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1 Background and objective

Model-informed drug development (MIDD) plays a crucial role not only in drug development[1]
but also in drug evaluation by regulatory agencies[2,3]. A key component of MIDD is the use
of complex mechanistic models, such as Physiologically Based Pharmacokinetic (PBPK)[4]
and Quantitative Systems Pharmacology (QSP)[5] models. Unlike statistical models, which
are based on data, PBPK and QSP models are built on an understanding of physiology, drug
characteristics, and pharmacology. These models are typically intricate, with numerous
parameters derived from previous preclinical and clinical studies.

By leveraging prior knowledge of the system and the drugs being studied, PBPK and QSP
models are often used for extrapolations. This includes determining the first-in-human dose
based on preclinical data, predicting pharmacokinetic and pharmacodynamic (PKPD) profiles
in special situations (such as drug-drug interactions) and special populations (such as
pediatric patients), aiding in dose adjustment decisions, and optimizing clinical trial
designs[6,7].

Despite the theoretical and predictive appeal of complex mechanistic models, their practical
applications are hindered by several limitations. One maijor issue is the lack of specific
information on mechanisms and physiological parameter values, especially from special
populations during model building[8]. This gap, along with other weaknesses, reduces the
credibility of these models.

For example, current approaches for PBPK and QSP models do not adequately assess
uncertainty due to their complexity and the sources of set parameters. Most physiological
parameters are fixed at average values from literature, without accounting for parameter
uncertainty and variability. Drug-specific parameters, derived from observed data (in vitro, in
vivo, and/or clinical), are also fixed without considering potential bias and uncertainty from
experimental setups and in vitro-in vivo extrapolation (IVIVE)[4,8]. Furthermore, when
parameters are estimated based on clinical data, the uncertainty of those parameters is
usually not evaluated or reported.

Additionally, the adage "all models are wrong" applies here; no matter how complex, these
models cannot fully represent biological systems, contributing further to model uncertainty.
This impairs the predictability of complex models. Discrepancies between simulated data and
observed data are typically described using concise metrics, such as the average (absolute)
fold prediction error[9]. Models are sometimes validated by comparing the prediction error to
an arbitrary value (e.g., 2-fold or 3-fold), which may not provide a clear understanding of the
pharmacological significance of these differences. Moreover, fold-change metrics can
oversimplify the diversity in a model’s predictive performance and lack the sensitivity needed
to detect variations among specific subgroups.
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Although sensitivity analysis is regularly conducted, as suggested by regulatory agencies, to
evaluate the robustness of PBPK models[10,11], the output is often fold-based uncertainty
and/or graphs, focusing on a small portion of key and/or uncertain parameters. Validation data
are not directly involved in sensitivity analyses. The above challenges create difficulties for
regulators to assess a model’s predictive capabilities and its applicability beyond the data used
for its development. Further research is needed to develop better methods for characterizing
and reporting uncertainty in a model’s predictive performance.

In recent years, machine learning (ML) has garnered significant interest in drug discovery and
development due to its ability to address several critical challenges in the field[12,13]. During
the drug discovery stage, ML algorithms can identify new drug targets, predict potential
adverse effects, and optimize drug candidates. In preclinical studies, ML can predict the
pharmacokinetic (PK), pharmacodynamic (PD), and safety profiles of new drug candidates.
Across different phases of clinical trials, ML approaches can enhance trial management and
treatment decisions. For example, ML can predict dose-limiting toxicities[14] and improve
dose-finding in phase | studies[15] making more efficient recruitment of trial participants and
reducing the required sample size of the phase Il studies[16], and build reliable disease
progression models by combining ML and pharmacometrics approaches in phase lll clinical
trials[17].

Similar to mechanism-based models, uncertainty quantification is essential for advancing the
reliability and robustness of ML models. However, a widely adopted framework for uncertainty
quantification in machine learning is still lacking[18], underscoring the need for further
research and development in this area.

Uncertainty quantification (UQ) provides a computational framework for quantifying
uncertainties in both inputs and outputs, thereby facilitating predictions with quantified and
reduced uncertainties[19]. Typically, UQ involves one or more mathematical models for a
quantity of interest, with some uncertainty regarding the correct form of the model or models.
These uncertainties are often treated probabilistically[20]. An appropriate UQ method is
essential for regulatory decision making which may depend on type | error and power related
to hypothesis tests or on confidence intervals / credible intervals related to parameter
estimation or prediction. UQ becomes more important when using complicated analysis
methods and/or complex models. For example, in previous work, members of our consortium
(UU) have demonstrated that in some model-integrated methods based on population
pharmacometric models, UQ methods based on information matrices showed inflated type |
error, while type | error could be controlled with a more appropriate UQ method (sampling
importance resampling)[21-23].

Another group in our consortium (UMG) contributed to the literature on another UQ method,
namely Bayesian random-effects meta-analysis, in particular in the setting of a few studies[24].
Shrinkage estimation in these models can be applied to implement dynamic borrowing across
different types of studies[25], regions[26] or dose regimens (combinations of doses and
frequencies)[27]. More generally, Bayesian hierarchical models are a flexible framework for
evidence synthesis, borrowing of information and prediction, as well as a powerful UQ method,
especially for applications where variability and uncertainty arise from multiple sources. That
is specifically of interest for this project, which focuses on complex mechanistic models, the
parameters of which are from literature and data from multiple studies.


https://www.zotero.org/google-docs/?ieTbIx
https://www.zotero.org/google-docs/?4dRomW
https://www.zotero.org/google-docs/?2AigkG
https://www.zotero.org/google-docs/?CbCICp
https://www.zotero.org/google-docs/?EKIGOo
https://www.zotero.org/google-docs/?eSjc4p
https://www.zotero.org/google-docs/?WcK3QX
https://www.zotero.org/google-docs/?iT9GVY
https://www.zotero.org/google-docs/?nNwKak
https://www.zotero.org/google-docs/?Qs2qu1
https://www.zotero.org/google-docs/?Dz8xFz
https://www.zotero.org/google-docs/?fXI3Cz
https://www.zotero.org/google-docs/?yPmKAr
https://www.zotero.org/google-docs/?K71bn2

Other UQ methods are also of interest for application in complex models used in drug
development and evaluation. These include Bayesian calibration[28], model discrepancy
analysis[29], and surrogate modeling (e.g., based on polynomial chaos expansion)[30,31].
Various approaches of sensitivity analysis can also be further explored, separately or in
combination: (1) probabilistic sensitivity analysis[32] assesses uncertainty by assuming input
parameter uncertainty distributions, in contrast to the current practice in PBPK modeling,
which often uses fixed values (i.e., deterministic sensitivity analysis). (2) Global sensitivity
analysis[33,34] considers parametric correlations to provide a more comprehensive
assessment of model sensitivity. An alternative approach involves using prior information,
such as the frequentist prior, to link preclinical and clinical data through PBPK models. This
method, employed by Mats Karlsson[35,36] (a member of our consortium), estimates model
parameters while assessing uncertainty.

