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Abstract
For successful oral drug development, defining a bioequivalence (BE) safe space is critical for the identification of newer 
bioequivalent formulations or for setting of clinically relevant in vitro specifications to ensure drug product quality. By 
definition, the safe space delineates the dissolution profile boundaries or other drug product quality attributes, within which 
the drug product variants are anticipated to be bioequivalent. Defining a BE safe space with physiologically based biop-
harmaceutics model (PBBM) allows the establishment of mechanistic in vitro and in vivo relationships (IVIVR) to better 
understand absorption mechanism and critical bioavailability attributes (CBA). Detailed case studies on how to use PBBM 
to establish a BE safe space for both innovator and generic drugs are described. New case studies and literature examples 
demonstrate BE safe space applications such as how to set in vitro dissolution/particle size distribution (PSD) specifications, 
widen dissolution specification to supersede f2 tests, or application toward a scale-up and post-approval changes (SUPAC) 
biowaiver. A workflow for detailed PBBM set-up and common clinical study data requirements to establish the safe space 
and knowledge space are discussed. Approaches to model in vitro dissolution profiles i.e. the diffusion layer model (DLM), 
Takano and Johnson models or the fitted PSD and Weibull function are described with a decision tree. The conduct of 
parameter sensitivity analyses on kinetic dissolution parameters for safe space and virtual bioequivalence (VBE) modeling 
for innovator and generic drugs are shared. The necessity for biopredictive dissolution method development and challenges 
with PBBM development and acceptance criteria are described.

Keywords bioequivalence safe space · f2 test · physiologically based pharmacokinetic modeling (PBPK) · physiologically 
based biopharmaceutics modeling (PBBM) · in vitro dissolution
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PBBM  Physiologically based biopharmaceutics 
modeling

PBPK  Physiologically based pharmacokinetic 
modeling

PK  Pharmacokinetics
PO  Per oral
p-PSD  product - particle size distribution
PSA  Parameter sensitivity analysis
QbD  Quality by design
QC  Quality control
RLD  Reference listed drug
USFDA  United States Food and Drug Administration
VBE  Virtual bioequivalence

Introduction

To support drug product quality and performance, the FDA 
has issued a draft guidance for the industry to advocate the 
use of oral biopharmaceutics modeling approaches in combi-
nation with in vivo bioavailability (BA)/bioequivalence (BE) 
studies [1]. The demonstration of BE, indicating that “rate 
and extent of drug absorption” are similar between a refer-
ence and a test formulation, is an important part of success-
ful formulation development in both generic and innovator 
drug companies. Bioequivalence is needed for e.g. bridging 
a prototype formulation to a marketed formulation, or get-
ting a new generic drug formulation approved [2, 3]. The 
consistency of clinical performance of drug products has to 
be ensured by appropriately setting in vitro specifications 
(e.g. in vitro dissolution, particle size distribution) [4] that 
are within the BE safe space.

A BE study is usually recommended for new drug products 
when pre- or post-approval changes lead to out of the specifica-
tion results, or for generic drug products for direct comparison 
to a marketed reference listed drug (RLD) [2]. In vitro dissolu-
tion testing is a common method to compare batches or drug 
products. A similarity f2 test is recommended by the health 
authorities to demonstrate the similarity between dissolution 
profiles [2]. When the similarity factor f2 > 50, then similarity 
between two drug products/batches is demonstrated. However, 
f2 < 50 does not necessarily indicate non-BE [5–7] and f2 tests 
can be overdiscriminating [8]. The development of a BE safe 
space can offer the opportunity to confirm or expand the clini-
cally relevant dissolution specification (CRDS) [1].

The BE safe space “defines the boundaries of in vitro 
specifications (dissolution or other relevant drug product 
quality attributes), within which drug product variants are 
anticipated to be bioequivalent to one another” [9]. The 
establishment of a safe space offers a mechanistic under-
standing of the impact of in vitro drug product properties on 
the in vivo pharmacokinetic (PK) performance and may help 
to reduce unexpected or suboptimal in vivo PK outcomes.

In generic and innovator product development [7, 10–13], 
establishing safe space offers multiple advantages and appli-
cations that can range from product development decisions to 
regulatory justifications. Selected case examples are shown in 
Table 1. Successful PBBM applications early in the product 
development help to identify CBAs (critical bioavailability 
attributes). CBAs are formulation attributes, such as particle 
size, dissolution rate, tablet compression force, which can be 
expected to “critically impact the bioavailability (absorption 
rate and extent) of a drug product” [28]. CBA is a newer term 
coined by regulatory agencies along with critical process 
parameters (CPP), critical material attributes (CMA), critical 
quality attributes (CQA) and critical formulation variables 
(CFV) [28]. Ideally CBA can be either of these attributes and 
if defined during the generic product development, it helps 
eventually to embed in vivo aspects into the product develop-
ment. Defining the safe space for dissolutions and CBA’s can 
also help to justify the QC media dissolution specifications 
and helps to reject bio-inequivalent batches and to identify 
dissolution boundaries. Additionally, in cases where lower or 
higher strength biowaivers could not be achieved due to dis-
solution dissimilarity or due to lack of IVIVC, the safe space 
can serve as an effective tool to demonstrate BE. Apart from 
these applications, defining safe space can also aid to support 
biowaivers related to modification in the manufacturing pro-
cess, composition changes and site transfers which can serve 
as backbone for biopharmaceutics risk assessments [29, 30].

PBBM may be useful to confirm or widen the safe space, 
sometimes superseding f2 similarity criteria (Table 1). For 
BCS class I/III drugs, BE is defined by in vitro dissolu-
tion, which sets the acceptable criteria as 80% dissolved in 
30 min and 15 min for BCS I and III, respectively [31]. For 
some BCS I and III drugs, the dissolution BE criteria may 
be too stringent and not biopredictive. In such cases the jus-
tification of wider dissolution specifications may be pursued 
(Table 1). BCS II drugs, have low solubility in the physiol-
ogy pH range and high permeability, for which absorption 
is a dissolution-limited process. Defining clinically relevant 
specification with PBBM for BCS II involves prediction of 
clinical exposure and examples are documented in the lit-
erature (Table 1) [12, 13]. For BCS IV drugs, with moderate 
solubility and permeability, PBBM may be used to show 
that absorption is more permeability rate controlled than by 
solubility/dissolution [7].

Mechanistic modeling or PBBM modeling both provide 
another perspective to link in vitro data and in vivo phar-
macokinetics. PBBM modeling approaches have received 
increased attention in recent years, as demonstrated by an 
FDA draft guidance [9], publications [11] and workshops 
[28]. General PBBM applications are shown in Fig. 1 [10].

This review article lists selected case studies to high-
light the development of PBBM BE safe space and its 
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applications, from both innovators and generic sides. 
Detailed workflow of model development and technical 
discussion on the incorporation of dissolution profiles and 
virtual BE setup are reviewed. The case studies and exam-
ples are limited to oral administration. 

Case Studies

General Considerations and Modeling Approaches

A general workflow of PBBM development is represented 
in detail, in Fig. 2. One application of PBBM is its use to 
supersede f2 results, wherein when f2 data demonstrate dis-
solution dissimilarity (f2<50); PBBM can be utilized to dem-
onstrate that despite dissolution dissimilarity, clinical BE can 
be achieved (Fig. 3, case studies 2 & 4).  The use of PBBM 
for safe space and knowledge space determinations in generic 
and innovator drug development is shown schematically in 
Fig. 4, also in case studies 1 & 3. To develop a PBBM, dis-
position parameters are needed to describe drug distribution 
and are independent of the route of administration. The dis-
position parameters are preferably generated from intravenous 
(IV) PK data, if not, oral solution PK with a low dose can be 
used. Physiochemical and biopharmaceutics parameters can 
be obtained from in vitro characterization or literature. Upon 
development of the initial PBBM model, a clinical observed 
PK profile will be used for model verification by compar-
ing observed AUC and  Cmax with predicted values. Param-
eter optimization and parameter sensitivity analysis can be 
conducted if necessary. The developed PBBM model will be 

challenged and validated against other independent clinical 
PK data from different sites or with different batches. If the 
model meets the validation criteria, it can be applied for its 
intended use.

