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Abstract
Physiologically based biopharmaceutics modeling (PBBM) emphasizes the integration of physicochemical properties of 
drug substance and formulation characteristics with system physiological parameters to predict the absorption and pharma-
cokinetics (PK) of a drug product. PBBM has been successfully utilized in drug development from discovery to postapproval 
stages and covers a variety of applications. The use of PBBM facilitates drug development and can reduce the number of 
preclinical and clinical studies. In this review, we summarized the major applications of PBBM, which are classified into six 
categories: formulation selection and development, biopredictive dissolution method development, biopharmaceutics risk 
assessment, clinically relevant specification settings, food effect evaluation and pH-dependent drug-drug-interaction risk 
assessment. The current state of PBBM applications is illustrated with examples from published studies for each category 
of application. Despite the variety of PBBM applications, there are still many hurdles limiting the use of PBBM in drug 
development, that are associated with the complexity of gastrointestinal and human physiology, the knowledge gap between 
the in vitro and the in vivo behavior of drug products, the limitations of model interfaces, and the lack of agreed model vali-
dation criteria, among other issues. The challenges and essential considerations related to the use of PBBM are discussed 
in a question-based format along with the scientific thinking on future research directions. We hope this review can foster 
open discussions between the pharmaceutical industry and regulatory agencies and encourage collaborative research to fill 
the gaps, with the ultimate goal to maximize the applications of PBBM in oral drug product development.
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Introduction

In recent decades, physiologically based pharmacokinetic 
(PBPK) modeling and simulation have been recognized 
as a valuable tool in drug discovery, formulation develop-
ment, clinical trials, and drug approvals. In addition to the 
wide use of PBPK modeling and simulation in support of 
clinical pharmacology programs (e.g., drug-drug interac-
tions (DDIs), special populations, pediatric study, etc.), 

biopharmaceutics applications of PBPK to support drug 
product development and quality are also rapidly evolv-
ing, especially for oral drug products. In October 2020, the 
United States (U.S.) FDA published draft guidance titled 
The Use of Physiologically Based Pharmacokinetic Analy-
ses — Biopharmaceutics Applications for Oral Drug Prod-
uct Development, Manufacturing Changes, and Controls 
(hereafter referred to as the FDA 2020 PBPK guidance) to 
provide general recommendations regarding PBPK model 
development and evaluation for regulatory biopharmaceutics 
applications [1]. The publication of the FDA 2020 PBPK 
guidance encourages the use of PBPK in the pharmaceutical 
industry for drug product development and approvals.

The new terminology, physiologically based biopharma-
ceutics modeling (PBBM), is increasingly being used in the 
biopharmaceutics field to replace PBPK. PBBM is defined 
as “physiologically based pharmacokinetic(s) absorp-
tion models including ACAT (Advanced Compartmental 

 * Min Li 
 min.li@fda.hhs.gov

1 Pharmaceutical Sciences and Clinical Supply, Merck & Co., 
Inc., Rahway, NJ 07065, USA

2 Office of Clinical Pharmacology, Office of Translational 
Sciences, Center for Drug Evaluation and Research, US Food 
and Drug Administration, Silver Spring, MD 20993, USA

/ Published online: 8 September 2022

Pharmaceutical Research (2023) 40:321–336

http://orcid.org/0000-0003-0988-1011
http://crossmark.crossref.org/dialog/?doi=10.1007/s11095-022-03373-0&domain=pdf


1 3

Absorption Transit) and ADAM (Advanced Dissolution, 
Absorption, and Metabolism) as well as other mechanistic 
models, which mimic physiological conditions and incorpo-
rate dissolution information while accounting for relevant 
physicochemical and physiological factors leading to a 
prediction of systemic exposure versus time” [2]. The term 
PBBM emphasizes the integration of physicochemical prop-
erties of drug substance, formulation characteristics of drug 
product, with system physiological parameters to predict the 
absorption and bioavailability (BA) of the drug product to 
understand the impact of formulation and manufacturing on 
drug bioavailability [1, 2]. PBBM is often used interchange-
ably with other terms, such as PBPK absorption modeling, 
physiologically based absorption modeling, and PBPK mod-
eling for biopharmaceutics applications [1]. In this paper, 
we use PBBM in place of all other terms to avoid confusion.

PBBM provides the link between in vitro (related to 
product quality) and in vivo performance (BA and PK). It 
can be considered as a mechanistic framework to establish 
the in vitro-in vivo relationship (IVIVR). PBBM could also 
enable the risk assessment for formulation and manufactur-
ing changes during drug development and throughout the 
drug life cycle. When combined with virtual bioequivalence 
(BE) studies, PBBM could be used to determine the BE safe 
space for certain quality attributes, thereby establishing 
clinically relevant product specifications (e.g., particle size 
distribution (PSD), in vitro dissolution specifications) while 
reducing the number of clinical trials needed for regulatory 
approvals and [3–5]. In addition, the use of PBBM for the 
evaluation of food effect and pH-dependent DDIs has also 
been actively explored [6–8].

The FDA 2020 PBPK guidance has outlined the general 
strategy for PBBM development and evaluation for biophar-
maceutics applications [1]. The model structure of PBBM 
generally includes the mechanistic absorption model and the 
disposition PK model. The mechanistic absorption model 
is the key component for PBBM because the modeling is 
aimed to evaluate the impact on bioavailability due to the 
changes or variations in product quality attributes. Neverthe-
less, the model development for the disposition PK model 
(either full PBPK or reduced PBPK) is equally important. 
A good understanding of drug disposition after absorption 
is the prerequisite for PBBM development. General con-
siderations on the use of PBBM were well summarized in 
a commentary paper, that discussed approaches to input 
drug product quality attributes, coupling with biorelevant 
dissolution data, parameter sensitivity analysis, and model 
validation [9]. The practice for PBBM model development 
has been extensively discussed [10, 11] and is not the focus 
of this review.

This review aims to depict the current state of PBBM by 
summarizing the major applications of PBBM and discuss-
ing the essential considerations for its successful use in oral 

drug product development. The challenges associated with 
the PBBM approach are also elucidated along with the sci-
entific thinking on the future research directions to maximize 
the applications of PBBM in oral drug development and 
approval.