In summary, there is a significant lack of well-established and widely recognized methods for
assessing the uncertainty of complex models in drug development and evaluation. Recent
advancements in uncertainty quantification offer an opportunity to enhance the methodologies
for evaluating and validating PBPK, QSP, and ML models, thereby increasing the credibility of
these modeling tools for regulatory decision-making.

Against this backdrop, the present literature review seeks to provide a comprehensive
overview of the current state of the art in uncertainty quantification for complex models applied
in drug development and regulatory evaluation, including physiologically based
pharmacokinetic models, quantitative systems pharmacology models, and machine learning
approaches. Specifically, it summarizes existing knowledge on the properties, interpretability,
and applicability of UQ methods within these contexts, thereby establishing a robust
foundation for selecting candidate methods for further investigation in this project.

The twofold primary objectives of this review are:
1. To identify and characterize existing UQ methods used in PBPK, QSP, and ML models
within the framework of regulatory decision-making in drug development.
2. To explore UQ methodologies from broader disciplines, including statistics, toxicology,
engineering, and analytical chemistry, that may be adaptable to these complex
modeling approaches.

2 Methods

2.1 Literature review search

We conducted the literature review in three main steps: searching in databases, screening
abstracts, and extracting information from the full texts.

2.1.1 Searching in databases

We conducted a comprehensive literature search in three electronic databases to reduce the
risk of missing relevant articles and to minimize the risk of bias in the results: PubMed was
chosen to cover literature in biomedicine, health, and related fields such as life sciences,
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behavioral sciences, chemical sciences, and bioengineering. MathSciNet was used to cover
publications in mathematics and statistics. Scopus was selected as an interdisciplinary
database, expanding the scope of the first two with a broad range of research topics. Based
on the preliminary plan, we iteratively refined our search terms to balance the number of
retrieved papers while ensuring sufficient coverage of UQ methods. As an adaptive design,
the search approach was validated against four UQ-related papers referenced in the
background of this report [28-30,32]. If the search results failed to capture most of these
papers or yielded an excessive number of irrelevant ones, the terms were revised and the
search was repeated iteratively.

The search strategy of Objective 1 was to combine two areas:

1. Uncertainty quantification/analysis: centered on the core term “uncertainty” and
including specific methods such as Bayesian hierarchical meta-regression, Bayesian
calibration, model discrepancy analysis, surrogate modeling, probabilistic sensitivity
analysis, uncertainty propagation, interval analysis, fuzzy computations, and
frequentist approaches.

2. Complex models:

a. PBPK & QSP related models: physiologically based pharmacokinetic (PBPK)
modeling, physiologically based biopharmaceutics modeling (PBBM),
quantitative systems pharmacology (QSP), PBPK models used in toxicology,
quantitative systems toxicology (QST)

b. machine learning (ML) models

The two areas were combined using the logical operator “AND”. A fuzzy search strategy was
applied to capture spelling variations. For example, the search term “uncertaint*” was used for
capturing all the variations of “uncertainty”. For ML models, given the large number of potential
papers dealing with ML and the scope of the current project, the searching strategy was
adjusted to focus on “drug development” to provide a reasonable number of papers for the
next step.

To address Objective 2 (broadening the scope of the systematic review), we relaxed the
constraint requiring the combination of the two categories with “AND” for the database that
contained most methodological information, namely MathSciNet. Instead, specific method
terms were treated in the same way as complex model terms in MathSciNet. This means that
papers containing either specific methods (e.g., Bayesian calibration) or complex model terms
were captured, enabling broader exploration of UQ methodology papers without substantially
inflating the total number of retrieved records. This adjustment was appropriate given that
MathSciNet primarily indexes mathematical and statistical publications, with comparitively
fewer publications using the defined search terms. We applied the same strategy in Scopus,
which increased the number of hits from 277 (See Table 3) to 859. Given this substantial
increase, and considering time and resource limitations, we implemented the expanded
search scope only in MathSciNet, as handling such a large number of papers was not feasible.

The finalized search terms are shown in 3.1 Literature review search.




2.1.2 Screening abstracts

The search results from the first step were imported into the review software Rayyan for
screening. Records were screened according to predefined inclusion and exclusion criteria.
The screening process was conducted independently by two reviewers, and any
disagreements regarding the eligibility of a paper were resolved by a third reviewer, who made

the final decision.

The predefined inclusion and exclusion criteria are listed as follows:

Table 1: Inclusion and Exclusion Criteria for Selection of publications

Inclusion Criteria

Exclusion Criteria

Research and methodological publications
explicitly discussing UQ methods.

Publications are not aligned with the
primary objective of evaluating UQ methods
in modeling contexts.

Studies presenting case applications of UQ
methods in PBPK, QSP, or ML models,
including clinical trials, simulation studies,

Studies employing UQ methods solely for
parameter estimation or sensitivity analysis
without a focus on UQ methodology (e.g.,

and modelling analyses. local sensitivity analysis).

Publications involving alternative modeling
frameworks where UQ methods may be
potentially applicable to the current
research scope.

Articles lacking full-text availability or
access.

2.1.3 Extract information from full texts

The full-text extraction process began with the retrieval of full-text articles using Zotero.
Publications without accessible full texts were excluded, and duplicates were removed. To
support efficient data extraction within the constraints of time and resources, the Al-powered
tool Elicit was employed. Designed for systematic reviews, Elicit automates labor-intensive
research tasks such as summarizing papers, extracting data from full texts, and synthesizing
findings. During extraction, it presents the retrieved information accompanied by explanations
and highlights of the corresponding text from the source, which enables reviewers to efficiently
verify the accuracy of the extraction. A set of ten representative papers was used to define
and train the extraction instructions, which were subsequently applied across the entire
collection of selected studies. The instructions for the columns of text extraction are listed in
Appendix 1.

