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ABSTRACT
Purpose In vitro in vivo correlation (IVIVC) is a biopharmaceutical
tool recommended for use in formulation development. When
validated, IVIVC can be used to set dissolution limits and, based on
the dissolution limits, as a surrogate for an in vivo study. The
purpose of this paper is to study the various methods used to fix
dissolution limits.
Methods Fixing dissolution limits is not a straightforward process;
various approaches exist. The classical ±10% of dissolution limits
was compared to the recommended ±10% of Cmax and AUC
and to an innovative back calculation of the 90% CI. Based on
simulated values the influence of the calculation method as well as
of the variability of the results and pharmacokinetic processes was
investigated.
Results Depending upon the method, the results are different
and their comparison leads to possible rules. It appears that the
usage of a back calculation of a 90% CI is an accurate and
advantageous method when intra-individual variability associated

with the drug is low. Those findings are in accordance with the
current practice of IVIVC, which is not recommended for highly
variable drugs.
Conclusions The approach of using a 90% CI allows the intra-
subject variability to be taken into account and fixes limits that
ensure a greater chance to show acceptable BE, in case of
reasonable intra-subject variability, leading to setting broader
in vitro dissolution limits compared to classical solutions.

KEY WORDS in vitro in vivo correlation (IVIVC) . dissolution
limits . biowaiver . prediction . predictability

INTRODUCTION

In vitro dissolution is presently a tool widely used in drug
product formulation development and in quality control.
Pharmacopeia and regulatory agencies recognize the impor-
tance of dissolution as an effective control tool (1–6). With the
availability of in vitro/in vivo correlations (IVIVC), the impor-
tance of dissolution increased as an established and validated
correlation and as a tool for predicting in vivo results based on
in vitro data. Use of IVIVC can assist with optimizing drug
dosage forms, with the result that the fewest possible trials in
man are used during development. Once a valid IVIVC is
established, in vitro dissolution can be used when the formula-
tion is finalized, or post-approval, as a surrogate for an in vivo
study for scale-up, formulation and process variations, site
changes, and to justify widening of dissolution limit, denoting
the importance of setting accurate dissolution limits (7–18).

In vitro dissolution studies are a valid surrogate for in vivo
data if the process studied in vitro is the limiting one and is
similar to that existing in vivo When release in vivo is directly
and only dependent of the formulation and its in vivo dissolu-
tion, the formulators can act, with the advantage that it can be
simply studied in vitro. The aim of IVIVC is to relate the
observed release/dissolution in vivo, considered as the limiting
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factor, to the in vitro observed dissolution which, in turn, is
dependent on the formulation. Differences in in vitro dissolu-
tion could reflect a difference in in vivo release from the drug
dosage form based on known characteristics. This is of great
interest for the identification of the critical quality attribute
(CQA).

Various regulatory guidelines and Pharmacopeia chapters
refer to IVIVC (1–4,8). In the FDA guideline “Guidance for
Industry, Extended Release Oral Dosage Forms” (8), four
main cases are generally used to fix the dissolution limits based
on the mean dissolution curve and on the clinical/
bioavailability lots results and are as follows:

– case 1: in the absence of an IVIVC, dissolution limits are
fixed as ±10% of the target dissolution curve;

– case 2: in the presence of a level A correlation, specifica-
tions should be established based on average data. The
simulated plasma concentration time profile, based on
dissolution limits, results in a maximal difference of 20%
in the predicted in vivo bioequivalence (BE) study param-
eters, the peak plasma drug concentration (Cmax),
representing rate of drug absorption, and area under
the plasma drug concentration versus time profile (AUC),
representing extent of drug absorption;

– case 3 : A Level C correlation is established on both in vivo
BE parameters (AUC and Cmax) and on multiple disso-
lution sampling time points. In this case, similar dissolu-
tion specifications must insure a maximal difference of
20% in the predicted Cmax and AUC (with a last disso-
lution point used in the IVIVC of at least 80% dissolved);

– case 4: A single level C correlation based on a single time
point is established. In this case, the dissolution limit at
this time point must insure that not more than a 20%
difference in the predicted AUC and Cmax. In addition,
for the other dissolution time points, the range should be
±10% of mean dissolution profile. Reasonable deviations
from ±10% may be acceptable if the range at any time
point does not exceed 25%.