For the case studies shown in this review, simulation was 
conducted using GastroPlus software v.9.8 (Simulations 
Plus, Inc. Lancaster, CA). Physicochemical and pharmacoki-
netic input parameters for all case studies are summarized 
in Table 2. The default optimized logD model SA/V 6.1 
ASF model was considered in all the models, if not speci-
fied. Dissolution model selection follows the decision tree, 
shown in Fig. 2. 

Case Study 1: PBBM to Widen Dissolution 
Specifications for a BCS II Drug Compound 
in Generic Drug Development

Biopharmaceutics Properties and Background

ZY-ABC is classified as a BCS class II compound with Log 
P of 2.5 and it is a weakly acidic compound with a pKa of 
3.1. ZY-ABC has high permeability and low solubility at 
acidic pH. At pH greater than 6, the solubility is high. Upon 
oral administration,  Tmax occurs between 1 and 4 hours. Fol-
lowing oral administration, pharmacokinetics are linear over 
the dose range of 7-14 mg and absorption is >90%. Food 
does not have a clinically relevant effect on the pharma-
cokinetics of ZY-ABC. The dissolution profiles of the test 
and reference formulations were generated experimentally in 
1000 mL pH 6.8 phosphate buffer, using an USP apparatus 
II (Paddle) at 50 rpm.

Fig. 1  PBBM applications in generic and innovator global drug development during the drug life cycle [10, 29]. *see detailed case studies ** 
currently only supported for BCS I, but PBBM models might be used on a case by case basis

340 Pharmaceutical Research (2023) 40:337–357
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Fig. 2  PBPK modeling workflow with different dissolution model, 
including Johnson model [32]; Weibull function [33–35]; Takano 
model (z-factor) [36]; diffusion layer model (DLM) [37,  38]; p-psd 
model [13,  39] The Takano model figure was modified from [40]. 
The P-PSD figure was derived from [40]. Independent clinical data 

set should be used for model validation. * Innovator – datasets from 
Ph-I, II with different formulation variants. Generic – pilot BE data 
**Direct input of in vitro dissolution is not desirable due to the limited 
time points [41]

Fig. 3  Illustration of a PBBM based BE safe space to supersede f2 similarity. PBBM indicates that test and reference are in the BE safe space 
(right side). This is in contrast to the f2 test, which had indicated non-similarity and non-BE (upper left). In this case PBBM indicates a wider 
dissolution BE safe space than the f2 similarity test, see also Case 4

341Pharmaceutical Research (2023) 40:337–357
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The original dissolution specification of ZY-ABC Tablets 
was Q = 80% at 20 minutes, which had been recommended 
by a health authority. The objective of this PBBM modeling 
was to support the widening of clinically relevant dissolution 
specifications for ZY-ABC tablets to Q = 75% at 30 minutes.

Simulation Methodology

The modeling strategy consisted of three steps: model setup, 
model validation, and model application (Fig. 2). PKPlus® 
was used to obtain two-compartment disposition parameters 
from literature reported intravenous profile and exported to 
ACAT™ model. ‘Human physiology fasting’ was consid-
ered for the simulation because the fasting condition is more 
discriminative to reflect the impact of the dissolution differ-
ences on bioequivalence. The model was conducted using 
the z-factor model after fitting to the dissolution data at 
pH 6.8. Optimization was not done for any of the parameters. 
Additional drug records were produced in GastroPlus™; i.e. 
the exploratory test formulation with a 20% slower theoreti-
cal dissolution profile.

The PBBM model was developed with physicochemical, 
biopharmaceutics, and pharmacokinetics parameters, and it 
was validated against the clinical PK data of the pivotal test 
formulation batch. The developed model was then verified by 
comparing the predicted PK profiles with the observed PK 
profiles for IV formulation, the exploratory test formulations 
with a different release rate, and the reference formulation. 
The percentage of prediction error (%PE) was calculated for 

all the validations. The validated model was further applied 
to perform virtual bioequivalence simulations. An additional 
simulation was performed with the theoretical slower batch 
(i.e. 20% slower dissolution profile than the dissolution profile 
observed for the pivotal test batch). The population simulator 
was used to run a virtual bioequivalence trial between the 
test batch and a theoretical, 20% slower batch with a two-
way crossover trial (n = 24 subjects). GastroPlus™ cross-
over virtual trial feature was used where a population is first 
generated and then reloaded to run crossover studies with a 
new formulation. All the population parameters were kept as 
default values in GastroPlus™ during the population simula-
tion because of the low intra-subject variability (ISCV) of the 
drug product observed in clinical studies. The mean and 90% 
confident interval (CI) for  Cmax and AUC 0-t from the virtual 
BE simulation were calculated. When all the BE parameters 
fell into the 90% CI BE criteria i.e. between 80% and 125%, 
the trial was classified as “pass”; otherwise, it was a “fail” [2].

Results and Discussion

The in vitro dissolution profiles are presented in Table 3. The 
results of parameter sensitivity analysis of z-factor on AUC 
and  Cmax showed that z-factor does not impact AUC and 
 Cmax due to the high solubility at high pH range (Fig. S2). 
The simulated mean PK profiles for the test formulation of 
ZY-ABC tablets is comparable with the observed mean PK 
profiles under fasting conditions, with the %PE of 2.6% and 
10% for  Cmax and AUC 0-t, respectively (Table 4).

Fig. 4  Comparison of development of the BE safe space between innovator drugs and generic drugs [41]
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Validation of the model against the IV infusion profile, 
exploratory test formulation with a different release rate, and 
reference formulation by incorporating corresponding dis-
solution profiles and inputs, was shown in Table 5. The %PE 
values are well below the acceptance criteria (%PE < 15%).

The built model was further used to simulate virtual bio-
equivalence trial, (n = 24 subjects) and it indicated that drug 
product with a theoretical 20% slower dissolution profile was 
found to be bioequivalent to the actual test formulation, used 
in pivotal bioequivalence study (Table 5 and Fig. 5).

Table 2  Key Input Parameters for Simulations for PBBM Case Studies 1-4

Table partially reprinted from the Journal of Pharmaceutical Sciences, 110[12], Heimbach, T., Kesisoglou, F., Novakovic, J., Tistaert, C., Muel-
ler-Zsigmondy, M., Kollipara, S., Ahmed, T., Mitra, A. and Suarez-Sharp, S., 2021. Establishing the Bioequivalence Safe Space for Immediate-
Release Oral Dosage Forms using Physiologically Based Biopharmaceutics Modeling (PBBM): Case Studies, pp.3896-3906. Copyright (2021), 
with permission from Elsevier
*The surface pH correction calculation is shown in the supplementary section [42]
**not reported
***the data were from fasted subjects

ZY-ABC DRL compound Etoricoxib [12] Ribociclib [7, 12]

Model Application Demonstration of wide BE 
space

Demonstration that f2 
is non-biopredictive, 
widening of dissolution 
safe space

Demonstration of wide BE 
space

Demonstration that f2 is 
non-biopredictive, widen-
ing of dissolution safe 
space for low permeability 
compound

