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Purpose. A method to establish the in vitro-in vivo relationship of oral
extended-release products is proposed.

Methods. The approach utilizes incremental amounts of drug released
and absorbed within defined time intervals, to construct a x? distributed
variable for testing in vitro-in vivo similarity.

Results. A case study is used to demonstrate that the similarities
between incremental values of in vivo absorbed and in vitro dissolved
fractions are distinguishable for different dissolution profiles despite
naturally significant linear correlations between cumulative in vivo
absorbed and in vitro dissolved fractions (with different dissolution
tests) of an oral extended-release product.

Conclusions. The method enables investigators to compare different
in vitro dissolution profiles of an oral extended-release product to find
an optimized dissolution profile to be the surrogate of the in vivo
release process of the product.

KEY WORDS: extended-release; in vitro-in vivo correlation; in vitro
dissolution; in vivo release; absorption; in vitro-in vivo similarity.

INTRODUCTION

Since the 1940s (1), in vitro characteristics of a dosage
form have long been sought as a mirror of in vivo behavior.
In vitro-in vivo correlation can be described as “the establish-
ment of a relationship between a biological property, or a param-
eter derived from a biological property produced by a dosage
form, and a physicochemical property of the dosage form” (2).
The pharmacokinetic system of an extended-release dosage
form can decompose as release (R), absorption (A), distribution
(D), metabolism (M) and elimination (E), or RADME (3). In
vivo release Kinetics is the most important physicochemical
property for an extended-release product, but this process is
generally unobservable. The in vitro dissolution process can be
sought as a substitution for the in vivo release process of a
dosage form. The in vivo absorption process, a biological prop-
erty of the dosage form, can be estimated by drug concentrations
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ABBREVIATIONS: 1,: absorption lag time; 7: duration of in vivo
release; A(¢): absorbed fraction at time f; /,: incremental value fraction
of in vivo release; I ,: incremental value fraction of in vitro dissolution;
I,: normalized incremental fraction of in vivo absorption; s: standard
deviation of 1,; C(1): plasma drug concentration at time ¢; X,(£): amount
of drug in the peripheral compartment at time ¢, k. apparent first-
order absorption rate constant; k;,: exit rate constant from the central
compartment to the elimination site; k,: exit rate constant from the
central compartment to the peripheral compartment; k,,: exit rate con-
stant from the peripheral compartment to the central compartment.
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observed in the body. Thus, a special definition of “in vitro-in
vivo correlation” for extended-release products can be
addressed as the establishment of a relationship between in
vitro dissolution behavior and in vivo absorption behavior. If
the correlation is of the time courses of these two processes
[e.g., percent dose dissolved relative to the total dose (dissolved
fraction) vs. percent dose absorbed relative to the total dose
absorbed (absorbed fraction) over a defined time period (4-9)],
it is a level A correlation (2,5). In this paper, we address the
level A correlation.

Delay in absorption, relative to in vivo release, is a charac-
teristic of extended-release products (3), because the absorption
of a drug is usually controlled by solubility (dissolution) and
permeability. The curve for the absorbed fraction vs. time is
expected to be below the curve for the released fraction vs.
time. These two curves start at the same origin (O fraction at
time 0), separate later, begin to merge after release is complete
(after which released fraction is a constant, 100%), and merge
into one after absorption is complete (Fig. 1). Therefore, the
relationship between absorbed fractions and released fractions
is nonlinear, and the unity line, as conventionally used in the
literature for demonstrating in vitro-in vivo correlation, is gener-
ally not the expected relationship. In addition, the absorbed and
dissolved fractions are traditionally expressed in cumulative
percentages. Theoretically, a positive relationship is inherent
with the use of cumulative fractions, and the linear correlation
of any two sets of cumulative fractions is naturally high (see
Discussion).

We propose a method to analyze the in vitro-in vivo rela-
tionship of extended-release drug products. This method uses
incremental values of dissolved and absorbed fractions, instead
of cumulative values, to construct a x> for demonstrating the
in vitro-in vivo similarity of an extended-release product. These
x°s enable comparison of different in vitro dissolution profiles
of a product to find an appropriate dissolution profile that
represents the in vivo release process of the product. The details
of this method are demonstrated in a case study.

