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1 Introduction

Drugs are no longer panaceae of an ingenious witch doctor
butindustrial products. As such they have to fulfil the quality crite-
ria which are expected of industrial products of our time. Even
more, since they exert an influence directly on the health of man
the quality criteria must exceed those usually appiied to industrial
products.

Individualization of drug therapy must consider a wide range
of factors such as age, state of health, body weight and size, sex,
genotype; nutrition, and life-style among others. A physician
should therefore be sure that the drug product he intends to use:
is of high quality and not a source of variability and/or insecurity

In this sense in vitro/in vivo correlation of dissolution must be’,
considered as the only meaningful extension to in vitro qualityf:
control, since the ultimate standard in drug dissolution is man. In-
vitrofin vivo correlation can not claim to enable the prediction of:.
blood level profiles for any possible situation (1). It can, however,
trace the variability of drug products under realistic conditions
and separaté the product variability from that caused by biologi-
cal factors. _ _

The main object of the present paper is to compile the math-
ematical tools neccessary to correlate quantitatively the resuits of
in vitro and the in vivo experiments using statistical moment
analysis. The theoretical essay is explained with data from a clini-
cal trial and an in vitro experiment with molsidomine and exam-
ples taken from the literature.

2 Mathematical tools
2.1 Introductory remarks

One of the most useful properties of the statistical analysis of
concentration time data using moments is the additivity of mean
times (2, 3). For instance, considering an oral administration of a
readily available dosage form, the distribution and elimination of
drug within and from the body must be preceded by absorption, -
which is trivial. However, as a consequence, the total mean time -
of the drug molecules available is the sum of the mean absorp- _
tion time MTaps and the mean time in the steady state volume of
distribution MTyes.
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It is obvious that we can estimate the two components of the
‘otal mean time, i. . MTaps and MTyss, by an appropriate experi-
mental setting. Because of this very useful property of the statisti-
cal analysis of concentration time data by moments, this
approach has been entitied component analysis (4). However,
pefore further aspects of component analysis will be discussed,
some techniques for evaluating mean times are described.

2.2 Computation of mean times

In vitro release

In case of a theoretical curve describing cumulatively the in
vitro release from a solid dosage form M(t), the mean in vitro dis-
solution time is defined as follows (5):
of LAM®)  of ™t dM(l)
ofTdMl) T Mo

MTdiss.vilro = (1)
where Mg ist the amount of drug finally released from the dos-
age form. Yamaoka and his colleagues have used the differential
form of the above definitions (6, 7) and by this introduced a re-
dundant computational step in the practical evaluation of mean
times (8).

In reality, however, we handle with measurements 4M; of
the amounts released from the dosage form during certain time
periods (t, ti+1) and may be unable or do not wish to formulate
a theoretical dissolution profile M(f). Nevertheless, we want to

estimate the mean in vitro dissolution time using the actual read-

ings 4M;. The integration described by Eq. 1 is simply substitut-
ed by summation (5):

iLh - AM;

i AM; @

MTdissvitro =
where Y is the midpoint of the time period during which the
fraction 4M; of the drug has been released from the dosage
form in vitro.

An analogous formula holds for the moments of dissolution
times of order k (5):

i L AM;
iz AM;

Mk =

The moments of dissolution times around the mean
(MTaissvito) are denoted as central moments, e. g. the variance
of dissolution times is estimated as follows (9):

) (f — MTdiss.vitro)2 AM;
i AM;

VTdiss.vitro = (4)
The term “variance of the mean residence time" is errone-
ous; this term was unfortunaitely introduced by Riegelman and
Collier (10) together with an ambiguous definition of the variance
of residence times (for details see (11)).
. In Table 1, the single computational steps are examplified for
a controlled oral release system for molsidomine (M-CoRS, (12));
the dissolution of this formulation in cumulative terms is depicted
in Fig. 1. In the in vitro dissolution test the Sartorius dissolution
model was used with a change in pH after 1 h (details are given
in (12) and (13)). More samples than listed were taken during the
actual test. The mean in vitro dissolution time was 2.275 h and
the variance of dissolution times 4.129 h2. If we consider the
fractional amount 4M; in terms of number of molecules rather

@)

Table 1 Computation of mean and variance of in vitro dissolution times.
In vitro release of molsidomine from controlled oral release system was
studied using a Sartorius dissolution model. Computation of moments
follows Eq. 2 in the text. Release data were taken from Ostrowski et al.

(13)

0.50 25.2 025 252  6.30 1.5750
1.00 42.0 075 168 1260 9.4500
1.50 47.7 125 57 7425  8.9063
2.00 54.5 175 68 1190  20.8250
2.50 61.9 225 74 1665  37.4625
3.00 67.8 275 59 16225 446188
4.00 775 850 97 3395  118.8250
5.00 86.4 450 89 4005  180.2250
6.00 93.3 550 68  87.95  208.7250
7.00 98.8 650 55 3575 2323750
8.00 100.0 750 12 900  67.5000

100.00 227.50  930.4876
MTassuio = 2.275h Mz = 9.305 h2  VTggsuio = 4.1293 h?

than weights by multiplying the molar weight with Avogadro's
constant, i. e 6 - 1028 mol~", Egs. 2 and 4 become identical to
that used in mathematical statistics to evaluate the mean and va-
riance for grouped samples (14).

In vivo excretion from the Bédy .

