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Purpose. The goal of this study was to establish and validate an in
vitro–in vivo correlation (IVIVC) for two sustained-release formula-
tions (i.e., a matrix tablet and a RingCap banded matrix tablet) con-
taining 750 mg of acetaminophen.
Methods. The in vitro dissolution and in vivo disposition of these
formulations were examined by using a USP type III dissolution ap-
paratus and a single-dose, three-way, crossover study that included an
immediate-release acetaminophen dosage form, respectively. An
IVIVC was established by using the mean fraction dissolved (FD)
and mean fraction absorbed (FA) and used to simulate the plasma
concentation-time profile of acetaminophen after administration of
the matrix tablet (i.e., internal validation) and RingCap banded ma-
trix tablet (i.e., external validation).
Results. A statistically significant relationship (r2 � 0.997, P < 0.001)
existed between the FD and FA for matrix tablets and was best
described by the equation (FA) � 0.984 × (FD) + 0.0133. The percent
predictions errors in CMAX and AUCL were <10% when predicting
the plasma concentration-time profiles for the two formulations, vali-
dating the internal and external predictability of the IVIVC.
Conclusions. The data (i) show that in vitro dissolution data are a
good predictor of in vivo fraction absorbed for acetaminophen, (ii)
support the general use of in vitro dissolution data for readily soluble
and readily absorbed drugs, (iii) suggest that acetaminophen may
serve as a model drug for evaluating novel sustained-release delivery
systems, and (iv) provide a tangible example of the limitations of
current methods for predicting and validating IVIVC.
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INTRODUCTION

The ability to use the in vitro characteristics of a con-
trolled-release dosage form to predict its in vivo bioavailabil-
ity can greatly simplify dosage form development. An in vit-
ro–in vivo correlation (IVIVC) is most commonly established
by developing formulations with different release rates, col-
lecting data on the in vitro dissolution rates and in vivo
plasma concentration-time profiles for these formulations,
and using appropriate deconvolution and statistical tech-
niques to verify the link between dissolution rate and fraction

absorbed. However, it is important to note that establishing
the IVIVC is only the first step in the process. For the IVIVC
to be practically useful, it must be validated by investigating
the predictability of the model for formulations with different
release rates. Only then can the IVIVC be used prospectively
to estimate the in vivo plasma concentration-time profile of
an experimental formulation from its in vitro dissolution data.
IVIVCs have been reported for a number of formulations,
incorporating carbamazepine, diltiazem, metoprolol, and
other drugs (1–3). The concepts and methods used in estab-
lishing valid IVIVC are reviewed elsewhere (4,5).

RingCap is a patented oral controlled-release delivery
system. The dosage form is a capsule-shaped matrix tablet to
which bands of insoluble polymer are applied circumferen-
tially to the surface of the tablet. These bands modify the
release rate of drug from the tablet through the control of
surface area and erosion (6,7). Parameters affecting the re-
lease rate include the number, width, and placement of the
bands on the tablet. The goal of these studies was to establish
and validate an IVIVC relationship for drug release from this
delivery system by using a model drug meeting the criteria as
a class I drug according to the Biopharmaceutics Classifica-
tion System, as originally proposed by Amidon et al. (8). The
absorption of class I drugs should be dependent on their in
vivo dissolution. Acetaminophen is generally classified as a
drug with high solubility that shows high permeability
throughout the intestinal tract (9–11). The approach was to
develop the IVIVC for the matrix tablet and then validate the
external predictability of the IVIVC by examining its ability
to predict the in vivo concentration-time profile of a RingCap
banded matrix tablet from its in vitro dissolution data. The
results of these in vitro and in vivo studies with the acetamin-
ophen and the RingCap delivery system are reported herein.