PBBM Applications in Oral Drug 
Development

PBBM applications received by U.S. FDA in New Drug 
Applications (NDAs) between January 2008 and December 
2018 were surveyed by Wu et al. [9]. A total of 24 submis-
sions were included in that report in which PBBM was used 
as an impactful tool in establishing the relationship between 
critical quality attributes, including formulation variables 
(e.g., in vitro dissolution) and the in vivo performance. It is 
worth noting that the regulatory submissions of PBBM gen-
erally aim to support product quality and biopharmaceutics 
with respect to drug approvals, which is considered as the 
late stage of drug development. In fact, PBBM can be used 
at all stages of drug development, and broad applications 
have been explored by generic and innovator drug compa-
nies [12]. Typical PBBM examples from published studies 
have been selected and presented in Table I to demonstrate a 
variety of PBBM applications in oral drug product develop-
ment. The examples are classified into six major categories, 
including formulation selection and development, biophar-
maceutics risk assessment, biopredictive dissolution method 
development, clinically relevant specifications, food effect 
assessment, and pH-dependent DDI evaluation. Summaries 
of the applications are included in the following subsections, 
accompanied by discussions about each one.

Formulation Selection and Development

Formulation selection and optimization are important activi-
ties in drug development. Optimizing a drug product’s biop-
erformance to provide best safety and efficacy profiles is the 
primary objective for formulation development. Particularly 
for immediate release (IR) oral drug products of Biopharma-
ceutics Classification System (BCS) class 2 and 4 drugs with 
low aqueous solubility, oral bioavailability improvement is 
often the aim of formulation optimization. Commonly used 
formulation strategies to enhance oral bioavailability include 
prodrug, particle engineering, emulsion, saltation, co-crys-
talline, and amorphous solid dispersion [24–26].

In the early drug development stage before moving to 
clinical studies, in vitro dissolution and preclinical PK stud-
ies are two major tools to evaluate formulation performance. 
However, commonly used in vitro dissolution tests are not 
necessarily biopredictive. PBBM is useful to streamline early 
formulation development by integrating both physiological 
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conditions and physiochemical properties of drugs to pro-
ject the PK performance and thereby inform the designs of 
preclinical and clinical studies. For example, in the study of 
Kaur et al., the selection of a co-crystal formulation and an 
optimal dose was supported by PBBM based on the predic-
tion of drug exposure using the in vitro dissolution profile as 
an input [13]. Of note, a dissolution scaler constant (Kdiss) 
was calculated from in vitro dissolution data to account for 
the difference between in vitro and in vivo dissolution rate 
[13]. The use of PBBM for salt screening was demonstrated 
by Chiang and Wong, where PBBM coupled with sensitiv-
ity analysis was used to provide guidance to salt selection 
and to define a salt solubility requirement that was further 
confirmed by the animal PK studies [14].

PBPK modeling has been extensively applied to first-
in-human trial design by incorporating the physiological 
and pharmacological differences among species [27, 28]. 
Combined with mechanistic absorption modeling, PBBM 
can help to translate preclinical data to predict clinical PK 
more accurately. One case study was presented in the paper 
of Kesisoglou et al., in which the human PK profile of Com-
pound UCB-1 in an IR suspension was reasonably predicted 
by PBBM after adjusting metabolizing parameters by taking 
into account species differences between dogs and humans 
[15]. Additionally, in the Kesisoglou study, the PBBM incor-
porated the precipitation parameters derived from in vitro 
biorelevant dissolution testing, and the input particle size 
data was obtained from optimization using dog PK data 
[15]. The overall prediction accuracy of translational PBBM 
was evaluated by Zhang et al. by comparing the prospec-
tive prediction results with observed clinical PK data for 16 
compounds across BCS classes in IR formulations [29]. In 
this study, PBBM in combination with various disposition 
parameter scaling methods were evaluated for prospective 
human PK projection [29]. For the disposition parameter 
scaling (e.g., clearance), the authors suggested that compre-
hensive analyses of all in vivo data from preclinical animals 
were useful to improve the prediction accuracy in humans 
[28]. The common challenges in translational PBBM were 
identified as nonlinearity (overdose proportionality or under-
dose proportionality), species disconnects, lack of in vitro-in 
vivo extrapolation (IVIVE), and formulation-dependent PK, 
among others [29].

PBBM has also been used to aid the development of 
extended release (ER) formulations. One of the important 
objectives of ER formulations was to reduce the peak-to-
trough ratio relative to the IR dosage forms and thus pro-
vide improved clinical tolerability. Jones et al. presented an 
example in which PBBM helped to design an ER formula-
tion of a weakly basic lipophilic compound [16]. PBBM was 
used to estimate the release rate range that would produce 
a similar area under the plasma concentration-time curve 
(AUC) as that from an IR formulation, and the simulations 

were confirmed by the nonhuman primate study and single 
dose studies in humans [16]. Of note, the modeling indi-
cated that drug absorption in the distal intestinal tract was 
considerable, and permeability parameter and transition time 
setting in the caecum and colon might be critical for drug 
exposure prediction for ER formulations [16].

Biopharmaceutics Risk Assessment

Biopharmaceutics risk assessment is the evaluation of the 
bioavailability/bioequivalence (BA/BE) impact attributed to 
physicochemical and biopharmaceutics properties of drug 
substances and drug products [30]. According to the pres-
entation by FDA in April 2021 at CDER Small Business & 
Industry Assistance (SBIA) 2021 Generic Drugs Forum [29] 
the biopharmaceutics risk assessment framework was estab-
lished mainly to guide in vitro dissolution specification set-
ting for an oral drug product from a regulatory perspective 
[30]. Specifically, the amount of effort needed for in vitro 
dissolution development should be made depending on the 
BA/BE risk which assessed by a question-based framework 
consisting of critical questions relevant to a drug substance’s 
solubility, permeability, in vitro dissolution performance, the 
availability of Critical Bioavailability Attribute(s), and the 
feasibility of IVIVR establishment based on the submitted 
in vitro/in vivo/in silico data.