Molecular weight (g/mol) 270.21 435.53 358.85 434.55
Log P 2.7 Log D -1.17 at pH 7 2.28 1.954
pKa 3.1, (base) 5.594, 3.726 (acid) 4.5 pKa 1: 5.5 (base)

pKa 2: 8.6 (base)
pH – solubility profile 

(mg/mL)
pH 1.2: 0.000
pH 2: 0.004
pH 4.5: 0.04
pH 6.8: 4

pH 1.2: 0.045
pH 4.5: 0.333
pH 6.8: 3.029

pH 2.0: 25.1
pH 3.07: 2.01
pH 3.54: 0.7
pH 4.01: 0.3
pH 4.54: 0.14
pH 5.03: 0.09
pH 5.47: 0.08
pH 6.8 = 0.073

pH 2: 2.4
pH 4.5: 2.4
pH 6.8: 0.8
pH 7.5: 0.3
FaSSIF-V1 (pH 6.5) >2.4
FeSSIF-V1 (pH 5) >2.2

Effective human perme-
ability (cm/s)

2.13 X 10-5 0.2 × 10-4 (optimized 
value)

4.48 × 10-4 (high) 0.9023 × 10-4 (moderate)

Precipitation time (s) 900 900 10,000 900
Dissolution model Z-factor z-factor vs pH z-factor In vitro dissolution with CR: 

dispersed as dosage form
Dissolution method pH 6.8 phosphate buffer, 

using USP apparatus II 
(Paddle) at 50 rpm

Multimedia (pH 1.2, 
pH 4.5 and pH 6.8)

Multimedia (pH 2, pH 6.8) QC method

Surface pH correction* No No Yes No
Interpolation PBBM to set clinically 

relevant dissolution 
specifications

PBBM to supersede f2 
criteria

PBBM to establish BE 
safe space

PBBM to supersede f2 
criteria

DispositionData Intravenous bolus data Intravenous bolus data at 
20 mg dose

IV data Oral capsule PK

Disposition model param-
eters

CL = 0.053 L/
hr.Vc = 0.1 L/
kgK12 = 0.03421 L. 
hr-1K21 = 0.1471 L. hr-1

Vc = 0.069 L/kg
Cl = 0.026 L/h/kg
K10 = 0.384 1/h
K12 = 0.245 1/h
K21 = 0.134 1/h
T1/2 = 9.26 h
FPE = 3.21%

Vc = 35.49 L
Cl = 3.19/L
K12 = 0.62 1/hr.
K21 = 0.28 1/hr.
FPE set to 0% as 100% 

bioavailability

CL = 0.596 L/hr./
kgV1 + V2 = 8.5 L/kgK12 
hr-1**K21 = 0.1 hr-
1FPE**

***

Chosen model acceptance 
criteria

%PE <15% %PE < 10% %PE < 10% %PE ≤25%
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Conclusion

Oral biopharmaceutic modeling e.g. PBBM, provides 
increased confidence to understand the impact of dissolu-
tion profiles on absorption as compared with a mathemati-
cal method such as an IVIVC. Additionally, physiological 
variables such as pH, GI transit time, compartment volumes, 
and gastric emptying patterns, are the key to determining 
in vivo dissolution rate and absorption, which have been 
incorporated into the PBBM modeling.

A safe space was defined, and a clinically relevant dissolution 
specification for ZY-ABC was proposed based on the outcome 
of the virtual BE trials. It was demonstrated that the proposed 
Q = 75% dissolved within 30 minutes was well within a region 
of dissolution profiles where bioequivalence is anticipated.

Case Study 2 PBBM to Support Lower Strength 
Biowaiver in Case of f2 Mismatch (f2 Fails/BE Passes)

Biopharmaceutics Properties and Background

The DRL compound is a weakly acidic molecule formulated 
as an immediate-release tablet with five strengths: 40 mg, 

80 mg, 120 mg, 160 mg, and 320 mg. The compound can 
be classified as a BCS III drug with Log D of −1.17 (pH 7) 
with acidic pKa of 5.6 and 3.7. The solubility is low in acidic 
condition (0.045 mg/mL at pH 1.2) and as pH increases, the 
solubility increases (0.333 mg/mL at pH 4.5 and 3.029 mg/
mL at pH 6.8, all pH values are initial pH). After oral admin-
istration, the absorption was rapid with a  Tmax of 2-4 h with 
linear pharmacokinetics. Dr. Reddy’s developed generic IR test 
formulation for all strengths, and as per regulatory guidance, 
a crossover bioequivalence study in the fasting study was con-
ducted at higher strength 320 mg in healthy human subjects and 
bioequivalence was achieved between reference and generic 
formulations.

Based on the successful bioequivalence study on higher 
strength 320 mg, the waiver for 40 mg, 80 mg, 120 mg, 
160 mg was requested. In order to obtain biowaiver for all 
lower strengths, dissolution tests in multi-media (pH 1.2, 
pH 4.5 and pH 6.8, 1000 mL, 50 rpm, USP II (Paddle) at 
37 ± 0.5°C) were performed for all strengths as per the cur-
rent EMA regulatory guidance [43]. The estimated similar-
ity factor (f2) values were found >50 for all the batches, 
except for the lowest strength of test formulations, 40 mg, 
for which f2 was found to be 43 and less than 50 in pH 4.5 
acetate buffer. Based on this f2 value, the regulatory agency 
denied the waiver for lower strength 40 mg, and hence the 
possibility of conducting a separate bioequivalence study for 
40 mg study was anticipated. However, in order to obtain a 
waiver for the 40 mg bioequivalence study, physiologically 
based biopharmaceutics modeling (PBBM) was conducted 
to assess the impact of this lower f2 value on in vivo phar-
macokinetics (PK) of the molecule.

Simulation Methodology

The PBBM was used to evaluate the impact of failing f2 on 
the bioequivalence. The modeling strategy included utilizing 

Table 3  Case Study 1, Dissolution Profile of Reference, Test, Explor-
atory Test Formulation and the Theoretically Slower Formulation of 
ZY-ABC Tablets

Time (min) Reference Test Exploratory test Theoretical 
profile (20% 
slow)

5 27.20 45.65 40.09 36.52
10 56.75 79.27 75.32 63.41
15 75.44 87.99 78.19 70.39
20 87.55 90.47 82.42 72.37
30 92.48 92.01 85.81 73.61
45 95.24 93.51 86.16 74.81

Table 4  Case Study 1, Model Development with Test Formulation and External Validation with an IV Infusion 10 mg, Different Release Rate 
Exploratory Test Formulation of ZY-ABC, Reference Formulation of ZY-ABC Tablets

Formulation Cmax_obs (ng/ml) Cmax_pred (ng/ml) % PE AUC 0-t _obs (ng-h/
ml)

AUC 0-t _pred (ng-h/
ml)

% PE

Test 1.86 1.92 2.6 100.30 111.48 10
IV infusion 1.23 1.12 8.72 207.23 225.37 −8.75
Exploratory test 1.72 1.78 4.5 101.35 103.32 −1.94
Reference 2.00 1.91 4.5 105 111 5.7

Table 5  Case Study 1,  Cmax and AUC 0-t Obtained from the Virtual Trial for Theoretical Formulations vs. Actual Test Formulation (n = 24)

Formulation Predicted T/R (%) 90% CI Predicted T/R (%) 90% CI
Cmax AUC 0-t

20% slower vs Test Formulation 99.25 94.43- 104.3 99.72 94.96 – 104.7
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the pH-solubility profile generated in-house along with Log 
P and pKa values. The human effective permeability value 
was optimized to capture in vivo behavior and the default 
precipitation time was used. Plasma protein binding and 
blood to plasma ratio were obtained from literature and used 
in simulations. Elimination parameters were obtained by fit-
ting literature-based intravenous pharmacokinetic profiles 
into the PKPlus module.