MATERIALS AND METHODS

Dosage Forms

Two controlled-release formulations containing 750 mg
of acetaminophen were used for these studies. The first con-
trolled-release formulation was a matrix tablet comprised of
(w/w) acetaminophen 72%, Polyox Coagulant 13%, mannitol
13%, and stearic acid 2%. The formulation, hereafter re-
ferred to as the matrix tablet, was prepared by using a low-
shear alcohol wet granulation method. The granulation was
wet screened and tray dried at ambient temperature. The dry
granulation was then milled and blended with lubricant to
produce the final blend. Tablets were compressed manually
by using 2000-lb compression force and film coated with hy-
droxypropylmethylcellulose. The second controlled-release
formulation, hereafter referred to as RingCap banded matrix
tablets, was a matrix tablet to which two 4-mm bands had
been applied. The band material was Eudragit NE 30 D with
5% triacetin as a plasticizer. The 2 × 4-mm band configuration
was chosen after evaluation of the in vitro dissolution profiles
of 12 different band configurations. The 2 × 4-mm band con-
figuration provided the greatest difference in in vitro release
rate compared with the matrix tablet. Thus, we selected this
band configuration with the expectation that it would show
the greatest differences in clinical performance and provide
proof of principle for the establishment of the IVIVC. A
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commercially available immediate release formulation of
acetaminophen (Tylenol, two 325-mg tablets) was also used in
the clinical bioavailability study.

Dissolution Testing

In vitro dissolution studies were performed by using a
USP type III dissolution apparatus (VanKel BioDis, Cary,
NC) and USP simulated intestinal fluid without enzymes.
Nine tablets from each formulation were used for these stud-
ies. Individual tablets were dipped (20 dips/min) in 250 mL of
buffer held at 37°C. The entire buffer solution was removed
and replaced with fresh buffer at 1-h intervals for up to 36 h
(i.e., 1, 2, 3, . . . 36 h). The concentration of acetaminophen in
each sample was determined by UV absorbance at 244 nm
(model 8452A diode array spectrophotometer; Hewlett Pack-
ard, Wilmington, DE). A standard curve for acetaminophen
was constructed over the linear range of 0.024–0.0024 mg/mL.
Control samples containing no acetaminophen (i.e., SIF
alone) or 0.0096 mg/mL acetaminophen were analyzed with
the samples from the dissolution experiments. The fraction of
acetaminophen dissolved at each interval (FD) was calculated
as (the cumulative amount released) divided by (750 mg). The
mean FD (n � 9) for each formulation was used to establish
the IVIVC and complete the internal and external validation,
described below. The dissolution profiles were compared by
using the similarity factor (f2) as described by Moore and
Flanner (12) and recently adopted by the FDA (13), where an
f2 value <50 indicates that the two profiles are different.

Clinical Study

A single-dose, three-way, crossover study was conducted
in 12 healthy volunteers (8 males and 4 females) to compare
the pharmacokinetics of the immediate release dosage form
of acetaminophen (Tylenol, two 325-mg tablets) to the phar-
macokinetics of the two 750-mg sustained release dosage
forms of acetaminophen. The study was reviewed and ap-
proved by the University of Tennessee Institutional Review
Board. Before entry into the study, subjects received a com-
plete blood and urine analysis, an electrocardiogram, a physi-
cal examination, and provided written informed consent. The
study was conducted in three phases, separated by an interval
of 1 week. Subjects were divided into three groups (n � 4 per
group), with formulations administered in a crossover design
to minimize sequence-related effects. Doses were adminis-
tered under fasting conditions, and blood samples (7 mL
each) were obtained from each subject before the dose and at
0.33, 0.67, 1.0, 1.5, 2, 3, 4, 5, 6, 7, 8, 10, 12, 15, and 25 h after
each dose. Blood samples were centrifuged, and the plasma
fraction was stored at −20°C until analysis.

Acetaminophen Analysis

A reversed-phase high-pressure liquid chromatographic
(HPLC) method was developed to quantitate acetaminophen
in human plasma. Briefly, an aliquot of plasma (0.25 mL) was
extracted with ethyl acetate (4 mL) after addition of internal
standard (0.25 mL of 150 �g/mL aqueous solution of theoph-
ylline). Each sample was centrifuged at approximately 500 g
for 10 min at 4°C. The organic layer was transferred to a clean
15-mL nonsilanized conical tube and evaporated under a
stream of nitrogen. Samples were reconstituted with 0.15 mL