In pharmacokinetics, the amount eliminated from the body
can be calculated using Dost's law of areas (15) provided that the
body system response is linear with respect to the dose adminis-
tered and elimination takes place from the compartment mo-
nitored:

(8

If we substitute the integration by Area Under the Data val-
ues AUD(O) = AUD;, usually computed using the trapezoidal
rule, we obtain an estimate of the amount eliminated from the bo-
dy system in cumulative terms M(t). The analogy to amounts dis-
solved in vitro is ebvious and Egs. 2 and 4 can be applied.

However, several algorithms have been suggested to esti-
mate the total mean time: Benet and Galeazzi (16) describe the

Meiimin(t) = M) = Cliet - OJI C(tl) . dr

=]
o

o2}
o

=~
o

»n
o

Cumulative amount dissolved {%)
(=2
o
| T T T TN N T AN T OO OO T T O S N 2 O Y

o
o

]
.
b__z
m::'
m::

Time (h)

Fig. 1 In vitro release of molsidomine from a controlied oral release sys-
tem. The amount dissolved is plotted versus time and scaled in percent
of the labelled amount {8 mg}. Dissolution was tested with the Sartorius
dissolution model at 37° and 100 ml dissolution medium (for further de-
tails refer to {13)).
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Fig. 2 Plasma concentrations of molsidomine after administration of a
controlled oral release system. The formulation was administered to 10
male patients with coronary heart disease (for further details refer to
(33)). Mean values are depicted.

computation of the Area Under the "first Moment Curve" (AUMC)
from which they derive the mean time as:

MTioa = AUMC/AUC 6)

Von Hattingberg and Brockmeier (2) have deduced a differ-
ent algorithm for total mean time by partial integration of Eq. 1:
Integration of the concentration/time curve yields a curve AUC(t)

__proportional to the amounts_eliminated which asymptotically-ap-—— -

proaches AUC(c0).

Using the Area Between the Curve AUC(t) and its asymptote
AUC(o0) — this area is named ABC — gives an estimate of the
total mean time:

MTa = ABC/AUC - ' 7)

A recent publication (8) has generalized the latter idea for
moments of residence (or linger) times of any order, and by in-
verting the integration, the problem of estimating the asymptote
was omitted.

The algorithm is exemplified in Table 2 using molsidomine
readings in plasma after administration of a controlled oral re-
lease system (for details of the study refer to (13)). The blood level
profile is depicted in Fig. 2.

The sequence of integration is inverted yielding Prospective
Areas Under the Curve (PAUC) and starts with the extrapolation
to infinity, i. & PAUCkexrap = CA/(1) = 2.9/(0.542)k, where the
rate constant 1, was taken from a study in which a readily availa-
ble formulation was administered (see below). These extrapola-
tions are listed in the first line of Table 2. From these values
downward to the first sample, the area under the data, i. e. PAU D,
is calculated using the linear trapezoidal rule: e. g. PAUDy(8—
10) = (29 + 45) (10—8)/2 = 74 which is added to 5.35 and so
on. Note that the time runs from high values to low. Columns 3
and 4 are evaluated in the same way using the values of the pre-
ceding column (mathematical details of the algorithm are found
in (8)). The values in the bottom line yield an estimate of the mo-
ments of residence (or linger) times according to the followmg
formula:

MTiotar = PAUC1/PAUC, (8)

and in general

= kI PAUCK/PAUC,

©

For the formulation considered the total mean time is 4507
h while the variance of residence (or linger) times is 8.733 h2

Alternatively, in pharmacokinetics the blood level profile Cy)
is frequently described by an adjusted function consisting of sev.

eral exponential terms (17):

= .jECj e’llt

(10).

In this case the total mean time can be calculated easily

MTiotar =

’ using the characteristics of the function, i. e. Cjand 4; (2, 18, 19):

1L Cil(A)?
iZ Cil(A)

(1)

The second moment around zero of residence (linger) times

. for drug molecules in the body is:

2 Gl
TN

(12)

and the second moment around the mean, i. e. the variance, can

be calculated by a well known identity as follows:

VTia = mg — (M1)?

(13)

Fig. 8 shows the blood level profile of molsidomine after oral
administration of a fast desmtegratmg tablet. The mean in vitro
dlSSOlutIOﬂ time is 3. 2 min. Adjusted by the Bateman functlon the

Table 2 Computation of mean and variance of in vivo residence (transit}:
times by Prospective Areas Under the Curve. Concentration-time data for
molisidomine after administration of a controlled oral release system:
Prospective Areas Under the Curve substituted by Prospective Areas Un-
der the Data Completed by extrapolation. The single computational.
steps are described in the text. Concentration-time data taken from:
Ostrowski et al. (13).

~10.00
8.00
5.00
4.00
3.00
2.50
2.00
1.50
1.00
0.75
0.50
0.25
0.00

29
4.5
12.0
16.7
18.0
18.8
19.5
14.4
11.6
9.6
5.9
2.2
0.0

5.35%
12.75
37.50
51.35
68.20
77.40
86.98
95.45

101.96
104.61
106.54
107.56
107.83

9.899

27.99

© 103.39

147.82
207.60
244.00
285.10
330.70
380.06
405.88
432.27
458.03
485.95

18.26"
56.14
253.22
378.82
556.52
669.42
801.70
955.65
1133.34
1231.58
1336.34
1447.76
1565.88

MTcavive = 4.507 h m,; = 29.044 h?

