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Abstract

Introduction: Modelling and simulation approaches play a crucial role in drug
development, supporting decisions such as dose selection, extrapolation between
populations, and prediction of clinical outcomes. However, assessment of these models
and interpretation of their results depends on the clear quantification and communication
of uncertainty. This scoping review aims to systematically identify and map existing
methods proposed, suggested, or discussed in regulatory procedures for quantifying
uncertainties in modelling approaches employed during drug development.

Objectives: Identify EMA marketing authorization procedures and scientific advice final
letters where uncertainty quantification of mechanistic models was of concern in order to
identify the specific methods used in a drug development context, identify relevant
parameter ranges for future simulation studies, derive representative case studies, and
develop an overview of regulatory recommendations.

Eligibility criteria: We included marketing authorization procedures granted and EMA
scientific advice final letters issued before June 1st, 2025. Procedures include initial
authorizations as well as variations such as extensions of the use of already authorized
medicines to other therapeutic areas. We included procedures for which the European
Public Assessment Report (EPAR) or the EMA Scientific Advice Final Letter (EMA-SA
FAL) discusses uncertainty quantification (UQ) in relation to mechanistic models used to
address scientific questions within the drug development programme. The scope of the
review was limited to procedures that included a regulatory assessment of at least one
mechanistic model (which could be a PBPK or a QSP model) and excluded procedures
discussing model uncertainty in relation to e.g. statistical methods for estimation of dose
response from dedicated dose-finding studies. Procedures, especially scientific advice



letters, where uncertainty quantification was mentioned by the applicant but not
addressed in the regulatory assessment were excluded.

Methods: EPARSs available in the database at paediatricdata.eu and EMA-SA FALs
available in AGES’ in-house regulatory search system were searched for paragraphs
matching a predefined list of keywords related to the UQ of mechanistic models. Results
were manually screened to exclude unrelated matches. . For the remaining matches, full
texts of the corresponding EPARs and EMA-SA FALs were obtained and information
items related to UQ for mechanistic models, such as the methods used to quantify
uncertainty, model specifications, and parameter estimates relevant for future simulation
scenarios, were extracted. Before the final extraction process was finalised, a pilot
review of ten procedures was conducted to obtain an overview of the typical level of
detail in the provided model and method descriptions and the depth of the relevant
regulatory discussion, and to identify common items suitable for systematic extraction.

Results: A total of 357 procedures ( 70 EPARs and 287 EMA-SA FALs ) were identified
in the database search and selected for further screening. During screening, 209
procedures were excluded for failing to meet eligibility criteria, resulting in 148
procedures that were selected for further data extraction (32 EPARS and 116 EMA-SA
FALs) During data extraction, a further 61 procedures were excluded as eligibility could
not be confirmed upon detailed review of the corresponding full-text documents. In the
end, information items were extracted from 87 procedures (30 EPARS and 57 EMA-SA
FALs) discussing a total of 108 models. The most commonly occurring therapeutic areas
(medical speciality) amongst the eligible procedures were oncology and neurology
(~35%), and a large proportion of the procedures concerned the development of
monoclonal antibodies. However, many therapeutic areas and substance classes were
covered by fewer than 2 procedures included for review.

For each procedure, information on any mechanistic model or models with a discussion
on UQ meeting the inclusion criteria was extracted. The majority of the extracted models
were popPK models, followed by popPK/PD models, and in terms of model
specifications 2-compartmental models made up about one third. More than half of the
models were primarily used to address questions regarding posology.

In terms of methods used for uncertainty quantification, prediction intervals and relative
standard errors (RSE) were mentioned most often. Visual predictive checks (VPC) and
prediction corrected visual predictive checks (pcVPC). Overall, the regulatory discussion
typically focused on whether the uncertainty of mechanistic models was adequately
captured by the UQ method and the implications for how the drug development should
proceed rather than the UQ method itself .


http://documents.in

Abstract
Introduction
Objectives
Eligibility criteria
Methods
Search strategy
Study/Source of evidence selection
Data extraction
Processing of extracted information
Data analysis
Results
Study selection
Included procedures by substance class and indication
Modelling context, model type, and model specification
Uncertainty quantification methods proposed
Regulatory discussion of model uncertainty
Limitations
Summary and conclusion
Acknowledgements
Funding
Supplementary Information
References
Appendix A - Extraction Items

© © oo b b ph A

N VDN bk 2 s
- O O © © © 0 ~NO W -



Introduction

We performed a review of regulatory procedures to identify EMA marketing authorization
procedures and scientific advice procedures where uncertainty quantification (UQ) of
mechanistic models was of concern. Specifically, we investigated which methods were
used or proposed to evaluate the uncertainty of estimates from mechanistic models to
inform scientific questions relevant to the development of medicinal products, and how
the overall adequacy of the models was subsequently assessed.