Generally, biopharmaceutics risk assessment is embed-
ded in drug product development to determine how much 
BA/BE risk is associated with a drug product so that the 
necessary in vitro and in vivo studies can be performed for 
product development and an appropriate control strategy can 
be implemented to mitigate the risk [30]. PBBM can quan-
titatively assess BA/BE risk by considering the properties 
of the drug substance (solubility, permeability, particle size, 
etc.) and drug product in vitro performance (e.g., dissolu-
tion) as well as drug’s disposition and human physiology 
to determine rate-limiting factors (e.g., dissolution or per-
meability) for drug absorption and PK performance. This 
risk assessment is often conducted by parameter sensitivity 
analysis or PK simulations. In the study of Chow et al., the 
use of PBBM to evaluate the potential impact of excipients 
on oral drug absorption of several compounds across BCS 
classes was demonstrated, with parameter sensitivity analy-
ses being performed on solubility, permeability, enzyme, 
and transporter activities to examine the risk of excipients’ 
impact on absorption in clinical settings [31]. Another exam-
ple was demonstrated by Vaidhyanathan et al. using PBBM 
to identify the key factors that contributed to the failure to 
show bioequivalence between the oral suspension and tablet 
formulations in the bioequivalence study for dasatinib [19].

The recent progress on biopharmaceutics risk assessment 
using PBBM was also discussed in the FDA public work-
shop Regulatory Utility of Mechanistic Modeling to Support 
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Alternative Bioequivalence Approaches held in the fall of 
2021. Multiple case studies were presented by FDA speak-
ers, including one on the use of the model to determine the 
following: 1) the impact of active pharmaceutical ingredi-
ent (API) PSD on the bioequivalence of a generic oral IR 
product to the reference listed drug; 2) the impact of faster 
drug release from lower strengths (compared with the high-
est strength) on the bioavailability to justify the biowaiver 
for lower strengths; 3) the feasibility to expand BCS class 
3 biowaivers without qualitative and quantitative sameness 
for generic products; and 4) the risk of widening dissolu-
tion specifications on a drug product’s PK performance [32, 
33]. PBBM has been widely accepted as a powerful tool to 
examine biopharmaceutics risks and is a promising approach 
that may be applied to support biowaivers.

Biopredictive Dissolution Method Development

The most commonly seen PBBM application in published 
studies is for biopredictive dissolution method development 
[34]. A biopredictive dissolution test is defined as “a set of 
testing conditions for which in vitro dissolution profiles are 
capable of predicting PK profiles” [1]. By definition, a bio-
predictive dissolution test can be used to predict PK profiles. 
Classical or mechanistic in vivo-in vitro correlation (IVIVC) 
or IVIVR establishment is generally accepted by regulatory 
agencies to demonstrate that an in vitro dissolution test is 
biopredictive. This could be a Level A IVIVC which allows 
the use of the in vitro dissolution profiles to predict the 
whole PK profiles, or a Level C IVIVC which allows in vitro 
dissolution data to be used to predict the key PK parameters, 
such as Cmax and AUC [35]. However, the establishment 
of conventional IVIVC is generally recognized as very chal-
lenging [2, 36]. PBBM provides an alternative interface to 
establish in vitro and in vivo link and aids in biopredictive 
dissolution method development [2].

In general, a biopredictive dissolution test supported by 
PBBM is expected to accurately predict systemic expo-
sure based on direct or indirect input of in vitro dissolution 
data. The accuracy of the prediction might be determined 
by evaluating if the in vitro test can successfully predict 
the similarity and dissimilarity of bioavailability between 
formulations. There are generally two strategies for using 
PBBM for biopredictive dissolution method development. 
One strategy is to estimate the in vivo dissolution profiles 
by deconvolution based on PBBM and thereafter explore 
appropriate in vitro test methodology to match the in vivo 
profiles. In the study of Zhang et al., a PBBM of carbamaz-
epine (CBZ) was developed and used to obtain the in vivo 
dissolution profile based on the observed PK data by decon-
volution. Using the deconvolved in vivo percent dissolved 

versus time profile as a reference, a biopredictive dissolution 
approach was developed with a method using 900 mL 0.1% 
sodium lauryl sulfate as the medium for CBZ ER capsules 
[20]. Using a similar approach, a biopredictive dissolution 
method was developed for an IR product of AMG-Y, a weak 
base compound, as demonstrated by Kesisoglou et al. [27]. 
The in vivo dissolution profile generated via a PBBM model 
from the first-in-human PK data was used as a reference to 
develop the clinically relevant dissolution method [15].

The other strategy for biopredictive dissolution method 
development is using PBBM to verify if the in vitro dissolu-
tion profile(s) can effectively predict PK performance. This 
approach needs to directly or indirectly input in vitro dis-
solution profiles to the model. Direct input involves the use 
of in vitro dissolution profiles or after further data process 
as the in vivo dissolution profiles in the model, which is a 
standard practice for PBBM of ER formulations. Indirect 
input methods are more commonly used for IR formulations, 
primarily relying on semi-mechanistic dissolution models, 
such as the Takano model (z-factor) [37], diffusion layer 
model [21, 38–40], and product-PSD [3], to predict in vivo 
dissolution kinetics. The key semi-mechanistic dissolution 
model parameters are often obtained by fitting the in vitro 
dissolution data, and this approach can take into account 
the impact of excipients on drug release while allowing the 
simulation to dynamically adapt the dissolution kinetics to 
the local conditions of the gastrointestinal (GI) tract (such 
as transition, lumen fluid volume, and pH). Mechanistic 
dissolution model comparisons were well-summarized in a 
published review [31].

Biorelevant dissolution tests are believed to increase 
the chance to be biopredictive because the test conditions 
are intended to mimic the environment for the in vivo dis-
solution. As shown in the PBBM examples presented in 
Table I, 7 out of 15 studies incorporated the in vitro disso-
lution data obtained from biorelevant media using one- or 
two-stage dissolution methods. These methods include the 
use of biorelevant media and/or the apparatus to simulate 
the dynamic luminal conditions of the GI tract related to 
drug absorption, such as the mini-Gastrointestinal Simula-
tor (GIS) system [41], artificial stomach-duodenum (ASD) 
model [42], BioGIT model [43], transfer model [44–46], and 
TNO gastro-intestinal model (TIM) [47]. PBBM provides an 
efficient tool to evaluate the biopredictive performance of 
biorelevant dissolution methods as demonstrated by Klumpp 
and Dressman for a weak base compound, dipyridamole, and 
a weak acid compound, glibenclamide [21]. Overall, PBBM 
offers more opportunities for IVIVC and IVIVR establish-
ment with these biorelevant test methodologies, when added 
to mechanistic understanding of drug in vivo absorption to 
guide biopredictive dissolution method development.