Based on this information (1–4,8), a Level A correlation
canmainly be used as a surrogate of in vivo data and dissolution
limits calculated based on the IVIVC, reflecting a maximal
difference of 20% in the predicted Cmax and AUC. It should
be kept in mind that (a) the first line criterion for IVIVC
predictability (internal or external) corresponds to amaximum
of 10% deviation between observed and predicted values for
Cmax and AUC (1–4,8); and (b) the general rule to establish
bioequivalence of two formulations implies that both lower
and higher limits of the 90% confidence interval (CI) of the
adjusted geometric mean Cmax and AUC ratio of test vs.
reference formulations must be included within CI limits of
at least 80% and not more than 125% (1–4), leading obviously
to a difference between test and reference which is no greater

than 20%. This is why we proposed calculations based on the
back-calculation of the 90% CI of Cmax and AUC.

The accuracy of the dissolution limits established based on
IVIVC is a key factor not only of optimization but also of the
use of IVIVC as an in vivo surrogate. The aim of this article was
to compare these proposed back calculations with the well-
established calculations and limits proposed in the FDA
guideline.

MATERIALS AND METHODS

Data Used

All calculation were performed using Winnonlin 6.2 in Phoe-
nix® 2.0 (Pharsight, Certara corporation St. Louis, Missouri,
USA) and Matlab® 2011b (Matwork, Natick, Massachusetts,
USA) under Windows 7.

Two sets of data reflecting slow-release (SR) formulations
were used. One was based on a one compartment model and
the second on a two compartment model with first order
kinetics. Both assumed the simplest level A IVIVC case: high
solubility and high permeability drugs presented as a slow
release formulation and a one-to-one IVIVC was postulated
in order to estimate the link between in vivo input (absorption)
and dissolution profiles.

Example 1

Example 1 is based on an apparent one-compartment model
with first order absorption and no lag time (19). For this first
set of simulated data Eq. 1 was used.

C tð Þ ¼ F � D � ka
V � ka−keð Þ � e−ke�t−e−ka�t

� � ðEq:1Þ

The initial drug dependent parameters were set to: elimi-
nation rate constant (ke): 0.05 h

−1 and the volume of distribu-
tion derived from the area (V): 10 L. The formulation-
dependent parameter: dose (D=25 mg) is multiplied by abso-
lute bioavailability (F=0.52) to give a value of 13 (FxD), in
order to achieve a maximum concentration (Cmax) of 1 at 5 h
(Tmax) with an absorption rate constant (ka) of 0.5 h−1. In a
second step, modifications of ke and ka, expressed as ka/ke
ratio, were tested to associate their impact on the calculations.
The absorption rate constant (ka) was then modified according
to the results of the forecasted dissolution limits and vice versa in
order to estimate in vivo and in vitro impacts.
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Example 2

Example 2 is composed of a two-compartment model with
first order absorption and no lag time (19). The equation used
is described in Eq. 2.

C tð Þ ¼ F � D � ka
V c

� k21−α
ka−αð Þ � β−αð Þe

−α�t þ k21−β
ka−βð Þ � α−βð Þe

−β�t þ k21−ka
α−kað Þ � β−kað Þe

−ka�t

� �

ðEq:2Þ

The initial drug-dependent parameters were set to: elimina-
tion rate constant (β) to 0.02 h−1; distribution rate constant (α) to
0.2 h−1; and the volume of distribution of the central compart-
ment (Vc) to 15.9 L. The formulation dependent parameter:
dose (D=50mg) ismultiplied by absolute bioavailability (F=0.5),
in order to achieve amaximum concentration (Cmax) of 1 at 5 h
(Tmax), with an absorption rate constant (ka) of 0.5 h−1. The
micro constants corresponding to the rate from peripheral to

central compartment k21 was estimated to 0.088 h−1 and the
corresponding elimination from central compartment k10 (cor-
responding to ke) calculated to correspond to 0.046 h−1. This
value is close to the value of the one-compartment model ke
(0.05 h−1). The similar values of ka and ke compared to the one-
compartment model allows to compare the results of the two
examples. As for the one- compartment model, the influence of
the values of α and ka on the results is investigated as they are the
two parameters which control the initial shape of the curve and
thus can modify the Cmax.