Based on this review, we will define relevant parameter ranges to inform a simulation
study on methods of UQ, derive case studies that illustrate the findings of the simulation
study, and outline general regulatory recommendations. To do so, we intend our next
step to involve extraction of aggregate data (model parameter estimates and
corresponding uncertainty measures) on specific models based on information obtained
during full text extraction, such as tables directly giving parameter estimates and
uncertainty measures, plots of model predictions, and figures of model schemata.

Objectives

The main objective of this review was to identify documents where UQ methods were
used to address uncertainty challenges in mechanistic models such as popPK, PBPK
and QSP models. For selected documents we primarily investigated what UQ methods
were used and what the key findings and regulatory conclusions were (for example
regarding discussion around prediction uncertainties, parameters uncertainties, etc.).

Eligibility criteria
Inclusion criteria

1. Regulatory procedures with a positive opinion (EPAR) or final advice letter
(EMA-SA FAL), issued before June 1st, 2025, where uncertainty quantification of
mechanistic models was identified as an issue during regulatory assessment.

2. Initial authorization or variation (e.g. extension of the authorised use to another
therapeutic area), or Scientific Advice Final Letter.

3. Procedures for which the EPAR or EMA-SA FAL discusses at least one
mechanistic model to address some relevant aspect of the drug development
programme.

4. Procedures for which the EPAR or EMA-SA FAL discusses at least one method
for UQ of a mechanistic model intended to inform regulatory conclusions on
aspects of the drug development programme.

5. Procedures that contain a regulatory discussion of the UQ method.
Exclusion criteria

1. Marketing authorization procedures currently under review.



2. EMA-SA procedures currently under assessment (i.e. EMASA FAL not issued,
before June 1st, 2025).

3. Marketing authorization procedures withdrawn by the Applicant or with a negative
opinion.

4. Procedures that do not discuss at least one mechanistic model.

5. Procedures that do not discuss UQ.

6. Procedures where the discussion of UQ does not refer to a mechanistic model
(e.g. confidence intervals for parameters estimated in a dose-finding clinical trial
or population pharmacokinetic analyses).

7. Procedures where UQ is mentioned by the Applicant but not discussed in the
regulatory assessment.

Methods

Search strategy

A comprehensive search of EMA Public Assessment Reports (EPARs) was conducted in
the electronic database provided at paediatricdata.eu. In addition, the AGES database
of EMA-SA FALs was searched to identify related scientific advice procedures. Search
terms were prespecified and included terms such as “uncertainty quantification” (see
below) in different types of spelling. Searches were restricted to procedures with a
positive opinion and EMA SAs where the FAL had been issued by CHMP before June
1st, 2025.

The following structured search terms were used:

Category Terms Included

Modelling-related Terms “in silico”, “in-silico”, “mechanistic model”, “M&S”,

‘modeling & simulation”, “modeling and simulation”,
‘PBBM” , “PBPK”, “pharmacometric”, “physiologically
based biopharmaceutic”, popPK , “population
pharmacokinetics”, “population PK” , “QST”,
“quantitative systems toxicology” , “quantitative

”

systems pharmacology”, “QSP”

Uncertainty-related Terms “uncertainty quantification”, “uncertainty evaluation”,
“‘model uncertainty”, “parameter uncertainty”,

LTS

“structural uncertainty”, “evaluation of uncertainty”,

“credible interval” , “prediction interval”, “probabilistic
sensitivity analysis”

Searches combined both categories using the AND operator to increase the likelihood
that potential matches meet inclusion criterion 3 and exclusion criteria 4 and 5.

An initial limited search of paediatricdata.eu and the AGES database was undertaken on
July 14th, 2025 to evaluate the feasibility of a search strategy based on full text queries.



The final search strategy, including all search terms and conditions for selection, was
adapted slightly, taking into account

e |ow-specificity search terms returning large numbers of irrelevant results
(e.g. ‘confidence interval’) due to frequent use of the term outside the modelling
context,

e the results of a pilot review (see Section on Data extraction),

e and the suggestions EMA provided during a project meeting on July 17th, 2025,
where results from the pilot search were presented (e.g. ‘QSP’, ‘PBPK’).

The final search was performed on July 23rd, 2025, once again on the following two
databases:

e paediatricdata.eu — Full-Text search of EMA EPARs:
https://paediatricdata.eu/shiny/users/ralfherold/emaepars/

e AGES internal database of EMA Scientific Advice letters.

Both support combinations of search terms using logical operators, and the final search
was performed for all combinations of individual terms from the modelling-related and
uncertainty-related terms combined using the “AND” operator.

Search results for individual search terms were cleaned, processed, and collated for
further processing using the statistical software R. Duplicates were removed and EPARs
and EMA-SA FALs were filtered to match predefined combinations of search terms.

Study/Source of evidence selection

Text paragraphs from EPARs and EMA-SA FALs that matched the search terms were
screened against the inclusion criteria in the first step of the detailed review; this was
done by individual reviews using a screening form especially developed and evaluated
for usability during the pilot screening (see section on Data extraction). The final
screening form was implemented using Microsoft Forms (see Supplementary Document
1). Procedures intended for detailed extraction were divided between three reviewers
who were assigned a partially pre-filled (document id, document link) form for individual
completion per procedure.