VT(olal,vivo = 8.733 h2

-

3 PAUD means the Prosbective Area Under the Data, i. e. the area un-

der the data from a certain time t up to the last data pair.
® PAUC means the Prospective Area Under the Curve, i. e. the area un-
der the curve from a certain time t up to infinity.
9 PAUDC is used when PAUD values are extrapolated in general by a
siigle exponential to estimate the area under the curve beyond the

last data pair.
9 535 =
9 989 =
" 18.26 =

Cdh, = 29/05426
PAUDCo./A, = 535/0.5426
PAUDC /A, = 989/05426
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: Fié' 3 Plasma concentrations of molsidomine after administration of a
" fast dissolving téblet. The tablet was administered to 10 patients with
" soronary heart disease {13). Mean values are depicted.

“iotal mean timé emerges as 1/ka + ilke = 2.32 h, the variance
" being (ka)? + 1/(ke)? = 3.7374 h2,

2.3 Additivity of mean times

Calculating the mean time from cumulative elimination
* curves or concentration time data yields an estimate of the total

" mean time in the system, which depends on the mode of admin--

istration: This is the reason why the term “total mean time'" has

been used up to now. When specifying the mean time as in the
following it is not only necessary that the mode of administering
the drug is stated but also that a model for the pathway of the
- drug molecules is specified (20).
Upon bolus injection the mean time (MTyss) includes distri-
‘bution within and elimination from the body (19, 21).

MTyes = MTwe + MThissues (14)

where MT,c is the mean residence (linger) time in the central vol-
ume of distribution and MTissues is the respective mean time in
the peripheral tissues. .

Upon administration of an oral solution the mean time en-
compasses the transport (MTr) to the site of absorption and the
absorption (MTaps), distribution and elimination (MTss) (2, 6, 10,
22).

MTioatsol = MTir + MTaps + MTuss (15a)
VTotatsol = VT + VTaps + VTies (15b)

If the transport of drug to the site of absorption is considered
as a simple lag-time, the mean MTr is only the lag-time itself
and the variance VTir is zero. One must consider carefully
whether the mean transport time should be included in the fur-
ther calculation, e. g. correlation. g

We are inferested in the in vivo dissolution process of a solid

oral dosage form. After administration of this formulation the’

mean in vivo dissolution time MTgssvivo 1S included in the total
mean time (2, 8, 23):

MTiotalviveo = MTdissvivo + MTir + MTaps + MTyss (163)
VTiotatvivo = VTdissvivo + VTir + VTabs + VTvss (16b)

The principles of component analysis are obvious from the

above examples: Based on the physicochemical properties of a
drug, the concept of galenic formulation and the handling' of the
drug by the body, the sum of components in terms of mean and
variance are stated and are investigated in an appropriate experi-
mental setting.

3 In vitro/in vivo. correlation
31 Introductory remarks

Several attempts have been undertaken to correlate in some
way in vitro results with clinical pharmacological findings in vivo.

Purich (24) has stated that the FDAis mainly interested in the
relative merits of various in vitro/in vivo correlations in screening
drug products, "e. g. the most highly correlated in vitro parame-
ter being the best predictor of in vivo results”. He, therefore, did
not see any need to justify theoretically the in vitro or in vivo char-
acteristics on which the correlation is based. However, this ap-
proach is unsatisfactory from a scientific point of view, although
it must be accepted that the regulatory agencies may look at this
topic more pragmatically.

in vitrofin vivo correlations cover a wide range of methods
ranging from intuitive comparison of in vitro test results with the
outcome of bioavailability trials (25) on one end of the scale and
the continuous correlation of in vitro and in vivo dissolution pro-

__files.(e. g..(28)).on the other. However, it should be emphasized

that intuitive comparison of the in vitro properties of a formulation
with pharmacokinetic findings ultimately led to the regular study
of bioavailability in drug development, the necessity of which is
no longer controversial.

In the following sections we will discuss the discrete and con-
tinuous quantitative correlation of in vitro and in vivo results
based on moment analysis of dissolution and residence times.

3.2 Correlation of discrete characteristics

A first step in comparing the in vitro and in vivo characteris-
tics of a solid oral dosage form can be read from Egs. 15 and 16.
The difference between the total mean times after administering
a solution and another formulation under consideration yields an
estimate of the mean in vivo dissolution time:

MTdiss.vivo = MTotatvivo — MTlolaIAsoI (17)

The sustained release from the solid dosage form under in vivo
conditions must make a sufficiently contribution large enough to
the total mean time in the body to be extractable by conventional
evaluation routines. Needless to say one may test MTgissvivo fOr
significant differences from zero by conventional inference statis-
tics. If the mean in vitro dissolution time is negligible when com-
pared to the total mean time M Tctalvivo it Will be impossible to
make a reasonable estimate of the mean in vivo dissolution time.
This situation is found with drugs with large mean times in their
steady state volume of distribution and with formulations with
very short in vivo dissolution times.

The quotient of the mean in vivo and mean in vitro dissolu-
tion time MTgissvivo/MTdissvivo indicates roughly whether the in
vitro dissolution runs in front of the in vivo dissolution or lags
behind.

TS = MTeissvivo/MTaissvitro ('18)
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Fig. 4 In vitro/in vivo correlation by mean times. The total mean time in
Vivo MTotatvive 0f four different formulations of carbocromene-HCI
administered to volunteers is plotted versus the mean in vitro dissolution
times MTgissvivo Of these formulations according to Eq. 19.