All extracted information was then manually verified to ensure accuracy. This was done by
clicking on the hyperlinks supplied by Elicit to verify the extracted information. In cases where
Elicit produced incorrect or incomplete outputs, the information was corrected based on the
publications manually. Finally, the verified information was organized and summarized in a
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spreadsheet to support further analysis. Through our manual verification, we found that Elicit
offers notable advantages, particularly in saving time by automating the extraction process
and reducing manual effort in verifying the accuracy of extraction (Elicit hyperlinks the
extracted information to locations in the manuscripts where that information was found). It also
shows strong accuracy in extracting some information from both full texts and tables, such as
type of model, software used, software availability and so on. However, its accuracy is limited
when categorizing content or summarizing information that is not explicitly stated in the text,
for example, identifying the type of paper (application or method) or the stage of drug
development was challenging for Elicit.

The search results were organized with the following 20 columns:

Table 2: Columns for Text Extraction

ID Related to drug development: Yes/No

Title Purpose of the model

Authors Type of product

Source/Journal Therapeutic area

Year Stage of drug development

DOI/Full text link Simulation for evaluating UQ methods:
Yes/No

Inclusion: Yes/No, if no, put reason in Software availability:

comments Open source/Commercial/Open
source+Commercial/No

Type of paper: Code availability: Open source/Commercial

Methodology/Application/Review platform with given parameters/upon
request to the authors/No

Type of model: PBPK/QSP/ML/Others Software used

UQ methods Comments

2.2 Quantitative and qualitative analysis

Characteristics of articles and proposed methods were described by using descriptive
analyses such as line charts and bar charts. The collected categorical variables were
summarized by providing absolute and relative frequencies. To enable an overview of the
uncertainty quantification methods, model names as they were proposed by the authors
were classified into broader classes of models. The main characteristics of these suggested




categories are introduced, and examples for the categories were provided. All statistical
analyses were performed in R (version 4.5.1).

3 Results

3.1 Literature review search

A comprehensive database search retrieved 764 distinct publications related to PBPK and
QSP models as of July 3rd, 2025, and 75 publications related to ML models as of July 10th,
2025. The search captured three of the four pre-specified quality control (QC) papers. The
remaining paper, Good practices for quantitative bias analysis [32], was not captured because
the abstract contained only the term “uncertainty” and none of the other specific search terms
listed in 2.1.1 Searching in the databases. We tested an expanded search scope by adding
the term “bias analysis,” but this substantially increased the number of records (n=3254) that
focused on bias more broadly and for fields with less relevance for the purpose of this review
(such as epidemiologic research in general) rather than uncertainty quantification approaches
suitable for mechanistic models. It is worth noting that it was not a strict requirement for the
search to capture all QC papers, given the constraints of time and resources. Therefore, we
kept the original search terms and incorporated this paper during the full-text extraction stage.

The finalized search terms and the corresponding stepwise results are summarized as
follows:

Table 3: Final Search Terms for Literature Review on PBPK & QSP related models
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Model type

Database

Sear
ch
No.

Search terms

Results

PBPK &
QSP related
models

Scopus

TITLE-ABS-KEY ( uncertaint* W/3 (quantif* OR
propagat* OR bayesian OR frequentist OR stochastic
OR "surrogate models" OR metamodels OR
distribution* OR interval OR sensitivity OR discrepanc*
OR fuzzy OR analysis ))

269,705

TITLE-ABS-KEY ( pbpk OR pharmacokinetic* OR
pharmacometric* OR "systems pharmacology" OR gsp
OR “quantitative systems toxicology” OR gst OR
“physiologically based biopharmaceutics” OR pbbm )

403,563

#1 AND #2

277

MathSciNet
via
EBSCOhost

Tl uncertaint* OR AB uncertaint®

36,787

PO "92C45"
92C45 (1991—now) Kinetics in biochemical problems
(pharmacokinetics, enzyme kinetics, etc.)

1499

Tl pbpk OR*“quantitative systems toxicology” OR gst
OR pharmacokinetic* OR pharmacometric* OR
"systems pharmacology" OR gsp OR "physiologically
based biopharmaceutics" OR pbbm OR "bayesian
calibration" OR "probabilistic sensitivity" OR "model
discrepanc™ OR "surrogate based" OR AB pbpk OR
pharmacodynamic* OR pharmacokinetic* OR
pharmacometric* OR "systems pharmacology” OR gsp
OR "physiologically based biopharmaceutics" OR pbbm
OR "bayesian calibration” OR "probabilistic sensitivity"
OR "model discrepanc*" OR "surrogate based"
OR*“quantitative systems toxicology” OR gst

954

#2 OR #3

#1 AND #4

100

PubMed

"Uncertainty"[Mesh]

"quantify uncertainty"[tiab:~3] OR "quantifying
uncertainty"[tiab:~3] OR "quantification
uncertainty"[tiab:~3] OR "propagation
uncertainty"[tiab:~3] OR "bayesian uncertainty"[tiab:~3]
OR "frequentist uncertainty"[tiab:~3] OR "stochastic
uncertainty"[tiab:~3] OR "surrogate models
uncertainty"[tiab:~3] OR "metamodels
uncertainty"[tiab:~3] OR "distribution
uncertainty"[tiab:~3] OR "interval uncertainty"[tiab:~3]
OR "quantify uncertainties"[tiab:~3] OR "quantifying
uncertainties"[tiab:~3] OR "quantification
uncertainties"[tiab:~3] OR "propagation
uncertainties"[tiab:~3] OR "bayesian
uncertainties"[tiab:~3] OR "frequentist
uncertainties"[tiab:~3] OR "stochastic
uncertainties"[tiab:~3] OR "surrogate models
uncertainties"[tiab:~3] OR "metamodels
uncertainties"[tiab:~3] OR "distribution
uncertainties"[tiab:~3] OR "interval
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uncertainties"[tiab:~3] OR "discrepancy
uncertainty"[tiab:~3] OR "fuzzy uncertainty"[tiab:~3] OR
" sensitivity uncertainty"[tiab:~3] OR "discrepancy
uncertainties"[tiab:~3] OR "fuzzy uncertainties"[tiab:~3]
OR " sensitivity uncertainties"[tiab:~3] OR “uncertainty
analysis” [tiab:~3] OR “uncertainties analysis” [tiab:~3]