326 Pharmaceutical Research (2023) 40:321–336



1 3

Clinically Relevant Specifications

Clinically relevant specifications take into consideration the 
clinical impact of variations in the critical quality attrib-
utes and process parameters assuring a consistent safety 
and efficacy profile [48]. Recently, the term safe space has 
been used to define the boundaries of in vitro specifications, 
within which drug product variants are anticipated to be BE 
to one another [1]. The establishment of safe space offers a 
mechanistic understanding of the impact of in vitro testing 
on in vivo performance, and it may help to reduce unneces-
sary in vivo studies and accelerate drug approvals [3, 49].

PBBM establishes the relationship between in vitro char-
acterizations and in vivo performance, and this approach for 
clinically relevant specifications was endorsed by FDA in the 
recently released guidance [1]. Heimbach et al. has compiled 
five case studies using PBBM to establish a BE safe space 
for BCS class 2 and 4 compounds with an IR formulation 
[5]. The BE safe space was developed by changing the dis-
solution rate parameters, such as z-factor or Weibull function 
parameters, to explore the failure edge of the dissolution test 
(or the range of dissolution rate) when the PK metrics (AUC 
and Cmax) would go beyond the BE acceptance margin.

Exploration of PSD specification is a hot area for BE 
safe space establishment. A good example was presented 
by Pepin et al., with a PBBM being developed for a weak 
acid compound, lesinurad, to establish a BE safe space with 
respect to API particle size [3]. Of note, the theoretical PSD 
parameters derived from the in vitro dissolution data were 
input to the PBBM to replace the in vitro particle size meas-
urement in order to describe the overall formulation effect 
on in vivo dissolution. In addition, the developed PBBM 
integrated the lag time, gastric transit time, and effective 
permeability fitted and optimized for individual subjects, 
as well as the water content in the small intestine and colon 
optimized from 40% and 10% to 7.5% and 2%, respectively.

The BE safe space is also useful to justify the clinical rel-
evance of other product specifications, e.g., drug polymor-
phic purity. Such an example was demonstrated in the case 
study of canagliflozin which was included as a case study in 
the meeting report for ‘Developing Clinically Relevant Dis-
solution Specifications for Oral Drug Products—Industrial 
and Regulatory Perspectives’ convened by the APS Biop-
harmaceutics and Regulatory Sciences focus groups [50]. 
Specifically, the impact on bioavailability of a new form 
of drug substance in an IR formulation was evaluated by 
the PBBM using in vitro dissolution as the surrogate (via 
z-factor). The prediction showed that the new form of crys-
talline did not impact the bioavailability of the drug product 
compared to the reference form, and this result was confirm 
later by the clinical studies conducted using formulations 
containing 10%, 50%, and 100% of the new crystal form.

Food Effect Assessment

The food effect on a drug product’s bioavailability incorpo-
rates many mechanisms, including, but not limited to, direct 
interaction between meal components and drug compounds 
(e.g., chelation), and indirect interactions, such as change in 
GI tract physiology (e.g., prolonged gastric emptying time, 
changes in the pH and bile salt concentrations of lumen flu-
ids, increased secretion of gastric and intestinal fluids, and 
increased splanchnic blood flow), inhibition on intestinal 
drug transporters or metabolizing enzymes, and increase on 
biliary excretion [7, 51]. FDA recommends assessing the 
food effect of oral drug products from the early stages of 
drug development to aid in further clinical study designs 
[52]. In vitro characterizations and animal studies are often 
used to estimate the food effect prior to conducting a clini-
cal trial, such as evaluation of physicochemical proper-
ties (solubility, dose number, LogD, etc.) [53], prediction 
based on BCS classification [54, 55], in vitro dissolution 
in biorelevant media (e.g., FeSSGF and FaSSIF), dissolu-
tion-permeation systems for micelle entrapment evaluation, 
Caco-2 cell model for permeability evaluation at fasted/fed 
status, and assessment in preclinical models (mouse, rat, 
dog or monkey) [56, 57]. However, due to the complex-
ity of the food-drug interactions in humans and the lack of 
translation from in vitro and/or preclinical to humans, the 
overall prediction accuracy requires improvement. PBBM 
has advantages over in vitro approaches, as it can provide a 
quantitative prediction of the food effect by integrating the 
changes in physiology, drug product-related properties, and 
elimination parameters due to food intake.

The majority of published food effect assessments by 
PBBM are for IR products. We selected two examples of 
PBBM applications (presented in Table I) for prospective 
food effect predictions. In one example, PBBM with biore-
levant solubility input was able to correctly predict no con-
siderable food effect for the nanosized form of aprepitant, 
while describing the positive food effect of its micronized 
form where food increases the drug exposure [22]. In the 
other example, PBBM has successfully predicted the lack of 
food effect for etoricoxib, in which the model was adjusted 
for the gastric emptying time and absorption scale factor in 
the duodenum and jejunum to reflect the food effect [23].

Li et al. summarized the published case studies as well as 
FDA NDAs up to April 30, 2016, that used PBPK models to 
evaluate food effect, with the objective to assess the overall 
predictive performance of the modeling approach [6]. Kesi-
soglou compiled the published studies of PBBM to assess 
food effect with clinical data and proposed a workflow of 
PBBM to streamline food effect assessment during clini-
cal development for different BCS classes [7]. Both reports 
noted that the published PBBM examples for food effect 
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assessment focused on the impact of BA associated with the 
changes in the GI environment (primarily changes in bile salt 
concentrations for luminal solubilization) and gastric emp-
tying time with standard high-calorie/high-fat food intake. 
When the food effect involves complexity such as transporter 
or intestinal metabolizing enzyme interactions, drug precipi-
tation, and interactions with excipient, the use of PBBM for 
food effect is very limited and confidence in the prediction is 
low [7]. The use of PBBM for food effect assessment of ER 
formulations is generally more challenging due to the lack 
of understanding of in vivo dissolution of ER formulations 
and the food interaction with rate-controlling excipients [7].