METHODOLOGY

The in vitro-in vivo relationship of an extended-release
product is meaningful only in the time period during which
both in vivo release and absorption are occurring (i.e., before
the in vivo release is complete). Within this time period, for
an extended-release product the absorbed amount should be
highly associated with the released amount. After the duration
of in vivo release, 7T, the released fractions are always equal to
100% without variation. Therefore, the absorbed fractions
should be normalized by the absorbed fraction at 7, A(T), to
ensure the profile of normalized absorption fractions presenting
similar patterns to the profile of released fractions, and the two
profiles have the same scales for both time (from O to 7) and
percentage (from 0 to 100%). If an in vitro dissolution profile
approximates to the in vivo release profile, a similarity should
exist between the in vitro dissolution profile and the normalized
absorption profile.

The first step of the proposed method is to fit an appropriate
pharmacokinetic model (3) to individual drug concentration-
time data separately via nonlinear regression to estimate the
pharmacokinetic parameters (Table I). Based on the sampling
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Fig. 1. In vitro and in vivo characteristics of an investigational product. The thin-long dashed line (---) represents the
dissolution profile of Test 1; the thick-long dashed line (— — —) the dissolution profile of Test 2; the thick dotted line
(+++) the population in vivo release profile; the thin-short dashed line (-----) the population in vivo absorption profile; the
thick-short dashed line (-=---- ) the population normalized in vivo absorption profile; and the thin dotted lines (------ )

individual’s normalized in vivo absorption profiles.

schedule of both the in vitro dissolution test (its duration is
expected to be approximately 7) and the drug concentration-
time data, a series of time points can be determined for both
dissolved and absorbed fractions. Individual absorbed fractions
are then calculated; using the observed concentrations and phar-
macokinetic parameter estimates, from the first sampling time
until the sampling time around T.

Let /, denote the incremental value of in vivo released
fraction a specific time interval, I, the corresponding incremen-
tal value of normalized absorption fractions, /, the correspond-
ing incremental value of dissolved fraction, and s? the variance

Table 1. Individual Estimates of Pharmacokinetic Parameters

Parameter
Subject ty T ko k, o B VJF
D W mw k) wH whH wH WD
I 0464 442 0.184 0.634 0507 0.0747 756
2 0449 440 0.296 1.49 1.34 0.0958 189
3 0.214 3.84 0.319 1.03 0931 0.0810 760
4 0.587 4.10 0.108 0.522 0394 0.0595 1180
5 0.230 4.78 0.110 0470 0422 0.0650 621
6 0.247 472 0.566 1.01 0.611 0.0800 1130
7 0.522 4.60 0.113 0.652 0.460 0.0866 1700
8 0.739 487 0.128 0.569 0.463 0.0751 454
9 0.404 451 0.265 1.40 0.727 0.0732 581
10 0.768 4.22 0.249 3.02 0.445 0.0795 769
11 0.666 4.14 0.102 0918 0436 0.0647 547
12 0.617 488 0.144 1.30 0.654 0.0711 526
13 0379 3.85 0.0934 0499 0.430 0.0508 2380
14 0.655 494 0.0990 0462 0271 0.0554 639
15 0.507 4.66 0.353 0.620 0.420 0.0759 1590
16 0366 434 0.161 2.96 0.582 0.0953 484

of I,. The statistical assumption of the proposed method is that
I, approximately follows a normal distribution N(p., o). With
the null hypotheses Hy: E(1,) — i = E(I)) — o = 0 and D(/,)
— o2 = 0 (E and D denote the mathematical expectation and
variance, respectively), (I, — w)/s and (I, — p)/s follow a
standard normal distribution N(0, 1), and (I, — Id)/(ﬁs) then
follows N(O, 1) as well. Hence, a x? for the i-th subject can be
determined from Eq. (1):

& (g — L)
2 .= ey n
Xz,den _,2:1 2512 3

1)

in which, I,.; is the j-th element of the vector of the incremental
normalized absorption fractions in the i-th subject, /,; the j-th
element of the vector of the incremental dissolved fractions, n
the number of elements in each incremental vector, and s7 the
variance of [, ;s (over f) that can be calculated from the follow-
ing Eq. (2):
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in which m is the number of subjects and l,n,- =m 2L, I, the
mean of [, ;s (over i). These x°s are the statistics for demonstra-
ting the in vitro-in vivo similarity of the investigational
extended-release product and can be used to compare different
in vitro dissolution profiles. ’

