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End-to-End Process Models as a Framework
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End-to-End Process Models as a Framework
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Step 2b
2.3.2.3 Overall Control Strategy Representation

The OCS i1s a holistic and integrated approach encompassing considerations from the CQAs to
the end-to-end controls, describing how the individual control strategies interact to ensure
product quality (ICH QO6A/Q6B, Q8, Q9, Q10, and Q11). A representation, such as a table,
diagram, or flowchart of the proposed OCS should be included. This representation may cross-
reference other sections of Module 2.3 (e.g., 2.3.3 CQI).




Local Control Strategies Do Not Ensure Final Product Quality
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Local Control Strategies Do Not Ensure Final Product Quality
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Local Control Strategies Do Not Ensure Final Product Quality
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Local Control Strategies Do Not Ensure Final Product Quality
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End-to-end process model identifies impact on final product quality



End-to-End Process Models as a Framework
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Only holistic control strategy allow to ensure quality of the product



Structure of Dynamic Models in DSP
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Known Bottlenecks of Conventional Mechanistic and Hybrid Models

Osberghaus et al. example on CEX column with SMA isotherm
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Physics Informed Al: A Disruptive Breakthrough Technology

Process Process Real Time
Optimization Characterization Control
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Lower costs of good and increase sustainability
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Proof of Concept: Speed Comparison of Conventional Solvers to Physics
Informed Al

Gold Standard: CADET simulator Novel Physics Informed Al
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Capabilities of End-to-End Models, Digital Shadows and Digital Twins

Optimize process
Set Holistic Control Strategy
Speed-up process Development
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Real Time Digital Twin Optimization: Further Improve the Process

Product Concentration Product Amount

Increase yield and quality
by 5-10%




Digital Twin @
Takeda
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Takeda Question of Interest:

How to increase yield and meeting quality criteria at the same time?

How to set
hold durations
etc. to
increase yield
/ lower OOS?

How to run CQA 1
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increase yield
/ lower OOS?
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Process Model Offline Optimization Potential
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Takeda Use Case Description of the Digital Twin

Measurable process
parameters are sent
to the process model
via established
interfaces (mature
and used also for
other tools)

Recommendations
how to change the
setpoint of tunable
process parameters
are sent to the MES
system for human
approval

End-to-end process model
predicting final CQA & product
amount as a function of PP of
all steps
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Real Time Digital Twin Optimization: Further Improve the Process

Product Concentration
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Survey: Perceptions and Barriers Regarding Advanced Modelling and Adaptive

Control Strategies — 34 participants

KORBER

4. In which areas do you believe advanced integrated/end-to-end process models could provide the greatest value?

® Improved process understanding 22 ]
@ Faster process development 17 ]
e Establish holistic \_:ontr_ol strategies that ensgres ia e

end product quality with larger manufacturing...
® FReal-time monitoring (digital shadow) g ]
@ Adaptive process control (digital twin) 13 ]
@ Batch release support 1 [ |
@® Improved deviation investigations 7 I
@® Improved regulatory flexibility 3 o
@® No significant value perceived 0
® Other 1 o

0 10 15 20 25

Mare details

22



Model Lifecycle & Validation

Apply
Real time control
/ optimization /
justify deviations

Experi
mental
Design
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Verification, Validation and Uncertainty Quantification TE——1

ASME V&YV 40 risk-informed credibility assessment framework

Verification and Validation of Computational Models Used in
Biopharmaceutical Manufacturing: Potential Application of the
ASME Verification and Validation 40 Standard and FDA Proposed
AI/ML Model Life Cycle Management Framework

Gautier Bideault ', Anthony Scaccia ™, Thomas Zahel “', Robert W. Landertinger “,

Vienna, Austria

Establish Risk Informed Credibility V&V Activities Assess Credibility

o N : ; Model :
/' Question \ Define Establish . : & Documentation
/ uofn — Conte;xt of [ Assess ::1odel HRHENS Credib:lity - Establllsh V&V Rty Execute V&V - cridlble Yes and Evidéncs
Interest  / Use (COU) > Goals P Plan CC())L’7
P A ) A S
A / \ No
* Accuracy « E.g. RMSE, Leverage of
Which model? * Generalizability individual runs, R%-Q?, Aoolicabilit
How will the model + Mumerical stability externally studentized Check If the
be used? * Assumptions: General residuals

model works as
required for the
context of use

model assumptions

What is the risk to based on model type

product quality?
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Regulatory Landscape Dealing with Process Model Validation

Establish Risk Informed Credibility V&V Activities Assess Credibility
/ N Model
/ Question Define Establish : ; Documentation
{ of \—b Context of Asse;s allodel ey Credibility  p—) Establ;sh b el i crigarble and Evidence
\_ Interest /,/ Use (COU) = Goals i Plan COU?
| ‘ -
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s NCE MEDICINES ALTH

2011
Medicinal Products (CHMP) 10 December 2014 22 February 2024
EMA/59240/2014 MA/90634/2024

ICH Quality IWG Comments should be provided using this EUSurvey form. For any technical issuss, please contact |
the EUSurvey Support.