Levy et al. (27) have proposed calibrating exactly the in vitro
dissolution test procedure on the basis of in vivo measurements.
However, this time consuming procedure may be overcome by
the mathematical considerations given below,

From Eq. 16 it is obvious that the total mean time may vary
if the mean in vivo dissolution time MTaissvivo is modified by spe-
cific changes of the formulation, since we basically assume that

the mean absorption time MTaps_and mean_time. in. the steady. -

~ volume of distribution MTee do not change significantly in an in-
dividual. Therefore, when administering different formulations to
an individual, we expect linear correlation between the total
mean time and the mean in vitro dissolution time. Clearly, since
the mean in vitro dissolution time MTissviro does not appear in
Eq. 16 we assume a fixed ratio between the mean in vitro and
mean in vivo dissolution times, i. e. we assume that the in vitro
test equipment is a reasonable substitute for the in vivo "dissolu-
tion apparatus';

MTiotatvive = TS - MTaissvio + MTir + MTapbs + MTygs (19)

where TS is the time scaling factor which mediates between in
vitro and in vivo dissolution.

This correlation between MTissvivo and MTiotaivive In Eq. 19
was first postulated by Von Hattingberg and Brockmeier (2) and
was proved to be valid for carbocromen-HCl (8, 28), which is
shown in Fig. 4. The slope of the regression (slope = 1.42) indi-
cates the factor by which the time axis of the in vitro dissolution
test result must be regraduated to meet the in vivo situation (29),
i. e, the in vitro dissolution test runs in front of the in vivo dissolu-
tion process.

Tanigawara et al. (30) found a good correlation between the
mean in vitro and mean in vivo dissolution time for four different
ampicillin products, Their conversion factor was 1.3 when the four
products were tested with the paddle method (50 rpm, 800 ml
-water, 37° C),

Méller and Langenbucher (31) evaluated the in vivo release
profiles of three different theophylline preparations by deconvolu-
tion first and then used these hypothetical in vivo dissolution pro-
files (26) to estimate the mean in vivo dissolution times which
were in good correlation to the mean in vitro dissolution times ob-
tained using two different apparatuses. This is particularly sur-

A0

prising, since one formulation showed an extremely  widg
variation in rate, profile, and extent of in vivo dissolution (31). How.
ever, they calculated a time scaling factor of 1.1, 1.01 and 102
depending on the in vitro dissolution test equipment.
Nicklasson et al. (32) studied the in vivo performance of
three bacampicillin microcapsules and confirmed the dependen.
cy stated by Eq. 19 at least for the average MTitanive ang
MTaissvitro Values, but it seems unlikely that the same relation is
reflected in each individual. It is clear that mean in vitro dissoly.

- tion times as short as 6 min and 13 min (formulation My and M,

respectively) can hardly be extracted under in vivo test condi-
tions (see notes above). However, the time scaling factor when re.
fering to the paddle method (100 rpm, 500 mi water, 37° C) wag
0.78.

A rescaling factor of 0.64 was found by Graffner et al. (33):
they investigated the in vivo characteristics of four controlied re-
lease tablets of the insoluble matrix type for a 5-HTuptake inhib;-
tor. The paddle method with 50 rpm and 500 ml of water 37° C
was used as in vitro reference. Under these conditions a good
correlation of mean in vitro dissolution times and total mean time
according to Eq. 19 was obtained.

Although Zerbe et al. (34) showed the same dependency
between mean in vitro dissolution times and total mean times in
vivo they did not give details of the in vitro dissolution conditions
or the conversion factor as the slope of the regression line. From
their graph, it must be a value clearly below one.
~ From the studies cited above it is obvious that the theoretical:
ly deduced dependency (2) of MTivivo and MTgissviro iS also
found under real experimental conditions. The time-rescaling fac-
tor, however, is not uniform but clearly depends on the in vitro dis-
solution conditions used and on the type of galenic formulation.

33 Correlation of non-analogous characteristics

The correlation mentioned used analogous characteristics
(85), i. e the average of times the molecules spend in the formu-
lation under in vitro test conditions or the averaged times they
spend in the combination, i. e. formulation and body.

Beside the correlation of these reasonable — since analo-
gous — characteristics a variety of euristic correlations of discrete
values have been reported. Some of them are simply illogical
and thus can be correlated by chance only. These will not be dis-
cussed in detail. Those interested might therefore refer to Stricker
(35), Lippold (36), and Langenbucher and Mdller (37).

Nevertheless, the correlation between mean in vitro dissolu-
tion time and the area under the blood level curve for a series of
different formulations seems worthy of detailed consideration: At
first glance this correlation seems to be ilfogical since the mean
in vitro dissolution time measures an averaged time of release
while the area under the blood level curve measures an extent
of release and absorption, i. e, an amount absorbed under in
vivo conditions (15). (We naturally assume thereby that the la-
belled amount of the formulation is actually released under in
vivo test conditions). However, if we accept the correlation as in-
disputable after careful and critical re-evaluation, we are left with
the ?:Juty'of interpreting the result:

The most obvious interpretation is that the absorption of
drug is limited to a particular segment of the gastrointestinal tract.
Therefore, the amount not released from the dosage form during
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ig. 5 Absorption spectrum of the gastrointestinal tract for allopurinél.
ean plasma concentration of allopurinol after ingestion of a “high fre-
uency capsule” and release of the drug into the duodenum (*), jejunum
A) and lower jejunum (+) are shown. Redrawn from data presented by
chuster et al. (40).

certain period cannot be absorbed. Although this concept was
ormulated several years ago (38, 39), there are only a few clinical
rials showing that it is a real variable in drug absorption, e. g.
chuster et al. has shown such phenomena for allopurinol (40)
see Fig. 5) and site-dependent absorption rate and bioavailabili-
y has also been observed for furosemide (41) and piretanide
42), depicted in Fig. 6.

this interpretation a roughly linear correlation between mean in
vitro dissolution time and total anount absorbed is compatible.