RESULTS

Dissolved Fractions

An in vitro dissolution profile of an investigational
extended-release product is shown in Table II (Test 1) and Fig.
1. The in vitro dissolution test was performed using a USP
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Table II. Dissolved and Absorbed Fractions

Dissolved Fractions

Dissolution
Test j=1 2 3 4 5
1 14.4 27.8 50.5 70.4 88.4
2 12.0 28.7 59.9 86.0 100.0
Subject A G A (T)
ID )
) 1 2 3 4 5
1 2.17 5.53 26.2 54.0 80.3 63.4
2 475 229 519 70.3 91.6 83.1
3 7.50 17.5 52.5 78.1 97.2 73.9
4 1.17 434 196 54.1 69.6 54.2
5 2.84 929 232 442 62.1 58.8
6 5.59 15.3 19.9 38.1 100 78.1
7 1.99 4.67 169 44.1 87.4 65.0
8 0.52 323 156 40.8 67.3 61.5
9 528 234 435 71.2 93.2 82.8
10 2.08 26.1 57.1 81.3 96.8 90.4
11 1.37 14.5 36.6 58.9 78.2 69.9
12 2.25 18.9 354 58.4 87.6 82.0
13 2.46 7.21 289 474 62.1 51.4
14 0.65 481 106 24.0 65.9 56.5
15 1.69 11.4 24.0 52.4 69.7 64.1
16 9.70 326 60.0 81.5 97.2 91.5

Apparatus 2, paddle (consisting of 6 tubs) stirrer operating at
100 rpm in 900 ml of simulated gastric fluid (SGF, pH 1.2)
for 1 hr and then in 900 ml of simulated intestinal fluid (SIF,
pH 7.4) for another 15 hr. The dissolution profile suggests an
approximate zero-order release.

Absorbed Fractions

The corresponding oral immediate-release product pres-
ents a profile that indicates a two-compartment pharmacokinetic
model with first-order absorption. The pharmacokinetic model
used for an oral extended-release product with zero-order in
vivo release, first-order absorption and two-compartment dispo-
sition is described by Liu et al. (3).

A study of the investigational product was carried out in
16 healthy volunteers [the first 6 subjects were used in Liu et
al. (3) for pharmacokinetics only]. Each subject had up to 16
plasma concentrations measured at 0, 1, 2, 3,4, 5,6, 7, 8, 9,
10, 12, 15, 18, 24 and 36 hr after the dose. The pharmacokinetic
model, with 7 parameters, t,, T, V./F, ks, k,, o and B, was fit
to each individual’s data separately via nonlinear regression
analysis using the NONMEM software (10). The estimates of
the parameters are provided in Table I. The in vitro dissolved
fractions and in vivo absorbed fractions based on the geometric
means of these parameter estimates are depicted in Fig. 1. The
concentrations predicted from the parameter estimates were in
good agreement with the observations (Fig. 2).

The in vivo release appears to be complete before 5 hr
after the dose. Referring to the sampling schedule of plasma
concentrations, 5 time points (1, 2, 3, 4 and 5 hr) were chosen
to determine the time course of the in vitro-in vivo relationship
(the last time point should be around time 7).
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With a two-compartment system, the absorbed fraction at
time ¢, A(f), can be calculated using the following equation:

@ + ‘—l-Xp(t) + ki 0AUC,

<

A(t) = s 3
® k0cAUC,, ©)
in which,
Xﬁ(t) = klze—k2|(1~l()) r ekzmc(u) du.
Ve 19
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eken(l(n-m)c(t(i)) + ek“("/‘”_"”C(t(,»_ 1))
1 2

e

Arg,

J

t = toy < by < o <ty = tand At =t — t-, (3).
With a zero-order release, A(T) can be calculated (3) as
follows:

1

—_— —k(T—1t0) _ _
kAT = ) le +k(T—1)— 1. (5

AN =
Table II lists the absorbed fractions in all 16 subjects.