Considering the large number of search results (357), screening was performed by
individual assessors only as duplicate screening would not have been feasible (this is in
line with the protocol). Reviewers met regularly to discuss progress, align on specific
application of eligibility criteria, and resolve controversial cases.

In most cases, full text EPARs and EMA-SA FALs indeed required detailed assessment
against the eligibility criteria since the search matches and document context reported
by the employed search engines were not sufficient to determine inclusion. Reasons for
exclusion of procedures at this stage were recorded in the screening form, together with
additional information on the location of relevant content related to UQ (section,
question, page number) and free-form notes to facilitate subsequent extraction.
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Data extraction

In a first step, only data from 6 EMA-SA FALs and 4 EPARs were reviewed with the aim
to obtain information on items including:

Drug development question addressed

Type of model and specification

Uncertainty quantification methods proposed or applied

Recommendations provided by the EMA regarding uncertainty quantification
Estimates of model parameters

Estimates of uncertainty measures

using a pilot extraction form. Based on this, the final extraction form was developed (see
Appendix A for the table of items, Supplementary Document 2 for the form). The data
extracted includes specific details about the procedure, product, indication, substance
class, eligibility criteria, extent of the discussion of the UQ method, modelling context
and type of mechanistic model, UQ methods proposed by the Applicant or the regulatory
agency, regulatory recommendations concerning UQ, and key aggregate model
parameter and uncertainty measure estimates.

Data from EPARs and EMA-SA FALs included after screening were extracted by
individual reviewers using full text documents of EMA-SA FALs and EPARS. For more
recent EMA-SAs, the full text briefing documents were obtained in order to review
Applicant positions and additional background material (e.g. to extract model
specifications and model parameter estimates that were not reproduced in the CHMP
answer).

Due to the large number of procedures included for extraction (148 ), independent
extraction by two reviewers was not considered feasible and documents were assigned
to individual reviewers. Extraction was preferentially assigned to a different reviewer
than the screening reviewer. Reviewers met regularly during the extraction process to
align extraction practices and discuss controversial cases. Due to an error in the
assignment software, a number of documents were randomly assigned to two or three
reviewers for extraction. In total, 28 documents were reviewed by two reviewers, and 5
by three. Agreement on procedure inclusion was high (~70%), and information extracted
independently aligned to a large degree. In case of disagreement, eligibility was
reviewed and resolved by the first author.

The number of models discussed in the procedure was limited to those where
uncertainty quantification was specifically mentioned. Other models reported or
discussed in the same procedure that did not involve a discussion related to UQ were
therefore not counted. Discussions related to uncertainty quantification of models built in
a hierarchical manner (e.g. an exposure-response model based on an elsewhere
discussed popPK model) were counted as a single model if the discussion concerned
uncertainty propagated from a separate and dependent model (e.g. ‘precision of E-R
model predictions is questioned due to limitations discussed in relation to the popPK



model’). However, if the popPK model was further extended by adding additional
mechanistic layers (e.g., non-linear drug effect model and/or an indirect response
model) and a discussion in relation to UQ was identified it was counted as an additional
model.

For EMA-SA FALs, the non-proprietary and invented names could not be extracted
consistently. At the stage of the SA procedure, products are often referred to by
non-descriptive IDs. Considering the confidentiality of the procedures, these data were
used for internal tracking and quality control purposes (i.e. identification of duplicate or
mislabeled extractions) and not reported.

Products were categorized into several substance classes at extraction. Corresponding
classes were primarily derived from information in the EPAR (e.g. “Section 2.2. About
the product”) and EMA SA FAL (e.g. the corresponding paragraph of the cover letter) at
extraction. In cases where these descriptions did not contain the broader therapeutic
substance class, Al queries and web searches in the NCI thesaurus and wikipedia were
performed to facilitate categorization.

Processing of extracted information

Data extraction was performed using the aforementioned MS Forms based online
questionnaire (see Supplementary Document 2) that collects extracted data in a
spreadsheet. Spreadsheet data were cleaned to remove extraction form test entries, and
then imported and further processed using R.

Therapeutic indications were manually mapped to broader categories of medical
speciality. A first classification was obtained using MS Co-Pilot (using extracted
indications only). Each classification was then manually checked for plausibility. Unclear
cases were reviewed, compared to corresponding information on wikipedia.org, and, if
necessary, corrected. Reported categories were changed to uniform terminology (e.g.
“‘mab” was mapped to “monoclonal antibody”) and further simplified (e.g. “humanized
monoclonal antibody” was mapped to “monoclonal antibody”).