To simulate PK profiles, the rate of dissolution 
described by Z-factor as a function of pH was estimated 
by fitting multimedia in vitro dissolution profiles to built-
in z-factor model in GastroPlus®. Overall, the PBBM 
model was developed using IV disposition parameters, 
physicochemical properties, and dissolution rate (Z-factor) 
vs pH data, and the model was validated against Cp-time 
profiles of pivotal test and reference formulations from 
clinical BE study, which was conducted by Dr. Reddy’s 
Laboratories in healthy volunteers in the fasting condition. 
The model validation was conducted with virtual popula-
tion as well. Once the model was validated, the dissolu-
tion profiles of 40 mg strength were fitted with a Z-factor 
vs pH model and used as input for simulation of 320 mg 
strength. These simulated concentration-time profiles fol-
lowing oral administration using in vitro data of the test 
batch of 40 mg (given as input for 320 mg) were compared 
with clinical data of pivotal 320 mg test and reference 
formulations.

Results and Discussion

The PBBM model integrated DRL compound physico-
chemical properties with the use of the Z-factor dissolution 
model (multiple pH vs z-factor) method (Fig. 6) and a single 
compartmental model (top-down approach). The simulated 
plasma concentration-time profiles with virtual bioequiva-
lence simulations of 68 subjects predicted the observed con-
centrations well (Fig. 7) with prediction errors lower than 
10% for absolute PK parameters (i.e.  Cmax and AUC) and for 
T/R ratio’s, which was considered acceptable from a model 
validation perspective (Table 6). The predicted T/R ratios 
correlated well with predicted T/R ratios of the pivotal study, 
and confidence intervals were within 80-125%, indicating 
the robustness of the PBBM model (Table 7).

The validated model was subsequently applied to 40 mg 
batch where dissolution mismatch was observed in pH 4.5 
media. Virtual BE trial was then performed with the pre-
viously validated population using Z-factor vs pH data 
of lower strength test formulation batch of 40 mg as dis-
solution input. This represents the worst-case simulations 
wherein 40 mg dissolution data were used as input for 
simulating the highest strength 320 mg pharmacokinet-
ics. These simulated concentration-time profiles following 
oral administration using in vitro data of the test batch of 
40 mg were within BE limits  (Cmax, AUC 0-t, and AUC 0-inf 
well within 80-125% range) of clinically observed mean 
PK data for the test batch of 320 mg.

Fig. 5  Case study 1, Virtual 
bioequivalence simulation and 
analysis with 90% confidence 
interval around the mean (90% 
CI) for 24 subjects between a 
virtual (theoretical) 20% slower 
formulation (test formulation: 
green) vs the exhibit test batch 
formulation (reference formula-
tion: pink).The green high-
lighted box indicates bioequiv-
alance between two batches
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Fig. 6  Case study 2, Dissolution profiles of pivotal RLD and Test 320 mg products along with z-factor fitting at various pH conditions. The dis-
solution rate is highest at pH 6.8, moderate at pH 4.5 and slowest at pH 1.1 for both formulations. At pH 4.5 (middle profile), a dissolution mis-
match with f2 < 50, was observed for 40mg against 320mg

Fig. 7  Case study 2, Virtual BE simulations with 68 subjects (A) 
population simulation of pivotal RLD 320  mg (B) population simu-
lation of pivotal test 320  mg. In Figure (A) and (B), individual PK 
profiles (pink dots) was compared with simulated mean exposure pro-
files (solid blue line), where simulations with a different level of con-

fidence interval were presented as light blue line. (C) Virtual BE of 
pivotal RLD (pink: reference) vs test 320 mg (green: test). The proba-
bility contours are shown in thin blue lines in (A) and (B). Highlighted 
green box in the middle of each figure represents a bioequivalence 
comprising two batches at 90% confidence interval
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Hence, PBBM simulations were successfully utilized 
to show that dissolution differences observed on the lower 
strength formulation at pH 4.5 were anticipated to have no 
impact on human PK.

Case Study 3 Safe Space Exploration for Etoricoxib 
Tablets [12]

Biopharmaceutics Properties and Background

Briefly, etoricoxib is a selective inhibitor of cyclooxyge-
nase-2 (COX-2) which is completely absorbed in human, as 
indicated by a bioavailability of 100% under fasted condi-
tions and the compound exhibited linear pharmacokinetics 
in a single- and multiple-dose study [44]. Etoricoxib is a 
weak base BCS Class 2 drug with pH-dependent solubility 
at physiological pH values. Etoricoxib solubility is >25 mg/
mL at pH 2 and 0.05 at pH 6.9 [45].

Simulation Methodology

The original etoricoxib bioequivalence modeling is one of 
the earlier published PBBM applications where PBBM had 
been used successfully to predict bioequivalence for tablet 
batches when f2 multi-media dissolution comparisons had 
indicated non-similarity and non-bioequivalence, suggesting 
that f2 were non-biopredictive [45]. The modeling set-up for 
the base model had been described previously [45] and avail-
able clinical data from IV and PO administration were used 
[46]. Clinical data for a non-BE batch  are not available.

The original etoricoxib model had used dissolution data 
directly as an input in the simulation [45]. More recently for 
the safe space building the mechanistic z-factor dissolution 
models were used which are described in detail in a previ-
ous article [36]. Etoricoxib PBBM input data are shown in 

Table 2 relisted from reference [45] . The use of dissolution 
z-factor model parameter sensitivity analyses at various pH-
values has also been described for warfarin bioequivalence 
assessments using GastroPlus [46] and is suitable for IR for-
mulations. For etoricoxib, IR formulations’ dissolution data 
were modeled in two steps. In the first step, data at pH 6.8 
were fitted to the z-factor model. The z-factor was then sub-
sequently varied in GastroPlus until the simulated  Cmax was 
at least 20% lower, which was defined as the lower end of the 
safe space. The same steps were conducted for pH 2 media. 
Dissolution profiles were modeled and fitted in GastroPlus 
by choosing a stomach or small intestinal pH and volume 
which was mimicking the dissolution bath conditions. The 
stomach transit time was set to infinity to maintain a constant 
volume during the simulation as previously suggested [45]. 
The fitted z-factors were then used in the simulations. A 
surface pH correction was done, as etoricoxib is formulated 
as a weak base, and thus the surface pH, which controls dis-
solution is higher that the bulk pH at pH 2 [42].

Results and Discussion

Modeling results for predicted PK parameters derived in 
GastroPlus with a stepwise reduction of the z-factors in the 
stomach and the intestine are shown in Table 8, reproduced 
from [12]. The complete bioequivalence safe space plot for 
pH 2 and pH 6.8 media can be found in [12]. PBBM accu-
rately described the observed pharmacokinetic data for etori-
coxib [12]. The z-factor was overall similar and independent 
of the pH media used (0.003 vs. 0.001 mL/mg/s), consistent 
with the equation provided by Takano [36], which does not 
include pH or solubility as a variable in the definition of the 
z-factor. This PBBM approach, where a bioequivalence safe 
space can be explored and defined virtually by varying the 
z-factor is well suited for compounds where it is not practical 

Table 6  Case Study 2, DRL 
Compound, Predicted and 
Observed T/R Ratio’s for 
Fasting Clinical Study of 
320 mg

*%PE = ((predicted-observed)/observed)∗100

Parameter Predicted Observed %Prediction 
error (PE)*

T/R ratio 90% confidence interval T/R ratio 90% confidence interval

Cmax 100.7 90.83-111.66 92.6 83.74-102.39 8.7
AUC 0-inf 100.4 90.03-112.07 94.9 86.98-103.64 5.8
AUC 0-t 100.5 90.12- 112.04 94.8 86.75-103.55 6.0

Table 7  Case Study 2, Population Simulation Results for 40 mg Test Compared Against 320 mg Test and Reference Batches

Dissolution Input Cmax AUC 0-t AUC 0-inf

Geomean T/R Geomean 90% CI Geomean T/R Geomean 90% CI Geomean T/R Geomean 90% CI

T/R against pivotal test 320 mg 99.36 89.65-110.12 99.44 89.13-110.95 99.40 89.14-110.83
T/R against pivotal RLD 320 mg 100.1 90.27-110.91 99.88 89.53-111.44 99.88 89.58-111.37
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or feasible to manufacture non-bioequivalent batches. Gen-
erating  Cmax and AUC estimates as a function of the z-factor 
(Table 8), down to the edge of the dissolution (or z-factor) 
BE space (where  Cmax is near 80% of the reference batch) 
has been used by previously [36].