#1 OR #2

"Pharmacokinetics"[Mesh] OR "pharmacokinetics"
[Subheading] OR “Toxicology” [Mesh]

pbpk[tiab] OR pharmacokinetic*[tiab] OR
pharmacometric*[tiab] OR "systems
pharmacology"[tiab] OR gsp[tiab] OR “quantitative
systems toxicology” [tiab] OR gst [tiab] OR
“physiologically based biopharmaceutics” [tiab] OR
pbbm[tiab]

#4 OR #5

#3 AND #6

534

Table 4: Final Search Terms for Literature Review on ML models

Model type

Database

Search No. Search terms Results

ML models

Scopus

1 TITLE-ABS-KEY | 41,683
(uncertaint® W/3
(learn* OR
machine* OR
deep* OR
bayesian OR
xgboost OR
"random forest"
OR predict* OR
"model
prediction" OR
"neural network"
OR "Gaussian
process"))

2 TITLE-ABS-KEY | 138,385
("drug
development”)

3 #1 AND #2 73

MathSciNet via
EBSCOhost

1 pc:68T 33,340
*68T: Artificial
Intelligence

2 ti:uncertaint* OR 14,816
ab:uncertaint*

w

#1 AND #2 362

4 ti:(learn* OR 97,953
machine* OR
deep* OR
bayesian OR
xgboost OR
"random forest"

OR predict* OR
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"model
prediction" OR
"neural network"
OR "Gaussian
process")

[¢)]

#2 AND #4

1083

#1 AND #2 AND
#4

56

ti:"drug
development” OR
ab:"drug
development”

77

#6 AND #7

PubMed

"Uncertainty"[Me
sh]

"machine
learning"[tiab:~3]
OR "deep
learning"[tiab:~3]
OR "bayesian
regression"[tiab:~
3] OR "xgboost
regression"[tiab:~
3] OR "random
forest"[tiab:~3]
OR "model
prediction"[tiab:~
3] OR "neural
network"[tiab:~3]
OR "Gaussian
process"[tiab:~3]

344,394

w

#1 AND #2

949

"drug
development"[tia
b]

52,536

#3 AND #4

Following the abstract screening stage, 481 publications (57.3%) were excluded due to
irrelevance to the review objectives. After incorporating the remaining QC paper into the
database, a total of 358 abstracts were subjected to full-text retrieval. Of these, 65 were
excluded, resulting in 293 publications included in the final analysis (see PRISMA flow

diagram Figure 1).
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Figure 1: PRISMA 2020 flow diagram

The most frequent reasons for exclusion during the full-text review were: (i) the absence of
any mention of UQ methods, (ii) insufficient methodological details regarding UQ approaches.
Additional exclusions were made for articles focusing on topics outside the scope of this review
and for studies describing well-established techniques for complex models, such as local
sensitivity analysis, uncertainty factor analysis, and confidence interval approach.

3.2 Quantitative and qualitative analysis

A table with all extraction information is provided as Supplementary material.

75 % of the articles in our review were published in 2010 or later. Only 18 articles were
published before 2000. Figure 2 shows the publication years of included articles by type of
paper. The number of publications is summarized and plotted with one datapoint for each 5-
year period. The year 2025 is not included because the year is not yet over and it starts a new
5-year period that would be incomplete and thus misleading in the plot.
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Figure 2: Time trend of the number of publications by type of paper

The largest proportion of included articles (563%, n=198) are methodological, 31% (n=103) are
applications, and 4% (n=14) are reviews.

Figure 3 shows which types of complex models were addressed. Physiologically based
pharmacokinetic models (PBPK) represented the largest group of complex models that were
applied or investigated in the included articles (28%, n=95). Quantitative systems
pharmacology (QSP) models were only explicitly studied in 3 articles. 11% of the articles
addressed uncertainty quantification for machine learning models. The remaining articles
(48%, n=159) are either purely theoretical without a focus on a specific complex model,
categorized as “Others”. Figure 4 breaks down the models within the “Others” category. This
category includes “less complex” pharmacological models (n=31), such as
pharmacokinetic/pharmacodynamic (PK/PD) models. It also covers models related to the field
of medicine (n=42), mathematical methods and theory (n = 42), environmental modeling and
risk assessment (n=19), human risk and safety assessment (n= 17), engineering-related
models (n = 5), and epidemiology models (n = 3).
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Figure 3: Absolute number of included articles by type of complex model
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Medicine

Mathematical Method
Theory

Pharmacological
Models

Environmental
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19 (11.9%)

Human Risk and

Safety Assessment 17 (10.7%)

Engineering-related
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Figure 4: Absolute number of articles by type of models in the “Others” category (n=159)

In total, 129 articles conducted some simulation on uncertainty quantification methods which
corresponds to 44% of articles. 36% of articles used and specified an open source software
to implement uncertainty quantification methods, mostly R and Python. 22% (n=29) of articles
used commercial platforms, e.g. Matlab, WinBUGS, @RISK (Palisade Corporation),
NONNEM or Oracle Crystal Ball. A large proportion of articles did not specify the software that
was used (41%, n=53). Code or scripts are available for only 25% (n=32) of articles with
simulations. Most of those are open access (19%, n=24) (see Figure 5). Some articles provide
code only upon request to the authors (n=6) or in the form of parameter information that can
be used as inputs for commercial platforms (n=2). Examples for software used for specific
uncertainty quantification methods can be found in the column “software used” in the
extraction table that is provided as Supplementary material (filter by columns "UQ method -
rough’ or "UQ method - fine™).
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Figure 5: Absolute number of articles with a simulation study by type of code availability

About half of both methodological papers and applications were related to the development,
repurposing or maintenance of a drug or vaccine for clinical use (see Figure 6). Drug
development was defined to include drug discovery, chemistry and pharmacology, nonclinical
safety testing, dose finding, manufacturing, clinical trials, and regulatory submissions. 73% of
the applications related to drug development focused on a specific therapeutic area compared
to 53% of methodological articles. Details and examples for therapeutic areas, types of
products, stage of drug development and purpose of the pharmacokinetic model can be found
by filtering the extraction table that is provided as Supplementary material ('Drug therapy
development'="Yes”).