of 20% methanol and transferred to an autosampler vial for
HPLC injection. The isocratic mobile phase contained 14%
(v/v) methanol in 0.05 M sodium phosphate buffer (pH 4.4)
and was pumped at a flow rate of 1 mL/min. The stationary
phase was a C18 reversed-phase column (NovaPak, 3.9 × 150
mm, Waters Corp., Milford, MA), and the analytes were
monitored with UV detection at 248 nm. The retention times
of acetaminophen and theophylline were 3.5 and 6.0 min,
respectively. The HPLC system consisted of an isocratic
pump (model 501, Waters Corp.), automated injector (model
717, Waters Corp.), and variable wavelength UV detector
(model 481, Waters Corp.). Chromatographic data were col-
lected and analyzed by using Atlas software (Thermo Lab-
systems Chromserver, Beverly, MA). All standard curves
were fit with a weight of 1/y and exhibited a correlation co-
efficient (r2) � 0.995 over the standard curve range of 0.153–
30.6 �g/mL. The coefficients of variation for the standards
ranged from 9.4% for the lowest concentration (0.153 �g/ml)
to 2.0% for the highest concentration (30.6 �g/mL). The co-
efficients of variation for all controls were <6.6%.

Pharmacokinetic and Statistical Analyses

Mean plasma concentration-time profiles were con-
structed for each formulation. The maximal plasma concen-
tration (CMAX) was determined by direct inspection of the
mean plasma concentration-time profile. The rate constant
(K) describing the terminal slope of mean plasma concentra-
tion-time profile was determined by linear least squares fit-
ting of the natural logarithm (Ln) transformed terminal
plasma concentrations vs. time to the equation for a straight
line. Plasma concentrations observed between 2 and 15 h af-
ter dose administration were used for this calculation. The
terminal slope of the mean plasma concentration-time profile
observed after administration of the immediate release for-
mulation was used for calculation of the half-life (T1/2), ex-
trapolation of the plasma concentration-time curve to time
infinity, and calculation of the area under the curve from time
zero to time infinity (AUCI) and fraction of the dose ab-
sorbed (FA) in all phases of the study. This was necessary due
to the prolonged absorption of acetaminophen after admin-
istration of the sustained release dosage forms [i.e., the ter-
minal slope of the plasma concentration-time profile after
administration of these formulations was not representative
of the terminal elimination rate constant (K) of acetamino-
phen]. The area under the plasma concentration-time profile
from time zero to 25 h (AUCL) was calculated by using the
linear trapezoidal rule. The area under the plasma concentra-
tion-time profile from time zero to infinity (AUCI) was cal-
culated as the sum of (AUCL) and (CpL/K), where CpL was
the last measurable plasma concentration of acetaminophen
and K was determined as described above. The FA for each
formulation was calculated by using the mean (n � 12)
plasma concentration-time profile for each formulation and
the Wagner-Nelson method (14). Oral clearance (CL) was
calculated as (dose) divided by (AUCI). All other compari-
sons were performed by using ANOVA.

Development of the Correlation

The IVIVC was developed by using the mean in vitro
dissolution data and mean in vivo plasma concentration-time
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profile of the matrix tablet. At each time point, the mean FD
(n � 9 from in vitro dissolution studies) was plotted vs. the
FA calculated from the mean plasma concentration-time pro-
file observed for matrix tablets, as suggested by the FDA
guidance on IVIVC (15). The slope, intercept, and correlation
coefficient describing the relationship between mean FD and
FA were determined by using linear regression.

Internal Validation of the IVIVC

The internal predictability of the IVIVC was examined
by using the mean in vitro dissolution data and mean in vivo
pharmacokinetics of matrix tablets. Briefly, the mean in vitro
dissolution data from matrix tablets were used to calculate the
expected FA after the dose. This calculation was performed
by using the IVIVC established for matrix tablets (i.e., where
FA � [slope] × FD + [intercept]). The [intercept] value rep-
resents the value of FA at FD equal to zero and should ap-
proximate zero for a “perfect” IVIVC (i.e., when FA varies in
direct proportion to FD). The first derivative of the predicted
FA for matrix tablets was then used as the input rate for a
one-compartment pharmacokinetic model with first-order
elimination to simulate the expected plasma acetaminophen
concentration-time profile after an oral dose of matrix tablets.
Stella II software (version 3.0.7; High Performance Systems,
Hanover, NH) was used for all pharmacokinetic simulations.
The volume of distribution and the elimination rate constant
(K) used for this simulation were fixed at 97 L and 0.24 h−1,
respectively, representing the values of these parameters as
determined from the mean plasma concentration-time profile
of acetaminophen after administration of immediate release
tablets. The CMAX and AUCL for the simulated plasma
acetaminophen concentration-time profile were determined
as described above and compared with that observed during
the clinical study with matrix tablets. The FDA guidance (15)
on IVIVC states that an average absolute percent prediction
error of �10% for CMAX and AUC establishes the predict-
ability of the IVIVC. In addition, the percent prediction error
for each formulation should not exceed 15%.