Extracted modelling context (“Drug development question asked”), model type (“Type of
Model”), and model specification were simplified and manually mapped to a small set of
unique categories (e.g. questions related to dosing and duration of treatment were
mapped to “posology”, “popPK and PD” to “popPK/PD”, “two compartmental model with
first order absorption” to “2-compartmental model”). UQ Methods discussed
(“Uncertainty Quantification Method Proposed/Applied”) were similarly manually mapped

to consistent categories.

Data analysis

Descriptive statistics to summarize data extracted from EPARs and EMA-SA FALs were
used. We provide an overview of the number of procedures, therapeutic areas, and
specific indications involved. We qualitatively and quantitatively summarize the types of
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modelling approaches utilized, the specific drug development questions addressed (e.g.,
dose selection, extrapolation), and the methods proposed, discussed, or recommended
by EMA for quantifying uncertainty.

Relevant outcome measures, including model parameters, confidence or credible
intervals, and sensitivity analyses, were mainly collected through screenshots of relevant
tables and figures. Corresponding results are available for further extraction and
processing to inform the design of the simulation study.

Results

Study selection
EPAR search

At the time the final search was performed (July 24th, 2025) the database a
paediatricdata.eu held records on 1897 procedures and 6425 full-text reports for
procedures with an authorization date up to June 1st, 2025 (corresponding to the May
Meeting of the European Medicines Agencies, Committee for Medicinal Products for
Human Use).

The combined keyword search returned 70 documents in the database. Returned
paragraphs and links to full-text documents were grouped by procedure and screened
by individual reviewers (see above). Following this screening step 32 out of 70
procedures were selected for full-text review and extraction.

In total, 32 procedures were reviewed in detail. During review inclusion was confirmed
for 30 procedures. For 8 of the included procedures the EPAR included discussions on
uncertainty quantification for more than one model. Consequently, information about a
total of 38 models were extracted for the review.

EMA-SA FAL search

At the time the final search was performed (July 24th, 2025) the AGES internal database
of Final Advice letters held records on 12498 full-text reports related to scientific advice.
Note, that this may include duplicates, and appendices and other related documents for
certain procedures.

The combined keyword search returned 287 documents in the database. Returned
paragraphs and links to full-text documents were grouped by procedure and screened
by individual reviewers (see above). Following this screening step 116 out of 287
procedures were selected for full-text review and extraction.

In total, 116 EMA-SA procedures have been reviewed in detail. During review inclusion
was confirmed for 57 procedures. For 13 of the included procedures the EMA-SA Final
Letter included discussions on uncertainty quantification for more than one model.
Consequently, information about a total of 70 models were extracted for the review.



Figure 1 provides the PRISM Flowchart for the inclusion process across both databases.



Identification of procedures/trials via databases and registers

Excluded during screening (n = 209)
Reasons'2:
Procedure status (n= 34)
Mechanistic model (n= 90)
UQ Method (n=178)
UQ Discussion (n=203)

Excluded during full text screening (n = 61):
Duplicates (n=1)
Reasons'2:
Procedure status (n= 11)
Mechanistic model (n= 27)
UQ Method (n=42)
UQ Discussion (n= 44)
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= paediatricdata.eu (n=70)
= AGES EMA-SA FL database (n=287)
3
Procedures screened (n = 357)
g
c »
§ \ 4 "
» Procedures reviewed (n= 148):
Full-text EPARs (n= 32)
Full-text EMA-SAs (n= 116)
—— y
Procedures included (n = 87)
EPARs (n= 30)
EMA-SAs (n=57)
o
)
kS v
2
= Information extracted for Models
(n=108): P
EPARs (n=38) -
EMASAs (n =70)

Procedures with more than 1 model (n= 21):
EPARs with >1 models (n=8)
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Figure 1: PRISMA 2020 flow diagram — identified and included procedures for the regulatory procedure

review.
1 Reasons for exclusion:

- Procedure status (Inclusion criterion 2, or Exclusion criteria 1, 2, 3 failed),
- Mechanistic model (Inclusion criteria 1, 3, or Exclusion criteria 2, 3 failed),
- UQ Method (Inclusion criterion 4, or Exclusion criterion 5 failed),

- UQ Discussion (Inclusion criterion 5, or Exclusion criteria 6, 7 failed)
2Numbers include duplicate mentions per procedure across eligibility criteria

The majority of procedures were excluded due to inclusion criteria 4 and 5 and the
corresponding exclusion criteria 5-7. /.e.: Include if: “discusses at least one method for




uncertainty quantification of a mechanistic model intended to inform regulatory
conclusions on aspects of the drug development programme.” and “contains a
regulatory discussion of the UQ method.” (see Table 1). Corresponding eligibility criteria
were applied generously and procedures were included if comments regarding the
reported variability (regardless of measure) were noted. However, procedures where
regulatory comments were limited to the statement that details on the modelling exercise
were missing and assessment of the model was consequently not possible were
excluded, even if they alluded to some form of uncertainty.