Recently, scientists from the International Consortium 
for Innovation and Quality in Pharmaceutical Develop-
ment (IQ Consortium) food effect PBPK modeling work-
ing group used a holistic approach to investigate the perfor-
mance of PBBM for food effect prediction of IR products 
by generating de novo mechanistic absorption models for 
30 compounds (across BCS classes) using physicochemi-
cal and in vitro data obtained in accordance with a prede-
fined methodology and an aligned decision tree for work-
flow [23]. This analysis focused on the absorption-related 
mechanisms of food effect; therefore, compounds lacking 
clinical intravenous PK data or population PK-based data, 
as well as compounds with high hepatic extraction, were 
excluded [23]. With standard practice for PBBM model 
development, 24 of the models could correctly capture the 
likelihood of food effect without any optimization, and 23 
of them could predict the food impact of PK within 2 fold 
differences compared with the observed data [23]. High con-
fidence in PBBM prediction of food effects was typically 
observed for compounds in which the mechanism of food 
effect was related to physiology, including composition and 
volume changes in the GI luminal fluids, GI motility, pH, 
ion pairing, and bile salts. Furthermore, for the food effect 
predictions with low confidence (i.e., prediction errors PK 
parameters more than 2 fold), the root causes of mispre-
diction were analyzed and the failure to capture food effect 
was attributed to inaccurate extrapolation from in vitro to in 
vivo solubility (including simulation of salt solubility and 
common ion effects), hydrodynamics under fed conditions 
(including the viscosity of GI fluids), and micelle–drug 
interactions [58]. In a follow-up paper from the same work-
ing group of IQ Consortium, it recommended that model 
improvement should focus on the PBBM model functional-
ity, especially better reflecting fasted- and fed-state gastric 
solubility, gastric re-acidification, and complex mechanisms 
related to gastric emptying of drugs, as well as the capability 
to accurately capture common ion effect and drug precipita-
tion [59].

The regulatory use of PBBM in lieu of human food effect 
studies is limited. FDA guidance recommends that the in 
vivo food effect evaluation should be conducted with the 

to-be-marketed productto inform final product labeling [52]. 
Nevertheless, we can see PBBM for food effect assessment 
is evolving, and experiences with it can guide clinical devel-
opment with respect to food effect assessment in support of 
formulation and dose selection as well as dosing instruction. 
In the future, PBBM development for food effect assessment 
might focus on more dedicated in vitro and in vivo testing to 
provide understanding on the drive of food effect to be incor-
porated by PBBM. With more mechanistic understanding in 
food-drug interactions and more experiences in the PBBM 
for food effect prediction, confidence in using PBBM for this 
application is expected to increase.

pH‑Dependent DDI Evaluation

Acid-reducing agents (ARAs), including proton-pump 
inhibitors (PPIs),  H2-receptor antagonists, antacids, and his-
tamine, are commonly used for gastric protection by inhibit-
ing gastric acid excretion [60, 61]. As a consequence, ARAs 
can result in elevated gastric pH [62, 63] and may impact 
coadministered drugs’ bioavailability (especially for weak 
acid and weak base compounds) [64–67]. The FDA draft 
guidance Evaluation of Gastric pH-Dependent Drug Inter-
actions With Acid-Reducing Agents: Study Design, Data 
Analysis, and Clinical Implications acknowledges the use 
of PBPK simulation as an alternative approach for evaluat-
ing pH-dependent DDI [67]. Although there are only limited 
regulatory experiences with the PBBM approach to assess 
pH-dependent DDI risk or support labeling recommenda-
tions, the potential of PBBM for pH-dependent DDI has 
been explored actively in the pharmaceutical society at dif-
ferent stages of drug development [68–70].

The case studies of pH-dependent DDI using PBBM are 
well summarized and discussed in Mitra et al. and Dong et 
al., representing the perspectives of industry and regulators, 
respectively [8, 71]. In Mitra et al., seven case studies from 
five pharmaceutical companies were presented demonstrat-
ing cross-industry experiences in PBBM prediction of pH-
dependent DDIs for weakly basic drugs, and a pragmatic 
PBBM workflow was proposed to inform clinical develop-
ment and regulatory decisions in pH-dependent DDI risk 
assessment [8]. Similarly, in Dong et al., the performance of 
PBBM to predict the lack of pH-dependent DDI was demon-
strated by case studies of weakly basic drug products, while 
it was suggested that the prediction performance on the pres-
ence of pH-dependent DDI and risk potential be confirmed 
by more studies [71].

In general, the PBBM approach is advantageous over 
solubility and dissolution framework in predicting pH-
dependent DDI, considering the quantitative prediction of 
PK impact by PBBM. Such assessments are generally per-
formed by elevating gastric pH and/or incorporating disso-
lution/solubility data under an ARA-induced condition for 
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PBBM simulation to evaluate the impact on absorption of 
investigated drugs with respect to PK parameters (Cmax and 
AUC). The PBBM approach is also promising to take into 
account the effect of precipitation for pH-dependent DDI 
assessment, while the precipitation parameter setting needs 
to be further verified. In addition to the adjustment of gastric 
pH, PBBM can account for additional mechanisms of DDI, 
such as the impact on the metabolizing enzymes and trans-
porters by ARAs. It was demonstrated in Merdy et al. that 
the exposure change of nifedipine (a CYP3A substrate) and 
its major metabolites with coadministration of omeprazole (a 
PPI drug and CYP3A inhibitor) was successfully described 
using PBBM by incorporating the impact of omeprazole on 
both the gastric pH and the CYP3A4 activity [68].

Challenges in PBBM Development, 
Validation, and Applications

Despite the variety of PBBM applications, there are many 
challenges faced by the pharmaceutical industry and regula-
tory agencies that limit the use of PBBM. The major chal-
lenges are associated with the incomplete understanding on 
the complexity of GI and human physiology, the knowledge 
gap between the in vitro and the in vivo behavior of drug 
products, the limitations of model interfaces, and the lack of 
agreed-upon model validation criteria. In this section, these 
challenges are further discussed in a question-and-answer 
format, with the intention of promoting additional effort to 
improve PBBM platforms and increase the utilization of 
PBBM for oral drug product development.

Question 1: Which Approaches Should Be 
Taken to Effectively Incorporate Formulation 
and Manufacturing Process Properties to the PBBM 
Interfaces?