In Vitro-In Vivo Similarity

In each subject, A(¢)/A(T) provides normalized absorption
fractions to ensure the relevant comparison with in vivo released
fractions. When a normalized absorption fraction exceeds
100%, its value should be taken as 100%. An incremental vector
in each subject is then determined by the normalized absorption
fractions. These values, along with the incremental vector, for
the dissolved fractions, are shown in Table III. Fig. 1 illustrates
individual normalized absorption fractions vs. time for the 16
subjects. Using Eq. (1), a x* was determined from the absorbed
and dissolved incremental values of each subject (Table III).
With 5 degrees of freedom, the critical value for a x* at 0.05
nominal level is x§f=5(0.95) = 11.1, ie, pr(xﬁfzs > 11.1) =
0.05. It appears that the x3-ss of subjects 4, 8 and 14 were
greater than the critical value.

According to the additive property of x?, one can construct
an overall xJ-g by summing up the 16 individual x%-ss
together. The overall x* based on this dissolution test was
XZr=s0 = 144, and the corresponding critical value at 0.05 nomi-
nal level was x§f=30(0.95) = 102. Note a greater x? indicates
less similarity and vice versa, and an overall x? greater than
the critical value indicates an unfavorable in vitro-in vivo
similarity.

Optimization of In Vitro Dissolution Test

The investigational product dissolves faster in pH 3-8,
than in pH 1-3, and it is relatively hard and erodible, which
makes the dissolution even faster with abrasion. Thus, in the
gastrointestinal (GI) tract, the release should be faster after
the product reaches the duodenum because of the higher pH
and the presence of peristalsis. Therefore, we changed the
conditions of the in vitro dissolution test to 900 ml SGF at
50 rpm for 1.5 hr and then 900 ml SIF plus 10 g glass beads
at 150 rpm for another 14.5 hr (we increased the stirring
rotation to 150 rpm without giass beads, but the dissolution
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Fig. 2. Predicted concentrations (solid lines) and data (points) for each subject.

was not significantly faster than that with 100 rpm). The
incremental values of dissolved fractions under these condi-
tions are listed in Table III (Test 2). The xﬁ,ﬁss for the 16
subjects are shown in Table III, and the overall xj—g with
this dissolution test was 98.8 {it is less than the critical value
x§f=80(0.95) = 102; although the x,z,f=5s of Subjects 4 and 14
were still greater than x§f=5(0.95) = 11.1]. Therefore, as a
surrogate of the in vivo release process of the product, the
second dissolution profile is better than the first one, and the
in vitro-in vivo similarity based on the second dissolution
profile is generally acceptable.

Since the release of the product might vary at different
GI sites, we tried to fit a model incorporating a two-piece
zero-order in vivo release kinetics to the data. Corresponding

parameter estimates were in a good agreement with those listed
in Table I, but neither the goodness-of-fit nor the in vitro-in
vivo similarity improved significantly. The real in vivo release
rate of the product may not be a constant, but the process can
be approximated to a one zero-order reasonably.

Note that a normalized in vivo absorption fraction is not
expected to be the same as the in vivo released fraction at
the same time ¢ < T (e.g., Fig. 1, in which both populational
fractions are based on the geometric means of parameter esti-
mates listed in Table I). Therefore, the minimization of x? is
not applicable to the optimization of the in vitro dissolution
test. An appropriate dissolution profile of an extended-release
product should be the one that incorporates physicochemical
and physiological considerations and demonstrates a reason-
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Table III. In Vitro-in Vivo Similarity in the 16 Subjects

Increment of Dissolved Fractions,
l

n

Dissolution
Test j=1 2 3 4 5
1 14.4 134 227 199 180
2 12.0 167 312 261 140
. Increment of Normalized Absorbed XPar=s
Su;)lj)ect Fractions, [, ; Based on
(03] j=1 2 3 4 5 Test 1 Test 2
1 342 530 32.6 439 148 10.3 6.63
2 572 21.8 349 221 154 5.33 2.59
3 10.2 13.5 474 290 000 452 1.78
4 2.16 5.85 282 637 018 178 12.8
5 483 11.0 237 357 248 6.38 4.03
6 7.16 124 589 233 512 6.27 6.79
7 306 412 188 419 322 10.5 8.20
8 0.85 4.41 20.1 410 337 13.5 10.5
9 638 219 243 335 140 5.08 2.45
10 230 266 343 268 101 10.7 6.24
11 196 188 31.6 319 158 997 5.90
12 274 203 201 28.1 2838 8.64 591
13 479 924 422 360 7.78 8.27 4.42
14 1.15 7.36 103 237 575 13.9 12.8
15 264 152 197 443 183 104 6.97
16 10.6 25.0 300 235 109 2.34 0.75
Xi-s0 144 98.8