Eligibility Criteria Numbers failed

Inclusion Criteria

1. Regulatory procedures with a positive opinion (EPAR) or final advice 36
letter (EMA-SA) (issued before June 1st, 2025) where uncertainty
quantification of mechanistic models was identified as an issue during
regulatory assessment.

2. Initial authorization, variation e.g. extending the authorised use to 43
another therapeutic area, or Scientific Advice Final Letter.
3. Procedures for which the EPAR or EMA-SA FAL discusses at least one | 103
mechanistic model to address some relevant aspect of the drug
development programme.

4. Procedures for which the EPAR or EMA-SA FAL discusses at least one | 200
method for uncertainty quantification of a mechanistic model intended to
inform regulatory conclusions on aspects of the drug development
programme.

5. Procedures that contain a regulatory discussion of the UQ method. 226

Exclusion criteria

1. Marketing authorization procedures currently under review.
2. EMA-SA procedures currently under assessment (i.e. EMASA FAL not | 1
issued before June 1st, 2025).
3. Marketing authorization procedures withdrawn by the Applicant or with | 6
a negative opinion.

4. Procedures that do not discuss at least one mechanistic model. 79
5. Procedures that do not discuss UQ. 164
6. Procedures where the discussion of UQ does not refer to a 54

mechanistic model (e.g. confidence intervals for parameters estimated in
a dose-finding clinical trial or population pharmacokinetic analyses).

7. Procedures where UQ is mentioned by the Applicant but not discussed | 73
in the reqgulatory assessment.




Table 1: Number of procedures by eligibility criterion failed, individual procedures may fail more than one
criterion simultaneously (n=357)

Included procedures by substance class and indication

The majority of included procedures fell into the fields of oncology and neurology, which
combined made up about 35% (see Figure 2 ). Medical specialities occurring in two or
fewer procedures were grouped together under the category “Other/ Unclassified”.

Rheumatology / Immunalagy

Pulmonology | Respiratory -

Other/ Unclassified -

Ophthalmology -

Oncology

Meuralogy -

Infectious Diseases o

Hematology (non-malignant)

Number of procedures by medical Speciality

Endocrinology

Dermatology

10 15 20
count

=]
)]

Figure 2: Number of procedures by medical specialty (n= 87 ); Other/Unclassified: unclassified indications,
medical specialities occurring in two or fewer procedures

The largest proportion of products was represented by monoclonal antibodies and
kinase inhibitors, together making up about half of the included products (see Figure 3 ).
Substance classes appearing in two or fewer procedures were grouped as ‘Other/
Unclassified’.



SIRNAA

receptor antagonist 4

Other/ Unclassified

monoclonal antibody

Mumber of procedures by substance Class

kinase inhibitor 4

count

Figure 3: Number of procedures by substance class (n=87); siRNA: small interfering RNA, Other/
Unclassified: uncategorized substance classes, substance classes appearing in two or fewer procedures

Modelling context, model type, and model specification

Among the models included because of an associated UQ discussion, popPK models
were the most common category. Together with combined popPK/PD or popPK/ER
models, models based on popPK made up the overwhelming majority of all extracted
models (see Figure 4 ). Ten specific PBPK models (n=10) were extracted, and fewer
than five isolated QSP (n=3), ER (n=3). The extraction also included model types
identified two or fewer times categorised as ‘other’ (such as in-silico models (n=2), and a
dose-time response model (n=1)).
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Figure 4: Number of models by type (n=108); QSP: Quantitative Systems Pharmacology, popPK/PD:
population pharmacokinetics/pharmacodynamics, ER: exposure response, PBPK: Physiologically Based
Pharmacokinetic, Other/Unclassified: model types identified two or fewer times

The modelling approaches (see Figure 5 ) were typically employed to inform drug
posology during development (for e.g. to find the optimal dose and dosing regimen), and
occasionally for determination or extrapolation of the posology to adolescent patients,
pediatric patients, or alternative administration routes (five or fewer cases each). More
rarely, the main modelling focus was on special populations and drug-drug interactions,
or on the general development of a broader population PK model or
pharmacokinetic/clinical pharmacological drug characterisation profile (all fewer than 7
cases). This may include for example population PK model-based simulations to validate
the selection of PK sampling time-points.



posology paediatric

posology adolescents -

posology q

population PK

paediatric extrapolation

Other/ Unclassified -

drug-drug interactions

MNumber of models by modelling context

clinical pharmacology -

administration route

count

Figure 5: Number of models by modelling context (n=108); Population PK: population pharmacokinetics,
other: modelling contexts identified two or fewer times.

Most often, precise model specifications were lacking in the documents available to
reviewers (see Figure 6 ). More than 30 of the extracted models with detailed
descriptions were 2-compartmental (combined) popPK models, and some of the other
better described modelling approaches involved (combined) popPK models with 1,3, and
15 compartments, Bayesian non-linear mixed effects models for analysis of PK data,
and Emax models for analysis of dose-response relationships (five or fewer cases
each).
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15-compartmental model

Number of models by model specification
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40 &0
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count

Figure 6: Number of models by model specification (h=108); Emax: maximum achievable effect,
Other/Unclassified: models for which precise specifications were lacking, model specifications occurring
two or fewer times.