Case Study 4: Establishment of Safe Space 
to Support a Biowaiver for Ribociclib (F2 Fails/BE 
Passes) [7]

Biopharmaceutics Properties and Background

Ribociclib is a weakly basic BCS 4 drug with highly pH-
dependent solubility and low solubility within intestinal pH 
range (~0.8 mg/mL at pH 6.8) and moderate permeability 
[47]. Given these properties, permeability may rate-limit 
absorption. Ribociclib pharmacokinetics are not altered by 
food and there are no significant pH-mediated drug-drug 
interactions with acid reducing agents [47]. The evaluated 
formulations are with the same amount of API of ribociclib 
free base, and similar excipients with no impact on perme-
ability [7].

A PBBM model was developed to confirm the bioequiva-
lence between an early capsule formulation and a tablet (BE 
batch). Moreover, the bioequivalence between a tablet BE 
batch and a tablet commercial batch was evaluated. Finally, 
the tablet BE safe space using dissolution QC method was 
established.

Simulation Methodology

The GastroPlus PBBM model for ribociclib was previously 
reported [7]. The model strategy follows the PBBM develop-
ment workflow, as shown in Fig. 2. In this study, four clinical 
studies were used for modeling development and validation. 
The model described the baseline PK data from the food 
effect study using capsule formulation in heathy volunteer, 
and then was validated against 1) FIH study using capsule 

formulation in patients, 2) BE study between capsule and 
tablet (BE batch) in healthy volunteer and 3) Phase 1b/2 
study using capsule and tablet (commercial batch).

Dissolution data for the capsule, tablet (BE batches) and 
tablet (commercial batch) were available at pH 1, 2, 4.5 and 
pH 6.8. The f2 value for capsule and tablet (BE batch) was 
<50, indicating dissimilarity between these two formula-
tions, as shown in Fig. 8. Three different dissolution models 
were evaluated as also shown schematically in Fig. 2: 1) 
using the ‘Johnson’ dissolution model to account for particle 
size; 2) fitting in vitro dissolution profiles at pH 2 to simulate 
dissolution in the stomach with a single Weibull function, 
3) using the Takano z-factor model to fit dissolution profiles 
across pH 1, 2, 4.5, and 6.8 QC media.

Systemic PK parameters were derived “top-down” to 
fit the arithmetic mean PK profile from a food effect study 
using capsule in healthy volunteers using PKPlus and Gas-
troPlus (Fig. S4). Virtual clinical trial simulations and VBE 
were conducted using Gastroplus (7). Each virtual BE 
assessment contained 250 subjects, including 25 subjects 
per trial and 10 trials.

Results and Discussion

The developed PBBM model has successfully described 
the observed clinical PK for four independent studies with 
an acceptable prediction errors (%PE) (<25%) for  Cmax and 
AUC (Fig. S4) across studies. Three dissolution incorpo-
ration approaches have proved the absorption of ribociclib 
was dominated by permeability instead of dissolution rate, 
by comparing the in vivo dissolution and in vivo absorption 
plots and through parameter sensitivity analysis results (data 
not shown).

Capsule and tablet (BE batch) were predicted BE by 
the PBBM model, which was confirmed by the clinical 
BE study. Although the f2 value of dissolution profiles 
for the two formulations were smaller than 50, the PBBM 
model has superseded f2 testing and proved BE. Further, 

Table 8  Case Study 3, Safe 
Space Exploration for Etori 
coxib 120 mg Tablets by 
Varying the Dissolution z-factor 
(Estimated Pharmacokinetic 
Parameters). Table Reproduced 
from [12] with Permission

*at a given pH, a higher z-factor will lead to a faster dissolution rate, ** represents the edge of bioequiv-
alence safe space. Table reprinted from the Journal of pharmaceutical sciences, 110(12), Heimbach, T., 
Kesisoglou, F., Novakovic, J., Tistaert, C., Mueller-Zsigmondy, M., Kollipara, S., Ahmed, T., Mitra, A. and 
Suarez-Sharp, S., 2021. Establishing the Bioequivalence Safe Space for Immediate-Release Oral Dosage 
Forms using Physiologically Based Biopharmaceutics Modeling (PBBM): Case Studies., pp.3896-3906. 
Copyright (2022), with permission from Elsevier

Dissolution media to 
represent Stomach pH 
(pH 2)*
z-factor mL/mg/s

Dissolution media to repre-
sent Intestinal pH (pH 6.8)*
z-factor mL/mg/s

Pred. 
Cmax
ng/mL

Pred. 
AUC 
ng*h/mL

Min/Max
Cmax

Min/Max
AUC 

3 × 10-3 9 × 10-3 1.81 35.8 – –
1 × 10-3 3 × 10-3 1.73 35.8 95.6% 100%
0.5 × 10-3 1.5 × 10-3 1.63 35.6 90.0% 99.4%
0.25 × 10-3** 0.75 × 10-3** 1.45 34.7 80.1%** 96.9%

348 Pharmaceutical Research (2023) 40:337–357

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/etoricoxib
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/etoricoxib


1 3

to establish the safe space, tablet BE batch was used as 
the reference batch, and simulations were run by changing 
“time-scale” factor of Weibull function, extrapolated from 
pH 2 dissolution profiles (QC method). A difference less 
than 20% between maximal and minimal AUC or  Cmax was 
considered to denote a safe space following the principles 
of the IVIVC guidance [48]. VBE simulations with hypo-
thetical dissolution profiles as inputs, demonstrate that the 
proposed dissolution specification (80% dissolved at 45 min 
at pH 2) fell within the safe-space where BE is anticipated 
(Figs. 9 and 10).

Discussion

Scientific applications of PBBM, also referred to as 
Physiologically based pharmacokinetic (PBPK) Mod-
eling and Simulation in Biopharmaceutics, were recently 
reviewed by Wu et al. [29]. Health authorities’ interest 

in PBBM/PBPK and is underscored by the release of 
an FDA draft guidance on PBPK analyses for biophar-
maceutic applications as discussed above [1]. Approxi-
mately twenty-five IQ companies have provided detailed 
feedbacks [19], requested clarification stating that PBPK 
could be used for study waivers under certain conditions. 
In general PBBM applications can be used at all stages 
of drug formulation development and broad applications 
have been found in generic and innovator drug companies 
[10] (Fig. 1).

Selected PBBM examples from the literature have been 
compiled in Table 1. Four detailed representative case 
studies from drug innovator and generic drug companies 
are shown in Table 2. These case studies show successful 
PBBM with %PE typically ≤25% and which were submit-
ted and accepted for their intended application (Table 2). 
For dissolution profile data modeling, a key component 
of PBBM, several models have been used with success 
(Fig. 2, Table 1 and 2).