A further possible explanation for dependency between
amount absorbed and the mean in vitro dissolution time is that
saturable first-pass metabolism is present. However, an essential
presumption to detect this would be that the rate of release re-
sults in hepatic concentrations which are in a relatively small con-
centration range about two to ten times the concentration which
leads to half-maximal metabolisation rate.

These examples clearly show that correlation of even non-
analogous characteristics may provoke ideas on the source of
variance in bicavailability or at least stimulate additional studies
to verify these.

34 Continuous in vitro/in vivo correlation

Introductory Remarks

Up to now, we have considered the situation where several
different formulations have been tested once with an in vitro dis-
solution apparatus and once in humans. Testing only one formu-
lation and applying Eq. 18 cannot seriously be regarded as in
vitrofin vivo correlation.

A correlation according to Eq. 19 should be carried out with
at least three different formulations. It seems, however, somehow
redundant to test several formulations if only one is finally selec-
ted and to develop different formulations with clearly different

In this situation, an almost linear correlation between the in
itro dissolution time and the area under the concentration time
urve might be observed. However, the total mean time theoreti-
cally cannot show a linear correlation with the mean in vitro dis-
solution time: Instead of using the total mean in vitro dissolution
ime one should use a fractional mean in vitro dissolution time,
_e., the mean time for that fraction which is absorbed under the
n vivo test conditions.

Moreover, for digoxin the amount absorbed clearly depends
on the rate of release for a large variety of formulations (24, 43,
44), although digoxin is absorbed equally well all along the gas-
rointestinal tract (45, 46). The explanation is given by Linden-
© baum et al. (47), who found that digoxin is degraded within the
. lumen of the lower intestinal tract by anaerobic organisms. With
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: Fig. 6  Absorption spectrum of the gastrointestinal tract for piretanide.
Mean plasma concentration of piretanide after endoscopic placement of
the drug at three different sites of the gastrointestinal tract under visual
i control (42) are plotted versus time: stomach (¥}, duodenum (+), ascend-

ing colon (A), Reproduced from (42) with kind permission of Springer
Verlag, Heidelberg.

“Thaan dissolution times for which-there-is actually-no need — &% - - — -

cept for the demonstration of a poor mathematical correlation. If
the pharmacist has good reasons fo assume that one formulation
has the in vivo release properties needed, this seems particularly

unnecessary. Unless there are no other reasons to deveiopand

test different formulations, discrete in vitrofin vivo correlation

_alone cannot justify such a strategy.

In this situation, having a single formulation tested in vitro
and in vivo, it seems desirable and helpful to analyse guantitative-
ly to what extent or up to which time the in vitro dissolution test
has simulated the in vivo dissolution process (26).

Convolution
~In order to develop the mathematical tools for in vitro/in vivo
correlation for a single formulation, the relation givenin Eq. 18is
generalized, which regraduates the in vitro time scale towards
the in vivo time base (26):

MTaissvivo = @ + D MTaissvitro (20)

The same equation may hold for the total time base of the
two systems:

tivo = @ + b o (21)

Here b is the time scaling factor discussed above. The additi-
ve term a has been introduced to account for a possible time lag
between in vitro and in vivo dissolution, which, for instance, may
be an intentional variable as with an enteric coated formulation.
So, Eq. 21 covers the general case, but for special formulations
the additive term may be considered as zero (for further interpre-
tation and application see (9, 29)).

Eq. 20 may be valid under several conditions, but Eqg. 21 im-
plies that the in vitro and in vivo dissolution profiles are equivalent
(9, 29). This concept of equivaience is the essential step in the
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continuous in vitro/in vivo correlation: It means that the in vitro
and in vivo dissolution profiles do not differ in their general shape
or morphology but may only be stretched or shortened with re-
spect to each other; in other words, they can be superimposed
by linear regraduation of the time axis. Equivalence can also be
interpreted in such a way that the physicochemical principles of
drug release from the dosage form are the same for both the in
vitro and the in vivo system.

Under these conditions, the variance of dissolution times are
related to each other by the following equation (26, 29):

VTdiss‘vivo = b2 VTdiss.vilro (22)

Since VTdissvivo I8 the difference of total variances, once ad-

ministering the solid dosage form VTietaivive @nd once an oral so-
lution VTigtaso, We Obtain the value b by:

b = V (VTtotaI‘vivo — VTlolal.sol)/VTdiss.vitro (23)

With the value b we can calculate a with the following
equation:

a = (MTioaivivo — MTiotatsol) — b MTaissvitro (24)

Applying this to the formulation of molsidomine mentioned
above yields the following values for a and b:

= 8733 h?
3.737 n?

MTiotal.vivo = 4.507 h
MTiotal.sol = 2320 h
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VTdiss.vivo = 4.996 h2
VTdiss.vitro = 4,1293 h2

I\/rrdiss.vivo = 2187 h
MT giss.vitro = 2275 h

b =] 4996/4129 = 1.10;

a= 2187 — 110 - 2275 = —03157

This result is not acceptable: a subtle interpretation of the
value of a would be that under in vivo conditions the release of
drug starts 20 min before administration of the formulation to the
patients. The negative value of a may partly be the result of
error propagation within the individual computational steps.
Therefore, the calculation of a time lag, i. e. a, is ommitted. One
may either use the value of b for the time regraduation or com-
pute TS according to Eq. 18 (TS = 2.187/2.275 = 096). Since
both values enclose unity no time transformation of the in vitro
dissolution is recommended.