Among the 14 reviews identified in the search, 8 focused on drug development. The most
frequently mentioned UQ methods in these reviews were Bayesian approaches, particularly
Bayesian hierarchical meta-regression and Bayesian Markov chain Monte Carlo (MCMC)
analysis. Other methods noted included Monte Carlo simulation, uncertainty propagation, and
fuzzy computations.

The remaining 6 reviews, which were outside the context of drug development, highlighted a
more diverse set of UQ methods. These included Bayesian approaches such as Bayesian
hierarchical meta-regression and Bayesian calibration, as well as parametric bootstrapping,
Monte Carlo simulation, MCMC simulation, Gaussian process surrogate modeling, uncertainty
propagation, uncertainty factors, sensitivity analysis, and likelihood-based methods.
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Figure 6: Absolute number of articles related to drug development by type of paper

3.3 Classification of uncertainty quantification methods

In the literature, there is currently no comprehensive summary and classification of all
uncertainty quantification (UQ) methods, and as a result, the screening process began without
the guidance of such a framework. During the screening, specific names of methods as well
as more general keywords like sensitivity analysis and uncertainty propagation were extracted.
Subsequently, these identified methods were organized into broader categories to provide a
more structured analysis of the results. This classification resulted in six categories: Global
Sensitivity Analysis, Uncertainty Propagation, Bayesian Methods, Basic Frequentist
Approaches, Stochastic and Uncertain Differential Equations and other methods. Of these
groups, the first four were further subdivided. A list of all included papers, along with the
extracted keywords and methods related to uncertainty quantification can be found in the
Supplementary material.

Global Sensitivity Analysis can be defined as “[...] the study of how the uncertainty in the
outcome of a model can be distributed to different sources of uncertainty in the input
model’[37]. It assesses the contribution of inputs to output variability and can identify non-
linear interactions. Examples include the Morris method[39], Sobol indices[38], polynomial
chaos expansion[41] and the Fourier Amplitude Sensitivity Test[40]. To address the varying
degree of theoretical complexity in the approaches, three subcategories were introduced:
simulation-based methods, e.g. Morris method, advanced analytical methods, e.g. polynomial
chaos expansion[41] and other methods that were not detailed enough to be placed into one
of the mentioned categories above. The degree of complexity lies on a continuous scale and
can therefore only roughly be approximated by this categorization.
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Uncertainty Propagation involves predicting how uncertainties in input variables propagate
through models to affect outputs. While global sensitivity analysis and uncertainty propagation
methods are closely connected, the former is more concerned with uncertainty in the input
variables, whereas the latter focuses more on the outcome variables. Techniques in this
category can further be divided into probabilistic and non-probabilistic approaches. Prominent
examples for the latter are fuzzy computation and interval analysis[42]. Probabilistic
approaches often require a simulation method e.g. Monte Carlo simulation[43] to assess the
propagation of uncertainty either simply through the original model or in a more complex
approach through a surrogate model[44], e.g. Kriging method[45]. Other probabilistic
approaches that did not fit into the two categories “Basic simulation” or “Surrogate model” or
were not detailed enough to classify, were grouped into a third subcategory for probabilistic
approaches, resulting in four subcategories for uncertainty propagation in total.

Bayesian methods describe uncertainty in parameter estimates by incorporating prior
knowledge along with the likelihood of observed data to update the probability distribution of
the parameters. They encompass a wide variety of different methods and therefore are further
subdivided into Bayesian hierarchical modelling, Bayesian calibration, and Bayesian machine
learning methods e.g. using Monte Carlo dropout to assess the epistemic uncertainty of a
neural network[46]. Again, a category was introduced for other Bayesian methods. Assessing
the resulting posterior distribution relies mostly on simulation-based methods, e.g. Markov
Chain Monte Carlo sampling[47].

Frequentist methods in the context of uncertainty quantification can range from basic
techniques like standard errors to more complex techniques involving confidence intervals and
hypothesis tests for model parameters. To further differentiate the methods in the context of
uncertainty quantification three subgroups were introduced, likelihood-based methods,
resampling and other frequentist methods. Likelihood-based methods help to characterize the
uncertainty associated with model parameters through the likelihood function, e.g. log-
likelihood profiling relying on the likelihood ratio test[48]. Resampling involves repeatedly
drawing samples from a dataset to assess the stability and reliability of statistical estimates.
Resampling techniques such as bootstrapping and the jackknife method allow for the
estimation of parameter uncertainty without relying heavily on parametric models[49,50].

The methods in the category uncertain/stochastic differential equations (UDE/SDE) arise from
replacing the model equations of a pharmacometric model, which are typically ordinary
differential equations, with uncertain differential equations or stochastic differential equations.
The use of UDEs and SDEs allows for direct modeling and assessment of noises on model
parameters, e.g. measurement error, intra- or interindividual variability. While stochastic
pharmacokinetic models are driven by the Brownian motion, uncertain pharmacokinetic
models are driven by the Liu process[51], which was designed under the framework of
uncertainty theory as a stationary independent increment process whose increments are
normal uncertain variables rather than random variables[52].

Methods that could not be placed into one of the categories above based on the extracted
information were combined in a separate group, later referred to as “Other”. If a paper applies
or compares multiple different methods, all the corresponding categories were assigned,
resulting in an analysis of the absolute number of mentions per category rather than the
proportional distribution. As illustrated in Figure 7, the Bayesian methods were used most
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often followed by simulation-based techniques in global sensitivity analysis and uncertainty
propagation. Methods that involve a more complex theoretical setup like uncertain differential
equations or surrogate modeling are applied less frequently.

It is important to note that even for a specific method, the categories of this framework are not
fully disjoint. The classification is also dependent on the thoroughness of the description of the
uncertainty quantification within a paper, which can vary significantly and therefore can lead
to ambiguities which result in a considerable use of the “Other” category.

