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Dissolution testing plays an important role in pharmaceutical development due to its ability to provide critical insight into in vivo performance. Dissolution testing
during routine pharmaceutical development can ensure batch-to-batch consistency and helps to ensure that the commercial batches are of representative quality to
that of studied in the pivotal clinical studies. For comparing the dissolution profiles, there are multitude of approaches suggested by various regulatory agencies that
consist of model independent and dependent approaches. The present review aims to summarize the current understanding of dissolution profile similarity approaches.
Dissolution profile comparison approaches suggested by various regulatory agencies were compared and contrasted. Further, detailed procedural aspects were provided
for the determination of similarity using model independent and dependent approaches. Model independent approaches such as f2 bootstrap, and Multivariate Statistical
Distance (MSD) were portrayed from a practical perspective. Advanced tools such as Bias-Corrected and accelerated (BCa) for f2 bootstrap were discussed in depth.
Further, model dependent approaches such as zero order, and Weibull models were discussed from realistic scenarios. Finally, the utility of modeling and simulation
approaches such as physiologically based pharmacokinetics model (PBPK) and physiologically based biopharmaceutics model (PBBM) were discussed in the context
of their ability and potential to supersede traditional dissolution dissimilarity. Overall, this article acts as a ready-to-use guide for pharmaceutics and biopharmaceutics
scientists for effective methodologies for dissolution profile comparison for internal decision-making and regulatory justifications.

Introduction

Dissolution is a process where the solute in a gaseous,
liquid, or solid phase dissolves in a solvent to form a solution
[1]. Solubility is the maximum concentration at which a solute
can be dissolved in a solvent whereas dissolution is the rate
at which a solute can dissolve in a solvent. Thus, solubility is
a thermodynamic phenomenon whereas dissolution is a rate
phenomenon. In the case of pharmaceutical testing, dissolution

is evident for any type of dosage form except solutions. After
oral administration, for an Active Pharmaceutical Ingredient
(API) to exert its pharmacological effect, dissolution is
necessary. After ingestion, the dosage form (e.g. tablet or
capsule) gets disintegrated first followed by dissolution, and
only the dissolved portion of API gets permeated and reaches
systemic circulation. In the case of Immediate Release (IR)
dosage forms, the API is available for dissolution immediately
after disintegration whereas in the case of Modified Release
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(MR) dosage forms, the release of API is slower due to the
presence of a rate controlling mechanism [2,3]. Because of the
fact that only the dissolved drug can exert its intended effect,
dissolution testing is typically considered as an in vitro test that
can provide significant insight into in vivo performance and
thus ensures the clinical quality of dosage form.

From the other side of the coin, dissolution testing is
considered tobeaCritical Quality Attribute (CQA) of adosage form
that can ensure batch-to-batch consistency, reproducibility of
the manufacturing process, and stability of the dosage form
and thus can impart pharmaceutical quality into the drug
product life cycle [4,5]. A product that yields a consistent
dissolution profile that meets pre-defined specification criteria
is desirable from a manufacturing perspective. A drug product
that results in meeting specification criteria during stability
testing is desirable from a quality perspective. Thus, dissolution
profile testing as a routine analysis tool ensures that the drug
product is meeting pharmaceutical quality and thus can ensure
optimum performance. Thus, from both clinical as well as
quality perspectives, dissolution testing is considered to be an
important test during research and development as well as in
a commercial setting.

Because of its significance, dissolution and its similarity
testing during pharmaceutical development have many
applications as indicated in Figure 1. Dissolution similarity
testing between reference and test products during the generic
product development can ensure their equivalence in vitro and
possible similar therapeutic impact. Dissolution similarity
testing is also used for Biopharmaceutics Classification System
(BCS) based biowaivers for BCS class I API containing drug
products [6,7]. Dissolution similarity testing of pre- and post-
change batches during site transfers, composition changes, and
manufacturing process changes ensures that the drug product
quality is not compromised. Dissolution similarity testing
between higher and lower strengths ensures that the lower
strengths or additional strengths qualify for the biowaivers
and thus can avoid unnecessary human studies. Additionally,
dissolution testing is also used to establish in vitro-in vivo
Correlation (IVIVC) and thus can avoid potential human clinical
study [8,9]. Thus, dissolution similarity testing is pivotal in
pharmaceutical development and is routinely used during the
drug product life cycle at all stages. Considering this plethora
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of applications of dissolution and its similarity testing, various
regulatory agencies such as the USFDA, and EMA have come
up with regulatory guidance documents detailing the cases in
which dissolution testing is required (Table 1).