Uncertainty quantification methods proposed

The most frequently applied/suggested method for uncertainty quantification was
reporting of prediction intervals (see Figure 7). Following that, relative standard errors
(RSE), visual predictive checks (VPC), and prediction corrected VPCs (pcVPC) were the
most frequently occurring methods. Regularly, the absence of (pc)VPC plots in dossiers
and briefing books was criticized and Applicants were recommended to provide them
and evaluate corresponding measures according to the EMA qguideline on the reporting
of PBPK models (European Medicines Agency, 2018).
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simulated vs observed -
shrinkage -

sensitivity analysis
relative standard error -
prediction interval q
pcWPC

Other/ Unclassified q
Goodness of Fit

confidence interval q

Number of times UQ method was proposed

coefficient of variation 7

bootstrap Cl 4

count

Figure 7: Number of models for which certain UQ methods were proposed either by applicant or regulators
(n=108); VPC: visual predictive check, pcVPC: prediction-corrected visual predictive check, Cl: confidence
interval. Other/Unclassified: UQ methods suggested with two or fewer models. More than one UQ method
may have been proposed for a single model.

Regulatory discussion of model uncertainty

In most cases (n=70, 65%) the regulatory discussion of uncertainty quantification was
rather general and brief. Often only limited statements to the extent of ‘some residual
variability is noted, however, the modelling approach is overall acceptable’, or ‘high
residual variability is observed, the Applicant is advised to improve their model’ were
provided. Even in cases such as the latter case, where there appear to be some
concerns regarding the reported uncertainty, this did not necessarily appear to imply that
the modelling exercise was rejected overall, especially if corresponding conclusions
(dose-selection for subsequent clinical trials) could be confirmed or were expected to be
confirmed in follow-up experiments (e.g. Phase Ill confirmatory trials).

The reporting of (pc)VPC was noted in many procedures, although the method is not
necessarily considered an UQ method (since often some input parameters are fixed to
values reported in the literature or in previous trial results). Examples of the
consideration of VPC as a relevant diagnostic measure associated with uncertainty
involved discussions on whether the corresponding prediction interval did/did not
adequately describe the data. In some cases, pcVPC was preferred. If a PK parameter
e.g., Cmax, was of special relevance due to safety or other relevant concerns, numerical
predictive checks (e.g., a prediction interval) were often requested. In some procedures,
regulators requested that the Applicant verify assumptions made during model building if
model-based simulations were submitted as justification of key steps in the development
programme (e.g., similarity of PK parameters between different patient populations). It
was often advised to reassess model predictions once relevant clinical data became



available in later development stages and adjust dosing accordingly, which could also be
considered a form of ‘sensitivity analysis’.

Only very few procedures contained a more detailed discussion of UQ methods. These
included the following more commonly noted aspects of the UQ of the applied models:
poor estimation precision (reflected in a high RSE%) that suggested that the model was
over-parameterised, high shrinkage values, and deficiencies in model-based predictions
(prediction intervals). Indeed, prediction intervals were the most frequent UQ measure
identified. This may be related to the fact that modeling exercises were typically followed
by simulations to evaluate the model (uncertainty) and to assess its predictive
performance by comparing predictions to incoming data from ongoing studies to e.g.
further inform/adjust the dosing regimen. Other methods that were specifically
mentioned and sometimes discussed in detail included RSE%, shrinkage, sensitivity
analysis, confidence intervals, and credible intervals. In some examples, additional
methods (e.g. pcVPC) or even additional models (such as a PBPK model in addition to a
popPK/PD model) were requested to better facilitate the evaluation of model uncertainty.

Regulatory assessment of model uncertainty

Reviewers were asked to assess whether the regulatory discussion indicated that UQ of
the modelling approach—or the uncertainty reflected in the model results supported by
various UQ methods—was considered adequate. Across the 108 models, 50
discussions suggested adequacy, 32 remained unclear, and 26 pointed to inadequacy.

Models where the regulatory assessment indicated inadequacy of model uncertainty
included cases where comments questioned the reliability of the model, for example
noting that it could not be relied upon or that its validity was in doubt. Models considered
acceptable were those where regulatory recommendations appeared supportive of the
approach or where the conclusions drawn from the modelling were regarded as sound.
Models for which the regulatory assessment remained unclear included situations with
unresolved controversies around structural design due to discrepancies between
predicted and observed responses, as well as preliminary models developed from
sparse data or few subjects that led to imprecise estimates and simulations. In such
cases, regulators often recommended updating the model with more complete data
before reassessing the associated uncertainty. Models where regulatory discussions on
UQ were framed only prospectively, without a final conclusion, were also included in the
unclear category.

