.50 -099 -—1.89
12.0 090 -259 -295 2.81 0.43
Avg. difference 229 -245 -352 -072 -1.29
SD 3.69 4.42 4.29 2.64 1.97

of a commercial oral solution of the same drug human sub-
Jects is appropriate to demonstrate the practical applicability
of this formulation as developed using the extreme vertices
methodology. In a two-way, open-label, complete crossover
study in eight normal healthy fasted males, bioavailability of
the optimized controlled-release tablet was 93% compared to
the oral solution, which was equivalent to the percentage
dissolved by in vitro dissolution. Sustained serum levels of
the active material were achieved by the controlled release
dosage form for the 12-hr period.

The extreme vertices experimental design was demon-
strated by this study to be an effective and efficient method
for the design, evaluation, and optimization of a complex
mixture for controlled release with performance-related
compositional constraints. The relationship between the
composition of the tablet matrix and the drug dissolution
time profile was described quantitatively by surface re-
sponse modeling, using a mathematical model validated for
both descriptive and predictive capabilities. A prototype for-
mulation was selected on the basis of model predictions and
secondary manufacturability less than 75%, and approxi-
mately 90% of the dose at 0.5, 4.5, 6.5, and 12.0 hr, respec-
tively. The acceptable range of these criteria was set arbi-
trarily at +0.5%. The program identified 589 candidate for-
mulations which achieved the standards required for a
candidate prototype formulation. The extreme vertices ex-
perimental formulation five was included by the program in
the list of candidate prototype formulations. All 589 formu-
lations selected by the program came from the region around
the extreme vertex labeled 5 in Fig. 1.

Although selection criteria could have been refined to
narrow further the selection of optimal formulations, addi-
tional fine tuning of the formulation outside the identified
range offered no obvious practical advantages since all tar-
geted criteria could be met with any number of formulations
within a limited range. Secondary criteria such as experi-
mental data, reproducibility of the dissolution profiles, and
projected tablet manufacturability were then used to select
one formulation. When the secondary criteria were applied,
formulation 5 was selected as the prototype formulation.
First, experimental validation that the drug release profile
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achieved the targeted dissolution criteria was already avail-
able from the extreme vertices experiment. Second, the
standard deviation between the dissolution profiles for all
tablets from the batch of formulation 5 was 50% lower than
the average for all formulations from the extreme vertices
design. This formulation also contained the maximum
amount of the least expensive excipient x, and the minimum
amount of the remaining three excipients x,, x,, and x;.
Component x, was also known to have excellent flow and
compressibility properties, which was criteria, scaled up to
pilot lab equipment, and shown to give the targeted release
by dissolution testing and bioavailability in human subjects.

APPENDIX: ALGORITHM FOR DETERMINING
EXPERIMENTAL TREATMENT COMBINATIONS

After the constraints on the components were estab-
lished as shown in Table Al, the experimental mixture space
was uniquely determined by the intersection of the resulting
constraint planes. As many as 32 extreme vertices, g(27 1),
could be derived using a four-factor algorithm, where q is the
number of factors.

All possible two-level treatment combinations using the

Table Al
Extremum Fraction of each component Experimental
formulation formulation
no. x4 X, X3 X, no.
— 0.025 0.20 0.20
(1) 0.154  0.025 0.40 0.20 1
— 0.025 0.20 0.50
— 0.025 0.40 0.50
— 0.075 0.20 0.20
Q)* 0.104 0.075 0.40 0.20 2%
— 0.075 0.20 0.50
— 0.075 0.40 0.50
0.10 — 0.20 0.20
0.30 — 0.20 0.20
0.10 — 0.40 0.20
0.30 —_ 0.40 0.20
0.10 — 0.20 0.50
0.30 — 0.20 0.50
0.10 — 0.40 0.50
0.30 — 0.40 0.50
0.10 0.025 — 0.20
3) 0.30 0.025 0.254 020 3
0.10 0.025 — 0.50
0.30 0.025 — 0.50
0.10 0.075 — 0.20
4)* 0.30 0.075 0.204 0.20 4*
0.10 0.075 — 0.50
0.30 0.075 —_ 0.50
5) 0.10 0.025 0.20 0.454 5
6) 0.30 0.025 0.20 0.254 6
(@) 0.10 0.025 0.40 0.254 7
0.30 0.025 0.40 —
(8) 0.10 0.075 0.20 0.404 8
(9)* 0.30 0.075 0.20 0.204 4*
10)* 0.10 0.075 0.40 0.204 2%
0.30 0.075 0.40 —
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upper and lower constraint levels for three of the four factors
were written down with the fourth factor level left blank.
The three factors levels were added together and subtracted
from 1.0 minus the level of active and lubricant [1.000 —
(0.17t + 0.050) = 0.779]. If the remaining portion was
within the constraint level for the fourth component level left
blank, then this combination of points described one ex-
treme point or experimental formulation as shown in the
table below.

Since extrema 9 and 10 were approximately equivalent
to extrema 4 and 2, respectively, the duplicated points were
used to calculate an error mean square for batches, the ex-
perimental inferential unit. Minor differences of <0.004
(=<4%) for components x,, x5, and x, for duplicate points 4
and 9, and 2 and 10, were considered insignificant. To obtain
the actual experimental points 2 and 4 listed in Table II re-
quired averaging 10.4 and 10.0 to obtain x; = 10.2% for point
2 and averaging 20.4 and 20.0 to obtain x, = 20.2% for points
2 and 4. The eight unique points defined a seven-sided space.
To complete the list of experimental points, the center of
each facial plane was calculated as well as the centroid of the
entire space.

Each facial plane was isolated by identifying all points
with one component level constant. For example, points 1,
3,5,6,and 7 all have x, = 0.025. By averaging all five values
of each component, the center of that facial plane was cal-
culated to obtain treatment combination 9 from Table II.
Points 2, 4, and 8 (x, = 0.075) were used to determine point
10; points 1, 2, 3, and 4 (x, = 0.20 or 0.202) to determine
point 11; points 1, 2, and 7 (x; = 0.40) to find point 12; points
4,5, 6, and 8 (x; = 0.20) to find point 13; points 2, 5, and 7
(x; = 0.10) to find point 14; and points 3, 4, and 6 (x, = 0.30)
to find point 15. The average of all eight extremum points (1
through 8) determined the centroid of the polyhedron, treat-
ment combination 16.
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