Fig. 8  Case study 4, based on f2 similarity test, capsule and tablet 
show an f2 mismatch, as f2 < 50, indicating non-similarity and 
non-BE (upper left graph). In  vitro dissolution profiles are not 
considered similar according to f2 test. PBBM, using the ACAT 
model includes the moderate permeability of ribociclib. PBBM 
estimates that in  vivo absorption is similar and correctly describes 
BE for capsule and tablet formulations (Replotted from [7]) Reprinted 

from Journal of Pharmaceutical Sciences, 111(1), Laisney, M., 
Heimbach, T., Mueller-Zsigmondy, M., Blumenstein, L., Costa, R. and 
Ji, Y., 2022. Physiologically Based Biopharmaceutics Modeling to 
Demonstrate Virtual Bioequivalence and Bioequivalence Safe-space 
for Ribociclib which has Permeation Rate-controlled Absorption. 
pp.274-284. Copyright (2022), with permission from Elsevier 
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Common Challenges in PBBM Applications

Common challenges are highlighted in bold boxes in Fig. 2, 
and include appropriate input parameter selection, dissolu-
tion profile model choice, setting model acceptance criteria, 

and defining the intended purpose/applications, e.g. widen-
ing of safe space, superseding f2 etc.

PBBM Model Inputs & Parameter Optimization

PBBM modeling involves multiple inputs for API, formula-
tion, physiology and pharmacokinetics. API inputs such as 
Log P, particle size, solubility (aqueous and biorelevant) can 
be obtained from in vitro experiments and can be directly 
used in the model. Formulation inputs such as dissolution 
can be obtained from in vitro experiments and other inputs 
such as hardness, disintegration time and precipitation time 
can be indirectly accounted by the dissolution. It is critical to 
use correctly measured parameters to inform modeling, how-
ever, some parameters, e.g. precipitation time, are not easy 
to obtained from in vitro testing, especially for weak bases 
and their salts form or amorphous compounds. A commonly 
used approach to estimate precipitation time is through 
transfer dissolution model, e.g. two-stage dissolution, gas-
trointestinal simulator (GIS) and biorelevant gastrointestinal 
transfer (BioGIT) [49–51]. The precipitation time should be 
further validated and optimized upon receiving clinical PK 
data. Most of the platforms come with default physiology 
settings and alterations of physiology is not usually recom-
mended but can be done in few cases with sufficient explana-
tion, e.g. the evaluation of pH-dependent DDI, the change 
of gastric transit time or the change of water content in the 
GI tract [13, 52]. For disposition parameters, intravenous 
data is preferred but in absence of that, an oral PK data with 
low dose corrected for bioavailability can be used as input. 
During the model development it may happen that with 

Fig. 9  Case study 4, Example of a safe space plot. The ribociclib 
tablet BE safe space was defined based on in  vitro dissolution in 
pH 2 media which was used as an input to a GastroPlus PBBM. The 
light green is the knowledge space, for which clinical data are avail-
able and which have been linked to biopredictive dissolution data. 
The light yellow area represents the extrapolated calculated BE safe 
space by simulation (Replotted from [7]). The light green line rep-
resents the edge of the calculated safe space. A clinically tested non-
BE batch was not available, thus the knowledge space is limited to 
the light green area. Reprinted from Journal of Pharmaceutical Sci-
ences, 111(1), Laisney, M., Heimbach, T., Mueller-Zsigmondy, M., 
Blumenstein, L., Costa, R. and Ji, Y., 2022. Physiologically Based 
Biopharmaceutics Modeling to Demonstrate Virtual Bioequivalence 
and Bioequivalence Safe-space for Ribociclib which has Permeation 
Rate-controlled Absorption. pp.274-284. Copyright (2022), with per-
mission from Elsevier 

Fig. 10  Replotted from [7], permission received. Case study 4, Ribo-
ciclib, example of virtual BE simulations with 25 virtual subjects of 
a reference batch (green solid line) and test batch (pink solid line). 
The pink area and green area represent the simulated drug concentra-
tion with 90% confidence interval for test batch and reference batch, 
respectively. The light blue solid lines are the simulated drug concen-
tration with confidence intervals ranging from 10 to 100%. The green 

highlighted box indicates a bioequivalance between the two batches. 
Reprinted from Journal of Pharmaceutical Sciences, 111(1), Laisney, 
M., Heimbach, T., Mueller-Zsigmondy, M., Blumenstein, L., Costa, R. 
and Ji, Y., 2022. Physiologically Based Biopharmaceutics Modeling to 
Demonstrate Virtual Bioequivalence and Bioequivalence Safe-space 
for Ribociclib which has Permeation Rate-controlled Absorption. 
pp.274-284. Copyright (2022), with permission from Elsevier 
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actual experimental in vitro data and PK data, the model is 
not able to capture plasma concentration profiles accurately 
due to variability or study-to-study difference between data 
used for model building and validation. In such cases, model 
parameters may be optimized “topdown”, but a mechanistic 
explanation is needed for justification. For parameter optimi-
zation, manual optimization or software based optimization 
can be utilized to fit the study data, and explanations need 
to be given. From the regulatory perspective, any optimiza-
tion of model parameters requires a mechanistic explanation 
along with the submission of initial values, parameter range 
tested, the estimation method and optimization algorithm, 
as well as the in vitro and in vivo data used for optimization 
[1]. For such purpose, relevant parameter sensitivity analy-
ses can be used to demonstrate that the optimized values 
represent the observed data.

Dissolution Profiles Modeling

In order to build a BE safe space, the first and foremost pre-
requisite is to incorporate dissolution data into the model. 
Once the biopredictivity of the dissolution method has been 
established, dissolution profiles can be modeled using vari-
ous approaches, as shown in Fig. 2. As such, there are differ-
ent types of dissolution methods (biopredictive, biorelevant, 
bioindicative – please see the glossary, Table 9). For the 
purpose of PBBM, the dissolution methods should be bio-
predictive and bioindicative. Once such ability of dissolution 
method is confirmed, various dissolution models can be used 
to parameterize dissolution data.

The Z-factor model is a frequently used model to put dis-
solution data into the model for immediate release formu-
lations. It was first defined by Takano et al. and assumes 
spherical particle shape and uniform particle size for dis-
solution and provides a dissolution factor with units of ml/
mg/s [36]. The Z-factor is a function of diffusion coefficient, 
diffusion layer thickness, density and particle radius. It can 
be calculated under a certain dissolution condition. Theoreti-
cally, the z-factor is independent of the dissolution pH. How-
ever, there are circumstances where the z-factor may change 
with dissolution profiles determined at various pH value, 
e.g. for compounds with highly pH-dependent solubility or 
specific excipients, or the observation of coning in the dis-
solution or the compounds with wettability issue. Moreover, 
the surface pH could be different from the bulk pH in the 
dissolution media. Under such conditions, the dissolution 
kinetics may change. The dissolution profiles and z-factors 
can be incorporated as a function of pH into PBPK softwares 
such as Gastroplus. However, the z-factor assumes that the 
entire dose is available for dissolution immediately. Hence, 
the z-factor may not describe dissolution data accurately 
in cases of long disintegration time or incomplete dissolu-
tion where coning is observed. In such cases, appropriate 

correction factors are required to be incorporated [56]. Addi-
tionally, there are some challenges of using z-factor in terms 
of fitting. Ideally the z-factor is fitted for the entire dissolu-
tion profile, however, fitting initial points is also considered 
acceptable as they define the dissolution rate.

The Johnson model [32] and single or double Weibull 
models [17, 57] can be used to fit the dissolution data of 
modified release formulations. Weibull models can be used 
to generate virtual dissolution profiles for justifying dissolu-
tion specifications by adjusting mean dissolve time (MDT) 
and shape factor. For justifying dissolution specifications, 
sometimes it is required to generate virtual dissolution pro-
files, however there is no specific guidance on generating 
virtual dissolution profiles at lower and upper specifications. 
In such cases, using Weibull fitting by maintaining simi-
lar shape the virtual dissolution profiles can be generated. 
However, in cases where multiple specifications exist (e.g. 
for MR formulations where specifications are required to be 
established at least at 3 time points), it becomes a challenge 
to have virtual dissolution profile passing through all the 
specifications. This area is to be further explored.