For comparison of dissolution profiles of two different
formulations, there are a multitude of approaches suggested
in the regulatory guidance documents as well in the literature.
However, the most common approach that is used is the
dissolution similarity factor or f2. This approach is called
the model independent approach and typically involves
the calculation of the mean difference between dissolution
profiles at every time point. However, there are few specific
requirements that have been defined for the implementation of
f2 such as variability in the dissolution, number of time points,
etc. In case of high variability in the dissolution, alternative
approaches have been suggested by the agency. These
approaches are broadly defined as model dependent and model
independent approaches and offer various opportunities and
possibilities for using these comparison techniques. Although
such alternative approaches are defined in regulatory guidance
documents, their usage is very limited probably due to their
complexity, lesser regulatory experience, and requirement
of specialized software tools. However, understanding
these challenges may help to use alternative approaches for
regulatory submissions and thus can enhance the probability
of dissolution similarity.

In this context, the present article aims to clarify the
model independent and model dependent approaches for
the comparison of dissolution profiles. Firstly, an overview
of model dependent and independent approaches suggested
by various regulatory agencies is described. Further, model
independent approaches such as f2 (conventional and its
bootstrap), and Multivariate Statistical Distance (MSD) are
described. Model dependent approaches such as Weibull, zero
order, and first-order are described with appropriate literature.
Finally, the utility of physiological modeling and simulation
approaches such as physiologically based pharmacokinetic
model (PBPK) and physiologically based biopharmaceutics
model (PBBM) models to justify the absence of in vivo impact
due to dissolution dissimilarity are described [20-23]. Overall,
this article acts as a ready-to-use guide for pharmaceutical
and biopharmaceutics scientists to choose and use appropriate
approaches for dissolution profile similarity determinations.
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Figure 1: Applications of dissolution similarity analysis.
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Table 1: Model dependent and independent methods suggested by the regulatory agencies; adapted from [7]

USFDA [10,11]

Scale-up, manufacturing
site changes, composition
changes, or equipment
changes (single point
comparison and profile
comparison in case of
major changes)
Dissimilarity factor (f1) and
similarity factor (f2)
Limits for f1: 0-15 and f2:
50-100 respectively

Aspect

In what cases
dissolution profile
comparison is
required

Model Independent

EMEA [12-14]

Quality control to
ensure batch-to-batch
consistency

Similarity factor
(f2) can be used.
Model independent
approaches like

China [15]

Intra- and inter-batch
consistency and
formulation changes
impact

Similarity factor (f2)
can be used and other
statistical approaches

ASEAN [16]

Batch-to-batch
consistency

Similarity factor
(f2) can be used.
Model independent
approaches like

Canada [17]

Different scenarios
where QC media, as
well as multimedia
comparison, is
required

Similarity factor (f2)

Brazil [18]

Post-approval changes
and before initiation of
bioequivalence study

Difference factor (f1)
and similarity factor (f2)

approaches Lo o L can be utilized L L can be used.
Multi-variate confidence  statistical multivariate R R statistical multivariate can be used
. . . with appropriate . .
region approach when %CV  comparison with a . . comparison with a
. R justification N
is >15% similarity limit of 10% similarity limit of 10%
Agency preference
for Model . 2 bootstrap over MSD ) . . .
. Not specified P Not specified Not specified Not specified Not specified
independent approach
approaches
Can be used but the model ~ Weibull function or % Weibull function or %
should not have more than  dissolved at different dissolved at different
Model dependent : . . . . . . .
3 parameters (e.g. linear, time points can be Not specified time points can be Not specified Not specified

approaches
PP used, with appropriate

justification

quadratic, logistic, probit,
and Weibull)