Global
sensitivity

analysis probabilis
tic 16

Basic simulation
Simulation 57 44 Other 11

Hierarchical

Other 59 36 i
Resamplmg
. Other 25
Machine

Other frequentlst
Calibration 31 Learning 21 |Analytical 31 leellhood 7 UDE/SDE 7

Figure 7: Classification of uncertainty quantification methods with absolute number of
occurrences in all included articles

As illustrated in Figure 8, simulation-based global sensitivity analysis and uncertainty
propagation were the most frequently applied or studied types of uncertainty quantification
methods in current articles that apply to physiologically based pharmacokinetic models
(PBPK) or quantitative systems pharmacology (QSP) models. Bayesian and frequentist
methods were applied less often in this field than overall (compare Figure 7).



20

(€][e]) i .

obal sensitivity analysis [Uncertainty propagation |Bayes

Hierarchical 2

Other 2

Simulation 9 Calibration 1

Basic simulation 10 Frequentist

Other 4 Resampling 2 J

Figure 8: Uncertainty quantification methods applied or investigated in the context of PBPK
or QSP models in the last 10 Years (since 2015)

3.4 List of highly relevant papers for further work

During the full text extraction, 19 papers were identified as highly relevant to the project aim.
These papers covered both methodological developments and applications of advanced UQ
techniques that could be considered for future simulation studies, such as Bayesian
hierarchical modeling and global sensitivity analysis. It should be noted that the selection of
specific UQ techniques for the coming simulation study will be addressed later and the
purpose of this collection is solely to provide a broad reference base. The selected papers and
their key contributions are summarized below:
1. A Bayesian population PBPK model for multiroute chloroform exposure[53].
Applied Bayesian hierarchical modeling method to assess the UQ of a PBPK model.
2. A computational workflow for probabilistic quantitative in vitro to in vivo
extrapolation[54].
Employed global sensitivity analysis with the approximate Bayesian computation to
evaluate the UQ of a PBPK model.
3. A framework for 2-stage global sensitivity analysis of GastroPlus™ compartmental
models[55].
Applied global sensitivity analysis to evaluate the UQ of a PBPK model.
4. A fuzzy physiologically based pharmacokinetic modeling framework to predict drug
disposition in humans[56].
Proposed a PBPK framework using fuzzy computations to assess UQ.
5. A generalized polynomial chaos-based method for efficient Bayesian calibration of
uncertain computational models[57].
Provided theoretical foundations for Bayesian calibration and polynomial chaos
methods.
6. A Novel Method for Assessing Drug Degradation Product Safety Using Physiologically-
Based Pharmacokinetic Models and Stochastic Risk Assessment[58].
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Applied probabilistic sensitivity analysis to assess UQ of a PBPK model.

A sequential calibration and validation framework for model uncertainty quantification
and reduction[59].

Reviewed advanced UQ methods, including Bayesian calibration and Gaussian
process surrogate modeling.

Analysis of PBPK models for risk characterization[60].

Applied Bayesian hierarchical modeling method for UQ of a PBPK model.

Assessing drug distribution in tissues expressing P-glycoprotein using physiologically
based pharmacokinetic modeling: identification of important model parameters through
global sensitivity analysis[61].

Identified key model parameters using global sensitivity analysis to evaluate UQ.
Bayesian calibration of computer models[62].

lllustrated the Bayesian calibration methodology.

Bayesian calibration of multistate stochastic simulators[63].

Focused on Bayesian calibration methods for large-scale models.

Bayesian calibration, validation, and uncertainty quantification of diffuse interface
models of tumor growth[64].

Discussed Bayesian calibration techniques and Bayesian inference methods.
Bayesian evaluation of a physiologically based pharmacokinetic (PBPK) model for
perfluorooctane sulfonate (PFOS) to characterize the interspecies uncertainty between
mice, rats, monkeys, and humans: Development and performance verification[65].
Applied Bayesian hierarchical modeling method to assess the UQ of a PBPK model.
Bayesian methods for uncertainty factor application for derivation of reference
values[66].

Applied Bayesian approaches to UQ in a PBPK model.

Human Variability in Carboxylesterases and carboxylesterase-related Uncertainty
Factors for Chemical Risk Assessment[67].

Used Bayesian hierarchical modeling method to assess UQ of a PBPK model for
chemical risk assessment.

Improving the estimation of parameter uncertainty distributions in nonlinear mixed
effects models using sampling importance resampling[68].

Introduced sampling importance resampling to improve UQ estimation.

Probabilistic framework for the estimation of the adult and child toxicokinetic
intraspecies uncertainty [69].

Discussed probabilistic sensitivity analysis and uncertainty propagation methods.
Uncertainty quantification and propagation in surrogate-based Bayesian inference[70].
Focused on Bayesian approaches to surrogate modeling and UQ.

Using machine learning surrogate modeling for faster QSP VP cohort generation[71].
Applied ML surrogate modeling for a QSP model.

4 Conclusion and discussion

This review shows a clear gap in the availability of well-established methods for UQ tailored
to complex models in drug development and regulatory evaluation, as illustrated in Figure 8.
Nonetheless, a diverse range of UQ techniques originating from disciplines such as
mathematics and statistics, engineering, analytical chemistry, and toxicology holds substantial
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potential for application in this context, as illustrated in Figure 7. Among these, global
sensitivity analysis, uncertainty propagation, and Bayesian approaches emerged as the most
frequently reported and widely applied methods.

The findings underscore the critical importance of adapting adequate UQ methodologies to
improve the reliability and robustness of PBPK, QSP, and ML models. By identifying promising
candidate methods from both within and outside drug development, this review lays the
groundwork for targeted simulation studies. These next steps will provide a robust evidence
base for selecting and refining UQ methods that can meaningfully enhance decision-making
in drug development and evaluation.

5 Funding sources/sponsors

This work is funded by the EMA Project “Uncertainty quantification for complex models supporting
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Column

Instructions

Inclusion

Include or exclude the paper based on the following
criteria:

Inclusion criteria:

- Research and methodological publications discussing
uncertainty quantification (UQ) methods.

- Publications, presenting case studies, where UQ
methods for PBPK, QSP, and ML models have been
applied (clinical trials, simulation study, and modeling).