External Validation of the IVIVC

The external predictability of the IVIVC established with
matrix tablets was then used with the mean in vitro dissolu-
tion data of RingCap banded matrix tablets to predict the in
vivo pharmacokinetics of RingCap banded matrix tablets. In
this case, the mean in vitro dissolution data (FD) from Ring-
Cap banded matrix tablets was used to calculate the expected
fraction of the dose absorbed (FA) after an oral dose of Ring-
Cap banded matrix tablets. The calculation of FA was per-
formed as described above for internal validation. The first
derivative of the predicted FA for RingCap banded matrix
tablets was then used as the input rate to simulate the ex-
pected plasma acetaminophen concentration-time profile af-
ter an oral dose of RingCap banded matrix tablets. All other
pharmacokinetic and simulation parameters were identical to
those used for internal validation.

RESULTS AND DISCUSSION

The mean in vitro dissolution profiles for the matrix
tablets and RingCap banded matrix tablets are shown in Fig.
1. Matrix tablets released 98% of their drug content within 17

h, whereas only 84% of the drug was released by 24 h with
RingCap banded matrix tablets. RingCap banded matrix tab-
lets required 30 h for complete dissolution. The release rates
of the two formulations were different with an f2 value of
30.1, suggesting that the acetaminophen release rates from
these two formulations would result in differences in their in
vivo pharmacokinetics (12,13).

The mean plasma concentration-time profiles after oral
administration of the immediate-release and two sustained-
release acetaminophen formulations are shown in Fig. 2.
Mean values of TMAX, AUCI, oral CL, and MRT for each
formulation are shown in Table I. The results of this study
indicated that both formulations significantly slowed and pro-
longed the absorption of acetaminophen, relative to the im-
mediate release formulation. The mean terminal T1/2 (%CV)

Fig. 1. In vitro dissolution profiles. The mean fraction of acetamin-
ophen dissolved from the matrix tablet (open circles) and RingCap
banded matrix tablet (open squares) were determined by using USP
type III apparatus for in vitro dissolution. Each time point represents
the mean fraction dissolved of nine tablets. Error bars represent
means ± SD.

Fig. 2. In vivo plasma concentration-time profiles. Profiles represent
the mean (n � 12) plasma concentration of acetaminophen observed
in these subjects after administration of the immediate-release for-
mulation (solid circles), matrix tablet (open circles), and RingCap
banded matrix tablet (open squares). Error bars represent means ±
SD for each observation.
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and oral CL of acetaminophen in these subjects after admin-
istration of immediate-release tablets were 3.54 (22%) h and
18.7 (21%) L/h, respectively. These values closely resemble
literature values for the terminal T1/2 and oral CL of acet-
aminophen (16). The CMAX values (Table II), of the mean
plasma concentration-time curve for the sustained-release
formulations (750-mg dose) were 1.75 �g/mL and 1.25 �g/mL
for matrix tablets and RingCap banded matrix tablets, respec-
tively. The AUCL of the mean plasma concentration-time
curve for RingCap banded matrix tablets was lower than that
observed for matrix tablets (Table II). The lower AUCL for
RingCap banded matrix tablets was at least in part due to the
prolonged dissolution required for this formulation and the
fact that no blood samples were collected after 25 h. That is,
the AUCL of RingCap banded matrix tablets was likely lower
due to the fact that absorption was still occurring at the con-
clusion of the 25-h study period. Evidence supporting this
hypothesis lies in the observations (i) that only 87% of the
dose was released over 25 h during in vitro dissolution experi-
ments and (ii) that plasma concentration-time profiles in all
subjects after administration of RingCap banded matrix tab-
lets had not reached the terminal elimination phase at 25 h.