A single curve that could correspond to the mean value
curve is used in both cases. Extensive discussion on this subject
can be found in various papers (20–24) as well as the mode of
calculation of the BE parameters, the use of arithmetic or
geometric mean (20).

Calculations of Dissolution Limits

The calculation of dissolution limits and their in vivo relevance
were studied using several simulation methods and as follows:

Fig. 1 Profiles obtained with classical simulations: dissolution (left) to have ±10% of target dissolution and resulting plasma profile (right) according to one
compartment model (Eq. 1).

Fig. 2 Profiles obtained with classical simulations: dissolution (left) to have ±10% of Cmax and resulting plasma profile (right) according to one compartment
model (Eq. 1).
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(i) simulation 1 (noted ±10% dissolution): ±10% from target
dissolution curve;

(ii) simulation 2 (noted ±10% Cmax): maximal difference of
10% in the predicted Cmax and AUC (giving a ±20%
range);

(iii) simulation 3 (noted 90%CI): method based on the back-
calculation of the 90% CI of the Cmax and AUC using
data obtained in the in vivo bioavailability study (BA) used
to establish IVIVC (CV of residual error of ANOVA,
reference formulation mean Cmax and AUC and num-
ber of subjects);

(iv) simulation 4 (noted 90% CI+power): method based on
the back-calculation of the 90% CI (iii) and including a
power calculation to insure at least 80% power in the
in vivo BE study.

Methods (i) and (ii) were classical methods proposed in the
FDA guideline, whereas methods (iii) and (iv) were innovative.
Indeed, those two last methods are based on the results of the
BA study used to establish the IVIVC and for the main
parameters of interest; Cmax and AUC (up to t or extrapo-
lated to infinity). The residual error variance was extracted
from the ANOVA or Mixed-Effects Model used to establish
the 90% CI. Using this residual error variance (sr

2) and the
number of subjects (N) associated with the tabulated student t
value (t), the lower and higher mean PK parameters to have
Cmax and AUC within the BE limits of 80 to 125% were
estimated by Eq. 3.1 for the lower and 3.2 for higher.

e
ln 0:80ð Þþt�sr=

ffiffiffiffiffiffi
N=2

p
þln mref

� �h i
¼ lower ðEq:3:1Þ

e
ln 1:25ð Þ−t�sr=

ffiffiffiffiffiffi
N=2

p
þln mref

� �h i
¼ higher ðEq:3:2Þ

In a first step the CVwas set to 20% andN=24 subjects. In

a second step, CV (approximation of CV ¼
ffiffiffiffiffiffiffiffiffiffiffi
es2r−1

p
) was set

from 0.1 to 0.3 (10 to 30%), corresponding to the ANOVA
residual error, are used in order to estimate the influence of
this parameter on the limits calculated assuming subjects
between 12 and 72. In a final step (method (iv)), those calcu-
lations were redone in order to keep a power equal to 0.8
(80%) at least.

Fig. 3 Cmax ratio (Cmax ref=1)
to insure BE based on methods (iii):
back calculation of 90% and
resulting power as a function of N
and CV of ANOVA.

Fig. 4 Cmax ratio (Cmax ref=1) to insure BE based on methods (iv): back
calculation of 90% CI including power≥0.80 as a function of N and CV of
ANOVA.
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RESULTS

Calculations of Dissolution Limits with Simulated Data
corresponding to one compartment (Example 1)

Classical dissolution limits (±10% of target, method (i))
and dissolution limits which would produce a 10%
(method (ii)) difference on Cmax are imposed on the

data of resulting from initial Eq. 1 to generate Figs. 1
and 2.