The formulation of an oral drug product and manufacturing 
process parameters, in addition to physicochemical proper-
ties of the drug substance, could significantly influence a 
drug’s bioavailability. The commonly used PBBM platforms 
provide limited options for oral drug product quality param-
eter incorporation and hardly take into consideration either 
the effects of excipients or the manufacturing process on 
drug in vivo dissolution and absorption. The incorporation 
of quality parameters can be categorized as directly (e.g., 
PSD, solubility, in vitro dissolution), or indirectly (e.g., a 
surrogate parameter to represent the quality attribute). In the 
commonly seen mechanistic absorption models, solubility, 
particle size of drug substance, and dissolution are usually 
the parameters to incorporate directly, while other product 
quality attributes (formulation or process) need to be linked 

to the abovementioned parameters to represent the to-be-
addressed quality issue(s).

In vitro dissolution is often used as a surrogate for assess-
ing formulation and process effects on an oral drug’s bio-
availability. However, the biopredictive capability of an 
in vitro dissolution is often difficult to demonstrate, even 
though the in vitro dissolution test might be able to dis-
criminate the formulation and process variants. The use of 
in vitro dissolution profiles as direct inputs (or after fur-
ther processing, e.g., modeled by Weibull function or Hill 
function) assumes that the in vitro dissolution represents 
the in vivo dissolution both in terms of extent and time-
course dissolution process. This assumption is challeng-
ing to verify as there is a very limited understanding of in 
vivo drug dissolution, due to the technical difficulties in the 
direct GI sampling in humans and the lack of understanding 
of the GI tract hydrodynamics [72]. It is worth noting that 
recent advances in intubation techniques have enabled direct 
luminal sampling in the GI tract in humans to determine 
local concentrations of dissolved and undissolved drug for 
a couple of drug products [73–75]. Due to the high cost and 
advanced technique requirements for these type of studies, 
limited research has been conducted. In addition, it is chal-
lenging to translate the luminal concentration data to in vivo 
drug dissolution kinetics due to high variability of the con-
centration data and the interplay of GI motility and hydro-
dynamics. Moreover, the use of in vitro dissolution profiles 
as direct input would mask the influence from the GI tract 
(e.g., transit time, the impact of luminal fluid composition, 
etc.). The prediction of in vivo dissolution by in vitro biore-
levant dissolution methodologies is also challenging due to 
the limitations of the available techniques to simulate time-
course in vivo dissolution in the GI tract, which involves the 
complexity of GI tract physiology. Especially for ER dosage 
forms, the confidence with bioavailability predictions from 
a PBBM is considered low in general, and extensive model 
validation with PK data from different release rates would 
need to demonstrate the model’s robustness.

For IR dosage forms, the interaction of GI tract physiol-
ogy with the drug’s dissolution is generally simulated on top 
of many key assumptions associated with GI tract transition 
and hydrodynamics, in vivo drug disintegration and dissolu-
tion, precipitation, as well as drug’s permeation [76, 77]. To 
simulate the in vivo dissolution, one approach is to fit the in 
vitro dissolution data to generate a z-factor [37] to derive in 
vivo dissolution rate constants at different pH and predict in 
vivo dissolution along with the GI tract. Another approach 
is to simulate in vivo dissolution based on predefined dis-
solution theories (mechanistic or empirical). The commonly 
used mechanistic dissolution models are generally based on 
the first principle dissolution theories, such as the Noyes-
Whitney model [78], Nernst-Brunner model [79, 80], and 
Wang-Flanagan model [40, 81]. Of note, these dissolution 

329Pharmaceutical Research (2023) 40:321–336



1 3

theories commonly need the input of drug physicochemi-
cal properties, such as diffusion coefficient, diffusion layer 
thickness, solubility, drug particle radius and density of the 
drug particles, to calculate dissolution rate.

Although API PSD is used to predict drug in vivo dis-
solution in the mechanistic dissolution models, it has been 
questioned whether the API particle size measurement could 
reasonably represent the size of disintegrated drug particles 
in the GI tract [82]. It is scientifically reasonable to ques-
tion the reliability of using API particle size in vitro meas-
urement to directly predict in vivo dissolution, because this 
approach likely ignores the effect of formulation on drug dis-
solution. Hence, the predicted in vivo dissolution rate based 
on API particle size measurement might not be realistic. 
However, it is also often evident for many drug products 
that the API particle size is correlated with drug bioavail-
ability, especially for low solubility drug substances [83]. 
Considering that the in vivo dissolution could not be easily 
measured, the use of API particle size combined with mech-
anistic dissolution theories could be a good starting point to 
predict in vivo dissolution. Ideally, the validity of a selected 
mechanistic dissolution model needs further evaluation by 
clinical PK data from the same formulations with different 
API particle sizes. When such data is not available, in vitro 
dissolution data with drug products manufactured with API 
lots with different PSD could be supportive to validate the 
mechanistic dissolution model.

In the research by Pepin et al., in vitro dissolution data 
was fit to a product-PSD that would match observed in vitro 
dissolution factoring in the volume, solubility, and doses 
used in the in vitro experiments. Subsequently, this “theoret-
ical” PSD data was input to the PBBM to replace the in vitro 
particle size measurement [3]. This innovative approach has 
been effectively used to predict the PK of lesinurad tablets. 
The essence of this approach is to use in vitro dissolution to 
verify the dissolution theory and select appropriate surrogate 
parameters (such as particle size input) to represent the over-
all formulation effect for in vivo dissolution prediction. This 
approach provides an opportunity to relate input parameters 
to characterize the overall drug product performance rather 
than only focusing on drug substance properties. Such inno-
vative approaches should be greatly encouraged, while jus-
tification for a selected surrogate and the verification for the 
assumptions (e.g., the selected dissolution theory) would be 
needed for model development in aregulatory-related PBBM 
application along with the validation of the PBBM against 
clinical data with different bioavailability.