Dissolution profile comparison methods

Almostall theregulatory agencies suggested the use of model
dependent and model independent approaches as described in
Table 1. In terms of model independent approaches, almost
all the regulatory agencies suggested dissolution similarity
factor f2, and limits are defined as 50 to 100 for successful
similarity assessment. Further, the dissolution dissimilarity
factor (f1) was also suggested by a few regulatory agencies
such as the USFDA and EMA with a limit of 0-15 for successful
similarity assessment [10,12]. Most of the regulatory agencies
recommend the use of alternative statistical methodologies
in case of high variability in the dissolution profiles however,
approaches such as f2 bootstrap were not specifically described
in regulatory guidance documents. EMA specifies the advantage
of f2 bootstrap over the MSD approach in a separate scientific
document [24]. However, most of the other agencies specify
the use of a multivariate statistical distance approach as an
alternative statistical methodology in case of high variability
in the dissolution profiles. Most of the agencies specify
a similarity limit of 10% while performing the similarity
calculations with the MSD approach. Unlike model independent
approaches, most regulatory agencies did not specify in detail
about model dependent approaches. As the name indicates,
model dependent methods require the dissolution data to
be fitted into a specific dissolution model. Typically, the
goodness-of-fit of a specific is described through regression
coefficient (R?) and Mean Squared Error (MSE). The higher the
R? and lower the MSE, good is the fit of dissolution data into a
specific model. Once a specific model is selected for dissolution
data, further analysis can be performed for dissolution profile
comparison. USFDA described in detail the model dependent
approaches and also specified examples of models that can
be used to fit the dissolution profiles [10]. EMA and ASEAN
guidance documents mention the Weibull function as an
example of model dependent approaches and also recommend

used, with appropriate
justification

the use of an alternative approach if properly justified [12,16].
Overall, it can be seen from Table 1 that there is a good amount
of consensus among various regulatory agencies with respect
to model independent and dependent approaches and these
approaches are further defined in a simplified manner in the
subsequent sections.

Model independent methods: As described previously,
approaches such as f2, f2 bootstrap, and MSD approaches are
the most used in dissolution profile comparison under the
umbrella of model independent methods. The f2 factor is most
used in the dissolution profiles comparison and a comparison
of f2 determination among various regulatory agencies is
provided in Table 2. In general, all the guidelines mention the
requirement of 12 units for comparing the dissolution profiles.
In cases where very rapid dissolution is achieved (i.e. >85%
in 15 min), dissolution profiles are considered to be similar
without the requirement of similarity calculations. Most of
the guidance mentions that the time points can be considered
until either of the products are releasing 85%, whereas USFDA
mentions that time points when both products are releasing
up to 85% can be considered [10]. However, when the release
is more than 85%, only a one-time point can be considered.
The time points criteria are not explicitly mentioned by the
guidance, USFDA provides examples of time points such as 5,
10, 15, 20, and 30 minutes, EMA suggests a minimum of three
time points and ANVISA mentions clearly about time points
criteria such as 40% time points are called earlier points, only
one point after 85%, etc. Overall, there is a good amount of
consensus exists between various regulatory agencies for the
f2 calculation [18].

The formula for f2 calculation is presented below in
equation (1) [25]. It basically calculates the absolute mean
difference between two different dissolution profiles.
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Table 2: f2 similarity factor criteria across the regulatory agencies.

USFDA[10] EMA/Canada/Aus [12,17] WHO [19]

*  Min 12 units *  Min 12 units ¢ f2testingis

*  Sufficient intervals *  Min 3 time points (zero required in
(5,10, 15,20, 30 excluded) case of rapid
min) *  Same time points for T dissolution

*  Similar when f2=50 and R and f2

®*  %CV less than *  Only one measurement testing is
20% at initial time >85% not required
points (e.g. 15 min) *  %CV less than 20% at in case of

and less than 10%
at later

early time points (up to 10
min), and less than 10%

* Onlyone at later
measurement *  Only one measurement
after 85% for both after 85% for either of the
products products

Very rapid (>85% in
15 min), f2 is not

Very rapid (>85% in 15
min), f2 is not required

very rapid
dissolution

required

p _ —
£2=100-25log(1 + % Y(XTi-XRi)
i=1

Where p is the number of time points and X Ti and X Ri are
mean dissolution data at the ith time point of reference and test
formulations respectively