- Publications including other types of models that the UQ
method may be potentially useful for our case
Exclusion criteria:

- Investigations/publications that are not relevant to the
main objective:

- Do not focus on UQ for modeling problems considered.
- Case study using UQ methods for estimation, but not
focusing on UQ.

For example: Local sensitivity analysis...

Type of paper:
Methodology/Application/Re
view

- Only one answer is allowed for each paper. If a paper
includes elements of several different publication types,
decide from context which one fits the main purpose of the
paper best and use this as an answer. The main focus of
the paper decide if the paper should be classified as
methodology or application, or review. You can ignore
single aspects of the paper that suggest a category that
differs from the main focus of the paper.

- Papers that focus on application, i.e., the purpose of the
study is to understand, develop, design, etc, models
regarding a specific product or drug should be categorized
as "application". For example, some PBPK paper applies
some existing UQ method to develop a good model for that
application, but do not specifically evaluate the used UQ
method in comparison to other models.

- Classify papers as methodology if the main purpose and
focus of the paper is to introduce or evaluate UQ
methodology, such as adapting or extending a model
framework.

-Classify papers as "application” if the paper used an
uncertainty method for estimation rather than focusing on
the uncertainty method development or evaluation

UQ methods

Extract the statistical methods used for uncertainty
estimation& qualification. E.g., Bayesian hierarchical
meta-regression, Bayesian calibration, model discrepancy
analysis, surrogate modeling, probabilistic sensitivity
analysis, uncertainty propagation, interval analysis, fuzzy
computations, frequentist.

Drug therapy development:
Yes/No

- Check if the paper is related to the development,
repurposing or maintenance of a drug or vaccine for
clinical use. Drug development includes drug discovery,
chemistry and pharmacology, nonclinical safety testing,
dose finding, manufacturing, clinical trials, and regulatory
submissions.

- Also include papers that focus on existing drugs
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Drug therapy development:
Therapeutic area

Check if the paper is related to drug therapy or vaccine
development.

If yes, state the therapeutic area the drug is applied in and
the corresponding ICD 11 code. If no: give precisely the
answer: "not applicable".

Drug therapy development:
Type of the product: small
molecule, biologics, not
applicable

Check if the paper is related to drug therapy or vaccine
development.

If yes, state the type of product. If no: give precisely the
answer: "not applicable".

Drug therapy development:
Stage of drug development

Check if the paper is related to drug therapy or vaccine
development.

If the paper is related to drug therapy or vaccine
development and:

- the stage is clearly stated in the paper, use that term and
add "(stated)" or

- the stage is not clearly stated but you can tell from
context, state your best guess and add "(guess)" or

- the stage is not mentioned and also not clear from
context, state "not specified".

If the paper is not related to drug therapy or vaccine
development just state: "not applicable"

Drug therapy development:
Purpose of the model

Check if the paper is related to drug therapy or vaccine
development.

If yes give the purpose of the used pharmacometric model.
Examples are: dose finding, identification of
subpopulations. If the paper is not related to drug therapy
or vaccine development just state: "not applicable"

Simulation

Determine whether the paper uses a simulation study to
evaluate uncertainty quantification methods. If the
simulation is solely used for assessing model prediction,
respond with "No"

Software availability

Is the software and skripts that were used to implement the
uncertainty models described in the paper? The
information is often given in the data availability statement.
Use the following categories: open source, commercial
platform, no.

- Open source means that the code is publicly availiable for
example scripts that are provided in the appendix and
ready to use. The information which programming
language or plattform was used is not sufficient. Skripts or
code have to be provided or there should be instructions
on how or where to access code that is freely availiable
somewhere

- commercial platform means a commercial platform is
used which does not allow to easily reproduce the
analyses. The information which programming language or
plattform was used is not sufficient by itself. Instructions to
access skripts or code or at least some parameter values
or model equations used for specifying the model have to
be given

- no means the software to reproduce the results is not
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mentionned at all or there are no instructions on how to
implement the model in the software (no instructions on
skript or code availiability or configuration of model
parameters or model equations)

- only 1 of the 3 categories can be chosen

code availability

Were code or scripts, or model parameters, provided that
allow reproduction of the UQ models?

If no instructions are given in the paper on how to access
code, scripts or how to reproduce the model using
specified model parameters and equations then classify
this as "no".

"commercial platform with given parameters" means a
commercial platform was used, and instructions to access
scripts or code or at least some parameter values or model
equations necessary to reproduce the model are given.
Open source means that code/skript are contained in the
paper or appendix, or instructions are given on how to
freely access the code/scripts somewhere else, and the
analyses can be reproduced using open source software.
"Upon request to the authors" means that code or
instructions for reproducibility are not directly available in
the paper, but there is a specific statement in the paper
offering readers to obtain code or scripts from the authors.

software used

Include the names of any software, packages,
programming languages, etc., used in the study to
estimate the uncertainty quantification model. Leave blank
if no such software was used or mentioned.
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Bayesian Model Calibration (BMC), model discrepancy
analysis, moment penalization prior

Bayesian calibration, model discrepancy analysis, surrogate
modeling, stochastic variational inference, deep Gaussian
processes, Gaussian processes with random feature
approximations

- Bayesian calibration
- Model discrepancy analysis

- Surrogate modeling (Gaussian Process)

- Full Bayesian Approach (FBA)

- Modular Bayesian Approach (MBA)

- Probabilistic sensitivity analysis (Sobol indices)
- Uncertainty propagation

- Markov Chain Monte Carlo (MCMC) sampling

Monte Carlo analysis (MCA)

- Hierarchical Bayesian approaches
- Markov chain Monte Carlo (MCMC) simulation

- Sensitivity analysis

- Monte Carlo techniques

- Likelihood methods

Bayesian hierarchical framework, Markov chain Monte Cario
(MCMC), variance-based global sensitivity analysis (GSA),
probabilistic sensitivity analysis, lognomal distribution for
residual emors

Monte Carlo analysis, sensitivity analysis

Monte Carlo simulation, probabilistic sensitivity analysis (using
truncated normal distributions), uncertainty propagation
(using uncertainty coefficients), Global Sensitivity Analysis
(GSA)

Sensitivity analysis, Monte Carlo simulations, uncertainty
propagation, and type B uncertainty estimation

- Statistical (type A) uncertainties: Monte Carlo simulations
- Systematic (type B) uncertainties: Cell average effect, cross-
section uncertainties

- Uncertainty propagation: Intensity-weighted average for
photon emission intensity

- Frequentist approach: Use of coverage factor (k) for
uncertainty weighting

- Emulation using statistical models (emulators)
- History matching

- Gaussian processes

- Mahalanobis distance for implausibilty measure
- Basis methods for surogate modeling

Bayesian estimation using a neural network to approximate
the joint posterior distribution of tracer-kinetic parameters with
a non-informative uniform prior.