If the previous limits based on target dissolution or a 10%
difference in Cmax are simple, they cannot prelude the results
of a new BA/BE study, as the 90% CI calculations and power
depend on the ANOVA error term and on the number of
subjects (N). To overcome the problem of possible failure of a
new BE study, the method based on 90% CI without power

Table I Difference Between
Cmax Ratio (Cmax ref=1)
According to Method i, ii, iii, iv
and to one compartment model
(Eq. 1)

Method (i) (ii) (iii) (iv)

N=24 ± 10% Dissolution ± 10% Cmax 90% CI 90% IC+power

CV (%) Lower Upper Lower Upper Lower Upper Lower Upper

10 0.899 1.099 0.900 1.100 0.841 1.190 0.862 1.161

15 0.899 1.099 0.900 1.100 0.862 1.161 0.894 1.119

20 0.899 1.099 0.900 1.100 0.883 1.133 0.927 1.079

25 0.899 1.099 0.900 1.100 0.904 1.107 0.972 1.029

30 0.899 1.099 0.900 1.100 0.926 1.081 1.000 1.000

Fig. 5 Dissolution based on a CV of 20% and on a number of subjects of 24, based on the results of Figs. 3 (up, method iii) to 4 (down, method iv) and
corresponding plasma profiles according to one compartment model (Eq. 1).
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calculation (method iii) are presented in Fig. 3 as a function of
N and CV.

Figure 3 clearly shows that power is below 0.8, and
achieves 0.5 at most. In order to be compliant with the current
practice of including a number of subjects to maintain BE
study power of at least 80%, the limits must be recalculated to
include this parameter (method iv). Equations 3.1 and 3.2
were recomputed and well as the post hoc power in order to
recalculate the limits of the 90% CI that will be associated
with a power of at least 80%. This calculation would corre-
spond to the calculation of the parameter needed to perform a
new BE study based on previous results. The results are
presented in Fig. 4, using an approach similar that used to
generate Fig. 3 except that the power curve is not displayed as
always at least equal to 80%. The results of Fig. 4 are always
lower than the data obtained in Fig. 3.

The Table I displays, for N=24 subjects and CV ranging
from 10 to 30%, the Cmax limits calculated using the various
methods.

It is clearly visible that method (i) and (ii) result in similar
values. Methods (iii) and (iv) bring advantages in cases of low
CV.

Figure 5 displays the various dissolution profiles, based on a
CV of 20% and N of 24 subjects, associated with the plasma
concentration based on the results of Fig. 3 and 4.

As presented in Figs. 1, 2 and 5, the differences in the
dissolution profiles derived using the various in vivo constraints
are lower at the early sampling times comparing to ±10% of
dissolution. That is linked with the calculation methodology.

The influence of absorption rate on the values of Cmax
and the resulting 90% CI limits obtained with method (iv) are
presented in the Fig. 6 as a function of N and CV. The
variations of ke and ka which control the shapes of the curves
do not change the previous findings

Calculations of Dissolution Limits with Simulated
Data Corresponding to Two Compartments Model
(Example 2)

A similar approach as for one compartment was used for the
two compartment model. The results corresponding to be
initial set of parameters and calculations are presented in
Fig. 7 for methods (i) to (iv) corresponding to Figs. 1, 2 and 5
in case of one comparment model. The results observed
denoted differences of dissolution limits indicating the direct
influence of the distribution parameter on the absorption
profiles. As for 1 compartment model, the differences in the
dissolution profiles derived using the various in vivo constraints
are lower at the early sampling times comparing to ±10% of
dissolution. That is linked with the calculation methodology.

In the next step the influence of the ratio ka/α was studied
as they are the two parameters which control the initial shape
of the curve and thus can modify the Cmax. When α> ka, the
results correspond to a one-compartment model; thus, the
ratio studied was selected to be between one and 60. The
variations of α and ka do not change the previous findings and
confirm the results observed for one compartment model
(results not shown).