Limitations

From the discussion reflected in some procedures, it is clear that only a limited amount
of the regulatory assessment of individual modelling exercises is reflected in the final
advice letters. For example, we frequently encountered advice that referred to separate
assessment by the Modelling & Simulation Working Party, the PDCO, or to SAWP
discussion meetings which are not reproduced in full in the letter. UQ methods like
confidence intervals, (pc)VPC, and sensitivity analyses were not included as keywords
in the search strategy, yet corresponding proposals were included as a form of



uncertainty quantification. Consequently, procedures where UQ is limited to
corresponding approaches may have been missed. In addition, full descriptions of how
uncertainty estimates were obtained (e.g. explicit derivations of prediction intervals)
were generally not available in the documents reviewed.

Summary and conclusion

This scoping review identified EMA regulatory procedures in which uncertainty
quantification (UQ) of mechanistic models was discussed. Of 357 procedures retrieved
through database searches, 148 met initial eligibility criteria, and detailed data extraction
was completed for 87. The most common therapeutic areas were oncology and
neurology, with monoclonal antibodies and kinase inhibitors representing about half of
the included products.

Across procedures, population PK models—often applied to questions of
posology—were most frequently encountered. The second most frequently encountered
category comprised models that extended population PK models to address additional
aspects of drug response, such as exposure—response or pharmacodynamic
relationships. However, also several other categories, including PBPK and QSP models
with associated discussions on UQ could be identified and relevant information
extracted. Corresponding procedures may serve as candidates to form case studies.

The methods for UQ mentioned in regulatory documents included prediction intervals,
relative standard errors (RSE), and (prediction-corrected) visual predictive checks
(VPC/pcVPC). However, descriptions of UQ approaches and the related regulatory
discussions were generally brief and high-level.

Regulatory discussions of model uncertainty were mainly short and general, although
regulators frequently accepted the level of uncertainty conveyed by the models, explicit
assessments of the underlying UQ methods were less common, and in many cases
conclusions were either ambiguous or critical. The main focus of the discussion was
rarely the method of model uncertainty quantification itself but rather whether the
employed model adequately informed the intended steps of the drug development
process based on the reported results of UQ methods.

It should be noted that available texts in EPARs and EMA-SA Final Letters only
represent summaries of broader assessments and discussions, and therefore cannot be
assumed to reflect the full scope of regulatory evaluation. However, these findings
provide a solid initial mapping of where and how UQ has featured in regulatory
assessments and can serve as a basis for future studies.
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Appendix A - Extraction Items
List of items extracted for included procedures

Iltem

ID

Document ID

Reviewer

Filename

Screening Status

Non-Proprietary Name

Invented Name

Substance Class

Indication

In case of exclusion eligibility criteria that are not met
Exclusion criteria met

Inclusion (Yes/No)

Number of Models discussed in the Procedure

Model ID in case of more that one Model

Section in EPAR / Question in EMASA-FL

First page number

Drug development question asked

Type of Model

Model Specification

Only brief and general discussion/mention of UQ by regulators
UQ considered adequate by regulators

Uncertainty Quantification Method Proposed / Applied
Recommendations Provided by EMA Regarding Uncertainty Quantification
Estimates of Model Parameters

Estimates of Uncertainty Measures

Did you save any screenshots in the corresponding procedure folder?
What screenshots did you include




Supplement 1:
print-out of the screening form



EMASA/EPAR Review Screening

Screening of EMASA/EPAR Search Results for Inclusion/Exclusion in the Review

* Erforderlich

1. Reviewer *

2. Search Result ID *

Ihre Antwort eingeben

3. Procedure Number

4. Inclusion Criteria Met

1. Regulatory procedures with a positive opinion (EPAR) or final advice letter (EMA-SA) (issued before June 1st
D 2025) where uncertainty quantification of mechanistic models was identified as an issue during regulatory
assessment.

I:\ 2. Initial authorization, variation e.g. extending the authorised use to another therapeutic area, or Scientific
Advice Final Letter.

I:\ 3. Procedures for which the EPAR or EMA-SA FAL discusses at least one mechanistic model to address some
relevant aspect of the drug development programme.

4. Procedures for which the EPAR or EMA-SA FAL discusses at least one method for uncertainty quantification of
D a mechanistic model intended to inform regulatory conclusions on aspects of the drug development

programme.

D 5. Procedures that contain a regulatory discussion of the UQ method.



5. Exclusion Criteria Met
D 1. Marketing authorization procedures currently under review.
D 2. EMA-SA procedures currently under assessment (i.e. EMASA FAL not yet issued by CHMP).
3. Marketing authorization procedures withdrawn by the Applicant or with a negative opinion.

4. Procedures that do not discuss at least one mechanistic model.

6. Procedures where the discussion of UQ does not refer to a mechanistic model (e.g. confidence intervals for
parameters estimated in a dose-finding clinical trial).