able-fit according to the defined absorption profile. Evidently,
the second dissolution test (with a set of testing conditions
reflecting the release conditions in the gastrointestinal tract,
a reasonable dissolution completion closer to the estimated
T, and a reasonable overall x? less than the critical value)
approached optimization more than the first test. It is apparent
that the in vitro-in vivo relationship depends on the in vitro
experimental method, and calls attention to the need to opti-
mize in vitro dissolution testing. Note also that when two
overall x%s are both less than the critical value, an F-test
is then possibly needed, which can be conducted using the
following formula:

X21f i

df=n-mlarger

F= T____"’_ (6)
Xdf=n-msmaller

DISCUSSION

Natural Correlation of Cumulative Fractions

Based on Table II, the mean absorbed fractions for the
investigational product at 1, 2, 3, 4 and 5 hr were estimated to
be 3.25, 13.9, 32.6, 56.2 and 81.6, respectively. The correlation
coefficient between these absorbed fractions and the dissolved
fractions of Test 1 was estimated to be 0.993, and that of Test
2 was estimated to be 0.980. The linear regression coefficient
of absorbed fractions vs. dissolved fractions was estimated to
be 1.045 with a 95% confidence interval (0.809, 1.281) for Test
1, and to be 0.839 (0.525, 1.153) for Test 2. Both correlations
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are statistically significant, but one does not differ significantly
from the other.

Correlation of any two sets of cumulative fractions is
naturally high. To demonstrate this point, we randomly sampled
10 numbers twice from the interval (0, 100) and obtained the
following two ascending vectors:

Cumulative
vector 1:
Cumulative
vector 2: 8.4 16.8 38.9 41.5 499 592 62.7 839 885 970

25 5.1 107 13.6 239 333 68.1 76.0 79.5 99.2

The correlation coefficient between these two random generated
vectors was 0.943, with a p-value much smaller than 0.001 (the
critical value for correlation coefficients with sample size 10
is 0.632 at 0.05 nominal level, 0.765 at 0.01 level, and 0.872
at 0.001 level). We repeated this random sampling 1,000 times,
and the mean correlation coefficient was 0.935. Thus, the corre-
lation between cumulative vectors is naturally high even if no
meaningful relationship exists.

Instead, the incremental values (each element of the cumula-
tive vector minus the previous element, or zero for the first ele-
ment) of the two cumulative vectors can be determined as follows:

Incremental
vector 1:
Incremental
vector 2: 84 84 221 26

25 26 56 29 103 94 348 79 35 197

84 93 35212 46 85

The correlation coefficient of these two vectors was —0.229.
Thus linear correlation is generally not an appropriate tool for
demonstrating an in vitro-in vivo relationship of oral extended-
release products.

Specifying an Oral Dissolution Controlled-Release
Product

Over the past two decades, “in vitro-in vivo correlation”
has been the topic of countless discussions. The overall pharma-
cokinetic profile of a drug product is probably too complex to
be accurately described by in vitro data. Nevertheless, the in
vitro-in vivo relationship is still an extremely useful tool for
comparing different formulations of a given compound, and
dissolution specifications remain a core issue. Although in vivo
absorption varies and is largely uncontrollable, it is well-recog-
nized that an absorption matrix may be estimated by analyzing
concentration-time observations. Generally, the in vitro-in vivo
relationship is a unique characteristic reflecting the link between
biological properties and physicochemical properties of an
extended-release product. For specifying an extended-release
product, a measurement is needed that is sensitive enough to
distinguish an appropriate in vitro dissolution profile that is
consistent with a normalized in vivo absorption profile. A rea-
sonable in vitro-in vivo relationship is the presupposition of
setting dissolution specifications. Therefore, a reasonable in
vitro-in vivo similarity gives investigators a firm basis for set-
ting appropriate dissolution specifications for an extended-
release product.

In addition, if investigators can find a set of appropriate
dissolution conditions and the in vivo absorption profiles of a
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series of modified formulations respond according to the modi-
fied in vitro dissolution profiles (i.e., absorption profiles will
be sensitive to the changes in dissolution process); they might
be able to optimize the in vivo behavior of a product via
modifying in vitro dissolution profiles.
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