Points to consider for ICH Q8/Q9/Q10 guidelines QubeSt'ior?S and answers on level of detail in the regulatory
Preliminary QIG Considerations regarding Pharmaceutical

Focus of on “5. Role of Models in QbD” «  Credibility goals for A
Categorization of models DOE type of models + Categorization of
(low/medium/high) commensurate with mentioned (ANOVA; p- model risk
model’s contribution in assuring the values, (low/medium/high)
quality of the product «  Submission of design « Whattoreportina
Development workflow for models space models dossier

What to be reported in submissions

validation workflow comparable to V&V frameworks

Current EMA/FDA guidance defines elements and expectations of model validation, but does not define a structured, end-to-end




Survey: Perceptions and Barriers Regarding Advanced Modelling and Adaptive
Control Strategies — 34 participants

6. For model validation/credibility, where do you see the greatest remaining uncertainty? More details

Selecting the appropriate model risk category
e S 9 |
(low/medium/high}
@® Defining acceptance criteria / credibility goals 16 .
@ Generating sufficient validation evidence 20 e
® Demonstrating correct use within the intended 7 ]
context of use
@ Managing the model lifecycle after approval & e
° | am not sufficiently aware of available 3 [ ]
framewaorks/quidance
@® | do not see major uncertainty here 1 o
@® Other 0

[
LN
—u
)
[ ¥y
[l
]
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ICH Q2(R2) is explicit on Validation Workflow and Performance Characteristics

» ICH Q2 describes a clear validation
WO rkﬂ OW a nd States pe rfo rmance Table 1: Typical performance characteristics and related validation tests for measured quality

attributes

Characte r|St|CS tO be demonstrated Measured Quality ICENTITY | IMPURITY (PURITY) AssaY
Attxjbute Other quantitative Content or potency
° ACCU racy Figure 1: Validation study design and evaluation measurements (1)
.. * Objectives/performance characteristics * Analytical procedure lifecycle TQ:;"““"“’E LmitTest | other quantitative
) P reC I S I O n . Ana]_\'tica] pI‘OCCdUl’C management Analytical measurements (1)
* Appropriate development data Procedure

b S peCiﬁ City * Prior kno“lledge Performance
Characteristics to be

* Re peatabi I |ty JoHQi4 Demonstrated (2)

ICH Q2 Specificity (3)

° . Validation protocol Validation report Specificity Test + * + +
Validation strategy: Document validation results and data:

° A tr’ue WO rkﬂow and acce ptance » Evaluation of prior knowledge, + Evaluation against acceptance criteria Range
. . R including available development or or parameter ranges Response B . ) .
Cr'te ria / Cred |b| I |ty goals per mOdel validation data with justification * Conclusions and acceptance of (Calibration Model)
. . * Additional experiments and evaluation analytical procedure performance
type are missing for process models according to ICH Q2 methodology or - |
alternative approach with justification Lower Range Limit ) - a bL

Accuracy (4)

Accuracy Test - + - +

I . | . N Precision (4)
Validation tests and/or evaluation of data

Repeatability Test - + - +

Intermediate - +(5) - +(5)
Precision Test
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Credibility Goals for Process Models

Verification & Validation activates are specific to (1) context of use
and (2) model type. General considerations should include:

Check choice model form

Check if input data for modelling is representative for final
process

Check model assumptions

Check uniqueness of model (numerical stability)

Check model accuracy vs. required accuracy

Check for generalization on (challenging) unseen test data

ocooo0 DO

4

Table 2

G. Bideault et al. / Journal of Pharmaceutical Sciences e (2021) 1-5

Credibility Activities and Associated Credibility Goals as Defined in V&V 40 Standard.

Contents st svalable t 5

Journal homepage: www.iphar

Journal of Pharmaceutical Sciences

Rapid Communication

Verification and Validation of Computational Models Used in
g - : il o

: Potential

ASME Verification and Validation 40 Standard and FDA Proposed

Al/ML Model Life Cycle Management Framework

Gautier Bideault “', Anthony Scaccia ™, Thomas Zahel “*, Robert W. Landertinger *,
Chathuri Daluwatte **

ana Colored o e

v decusson

manuictunre. i this wok,we e 10 e the Amer

Socicty of e

i Engiecs (W)

4 DA propscd A

by

P by Ecir 1. A righs reseve.