This f2 is typically called an estimated f2 and is used in
regulatory submissions and calculations. However, there are
different types of f2 as indicated in Figure 2, and are used in
order to provide a more accurate estimation of f2. These are
namely: bias-corrected f2, expected f2, variance-corrected f2,
and bias and variance-corrected f2 [26]. Although these types
of f2 are typically not listed in regulatory documents, they help
to account for bias and potential corrections in the calculations.
Regulatory agencies such as EMA now prefer expected f2 over
other types of f2 as it represents more stringent criteria as
compared to others.

Another factor to consider while performing dissolution
profile similarity is the variability in the dissolution. In the
case of highly variable dissolution profiles (i.e. %CV higher
than 20% at initial time points or higher than 10% at later
time points), conventional f2 calculation may not be relevant.
In those cases, alternative statistical approaches such as
f2 bootstrap and Multivariate Statistical Distance (MSD)
approaches can be effectively utilized. The procedural aspects
of both of these approaches are represented in Figure 3. In
the case of the f2 bootstrap approach, a number of bootstraps
(e.g. 5000 or 10000) are generated for both reference and test
batches using n=12 units. Based on this bootstrap data, mean,
and median f2 are calculated together with 90% Confidence
Intervals (CI). Dissolution similarity is deemed to be achieved
if the lower limit of 90% CI is 250. The CI estimated using
this approach is called percentile limits which typically
yields potential skewness in the distribution of computed
f2 values. In order to correct this aspect, another approach
namely and accelerated approach (BCa) can be used. This BCa
interval requires the estimation of two parameters namely

China [15] ASEAN [16] ANVISA [18]
*  Min 12 units *  Min 12 units *  Enough points (5, 10,
*  Enoughtime *  Min3time 15, 20, 30 min)
points (e.g. 5, points (before * IfRisrapidthenT
10, 15, 20, 30 15 min, at 15 should also be rapid
min) min, release (85% in 30 min)
*  %RSD shouldn’t close to 80%) *  Same time points for
exceed 20% * Sametime Rand T
at earlier time points *  Profile to reach
points and 10% *  Only one point plateau, 5 time points
later on after 85% collection (use first 3
*  Very rapid *  %RSD of CV for f2, excluding 0).
(>85%in 15 less than 20% 40% time points are
min), f2 is not at first and called earlier points
required less than 10% *  Only one point after
*  Threetime at later 85%
points (one *  Veryrapid *  %RSD less than 20%
around 85%) (>85%in 15 atinitial and 10%
and the other min), f2 is not later on
below required
Traditional
Bias and
variance
corrected
Different
types of
f2
Variance Expected

corrected

Bias
corrected

Figure 2: Different types of similarity factors (f2).

bias correction parameter (Z)) and acceleration parameter
(a) [27]. due to this potential correction in the skewness of
distribution as well as bias, it can yield accurate estimation
of confidence intervals and higher chances and probability of
achieving similarity as compared to conventional percentile
methods. This aspect is nicely discussed and summarized by
Boddu, et al. wherein both conventional and BCa f2 approaches
are compared with datasets containing different variabilities
and the impact of sample size and number of bootstraps were
studied [28]. It was concluded that the number of bootstraps
did not impact the results but the number of samples increased
the probability of acceptance. This publication also talked about
different software tools that can be used for this evaluation
namely DDSolver, R-software, SAS, JMP, and PhEq. Tools such
as R-software and JMP can enable the calculation of confidence
intervals using the BCa approach.

Another attractive approach that is used for similarity
calculations in the case of highly variable dissolution profiles
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Figure 3: Commonly used model independent approaches f2 bootstrap and MSD for dissolution similarity.

is the MSD approach. Kollipara, et al. described a step-by-step
procedure for similarity calculations using this approach which
is also presented in Figure 3 [29]. In this approach, initially,
the similarity region is calculated based on the standard,
approved, or reference products. As the next step, MSD is
calculated between reference and test batches, and further,
90% CI is determined for the calculated MSD approach. Finally,
similarity is deemed to be achieved if the 90% upper CI of MSD
is less than or equal to the similarity limit calculated from
standard approved batches. Since this approach involves the
determination of similarity limit based on standard approved
batches, this calculation represents that the difference
between test and reference batches should be less than that
of the variability of the reference batches in order to conclude
similarity. Apart from f2 bootstrap and MSD approaches, other
model independent approaches such as Wellek’s T-square also
have been recommended (T2EQ, TA2 test for equivalence) in
the literature [30].