Assuming the in vitro dissolution as a hypothetical in vivo dis-
solution profile, we can carry out a convolution using the re-
sponse to the fast disintegrating tablet as a weighting function
(26, 48—50). The result, i. e. the prediction of the blood level pro-
file, can be compared with the actual reading after administering
the extended oral release system by a correlation coefficient or
a correlation plot of actual readings versus prediction, the slope
of which should be one and the intercept zero.

The result of convolution for the formulation of molsidomine
considered is depicted in Fig. 7a, while Fig. 7b gives the correla-
tion plot. The prediction of the concentration profile is reason-
able, particularly in respect to the maximum concentration and

" It should be emphasized that a negative value of a alone is not a reason to re-
ject the result. If for instance the in vitro dissolution shows a clear lag-time a nega-
tive a may indicate that the lag time is shorter under in vivo conditions, e. g. with
an enteric coated formulation.
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Fig.-7 Continuous in vitro/in vivo correlation by convolution. Fig. 7a:
The dots (*) represent the plasma concentrations of molsidomine; mean
values of 10 patients are depicted {13). The fine line is the result of convo- -
Iution. The resuits of an in vitro dissolution experiment using the Sartori-
us dissolution model are taken as the input scheme into a body system
characterized by a weighting function which is the dose-normalized re-
sponse to a fast dissolving tablet (Fig. 3). Fig. 7b: Correlation of predict-
ed and observed concentration. The broken line represents the ideal case
of identity. For further details refer to the text.

the time of maximum concentration, the correlation coefficient
being 0973. However, a slight but systematic deviation is re-
cognizable when critically reviewed resembling a hysteresis. One
may take this result as an indication that in vivo concentration/
time profiles cannot be predicted — or may ask for reasons for
the discrepancy detected.

But with convolution, conformity or non-conformity between
the observed and predicted concentration profile can be percep-
ted only; this approach does not indicate any reasons for a possi-
ble discrepancy, as in the case discussed.

The procedure described above is schematically outlined in
Fig. 8 on the left hand side (26): Time transformation is followed
by convolution which results in a predicted concentration time
profile which is compared to the actual readings.

Deconvolution
. The converse way to test in vitro and in vivo equivalence
uses deconvolution sketched on the right of Fig. 8. This approach
requires sufficient sampling of the blood level profile during the
in vivo dissolution phase. The total result of deconvolution de-
pends very much on the accuracy of the early readings, since
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Fig. 8 Strategies for continuous in vitro/in vivo correlation. The scheme
sketches the two fundamental approaches to demonstrate the con-
tinuous in vivo relevance of an in vitro dissolution profile: On the left the
transformation of the in vitro test result towards the in vivo time scale is
followed by convolution whilst on the right the hypothetical in vivo disso-
fution is estimated by deconvolution followed by correlation with the in

vitro dissolution profile. {Reproduction from (26} with kind permission of

Springer Verlag, Heidelberg.}

they influence the calculation of the further hypothetical dissolu-
tion values. .

In this context, if the first value calculated for the hypothetical

in-vivo release by deconvolution indicates that 80% of the la-
“belled @mount has already been dissolved (or even more) one
cannot seriously talk of a complete profile. This shows clearly that
the study design was not adequate.

The dose-normalized response following the administration
of an oral solution or a fast dissolving tablet is regarded as
weighting function w(t). The actual readings of the concentration
are considered as response r(t) = C(t). The hypothetical input
scheme of drug Dk may be calculated by the following general
deconvolution formula (26):

Cobs(tk+1) — Cpredict(tis1)
Dy = o - 25
§ Wltks1 — 1) 9

where Cops(tks1) means the (k+1)th reading when the solid dosa-
ge form is administered, and Cprediet{tk+1) is the predicted con-
centration after k individual doses D; considered as already
accounted for as inputs into the system up to the time t. The
nominator, w(t1 — t), represents the value of the dose-
normalized weighting function at time (tx+1 — t) which can be
any sum of exponential functions. '

If w(t) is composed of a sum of pure exponentials, i. e w(t)
= jLhe=%!, the input Dy is considered as a bolus input. If w(t)
consists of a sum of infusion functions, 1. e. w(t) = ;X hy/((tk+1—1)
A1 — e4Y, then Dy is considered as the dose administered

by a constant infusion during the period tx to txs1. According

to this interpretation of administration of the drug, the value of
"Cprediai(tcss) must be calculated.

The hypothetical in vivo dissclution profile is obtained in cu-
mulative terms by summing up the individual doses:

Mk = M) = zk: D (26)

The deconvolution formula (Eq. 25) has been applied to the for-
mulation of molsidomine. The in-vivo dissolution profile is depic-

ted cumulatively in Fig. 9a together with the in vitro dissolution
test result. It is immediately seen that in vitro dissolution runs
slightly ahead of the hypothetical in vivo rate for the first three
hours and clearly ahead thereafter. A test for equivalence is ap-
plied in order to analyse in more detalil the extent to which both
profiles are isomorphic (9): One can read equivalence or non-
equivalence from a graph where the time to dissolve certain
amounts under test condition A are plotted versus the corres-
ponding times needed to dissolve the same amount under con-
dition B. This graphic method has been titted the Levy-plot (9).