For drug products containing weak base drug substances 
and any supersaturating system in the formulation, the incor-
poration of precipitation kinetics in the absorption model is 
another challenge. The risk of drug precipitation and how 
it can impact a drug’s bioavailability are difficult to evalu-
ate by in vitro studies. Although there are some biorelevant 

dissolution tests targeting for such evaluation, the translation 
of in vitro data to in vivo precipitation parameter setting 
(such as precipitation time, redissolving) is challenging. 
In addition, formulation and process could greatly affect 
the potential of drug precipitation, and it is challenging to 
determine how to incorporate these factors in the model to 
accurately reflect in vivo drug precipitation risk and kinet-
ics. In recent reach from OriBiTo, the mechanistic modeling 
of precipitation was explored and used to predict human 
systemic and intraluminal concentrations of the lipophilic 
weak base, posaconazole, in two different suspension for-
mulations [43]. This in silico modeling of suppuration and 
precipitation used an empirical approach based upon in vitro 
experiments to extend the mechanistic understanding. To 
resolve uncertainty related to supersaturation and precipita-
tion, more research is highly recommended for PBBM to 
elucidate the gap between in vitro and in vivo in this regard.

Question 2: How Much Clinical and In Vitro Data are 
Needed to Develop and Validate a PBBM?

The goal of PBBM development is to establish a mecha-
nistically sound model structure to reasonably describe the 
in vivo process of a drug product. The model structure and 
parameters are generally set to reflect the understanding of 
drug in vivo dissolution, absorption, disposition, and elimi-
nation. Therefore, certain in vitro and in vivo data for model 
setting are generally necessary, such as solubility, perme-
ability, dissolution, absorption, distribution, metabolism, 
and elimination. PBBM can be developed by bottom-up, 
top-down, or middle-out approaches [84]. The amount of 
data needed for model development primarily depends on 
the intended purpose. For instance, in the early drug devel-
opment stage, a bottom-up approach might be taken with 
very limited in vitro and in vivo data. Such a model might 
aid in drug discovery, formulation selection, or nonclinical 
or clinical study design. As the model at that stage is gener-
ally for information purposes, the accuracy of the model 
prediction is not as risky. During the late stage of the clinical 
pharmacology program, the objectives of a PBBM might be 
to support a formulation bridge, dose selection and dosing 
instructions for the clinical studies, and drug product qual-
ity specifications. These applications would likely involve 
communications with regulatory agencies. The quantity and 
type of data needed for model development and validation 
may vary depending on the clinical risk of to-be-addressed 
issues.

It is possible that there is insufficient information to sup-
port parameter settings or there are uncertainties with the 
parameters that are extrapolated from in vitro, in silico, or 
nonclinical data. In these cases, model validation might help 
in verifying the assumptions. Planning the PBBM develop-
ment in the early stages and trying to optimize and validate 
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the model throughout the clinical pharmacology program 
would increase the chances of a successful application of 
PBBM in the regulatory context. To fulfill PBBM develop-
ment and validation, establishing a solid mechanistic under-
standing on the drug release, absorption, and disposition is 
important. A thoughtful plan combining the in vitro and in 
vivo studies could possibly reduce the need of additional 
dedicated BA/BE studies for PBBM validation. For example, 
if drug precipitation has been incorporated in the model, 
a thorough in vitro investigation of the drug precipitation 
behavior at different doses and under different conditions 
taking into consideration the GI environment for drug dis-
solution may be needed. In addition, PK data from various 
doses (e.g., single dose ascending studies) might help justify 
the parameter setting of drug precipitation. .

As discussed in Question 1, mechanistic absorption mod-
els are based on many assumptions that are technically dif-
ficult to verify by the in vivo studies. These assumptions 
include the following: the in vitro dissolution represents the 
in vivo dissolution; the in vivo dissolution kinetics agree 
with the dissolution theories derived from in vitro; the per-
meability predicted by in silico model based on in vitro 
measurement, among others. As there is still a knowledge 
gap between the in vitro dissolution and in vivo dissolu-
tion, the uncertainty of the model parameters or assumptions 
should be considered, especially for high impact uses of the 
model (related to clinical risk, such as safety and efficacy).

The PK data from similar formulations, different doses, 
or multiple doses are often used for model validation. While 
these data might help in verifying the distribution and elimi-
nation parameter setting, it is not possible to validate the 
absorption model if the model inputs for these dosing sce-
narios are same or similar. There has been ongoing debate 
over whether the PK data from formulations with different 
bioavailability are needed for model validation. From a phar-
maceutical industry perspective, the feasibility to plan these 
BA/BE studies has raised ethical and cost-related questions. 
Occasionally, PK data from different formulations might 
be available; however, such studies aim to select the best 
performance formulation for subsequent efficacy and safety 
studies and are usually conducted on a small scale. Once the 
formulation has been selected, formulation optimization — 
if necessary — is not intended to change the bioavailability 
of the drug product in general. In addition, a small-scale 
PK study for relative bioavailability comparison of multiple 
formulations might not ideally provide data for model vali-
dation. In case PK exhibits high variability, it might only 
see a trend of bioavailability change, while a statistical bio-
availability difference is often not possible to conclude due 
to insufficient statistical power.

To help solve this dilemma, collaboration among the 
pharmaceutical industry, regulatory agencies, and aca-
demia is needed to build up confidence in the translation 

of in vitro to in vivo (especially regarding dissolution). Col-
laborative efforts are desirable to evaluate the validity of the 
core assumptions based on available experiences. Encourag-
ing additional dedicated studies would increase the under-
standing of GI tract physiology and drug in vivo dissolution 
kinetics for some typical formulations (e.g., IR formulations 
with poorly soluble API and ER formulations). In addition, a 
more risk-based framework for model validation can be con-
sidered for PBBM applications. The risk of model applica-
tions might take into consideration pharmacodynamics and 
clinical response rather than only considering PK parameters 
(e.g., to meet BE criteria) [85]. The link of PBBM with 
pharmacodynamics (PD) and exposure-response relationship 
might possibly provide more flexibility in PBBM validation.

Question 3: Which Criteria Should Be Used 
to Validate a PBBM?

A lack of agreed-upon validation criteria is one of the major 
challenges for promoting PBBM applications. It is generally 
agreed that model validation criteria should depend on the 
intended purpose of the modeling and the clinical impact of 
such an application. Unfortunately, there is no regulatory 
guidance that discusses or provides recommended accept-
ance criteria for PBBM or PBPK model validation for any 
type of application. There were extensive discussions on the 
model validation acceptance criteria for PBBM applications 
[6, 11, 86]. The BE 80–125% range was a widely adopted 
criterion for evaluating predictive performance of PBBMs in 
the regulatory context [11]. However, it should be noted that 
the BE limit of 80–125% is based on the statistical analy-
sis of average BE for the ratio of the population geometric 
means of the measures for the test and reference product 
[87]. This BE limit as validation criteria might be applicable 
only when a virtual trial is simulated and compared to the 
observed PK data.