DISCUSSION

The present study presented and compared methods to estab-
lish dissolution limits based on IVIVC. The main outcomes
are based on using a simulated SR formulation of a highly
soluble and permeable drug, and indicated that the dissolu-
tion limits based on various techniques could lead to different
predicted PK parameters. As the aim of setting dissolution
limits is to validate possible biowaivers and in vivo surrogates, it
is important to estimate dissolution limits in which therapeutic
equivalence exists for all formulations resulting in the lower
and higher dissolution limits. As therapeutic effects are not
easily assessed, these simulations are based on BE of formula-
tions. BE is defined as “the absence of a significant difference
in the rate and extent to which the active ingredient or active
moiety in pharmaceutical equivalents or pharmaceutical al-
ternatives becomes available …” (3). Thus, equivalence of
both Cmax and AUC is essential for a successful in vivo study
outcome.

Various papers (9–11,15–18,25–29) described the impor-
tance and possible predictive techniques for dissolution, as
well as the importance of having an accurate dissolution
technique. In 2000, Modi (16) investigated for specific drugs
the limits of dissolution which would ensure BE and arrived at
±10% as limits.

Fig. 6 Influence of the ratio ka/ke on the lower and upper ratio of Cmax as a
function of N and CV, using method (iv) and according to one compartment
model (Eq. 1).

�Fig. 7 Dissolution based on a CV of 20% and 24 subjects, and
corresponding plasma profiles according to two compartments model (Eq. 2).
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Figures 3, 4, 6 and Table I highlight the importance of
intra-subject variability and the number of subjects (N). The
calculations performed indicate that using limits based on the
calculation of CI brings advantages in some circumstances
compared to using fixed limits, but are more drastic in other
circumstances. As a function of CV and N for methods (ii) and
(iv), Table II shows that, depending on the calculation tech-
nique, different outcomes and chances to be bioequivalent
exist. The various graphs and Table II clearly show that the
limits based on the 90% CI values are larger when intra-
subject variability is low (low CV).

Methods (i) and (ii) provided results close together (Table I)
than confirming the results presented byModi (16). The limits
based on 90% CI are somewhat obvious. When the CV
increases, N must be increased to insure BE. For high CV
the approaches using the back-calculated 90% CI is more
restricting than the classical approaches. When the power is
included in the calculation of the 90% CI, the advantage
compared to using a fixed calculation of ±10% of Cmax is
only visible up to a CV around 17.5% for N=24 subjects. The
comparison of the two modes of calculations based on the
90%CI led, as presented in Figs. 3 and 4, to higher limits with
method (iii) compare to (iv). However this method does not
insure a power greater than 80% in the case of a new study to
be performed. The outcome of both approaches based on CI
is the observation that the limits vary depending of the quality
of the initial data. Method (iv) is more conservative compared
to method (iii) and is more adventitious in the case high N and
low CV compared to methods (i) and (ii).

As shown in the simulations, the differences in dissolution
curves based on calculations associated with in vivo determina-
tions are lowest at the initial sampling times, due to the
methodology used for the calculations. That is clearly illus-
trated by Figs. 1, 2, 5, and 7. This fact would be a handicap, as
in this case, the early dissolution time sampling times allowed
only an extremely low variability. Since this most likely is an
artifact due to calculation methodology, enlarging these early
differences in dissolution rate might not impact the in vivo behaviors if it is below the dissolution time which is influencing

Cmax values. The difference between the fixed ±10% of the
target dissolution profile and the calculated dissolution limits
based on other methods are less marked when absorption is
faster. The crossing of the calculated versus observed dissolu-
tion curves and the maximum difference between the calcu-
lated versus observed dissolution limits occurred earlier when
absorption is fast. In the initial stage the ±10% of the target
dissolution profile is larger than the calculated. Based on
convolution, the impact of modified (enlarged dissolution
limits at early time) on PK parameters (Cmax and AUC) is
neglectable for a first order absorption. A simple approach
could be taken. When the limits calculated using method (i)
are larger in the initial times than the values obtained by
method (iv): the largest of the two is selected to define the final
limits. After the initial times the opposite relation is observed:

Table II Method (ii) vs (iv) Giving the Higher Limits as a Function of N and
CV, in Grey Limit for Method (iv) which Insure BE