The IVIVC was established by using the in vitro disso-
lution data and in vivo plasma concentration-time profile ob-
served for matrix tablets (Fig. 3). Linear regression analysis
showed that a statistically significant relationship (r2 � 0.997,
P < 0.001) existed between the FD and FA for matrix tablets
and was best described by the equation (FA) � 0.984 × (FD)
+ 0.0133. The CMAX, AUCL, and pharmacokinetic param-
eters determined from the simulated plasma concentration-
time profile (Fig. 4) using the IVIVC (i.e., FA calculated by
using the equation above) are presented in Table II. The
percent prediction errors for CMAX and AUCL were <10%,
validating the internal predictability of the IVIVC.

It should be noted that the trends in the actual and pre-
dicted plasma concentration-time profile in Fig. 4 differ. For
example, the predicted plasma concentration-time profile in-
creases more rapidly in the 0–6-h time interval, does not in-
clude a second peak in plasma drug concentration at approxi-
mately 12 h, and has an increasing tendency in the 20–25-h

time interval, compared with the actual data observed during
the clinical study. These observations call attention to the
inherent limitations of the FDA methods for development of
IVIVC, namely, that CMAX and AUCI provide incomplete
data about the time course of drug concentrations in the
plasma. These deviations between the actual and predicted
concentration-time profile were also seen during external
validation of the IVIVC (Fig. 5).

The external predictability of the IVIVC was examined
by using the in vitro dissolution profile of RingCap banded
matrix tablets to predict the plasma concentration-time pro-

Fig. 4. Internal validation. The first derivative of the predicted FA
for matrix tablets was used as the input rate for simulation of the
expected plasma acetaminophen concentration-time profile after an
oral dose of matrix tablets using a one-compartment pharmacokinetic
model with first-order elimination and Stella II software (version
3.0.7; High Performance Systems). The line represents the plasma
concentration-time profile predicted by using the established IVIVC
(i.e., FA � 0.984 × FD + 0.0133), and the open squares circles rep-
resent the actual plasma concentrations of acetaminophen observed
during the clinical study.

Table I. Pharmacokinetics of Acetaminophen after Oral
Administrationa

Formulation
TMAX

(h)
AUCI

(�g × h/mL)
Oral CL

(L/h)
MRT

(h)

Immediate-release
Mean 0.8 36.4 18.7 1.46
%CV 70 23 21 50

Matrix tablet
Mean 8.4 32.5 26.8 11.7
%CV 54 39 42 20

RingCap banded matrix tablet
Mean 7.4 26.4 30.3 13.9
%CV 56 26 27 13

a Plasma concentration-time profiles after oral administration of the
immediate-release and two sustained-release acetaminophen for-
mulations were determined by using a validated HPLC method.
Pharmacokinetic parameters for individual profiles (n � 12 for each
formulation) were calculated by using noncompartmental methods.
ANOVA showed highly significant differences (P < 0.001) among
the formulations for each of the measures listed.

Fig. 3. Relationship between the mean fraction absorbed in vivo and
the mean fraction dissolved in vitro for matrix tablets. Mean FD and
mean FA were determined for matrix tablets and used to establish
the IVIVC. The line represents the linear regression of the data,
where (Fraction Absorbed) � 0.984 × (Fraction Dissolved) + 0.0133
and r2 � 0.997.
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file after administration of an oral dose of RingCap banded
matrix tablets. The predicted and observed plasma concen-
tration-time profiles for acetaminophen after an oral dose of
RingCap banded matrix tablets are shown in Fig. 5. The per-
cent prediction error in CMAX and AUCL were <10% when
using the IVIVC. The plasma concentration-time profiles for
the two sustained-release formulations were also predicted by
using a perfect IVIVC (i.e., FA � FD). Percent prediction
errors for CMAX and AUCL were <10% for both formula-
tions, indicating that the slope and intercept of the IVIVC
were indistinguishable from one and zero, respectively.