The IVIVC guidance-recommended model validation 
criteria are also often adopted for PBBM validation, and a 
maximum difference of 10–20% in the predicted Cmax and 
AUC from the PBBM compared with the average observa-
tion in the PK studies was considered as a validation crite-
rion [1, 5, 35]. It is worth noting that meeting the prediction 
error within 10–20% is not easy in general as independent 
PK data (other than those used for model development) is 
recommended for validation. For prediction error calcula-
tion, PBBM usually simulates a representative subject’s PK 
profile, and this is compared to the average observed PK 
profile. For the PK profile averaged from individual subjects 
of selected PK data for validation, the Cmax from the aver-
age PK profile might deviate from the Cmax of the studied 
population, as the Tmax for individual subjects varies. As 
a result, the average PK profile might provide an underes-
timated Cmax compared with the average of all subjects’ 
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Cmax. In addition, the Cmax could exhibit high variability 
and easily be affected by dosing conditions. How to take into 
consideration data variability in model validation is a critical 
question to be addressed in the future.

In a recently published FDA white paper, a risk-informed 
credibility assessment framework to PBPK modeling and 
simulation has been proposed and the implementation tor 
PBPK applications in clinical pharmacology was discussed 
in a regulatory setting.. Specifically, the model risk levels 
determined by model influence and decision consequence 
were suggested to be used to select verification and valida-
tion activities and define outcomes that will provide evi-
dence to demonstrate model credibility for a context of use 
[10]. This approach should also be applicable for PBBM 
applications. The details of model risk assessment regarding 
each PBBM application and recommended corresponding 
model validation activity and criteria should be further dis-
cussed among all stakeholders. Guidance from regulatory 
agencies is highly encouraged.

Question 4: How Do Stakeholders Leverage PBPK 
Model Development for Clinical Pharmacology 
with PBBM Development for Biopharmaceutics 
Applications?

PBPK has been extensively utilized in regulatory submis-
sions in support of clinical pharmacology programs, and 
the applications cover a wide array of topics. Most of these 
applications are to support DDI risk assessment, followed by 
applications in pediatrics dose selection, and hepatic impair-
ment and renal impairment evaluation [70, 88]. The PBPK 
predictions are also combined with PK/PD and/or exposure- 
response (E-R) relationship for risk assessment in clinical 
pharmacology program.

The model development for clinical pharmacology 
(PBPK) and biopharmaceutics (PBBM) have commonali-
ties, with both emphasizing model plausibility regarding 
physiology and drug absorption, distribution, metabolism, 
and excretion [58]. For PBPK models to support clinical 
pharmacology, the drug’s disposition parameters (metabo-
lism and elimination) are often extensively verified by clini-
cal PK data, such as single and multiple dose PK studies, 
PK data with different dosing regimens, available clinical 
DDI studies, PK data in special populations (e.g., with organ 
impairment, poor or extensive metabolizers), etc. On the 
other hand, PBBM focuses more on the mechanistic absorp-
tion model development to provide an estimation on a drug’s 
bioavailability based on physicochemical properties, in vitro 
performance, and quality attributes and is validated by BA/
BE studies. It will benefit both clinical pharmacology and 
biopharmaceutics applications if the knowledge base can be 
efficiently shared for the activities in PBPK or PBBM model 
development.

Regulatory agencies might also leverage the knowledge 
and lessons learned from model development and valida-
tion in the clinical pharmacology and biopharmaceutics 
fields. Discussions between disciplines and collaborative 
efforts provide an efficient path to improve the general 
PBPK and PBBM interfaces for future advances. Although 
model development and validation are fit for purposes, the 
best practice for model development and validation should 
be similar, such as the principles in model risk assessment 
and predictive performance evaluation. Drafting guidance 
to provide best practices for PBPK model development and 
validation might be initiated by both parties to encourage 
continuous discussions between these two major applica-
tion categories.

For the applications of PBBM, the consideration on PK/
PD and E-R relationship (often analyzed in the clinical 
pharmacology program) would potentially provide more 
flexibility in drug product quality standards. A published 
study by Parasio et al. demonstrated the use of f PBPK/
PD to establish clinically relevant dissolution specifications 
for an immediate release tablet product of zolpidem, a non-
benzodiazepine hypnotic agent [89]. Such use of PBBM/
PD was also shown in the study by Cristofoletti and Dress-
man where the standard bioequivalence criteria of generic 
ibuprofen IR products were evaluated by taking into account 
PD endpoints: antipyresis and dental pain relief [85]. PBBM 
coupled with PD may further establish a truly clinically 
driven “safe space” and patient-focused specifications.

Conclusions and Future Research 
Opportunities

PBBM is a promising tool to guide oral drug development 
throughout the product life cycle. Specifically, PBBM has 
been successfully utilized to aid in formulation selection 
and development, biopredictive dissolution method devel-
opment, biopharmaceutics risk assessment, clinically rel-
evant specification settings, food effect evaluation, and pH-
dependent DDI risk assessment. While PBBM is strongly 
endorsed by health authorities [1, 90], the associated chal-
lenges are also evident, especially in model development to 
incorporate formulation and manufacturing process prop-
erties (as model input), as well as model validation. The 
agreed-upon practice for PBBM model development and 
validation is lacking. It appears as if considerable experi-
ence with PBBM has been obtained by the pharmaceutical 
industry and regulatory agencies. It might be a good time to 
develop best practices for PBBM model development and 
validation to promote PBBM applications.

It is also important to understand the hurdles in PBBM 
so that stakeholders can work together to fill the gaps, with 
the goal of increasing confidence in the use of PBBM. 
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These gaps include, but are not limited to, the following: 
the knowledge gap in the translation of in vitro dissolution 
to in vivo dissolution, the understanding of the in vivo drug 
dissolution kinetics in the GI tract, and the determination 
of model risk for each typical PBBM application to guide 
model development and validation activities. We believe 
open discussions between the pharmaceutical industry and 
regulatory agencies and initiation of collaborative research 
to fill the gaps would pave the way for routine use of PBBM 
in drug product development.
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