Model dependent methods: Apart from model independent
approaches, regulatory agencies such as the USFDA recommend
the use of model dependent approaches [10]. As the name
suggests, model dependent approaches include fitting the
dissolution data into specific models and then evaluating the
similarity between two different dissolution profiles. In order
to handle highly variable dissolution profiles (%CV at initial
time points >20% and at later time points >10%), apart from
model independent approaches, agencies also recommended
model dependent approaches.

Such model dependent approaches typically include fitting
the dissolution data into mathematical models such as zero
order, first order, Weibull, logistic, and probit equations.
These models include model parameters that can range from
1 to >2 and as the number of coefficients gets increased, the
complexity of the similarity analysis also increases.

Kollipara, et al. described the dissolution similarity
approaches for highly variable dissolution profiles using
model dependent approaches with zero order (1 parameter)
and Weibull (2 parameters) equations [29]. As a first step, the
dissolution data is to be fitted into different types of models in
order to understand the model that describes the data well. For
example, the dissolution data can be fitted into zero order, first
order, Weibull equation, and depending on the least squares
criteria as well as regression coefficient, a specific model is
selected. Further, the similarity region of model parameters
(e.g. zero order rate constant, Weibull shape, and scale factors)
is established with reference or standard batches. Later, the
MSD between model parameters for reference and test batches is
determined followed by the determination of a 90% confidence
region of true difference between batches. Similarity is deemed
to be achieved if the determined confidence region is within the
similarity region.

In the case of the zero-order dissolution model, there is
only one model parameter, i.e. zero order release rate constant.
In such cases, the highest MSD is determined by comparing
reference or standard approved batches. Further, the 90%
confidence interval is dextermined between reference and test
products and similarity is achieved if the upper 90% CI of test
vs reference is less than the MSD value. In contrast, because of
the presence of two parameters (e.g. Weibull: shape and scale),
the similarity region is typically a 2-dimensional region that is
determined based on reference products. Further, 90% CI limits
for both parameters are determined and a confidence region
is calculated by comparing reference and test products. Again,
similarity is achieved if the 90% confidence region is within
the similarity region. Overall, this model dependent approach
is of attractive choice wherein the dissolution data can be fitted
into the appropriate model to determine the mechanism of
release as well as to conclude dissolution similarity.

[ ]
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PBBM or PBPK modeling to supersede dissolution dis-
similarity

In recent times, approaches such as physiologically based
pharmacokinetic model (PBPK) and physiologically based
biopharmaceutics models (PBBM) have gained prominence
due to their ability to simulate in vivo conditions accurately
[31,32]. Such models take into consideration of various aspects
namely API, formulation, physiological, and pharmacokinetic
properties and simulate the in vivo behavior of different types
of dosage forms under fasting and fed conditions. These
models have demonstrated a plethora of applications for
both new drugs as well as generic product development such
as prediction of first in human pharmacokinetics, drug-drug
interactions at both absorption and systemic levels, biowaivers,
dissolution safe space estimation, establishment of clinically
relevant dissolution specifications and dissolution safe space
estimation etc [33-36]. Because of their ability to circumvent
and avoid potential human studies, these models have gained
tremendous significance in recent times with respect to their
usage for internal decision-making and regulatory applications.