CONCLUSIONS

This study established and validated the internal and ex-
ternal predictability of an IVIVC relationship for sustained-
release acetaminophen formulations. The in vivo CMAX and

AUCL were predicted by calculating FA from the IVIVC. In
both instances, the simulated plasma concentration-time pro-
file for acetaminophen closely predicted (<10% error) the
CMAX and AUCL of the formulation after oral administra-
tion. The ability of the IVIVC to accurately predict the ob-
served plasma concentration-time profile of these sustained-
release formulations supports the assertion that the in vitro
dissolution of acetaminophen in this dosage form is closely
related to the in vivo fraction absorbed. Acetaminophen
meets the criteria for classification as a class I drug according
to the Biopharmaceutics Classification System (8–11). These
studies support the idea that an IVIVC for high-solubility,
high-permeability drugs will be observed when dissolution is
the rate-limiting step in absorption (8,9).

Although the IVIVC established in this research clearly
meets the criteria for a valid IVIVC, notable differences be-
tween the shape of the actual and predicted plasma concen-
tration-time profiles were observed. The fact that these dif-
ferences were observed under such ideal conditions (i.e.,
when using a drug that shows a near perfect linear relation-
ship between FA and FD and optimal solubility and perme-
ability characteristics) highlights the limitations of current
FDA standards for establishing IVIVC. Clearly, improved
methods to predict in vivo plasma concentration-time data
from in vitro dissolution data are needed. Frequency domain
and/or proportional odds and hazards modeling may provide
new and reasonable approaches to this problem and are cur-
rently under development (17,18).

Thus, these data (i) provide a tangible example of the
limitations of current methods for predicting and validating
IVIVC, (ii) show that in vitro dissolution data are a good
predictor of in vivo fraction absorbed for acetaminophen, (iii)
support the general use of in vitro dissolution data to predict
in vivo disposition for readily soluble and readily absorbed
drugs, and (iv) suggest that acetaminophen may serve as a
model drug for evaluating novel sustained-release delivery
systems.

ACKNOWLEDGMENTS

The authors thank Dr. Marvin C. Meyer, Ms. Donna
Lyon, Ms. Tami Birmingham, and Dr. Ken Kudsk for their
contributions during the conduct of the clinical studies de-
scribed in this manuscript. The authors also thank Dr. Ray-

Table II. Validation and Prediction of IVIVCa

Actual values
Predicted with

FA � 0.984 × FD + 0.0133 (%)

Prediction of plasma concentration-time profile for matrix tablets
Cmax (�g/mL) 1.75 1.83 (4.6)
AUCL (�g × h/mL) 30.3 31.3 (3.3)

Prediction of plasma concentration-time profile for RingCap banded matrix tablets
Cmax (�g/mL) 1.25 1.16 (7.2)
AUCL (�g × h/mL) 23.2 23.1 (0.4)

a The IVIVC was validated internally by examining its ability to predict the concentration-time profile of the matrix tablet. The predictive
ability of the IVIVC was examined by using the IVIVC developed with use of matrix tablets to predict the plasma concentration-time of the
RingCap banded matrix tablet. Actual values are those observed during completion of the clinical study for each formulation. Numbers in
parentheses represent the percent error between actual and predicted values. It is important to note that the actual values of CMAX and
AUCL represents the pharmacokinetics of the mean concentration-time profile for each formulation and cannot be directly compared with
the mean values of these measures calculated by using individual concentration-time profiles as presented in Table I.

Fig. 5. External validation. The first derivative of the predicted FA
for RingCap banded matrix tablets was used as the input rate for
simulation of the expected plasma acetaminophen concentration-
time profile after an oral dose of RingCap banded matrix tablets
using a one-compartment pharmacokinetic model with first-order
elimination and Stella II software (version 3.0.7; High Performance
Systems). The line represents the plasma concentration-time profile
predicted by using the established IVIVC (i.e., FA � 0.984 × FD +
0.0133), and the open squares circles represent the actual plasma
concentrations of acetaminophen observed during the clinical study.

IVIVC for Controlled-Release Acetaminophen 1733



mond T. Bartus and the reviewers of the manuscript for their
excellent editorial and scientific suggestions.