Additionally, approaches such as product-particle size 
distribution (P-PSD) can also be used to incorporate dis-
solution data into the model [39]. Similar to z-factor model, 
the P-PSD model considers the in vitro dissolution condi-
tions and drug substance solubility. The fitted P-PSD profile 
is able to reflect the dynamic change in the local conditions 
such as volume and media pH, while z-factor model assumes 
a consistent particle size in the dissolution. The mechanism 
of P-PSD model is treated the drug diffusion through a stag-
nant film layer [13]. The aspect of P-PSD was described by 
Pepin et al., wherein dissolution profiles are converted to a 
particle size distribution, which is then subsequently used as 
input into the model thereby establishing the specifications 
for particle size [13].

PBBM Virtual Trial Settings

Virtual Bioequivalence (VBE) trial simulations in PBPK 
softwares allow pharmaceutical scientists to assess the pos-
sibility of BE using virtual trials [17, 19]. Figure 2 shows 
schematically how modeled dissolution is integrated with a 
population simulator, such that VBE’s can be conducted for 
a chosen population. VBE trials account not only for differ-
ences between formulations, but account also for variabil-
ity in the subject population. Intersubject variability can be 
included and default %CV values are sometimes used [17]. 
VBE uses a model to compare a hypothetical test versus 
reference formulations. VBE examples were included in case 
studies 1, 2 and 4.

Typically a new test formulation is compared to a mar-
keted formulation (Generics, Innovators) or pivotal trial 
formulation (Innovators). Ideally the model should capture 
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the observed variability of the reference population. It is 
recommended that the simulations would be conducted with 
an anticipated number of clinical trial subject. Virtual trial 
populations should mirror the clinical trial subjects [19].

While crossover trials are explored more with the simu-
lation tools, other designs such as partial and full replicate 
are not fully incorporated into the available platforms. It is 
anticipated that the future versions of these platforms may 
include such complex study designs that can help to incor-
porate intra-subject coefficient of variation (ISCV) into the 
models [58, 59].

Acceptance Criteria

There are no formally accepted criteria to assess predictive 
performance of PBBM modeling [1, 29, 48, 60]. Notably, 
there have been comments from individual companies as 
well as the innovation and quality consortium (IQ consor-
tium) on the proposed acceptance criteria, as the PBBM 
draft guidance recommended that the spirit of the IVIVC 
guidance criteria be followed, which specifies a 10% PE 
[1,48]. While a 10% PE is achievable and practical for care-
fully designed formulation crossover studies, for PBBM 

Table 9  Glossary

Term Definition

ANDA biobatch [53] ANDA batches that are compared to the originator/reference product to establish their 
equivalence in pivotal BE studies

Bioindicative dissolution method [54] Methods which can provide direction into in vivo results Directional media’s but not 
directly translatable to in vivo

Biopredictive dissolution method [1] A set of testing conditions for which in vitro dissolution profiles are capable of predicting 
PK profiles. These are typically based on classical or mechanistic IVIVC.

Methods that can predict quantitative in vivo outcome Can be directly used in modeling & 
simulations to predict BE outcome within validated ranges Biopredictive method need 
not be biorelevant but is bioindicative

Biorelevant dissolution method [1] A set of testing conditions (e.g., media and hydrodynamics) for monitoring in vitro 
dissolution designed to closely mimic a relevant biological fluid and a physiological 
environment.

Methods mimicking the in vivo condition E.g. Fasting / Fed gastric or intestinal condi-
tions with different bile salts, electrolytes. Need not be bioindicative/biopredictive 
unless demonstrated

Critical bioavailability attribute (CBA) [28] A formulation or process variable that is expected to critically impact the bioavailability 
(absorption rate and extent) of a drug product

Dissolution acceptance criteria [4] Acceptance criteria for dissolution which is typically described as a single point for IR 
formulations [e.g. Q = x% in y min] and multi-points for XR formulations [e.g. a-b% in 
x h, c-d% in y h and NLT e% in z h]

f2 testing [4] Similarity testing, which is widely used to compare dissolution profiles
In vitro/in vivo correlation (IVIVC) [1] A predictive mathematical model describing the relationship between an in vitro property 

of an ER dosage form (usually the rate or extent of drug dissolution or release) and a 
relevant in vivo response (e.g., plasma drug concentration or amount of drug absorbed).

In vitro-in vivo relationship [1] A qualitative rank-order relationship between a relevant in vivo response and in vitro 
release profiles.

Knowledge space [55] The range/set of observed in vitro and corresponding in vivo data used in building the 
space, usually wider than safe space, and optimally includes non-BE clinical study.

Model validation acceptance criteria [1, 48] Criteria to demonstrate successful model validation. It includes prediction errors for 
parameters such as  Cmax, AUC 0-t and AUC inf.

NDA biobatch [53] NDA batches comparing the product planned for marketing with that studied during clini-
cal trials to establish their equivalence in Ph-III trials

PBPK for Biopharmaceutics Applications/ 
Physiologically based biopharmaceutics modeling 
(PBBM) [1]

Physiologically based pharmacokinetic(s) absorption models including ACAT (Advanced 
Compartmental Absorption Transit) and ADAM (Advanced Dissolution, Absorption, 
and Metabolism) as well as other mechanistic models, which mimic physiological con-
ditions and incorporate dissolution information while accounting for relevant physico-
chemical and physiological factors leading to a prediction of systemic exposure versus 
time.

Pivotal batch [53] Batches used for pivotal clinical trials (safety, bioavailability, bioequivalence), which is 
usually going to be submitted to the regulatory agencies

Safe space [1] Boundaries defined by in vitro specifications, such as dissolution or other relevant drug 
product quality attributes, within which drug product variants are anticipated to be 
bioequivalent to one another.
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validation and model set-up, often independent clinical 
studies are required. Examples of such independent clinical 
studies are fasted clinical data from food effect studies or 
oral solution data, or clinical data from DDI study control 
arms lacking the modulator. Thus, when using independent 
studies a wider PE, e.g. “a maximal difference of 20% in 
the predicted Cmax and AUC as estimated by a PBPK model 
can be accepted (in line with IVIVC guidance)" was recom-
mended [61].

For the interested reader, detailed comments for pro-
posed acceptance criteria, as submitted by the IQ consor-
tium, are shown in Supplement Table SI [60], but regu-
latory acceptance for a final version of the PBBM draft 
guidance [1] is uncertain. Based on the published studies 
on PBBM, commonly employed criteria include 1) to com-
pare predicted and observed PK parameters e.g. AUC/Cmax 
and the difference are within 2-fold. The 2-fold criteria is 
well accepted in model use in drug-drug interaction [62]. 
2) to calculate average fold error (AFE)/absolute average 
fold error (AAFE), AFE is compared to 1, and AAFE is 
set to below 2 [13]; 3) for risk assessment such as food 
effect assessment and pH-dependent DDI assessment, the 
ratio of predicted AUC and  Cmax with or without food/
acid-reducing agent is commonly used to compare with 
observed value, and deviation is within 25% [63]. The cri-
teria will depend on the model use. In addition to the cri-
teria, the agreement between predicted and observed PK 
profiles including the absorption phase and elimination 
phase is desirable as well. While such prediction errors 
and 2-folds limits hold good for exploratory analysis at 
discovery setting, they may not be acceptable for regula-
tory submissions. When such regulatory justifications are 
made with regard to dissolutions specification justifica-
tion, biowaivers, f2 mismatch etc., a prediction error of 
20% may be suitable. This limit is higher than the %PE as 
per IVIVC guidance. However, obtaining such low PE of 
10% may be challenging for PBPK models as they involve 
physiological variability along with formulation variability. 
However, if the model is developed for internal decision 
making or for non-regulatory justification, the prediction 
error can be relaxed depending on the nature of molecule. 
For example, for highly variable molecules, BE limits may 
be extended for  Cmax as per EMA guidance and AUC limits 
may be extended as per Canada guidance [43, 64]. In such 
cases the possibility of extending prediction errors accept-
ance criteria can be re-evaluated.