One of the critical inputs into such models is the dissolution
as it is a critical factor that can govern in vivo performance. A
pre-requisite for dissolution data input is that the dissolution
data needs to be bio-predictive meaning it should have been
validated against in vivo plasma concentration data. Recent
reviews indicated that there has been significant progress
achieved in the identification of biopredictive media that can
predict in vivo performance with the help of PBBM and PBPK
models [37]. When dissolution data is inputted into such
models, they have the ability to determine the role and context
of in vitro dissolution on in vivo performance. In this context,
approaches such as PBBM and PBPK models coupled with in
vitro dissolution can be used to supersede the dissolution
dissimilarity through the demonstration of the absence of

Reference
[ Srodict ] [ Test Product ]
Disso profiles
comparison

Dissolution
similarity factor
(f2)

High %RSD in
dissoclution

pm——————————
| Dissolution profiles are
| similar

MSD or Weibull
or f2 bootstrap

Figure 4: PBPK/PBBM approach to supersede dissolution dissimilarity.
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in vivo impact. The approach of utilizing these models for
superseding dissolution dissimilarity is provided in Figure 4.
Initially, dissolution similarity can be evaluated using model
dependent and independent approaches as described above. In
case of dissolution dissimilarity, a physiologically based model
can be developed utilizing physiochemical, pharmacokinetic,
dissolution, and physiological parameters. The model can be
validated using literature or in-house plasma concentration-
time profiles using virtual bioequivalence testing. Finally,
the dissolution data where dissimilarity has been observed,
can be inputted into the validated model to demonstrate that
dissolution dissimilarity lacks in vivo significance and thus can
be justified.

An example where dissolution dissimilarity was superseded
with a modeling approach is presented by Bhattiprolu, et al.
The formulation was an IR tablet with BCS class III API [38].
The pivotal fasting bioequivalence study was conducted for
Market-A and during the leverage of bioequivalence outcome
to another Market-B, it was observed that in one of the
dissolution conditions (i.e. pH 6.8), dissolution dissimilarity
and f2 failure were observed. In order to rule out the impact
of dissolution dissimilarity on in vivo performance, a modeling
approach was utilized by inputting the dissolution data. The
multi-media dissolution data is inputted into the model and
the results indicated that the failed f2 doesn’t have an impact
on bioequivalence as bioequivalence was established between
batches that demonstrated dissolution dissimilarity. It was
attributed to the permeability-controlled absorption where
dissolution differences may not have a significant impact on in
vivo plasma concentration-time profiles. Further, dissolution
safe space was established wherein it was demonstrated that
dissolution up to 85% in 60 min can result in bioequivalence.
This work provided new avenues for extending the dissolution
criteria for BCS biowaivers and thus can enable more waiver
opportunities. Overall, using the modeling approaches,
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Medel Validation: Literature, In-

i
Model Development: Physchem,
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T
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dissolution dissimilarity can be superseded thereby providing
its utility in reduced human clinical studies.

Limitations of the current work

It is also important to note a few limitations of the current
work. Although the current work detailed an overview of model
independent and model dependent approaches, we did not
describe detailed case studies of these approaches considering
the scope of the article, i.e. mini-review. The reader may be
interested in referring to the quoted references [28,29] in order
to further understand the detailed procedure for performing
the dissolution profiles comparison with these approaches.
Further, in this article, we have detailed about most common
approaches used in dissolution profile comparison. However,
there are a few additional methods reported in the literature
such as the SK method (Saranadasa, Krishnamoorthy) and
intersection union test (Berger and Hsu), and the reader is
advised to refer to the relevant references [39,40].

Conclusions and future perspectives

Dissolution similarity testing is an essential part and
parcel of pharmaceutical development as it is widely used
for demonstrating product quality from both manufacturing
and clinical perspectives. Traditionally, the f2 similarity
factor is widely used for similarity testing, and in the case
of highly variable dissolution profiles, alternative statistical
methodologies have been suggested. This present article aims
to describe both model dependent and independent dissolution
profile comparison approaches for calculating the similarity
of highly variable dissolution profiles. Various statistical
approaches along with their utility in regulatory justifications
and context are described with appropriate literature and
practical examples. Finally, the utility of physiologically based
modeling approaches such as PBPK and PBBM are described
as potential, alternative approaches to demonstrate in vivo
similarity and to supersede in vitro dissolution dissimilarity.
Overall, the approaches described in this article can provide
attractive options for biopharmaceutics and pharmaceutical
scientists to use approaches to demonstrate dissolution
similarity.
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