Times related to equal amounts dissolved are taken from the
graph or determined numerically (9). These times are depicted
in Fig. 8b where the x-axis gives those times related to the in vitro
dissolution whilst the y-axis is related to the hypothetical in vivo,
dissolution.

The relation is clearly curvilinear, but the relationship can be
approximated by two linear phases; the first one, phase |, being
valid from zero to approximately 3.4 h indicating a small lag time
of 0.11 h (intercept) and a time scaling factor of 1.26 (slope). The
second phase lasts from 3.4 h onwards with a conversion factor
of 3.0. During the first phase, 583 mg (73% of the dose) was
hypothetically dissolved in vivo and absorbed.

The possible interpretations for a curvilinear relation bet-
ween those times related to equal amounts dissolved have been
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Fig. 9 Continuous in vitro/in vivo correlation by deconvolution. Fig. 9a:
The hypothetical in vivo dissolution profile {+) estimated by deconvolu-
tion and the in vitro dissolution profiles using the Sartorius dissolution
apparatus (*) are depicted. Fig. 9b: The correlation of times — tgissvivo
versus tgssyitro — related to identical amounts dissolved under both con-
ditions is shown, For further details refer to the text. ’




discussed in detail for theophylline (26). The most likely interpre-
tation for a curvilinear Levy-plot is that the rate of absorption
changes while the drug is moving down the gastrointestinal tract.
This purely thecrstical conclusion has been confirmed by an-
other group of scientists using an alternative experimental ap-
proach (51). The essential requirement for this conclusion is,
however, that the dissolution profile is reasonably independent of
changes in pH and modes of agitation, i. e. that equivalent disso-
lution profiles result from different modes of dissolution. Specific
trials have revealed differences in the rate of drug absorption for
several drugs (40, 42, 45, 46, 52, 53).

If this interpretation is valid for molsidomine, the in vivo disso-
lution profile obtained from deconvolution is actually only a hy-
pothetical one and the true in vivo release profile may be
completely equivalent to the in vitro one, The latter statement is
confirmed by the fact that the release from the M-CoRS-
formulation is hardly affected by different dissolution test equip-
ments (54) and can be considered as independent from environ-
ment to a certain extent.

It must be emphasized that the preceding conclusions re-
quire intensive in vitro testing of the formulation considered. It is
not sufficient to test the formulation under only one condition —
although it may be an officially recommended one — but to chal-
lenge the isomorphism (or equivalence) for several apparatuses
and modes.

4 Testing equivalence or
in vitro/in vitro correlation

Essential trials to brove the in vivo relevance of the in vitro
dissolution properties of a drug formuiation can already be car-
ried out in the in vitro situation alone: This means that we can
partly challenge the hypothesis that the release profile will be re-
flected in the concentration time profile after administration (of the
formulation in question) without having to perform a clinical trial.
Although this should be the first step in the development of
extended release formuiations, it is discussed Iast.

. Since isomorphism (or equivalence) will play an essential
role in the following considerations, as it does for continuous in
vitro/in vivo correlation in general, the reader may refer to the de-
finition given above or to the original publications for further de-
tails (9, 29). -

One essential requirement for in vivo relevance of an in vitro
dissolution profile is that the in vitro dissolution profile is reasona-
bly independent from the pH gradient used in the in vitro experi-
ment:xThis is because the interindividual differences between the
pH in‘the resting stomach are extreme: Kuna (55) has shown that

“the gastric pHina representative population (312 subjects, 1556

measurements) may range from pH = 1.0 to pH = 9.0. These
values have been confirmed by other authors using different ana-
lytical tools (56, 57). When the drug is given with a meal with dif-
4ferent constituents, the pH in the stomach and the upper part of
the mtestme will cover the same range. Therefore, a formulation
which shows clear dependency of the release profile on pH
and/or pH gradient will show a good in vitrofin vivo correlation (if
-any) only by chance. Nevertheless, if dissolution with different pH
gradients result in different but equivalent dissolution profiles,
there may still be a good continuous correlation of in vitro and
in vivo results, though interpretation becomes more difficult.

P

The situation becomes even more complex if the drugisr
leased pH-dependent in the stomach but not absorbed from tt
stomach; dese-dumping in some individuals is then unavoidab
with such formulations,

Even in the case of an enteric coating, the time the formuyj;
tion stays in the stomach may have an influence on the releag
profile when the pH which triggers release is reached (4).

All these features, especially the equivalence or nor

"equivalence under different pH conditions and with or withot
+ pre-incubation in an acjdic medium can be tested'in vitro; it is ne

advisable to test these properties in man only, since then the
cannot be separated clearly from other effects.

Another demand is that the formulation should show at leag
equivalent profiles (9, 29) when tested in different dissolutioy
eduipments or with different modes, i. e. the shape of the curve:
should be independent of the mode of agitation by the dissolving
medium; the profile may be stretched or shortened in total but the
morphology should be the same.

If this demand is not fulfilled there is no chance of linking the
in vitro dissolution profile with the in-vivo concentration time re.
sponse. Clearly, if different agitation modes or dissolution appa-
ratuses result in non-equivalent (non-isomorphic) dissolution
profiles one does not know which of the different profiles should

~ be considered as the input to the body system model (Fig. 8).