7. Procedures (mainly EMA-SA) where UQ is mentioned by the Applicant but not discussed in the regulatory
assessment.

UJ
UJ
D 5. Procedures that do not discuss UQ.
0J
J

6. Included *
O Included
O Excluded

7. Notes

Dieser Inhalt wurde von Microsoft weder erstellt noch gebilligt. Die von lhnen tGbermittelten Daten werden an den Formulareigentiimer
gesendet.

@8 Microsoft Forms



Supplement 2:
Print-out of the extraction Form



EMASA / EPAR Review Extraction UQ &

Extraction of Information from EPARs and EMASA Final Letters selected in the previous screening

* Erforderlich

* Dieses Formular wird Ihren Namen aufzeichnen. Bitte tragen Sie Ihren Namen ein.

Document & Reviewer

this fields shold be pre-filled by the link, don't edit manually

1. Document ID *

2. Reviewer *

3. Filename - copy and paste link to file *

4. Screening Status *



Procedure

fill out once per document, if you submit the form multiple times to input information about multiple models, fill this section
for the first model and leave it empty for all subsequent models

5. Non-Proprietary Name

6. Invented Name

7. Substance Class (look up in the Background information on the product - XXX is a ...; or
About the Product)

8. Indication



Inclusion

fill out once per document, if you submit the form multiple times to input information about multiple models, fill this section
for the first model and leave it empty for all subsequent models

9. In case of exclusion elegibility criteria that are not met

10.

11.

U

O
0

U

U

1. Regulatory procedures with a positive opinion (EPAR) or final advice letter (EMA-SA) (issued before June 1st
2025) where uncertainty quantification of mechanistic models was identified as an issue during regulatory
assessment.

2. Initial authorization, variation e.g. extending the authorised use to another therapeutic area, or Scientific
Advice Final Letter.

3. Procedures for which the EPAR or EMA-SA FAL discusses at least one mechanistic model to address
some relevant aspect of the drug development programme.

4. Procedures for which the EPAR or EMA-SA FAL discusses at least one method for uncertainty quantification of
a mechanistic model intended to inform regulatory conclusions on aspects of the drug development

programme.

5. Procedures that contain a regulatory discussion of the UQ method.

Exclusion criteria met

O
0

U
O
0
O
O

1. Marketing authorization procedures currently under review.

2. EMA-SA procedures currently under assessment (i.e. EMASA FAL not yet issued by CHMP).

3. Marketing authorization procedures withdrawn by the Applicant or with a negative opinion.

4. Procedures that do not discuss at least one mechanistic model.

5. Procedures that do not discuss UQ.

6. Procedures where the discussion of UQ does not refer to a mechanistic model (e.g. confidence
intervals for parameters estimated in a dose-finding clinical trial).

7. Procedures (mainly EMA-SA) where UQ is mentioned by the Applicant but not discussed in the regulatory
assessment.

Inclusion *

O
O

Yes

No



Model

fill out once per model, if one document contains multiple models submit the whole form multiple times

12.

13.

14.

15.

16.

17.

18.

Number of Models discussed in the Procedure *

Der Wert muss eine Zahl sein.

Model ID in case of more that one Model (i.e. fill a form for each model) *

Der Wert muss eine Zahl sein.

Section in EPAR / Question in EMASA-FL (for multiple questions separate by comma) *

First page number (as displayed by word/acrobat) *

Der Wert muss eine Zahl sein.

Drug development question asked (Question in EMA-SA, Section number/title in EPAR)

Type of Model *
O popPK
O rerk
QSP (quantitative systems pharmacology)

QST (quantitative systems toxicology)

O
O
O popPK/PD
O

Sonstiges

Model Specification (e.g. two compartmental model) - please provide a screenshot of the
model specification below



19. Only brief and general discussion/mention of UQ by regulators *

O Yes
O No

20. UQ considered adequate by regulators (put no in case if there is a mention that UQ is not
considered appropriate or not sufficient evidence/data to determine whether sufficiently
precise estimates will be able to derive, put yes if modelling approach is considered
adequate, put unclear otherwise or in case the model in itself may not be adequate) *

O No
O Yes
O Unclear

21. Uncertainty Quantification Method Proposed / Applied (in case of more than one separate
by ")

22. Recommendations Provided by EMA Regarding Uncertainty Quantification

23. Estimates of Model Parameters

24. Estimates of Uncertainty Measures



Screenshots

Include screenshots of model formulae, plots, parameter estimate tables, etc. if available. Limit to things presented in the
main file (i.e. company position of final advice letter, EPAR).

25. Did you save any screenshots in the corresponding procedure folder? *

O Yes
O No

26. What screenshots did you include (brief description, comma separated) - for tables and
figures copy/paste the figure/table caption if available

Dieser Inhalt wurde von Microsoft weder erstellt noch gebilligt. Die von lhnen tibermittelten Daten werden an den Formulareigentimer
gesendet.

@8 Microsoft Forms
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Spreadsheet containing all text-based (excluding
screenshots) extractions and derived variables
from EPARs reviewed for the interim analysis,

personal information of reviewers was removed.
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