Activities

Credibility Factors

Credibility Goals

Verification Code

Calculation

Validation Computational

model
Comparator

Assessment

Applicability

Software Quality Assessment (SQA)

Numerical code verification

Discretizalion error

*The term Discretization error is not frequently
used with models used in biopharmaceutical
manufacturing. Similar concept may be sampling
interval for time series andfor sampling strategy
o acquire required granularity in data.

Numerical solver error

Use error

Model Form
Model inputs
Test samples
Test conditions

Equivalency of input parameters

Output comparison

Relevance of the validation activities to QOI
Relevance of validation activities to the COU

The level of SQA is informed by model risk.

The rigor of SQA can be anywhere between no SQA Lo rigorous anomaly
lists based on model risk.

Captures how well the code solves compared to a known benchmark.

The rigor for numerical code verification can be anywhere between not
performed Lo rigorous numerical code verification.

Captures the error associated with chosen mesh for finile element
models. Similar concept for statistical and ML models may be
granularity of the validation dataset. E.g. If an input has the range of 1
—10 for the COU, whether to cover the range with increments of 1 or
increments of 0.1 during verification is informed by the model risk.

The rigor for verification can be anywhere between not performed Lo
rigorous verification.

Test whether same output is reproduced in the computational
environment.

The rigor for verification can be anywhere between not tested to
rigorous testing.

Test the human error e.g.: outputs when lyped a wrong value.

The rigor for verificalion can be anywhere between no User Acceplance
Testing (UAT) to rigorous UAT.

Confirm that the model form is suitable for the QOI and COU.

Confirm that the model inputs are suitable for the QOI and COU.

Confirm that the test samples sulficiently cover QOI and COU (e.g.:
sample size, sampling rate/granularity).

Confirm that the test conditions sufficiently cover QOI and COU (e.g.
conditions samples were collected).

Assess the similarity/difference between the model input data to that of
the real-world scenarios the model will operate in (e.g.: experiment
conditions, stratification of test dataset). This informs the credibility
of the model for the COU and QOI (e.g. whether the inputs used in
V&V activities covered all scenarios the model will operate in real-
world).

Assessing the equivalency of outputs from model with respect to the
experiment or lest dataset is done using performance metric and
acceplance criteria combinations.

As an example, assume one of the selected performance metrics for a
regression model is R Then, an example of the model risk informed
acceptance criteria for R?, would be, strictly set criteria for a high-risk
model i.e. R? > 0.99999 while for a low risk model, the acceptance
criteria would be less strict i.e. R” > 0.8.

Determination that the V&V plan sufficiently cover the model operating
domain in terms of COU and QOL

Reprinted from ASME V&V 40—2018, by permission of The American Society of Mechanical Engineers. All rights reserved™. No further copies can be made without written

permission from ASME. Permission is for this edition only.

Model types are limited (data driven, mechanistic, hybrid) and general and specific credibility goals would be possible

to harmonize/agree on

KORBER
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7. What regulatory factors most limit use of advanced maodels in filings or GMP implementation?

KORBER

® Unclear expectations from regulators 16 |
® Limited public precedent/examples 16 .
® Concern about inconsistent assessment 7 ]
® Concern that assessars may lack sufficient - .

modelling expertise
@® Unclear post-approval change expectations 5 ]
PY Difficulty explaining model impact on product 7 T

guality
@ No major regulatory limitation perceived 2 -
® Other 3 ——

0 5 10 15

Maybe the fear of being the “first mover”?

Mare details
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How Can We Generate Experience i.r.t Model Validation?

Medium risk models would be a good place to gain experience and have a common learning curve on model validation
Clear definition on what is medium risk is required!

Documentation effort of validation activities in submissions

Abundancy of models

Low Medium High

KORBER
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Conclusions

* End-to-end process models enable to model what really matters - final product quality. It has been shown and published
that those model should be applied as:
» Offline process models: holistic control strategy ensuring meeting final product quality (low OOS)

» Digital Shadows (monitoring of manufacturing)
« Digital Twins (manufacturing Control) with increased yield and quality
» Physics informed Al models can help to speed up solution and application of mechanistic models in End-to-End Process
Models (within Monte Carlo Simulation)
* Regulatory expectations may be clarified to reduce uncertainty and increase efficiency during model validation:
« Workflow that includes general principles of credibility/acceptance criteria and validation protocol and execution (similar to
ICH Q2 / Q14 for analytical method development)
« Clear definition and looking into medium critical models to gain experience for all stakeholders, even if this is supporting
information

KORBER 31



Thank you!

KORBER

Koérber Pharma Austria GmbH — Presentation Title — Copyright © 2025 Kérber AG or its affiliates. All rights reserved.

25 June 2026

32



Legal disclaimer

Copyright © 2025 Korber AG or its affiliates. All rights reserved.

This document and all information therein are provided in confidence and may not be disclosed to
any third party without the express written permission of the disclosing party.
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