In addition to prediction errors, an obvious question 
comes with regard to the number of datasets for validation. 
The IVIVC guidance defines the number of validation data-
sets (internal/external) requirements however such guidance 
is currently not available for PBBM models [1, 9, 48]. In 
such cases, a typical external validation for PBBM models 
includes validation against literature datasets, other dosage 

forms or from other independent clinical studies. Internal 
validation includes model validation against the data used 
for building the model. In addition to single simulations, 
population simulations may provide additional validation. 
Since number of validation datasets is not defined, it is sug-
gested to validate with maximum number of independent 
datasets.

Common Application: PBBM to Establish Dissolution 
Space, Superseding f2

One of most common applications of PBBM is to establish 
safe space for both innovator and generic drug development 
as indicated in Fig. 4. For innovator development, dissolu-
tion data of pivotal Ph-III lot or to be marketed formula-
tion is used as reference to establish dissolution safe space. 
Whereas in generic development, both pivotal RLD and test 
formulations can be used to create dissolution safe space 
and to difference BE and non-BE lots. In both generic and 
innovator development, the developed safe space can be fur-
ther utilized to identify & evaluate impact of CBA’s (CPP, 
CMA, CFV, CQA) in order to further refine or expand safe 
space.  Traditionally the f2 similarity factor has been used 
as a metric for comparing dissolution profiles for various 
purposes such as biowaivers, site transfers, manufacturing 
process changes etc. However there are many limitations of 
utilizing f2 such as limited number of time points, percent 
relative standard deviation, and it doesn’t take the disso-
lution profiles shape into consideration as this is a model 
independent metric [65]. Other model dependent dissolution 
profiles comparison approaches such as single order, first 
order or Weibull based approaches are being utilized but 
the applications of such approaches are minimal. Regulatory 
agencies such as US FDA requires f2 calculations in quality 
control media only whereas other agencies such as EMA, 
China require dissolution profiles comparison in multime-
dia (pH 1.2, 4.5 and 6.8, with or without surfactant). In all 
of these cases, it is not thoroughly evaluated whether these 
media are biopredictive of in vivo performance. Addition-
ally, failure of f2 in any of these comparisons may lead to 
regulatory rejections of biowaivers, site transfers or manu-
facturing process changes. In cases where in vivo absorption 
is controlled by permeability rather than dissolution (BCS 
Class III, IV), f2 may become overdiscriminating and non-
biopredictive (Case study 4, ribociclib). Table 1 summarizes 
selected examples from generic companies and innovators of 
using PBBM to develop BE safe space, where some cases 
show that dissolution safe space supersedes f2 testing. With 
adequate model development, PBBM approaches can then 
be utilized to demonstrate that despite f2 failure (Fig. 3), 
bioequivalence can be achieved thus superseding the tradi-
tional f2 methodology. The case study 2 demonstrates this 
concept and such methodology can also makes many drug 
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candidates eligible for BCS based biowaiver by extending 
the dissolution limits of BCS Class I (>85% in 30 min, rapid 
dissolution) and BCS Class III (>85% in 15 min very rapid 
dissolution) [31]. Moreover, if biopredictive media have 
been identified and proved during the initial product devel-
opment using PBBM modeling, it can very well surpass 
the traditional f2 criteria and can avoid dissolution profiles 
similarity testing in multiple media’s thereby reducing the 
resources and saving time tremendously.

Additionally, there is a continued discussion on biopre-
dictive media vs QC media in dissolution (Fig. 11). Tra-
ditionally QC media has been designed to understand for-
mulation changes at manufacturing and plant level and is 
required to be discriminatory in nature towards formulation 
changes. But recently there has been a focus shift towards 
bio-predictivity of the QC media and its ability to reject 
non-BE batches. However as QC media is designed in such 
a way to only discriminate batches from formulation changes 
perspective it may not be bio-predictive. Hence it may be 
seen in future that while a QC method exists, a separate 
emphasis may be focused on having a separate media in 
the submission package as biopredictive media. Such trend 
can be seen for the future but if QC media can serve as both 
formulation discriminatory as well as bio-predictive to reject 
non-BE batches then that may be an ideal situation.

PBBM modeling provides mechanistic understand-
ing of drug absorption and takes physiology impacts into 

consideration, which provides more flexibility and higher 
successful rate. A PBBM can be validated by observed data 
from multiple clinical studies and relevant in vitro data Rec-
ommended data to establish BE safe space is shown in Fig. 2 
[41]. Once a solid model has been developed, a virtual BE 
study will be run in the software. Virtual BE allows to estab-
lish whether or not BE exists among batches by setting up a 
hypothetical population and including virtual or measured 
dissolution profiles.

There are published research papers and review papers 
of using PBBM to establish safe space, setting in vitro 
specification or to overcome f2 test criteria, selected case 
studies are shown in Table 1 [12]. The traditional f2 factor 
has limitations and is not always applicable for dissolution 
profile comparisons especially for cases where the % rela-
tive standard deviation (RSD) is high. In such cases alterna-
tive approaches such as f2 bootstrap, multivariate statisti-
cal analysis (model independent) and zero order or Weibull 
approaches (model dependent) can be used [66].

Outlook

PBPK modeling has found broad regulatory acceptance, 
particularly in designing drug-drug interaction studies, 
including DDI clinical study waivers [62]. PBPK for oral 
biopharmaceutics applications has gotten broader accept-
ance recently, including uses of PBBM for drug product 

Fig. 11  The biopredictability power of QC methods versus biorelevant dissolution methods. For PBBM, biopredictive dissolution methods are 
desirable
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quality [57]. The authors see PBBM as one of the key tools 
to establish a BE space, supplementing f2 criteria on a case 
by case basis. For formulation selection and bridging studies 
with innovator drugs, PBBM can be used select a formula-
tion for Phase II or III trials, which is anticipated to show 
BE. In particular, for generic companies, PBBM has found 
broad applications, as study waivers or successfully chosen 
formulations are part of key drug development activities 
[10]. However, global regulatory acceptances are still not 
prevalent and PBBM is likely more used for company inter-
nal decision making, as opposed to seeking study waivers, 
or seeking specification settings.

Conclusion

With advances in science and technology, efforts are being 
made in the direction of in silico prediction of bioequiva-
lence and clinical trials as part of model-integrated drug 
development (MIDD) [67, 68]. PBBM as part of MIDD is 
getting impetus and regulatory agencies encourage both 
innovator and generic companies to utilize such models in 
regulatory submissions. PBBM approaches have the possi-
bility to reduce human trials, as healthy volunteers typically 
do not get a significant benefit from the studied drug in BE 
trials. Using PBBM modeling brings multiple perspectives 
into the clinical development by establishing clinically rel-
evant dissolution specifications, bioequivalence safe space, 
establishing mechanistic IVIVC and identifying CBA’s. The 
case studies described in this article demonstrate potential of 
such tools in drug discovery and development for both inno-
vator and generic companies. Along with case studies, regu-
latory perspectives, detailed workflow for model building, 
validation and application, approaches to input dissolution 
profiles and particle size were discussed. Critical discussion 
highlights a few challenging topics such as PBBM modeling 
for highly variable drugs, prediction errors, QC vs biopre-
dictive dissolution media, virtual BE simulations, PBBM 
to supersede f2. This manuscript presents state of the art of 
PBBM modeling from both innovator and generic perspec-
tive and the authors feel that within next few years PBBM 
will be at the heart of innovator and generic drug product 
applications, driving product development.
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