Inthe case of equivalent in vitro dissolution profiles, however,
any representative of this class can be used to link in vitro and

~in vivo dlssolutlon by at least sectionally rescaling the time base

as described above. Each of the class of equivalent dissolution
profiles will produce the same type' of Levy-plots (9) although the
characteristic’ transformation parameters may differ in their
values. ‘

In contrast, if the dissolution profiles resulting from different
test conditions show non-equivalence it can be conciuded that
they will show the same instability in morphology under in vivo
conditions due to the intra- and interindividual variability in the
frequency, direction and intensity of the migrating motility com-
plexes along the gastro-intestinal tract (58).

Therefore, if a formuiation is highly sensitive to agitation with
respect to the general profile this will cause high intraindividual
and interindividual variability of in vivo reiease and thus no iso-
morphism (or equivalence) of in vitro and in vivo dissolution pro-
files can be expected.

Since equivalence is the basic assumption for discrete und
continuous in vitro/in vivo correlation — and also for those corre-
lations not based on the mean time concept — non-equivalence
which is already obvious under broadly comparable in vitro test
conditions withdraws the rationale for in vitro/in vivo correla-
tion?.

In the ideal case the profile is independent in absolute terms
of any pH gradient and mode and extent of agitation by the dis-
solving medium, i. e. showing an environment independent re-
lease. This is really the challenge in the development of extended
release formulations. In such a case, we can assume hypotheti-
cally with a low risk that the dissolution profile in vivo will be the
same as in the in vitro experiments.

2 Recently reported results with slow release formulations of theophylfine
(69—63) have clearly underlined the need for in vitro dissolution models which can
simulate the influence of food-on the release profile.



: The latter independency has been partly demonstrated for
> the formulation of molsidomine discussed above (54). It is there-
! fore logical that the prediction of concentration profiles by convo-
¢ |ution without any transformation of the time base is in good
¢ correlation to what is actually oberserved in patients (64). Clearly,
the variability due to the individual clearance of the patients and
% individual absorption profiles of the Gl-tract cannot be reduced
by pharmaceutical properties of the drug formulation.

5 Conclusions

Two different methods.have been outlined to correlate the in
* vitro results of dissolution with the pharmacokinetic response in
© vivo: the first — i. e. the discrete parameter correlation — requires
several formulations tested in parallel under in vitro and in vivo
- conditicns and is a correlation on averages; the second — i. e.
* the continuous correlation — can be carried out with a single for-
mulation tested in vitro and in vivo.

In both cases the principles are based on the fact that single
events forming a sequence, e. g. dissolution, absorption, elimina-
tion, are additive with respect to the time elapsed for these events
and the mean of these times, respectively. It is the basis of com-
ponent analysis in pharmacokinetics and can be revealed by an
adequate experimental setting. This concept, although simple is
compelling; it is applicable to both in vitro and in vivo dissolution

__test_results_and_enables a complex process to be broken down

into its basic components.

In addition, the concept presumes that there is a fixed ratio
between the times elapsed for in vitro dissolution events and the
respective times for the in vivo events. Nevertheless, it must be
emphasized that any in vitro/in vivo correlation presumes that
some in vitro dissolution characteristics are reflected in the in vivo

" concentration time profile. Therefore, each of these methods pre-
sumes a fixed ratio, at least for average characteristics, although
the theoretical background to alternative correlations has not
been elaborated as clearly as the mean time concept. '

Moreover, with continuous in vitrofin vivo correlation, this
presumption implies that the total in vitro dissolution profile can
be projected isomorphically to yield the in vivo dissolution profile:
it means that the in vitro and in vivo dissolution profiles do not dif-
fer in their morphology but only may be stretched or shortened
with respect to each other; this property has been termed equiv-

“alence.

' Even with a difference in time base the in vitro and in vivo
dissolution profiles must not differ in their general morphology.
Otherwise neither the prediction of the concentration by convolu-
tion (including time base rescaling) nor the correlation of the hy-
pothetical in vivo dissolution obtained by deconvolution with the
in vitro test will produce satisfying results. However, whether the

" assumption of equivalent in vitro/in vivo profiles is rational can be
tested under in vitro conditions. For example, equivalence with
respect to pH and agitation can be extensively tested under in-
vitro conditions alone, and additional in vitro dissolution models
for testing the influence of food, for example, should be consider-
ed. Therefore, this testing for in vitro/in vitro equivalence as a first
step is a duty and the essential rationale for going even further
in correlation, i. e. correlating any in vitro with any in vivo charac-
teristic. One should therefore not stick to officially recommended
in vitro test equipment when developing a new extended release
formulation.

In contrast to continuous correlation the presumption for the
discrete in vitrofin vivo correlation are less restrictive, equivalence
“on average" may be sufficient.

From our experience, the technigue of plotting according to
times needed to dissolve the same amount under different condi-
tions (Levy-plot) — in vitro and/or in vivo — is the most efficient
way of revealing equivalence, 1. e. conservation of the morpho-
logy of the dissolution profiles.

Moreover, with an extended release formulation showing
equivalent dissolution profiles under clearly different in vitro test
conditions it is possible to study the absorption features of the
gastrointestinal tract with respect to the drug considered by com-
bining the technique of deconvolution and Levy-plot. This has
been confirmed for theophylline, and similar experiments for mol-
sidomine are under way. '

So, why not to use the highly developed pharmaceutical
technologies in drug formulation to trace this important physio-
logical variable for drug absorption and by this separate the va-
riabilities in biocavailability due to physiclogical reasons from
those due to the formulation?
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