Fig. 8 Influence of the enlargement of dissolution according to method (i) and
(iv) on resulting Tmax (up) and Cmax (down): ratio after enlargement/method
(iv) for CV=15% and N=24 according to one compartment model (Eq. 1).
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method (iv) limits broader than method (i)), and limits defined
by method (iv) are kept. After setting those limits, a convolu-
tion is performed and the outcome of the absence of impact of
enlargement on the final in vivo Cmax and AUC confirmed.
Example is given in Fig. 8 for a one compartment model with
a first order absorption associated with a CV=15% N=24:
ratio of Cmax and Tmax after enlargement vs before enlarge-
ment as a function of the absorption rate constant values. No
impact is noticed in this case. Anyway if an impact is noticed
then the limits must be reevaluated.

Based on the previous findings and examples, the CI
methods allow defining wider dissolution limits than the classi-
cal setting when the intra-subject variability is acceptable. This
method allows also calculating and defining a priori the number
of subjects and dissolution limits with all the required conditions
to be fulfilled in the case of the in vivo BE study. For example,
with 36 subjects, the method based on a 90% CI associated
with the power calculation presented an advantage until an
intra-subject CV is 20% or greater.

However the IVIVCmust never be seen as a method to fix
more drastic limits than those that would have been
established with ±10% of the dissolution of the target formu-
lation. IVIVC trials must never be punishable and the broader
limits either based on the dissolution of the target formulation
(±10% of the dissolution) or IVIVC must be selected by the
authorities except in case of possible side effects or absence of
efficacy linked with to inadequate concentrations. The case of
narrow therapeutic range drugs is interesting as in this case the
safety/efficacy risk for subject is important. No global consen-
sus existed on the approach to treat those drugs (2,3). In
Europe possibility exists to restrict the 90% CI limits to
90.0–111.1%. For USA the FDA recommends, unless other-
wise indicated by a specific guidance, that the traditional BE
limit of 80–125% is kept providing the sponsor submitted
additional testing and/or controls to ensure the quality of
drug products containing narrow therapeutic range drugs.
Usually the narrow therapeutic index drugs are not highly
variable; in other words, intra-subject variability is very low.
For Europe the adapted 90% CI bounds (i.e. 0.90–1.11, for
AUC and Cmax), could be used to calculate the lower and
higher possible dissolution limits, leading in this case to results
that must be compared to the actual proposed specifications
and evaluated in both cases (according mainly to safety con-
cern). For FDA the standard case, in absence of specific
recommendation, is more complex as many factors are pro-
posed to be taken into consideration (in addition to the 90%
CI based on standard limits) such as reference scaling or
comparison of variances. In this case a standard approach to
calculate dissolution limits could not be set up even if possibly
the method (iv) reflects better the reality of a new study.

The fixing of dissolution limits is the ideal case for applying
the one-step process known as convolution-based IVIVC
(29–34), as all the key parameters which could influence

IVIVC are determined in the early two-stage approach used
to initiate the IVIVC.

All the current findings must be confirmed using other
types of pharmacokinetic models such as sigmoidal or zero-
order absorption and other types of IVIVC relationship such
as nonlinear IVIVC with time-scaling.

CONCLUSION

Our findings are based on simulated one and two compart-
ment model assuming a first order absorption, linear pharma-
cokinetics, and 1:1 IVIVC. The introduction of the IVIVC
allowed use of dissolution as a surrogate of an in vivo study, and
is based on using the IVIVC to establish the dissolution limits.
Up until now the limits are linked with amaximal difference of
20% in the predicted Cmax and AUC. The classical ap-
proach, in absence of IVIVC, fixes the dissolution limits at
±10% of the actual dissolution and gives results close to the
limits fixed using ±10% of Cmax and AUC. The approach of
using a 90% CI allows the intra-subject variability to be taken
into account and fixes limits that ensure a greater chance to
show acceptable BE, in case of reasonable intra-subject vari-
ability, leading to setting broader in vitro dissolution limits
compared to classical solutions.
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