- Stochastic Response Surface Method (SRSM)
- Automatic Differentiation of FORTRAN (ADIFOR)

- Polynomial Chaos Expansion (surrogate modeling)
- Monte Carlo simulation

-Latin Hypercube Sampling (LHS)

- Probabilitic sensitivity analysis

- Uncertainty propagation

Monte Carlo method (MCM)

First-order analytical sensitivity and uncertainty analysis,
Monte Carlo analysis, graphical technique for uncertainty
propagation, Taylor series expansion for uncertainty
propagation, log-normal distributions for uncertainty
description

Monte Carlo uncertainty and sensitivity analysis, partial rank
cortelation coefficient analysis
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@RISK (7.5) software of
Palisade

not mentioned

MCSim version 6.2

PBPK_SIM (K.S. Crump
Group, Ruston, LA)

- DeSolve R software (for
simulations)

- "soboljansen” package of R
(for global sensitivity analysis)

not mentioned

PENELOPE code, PENGEOM
subroutines package

not mentioned

Neural network architecture
(custom-built)

ADIFOR, FORTRAN, Maple

Not mentioned (the paper
does not specify any software
or programming languages
used)

Crystal Ball (for MCMC)
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used for the uncertainty
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- Monte Carlo (MC) sampling

Monte Carlo analysis, sensitivity analysis (analytical sensitivity
coefficients and correlation analysis)

Uncertainty propagation, Monte Carlo simulation using Latin-
hypercube procedure, probabilstic sensitivity analysis

Extended Kalman Filter (EKF)

Monte Carlo techniques, uncertainty propagation,
probabilistic distribution assignment

Bayesian reduced-dimensional calibration, Gaussian process-
based approach, Metropolis-Hastings algorithm, model
discrepancy analysis.

- Bayesian calibration
- Surrogate modeling

- active subspace

- Monte Caro (MC) sampling

- Kemel density estimation

probabilstic version of active subspaces (Gaussian process
regression with builtin dimensionaity reduction)

- Mortis method for preliminary screening

-Monte Carlo simulations for exploring input-output
relationships.

- State Dependent Regression (SDR) model for partitioning
variance

global surrogate modelling:

- Predictive posterior uncertainty

- Variance estimation (heteroscedastic variance estimate)
- Predicted standard deviation

Hierarchical deep compartment modeling with Bayesian
inference, Markov Chain Monte Carlo (MCMC) techniques

Bayesian inference using Gibbs sampling via Markov Chain
Monte Carlo (MCMC) simulation, uncertainty propagation,
Bayesian hierarchical modeling

hierarchical stochastic metamodels based on moving least
squares and spectral decomposition (by polynomial chaos
expansion)

- Stochastic approaches
-Monte Carlo simulations

- Information analysis techniques
- Bivariate analysis

Monte Carlo uncertainty analysis, first-order linear
approximation for variance attribution analysis
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Frequentist methods: Global sensitivity analysis, Uncertainty
propagation using Monte Carlo methods (sampling from
uniform distributions), Relative standard errors (rse), Relative
o0t mean square error (mmse}

- Combined likelihood ratio test (cLRT)
-Monte Carlo simulations

- Coverage probability computation

- Model averaging (MA) with AIC as information criterium and
frequentist approach for weight calculation

- Model selection (MS) with AIC as information citerium

- Majority voting , whereby the number of agreements in the

predicted class per each molecular pair is used as a measure

of confidence (the higher, the better)
- Standard deviation-based estimation

Monte Carlo simulation, uncertainty propagation, constant
coefficient of variation model, variance-covariance matrix
estimation

Sensitivity SA-Other, UP-  Yes
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Uncertainty
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basic frequentist
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frequentist
Other Yes
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estimation; calibration and rescaling of predicted distributions

Bayesian hierarchical modeling, Bayesian estimation,
uncertainty propagation, stochastic simulations, Markov
Chain Monte Cario (MCMC) algorithms, informative and
‘weakly informative priors.

Conformal Prediction (CP)

Standard Deviation (SD) of residuals, Ensemble methods,
Bootstrapping, Quantiee regression, Monte Carlo dropout,
Bayesian methods (mentionned as altemative methods)

- Conformalized Fusion Regression (CFR)
- Deep Ensemble (Ensemble)

- Monte Carlo Dropout (Dropout)

- Ensemble-based Conformal Prediction (CP)

- Inductive Conformal Prediction (ICP)

- Posthoc calibration using Isotonic Regression (IR)
- Conformalized Quantile Regression (CQR)

- Conformal Residuak-based Regression (CRR)

Deep ensembles with Gaussian mixture for uncertainty

estimation, using coefficient of variation (CV) as a measure of

predictive uncertainty.

Bayes Bayes - hierachical  Yes
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frequentist resampling
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Other Yes
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procedures
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PBPK simulations

simulations

NONMEM7.4, PSN 4.4.8
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R version 3.5.1

- Scikit-leam
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Bayesian hierarchical meta-regression, Bayesian calibration,

ling-based regression method (partial rank correlation

Fuzzy simulations, Monte Carlo simulations, Fuzzy-

Global sensitiity analysis (GSA) using the Sobol method for
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clinical decision-making.

The purpose of the model is to
predict human phamacokinetics
based on precinical data, which
is essential for dose finding and
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therapeutic window to optimize
treatment regimens.
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dose finding (predicting the dose
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phamacokinetic data from
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Not applicable (the paper is
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vaccine development)
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response.
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- PyTorch
- Python 3.1
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- Python v3.12
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- Computer program DoseU
developed at the Helmholtz
Zentrum Miinchen

MATLAB 6.1, Isqcurvefit
function

-Rversion 4.0.3
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- Latin hypercube sampling (LHS)
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