REFERENCES

1. M. C. Meyer, A. B. Straughn, R. M. Mhatre, V. P. Shah, R. L.
Williams, and L. J. Lesko. The relative bioavailability and in vit-
ro–in vivo correlations for four marketed carbamazepine tablets.
Pharm. Res. 15:1787–1791 (1998).

2. K. Yu, M. Gebert, S. A. Altaf, D. Wong, and D. R. Friend. Op-
timization of sustained-release diltiazem formulations in man by
use of an in-vitro/in-vivo correlation. J. Pharm. Pharmacol. 50:
845–850 (1998).

3. N. D. Eddington, P. Marroum, R. Uppoor, A. Hussain, and L.
Augsburger. Development and internal validation of an in vitro–
in vivo correlation for a hydrophilic metoprolol tartrate extended
release tablet formulation. Pharm. Res. 15:466–473 (1998).

4. D. Young, J. G. Devane, and J. Butler. In Vitro–In Vivo Corre-
lations. Advances in Experimental Medicine and Biology, Vol.
423, Plenum Press, New York, 1997.

5. G. L. Amidon, J. R. Robinson, and R. L. Williams, Scientific
Foundations for Regulating Drug Product Quality, AAPS Press,
Alexandria, Virginia, 1997.

6. P. S.-L. Wong, D. E. Edgren, L. C. Dong, and V. J. Ferrari. Active
Agent Dosage Form Comprising a Matrix and at Least Two In-
soluble Bands. United States Patent 5,534,263 July 9, 1996.

7. P. S.-L. Wong, D. E. Edgren, L. C. Dong, and V. J. Ferrari.
Banded Prolonged Release Active Agent Dosage Form. United
States Patent 5,667,804 September 16, 1997.

8. G. L. Amidon, H. Lennerhas, V. P. Shah, and J. R. Crison. A
theoretical basis for a biopharmaceutic drug classification: the
correlation of in vitro drug product dissolution and in vivo bio-
availability. Pharm. Res. 12:413–420 (1995).

9. O. I. Corrigan. The biopharmaceutic drug classification and drugs

administered in extended release (ER) formulations. In D.
Young, J. G. Devane, and J. Butler (eds.), In Vitro–In Vivo Cor-
relations. Advances in Experimental Medicine and Biology, Vol.
423, Plenum Press, New York, 1997 pp. 111–128.

10. T. Gramatte and K. Richter. Paracetamol absorption from dif-
ferent sites in the human small intestine. Br. J. Clin. Pharmacol.
37:608–611 (1994).

11. W. E. Bagnall, J. Kelleher, B. E. Walker, and M. S. Losowsky.
The gastrointestinal absorption of paracetamol in the rat. J.
Pharm. Pharmacol. 31:157–160 (1979).

12. J. W. Moore and H. H. Flanner. Mathematical comparison of dis-
solution profiles. Pharm. Tech. 20:64–74 (1996).

13. Federal Register. Volume 60, Number 230, November 30, 1995, p.
61642.

14. J. G. Wagner. Absorption Analysis and Bioavailability. In J. G.
Wagner (ed.), Pharmacokinetics for the Pharmaceutical Scientist,
Technomic Publishing Co., Inc., Lancaster, Pennsylvania, 1993
pp. 159–205.

15. U.S. Department of Health and Human Services, Food and Drug
Administration, Center for Drug Evaluation and Research. Ex-
tended Release Oral Dosage Forms: Development, Evaluation,
and Application of In Vitro/In Vivo Correlations. Rockville,
Maryland, September 1997, http://www.fda.gov/cder/guidance/
1306fnl.pdf.

16. J. G. Hardman and L. E. Limbird. Goodman and Gilman’s The
Pharmacological Basis of Therapeutics, Ninth Edition, McGraw-
Hill, New York, 1996.

17. M. Durisova and L. Dedik. Modeling in frequency domain used
for assessment of in vivo dissolution profile. Pharm. Res. 14:860–
864 (1997).

18. A. Dunne A, T. O’Hara, and J. Devane. A new approach to
modelling the relationship between in vitro and in vivo drug dis-
solution/absorption. Stat. Med. 18:1865–1877 (1999).

Dalton, Straughn, Dickason, and Grandolfi1734


