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Abstract

Bayesian methods provide a coherent, probability-based framework for 

estimation, inference, and prediction. They are particularly valuable to CMC 

statisticians, who are engaged in the design of experiments, complex 

hierarchical (linear and nonlinear) models, and cross-sectional data 

collection. Bayesian methods help address the central goal of CMC studies: 

elucidating relationships between quality attributes and process/formulation 

parameters, thus ensuring safety and efficacy. Bayesian methods can be 

regarded as facilitating patient-centric quality considerations.

This presentation reviews the published literature on Bayesian applications 

in the CMC space and traces the trajectory of their increasing adoption. I will 

highlight the range of CMC topics where Bayesian approaches have been 

applied and discuss practical considerations, including prior specification, 

predictive distributions, interpretability, and regulatory implications. 

Underpinning this trend is the fundamental appeal of probability-based 

decision making offered by Bayesian methods.
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1. Literature Review by Topic

2. Patient-Centric Drug Development and Bayesian 
Methods
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4. Prior distributions
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Literature review

1. Reference books

(7 books, 2016 – 2027)

2. Journal Publications
• 110 publications across 49 

journals covering the full 
range of CMC 
experimental studies

Bayesian CMC papers by subject matter

Topic
# 

papers

Date

Range

1. Analytical Development,

Compendial Testing
30 1998-2026

2. Process Validation,

Sample size estimation,

Tis

22 1993-2026

3.  Quality by Design, DoEs 21 2000-2021

4. Bioassay 16 2000-2024

5.  Equivalence Testing 8 2014-2024

6. Stability 8 2008-2025

7.  Accelerated Stability 5 1994-2024

8. Regulatory related, 

reviews, Philosophy,

Surveys

(10) 2018-2023

Total 110 1993-2026
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CMC Bayesian 
Publications 
by Year
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Publications by journal category

110 publications: 109 journal articles + 1 proceedings paper; 49 journals

Proposed grouping: each journal assigned once; proceedings paper assigned by topic. Source: literature review.

Journal category Journals Papers

Statistics and biostatistics 10 41

Pharmaceutical sciences, technology and regulation 13 30

Analytical chemistry and measurement 6 13

Engineering and process development 5 8

Quality, reliability and industrial statistics 4 7

Biomedical and laboratory sciences 5 5

Bioinformatics and computing 4 4

Multidisciplinary sciences 2 2

TOTAL 49 110
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Posterior Distribution through 
Bayes’ Rule 
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Nonclinical Statistics for Pharmaceutical and 

Biotechnology Industries
Edited by Lanju Zhang, Max Kuhn, Ian Peers, & Stan Altan (2016)

Bayesian sections
• 15.3 Bayesian application: Probability of Conformance

and ICH Q8 Design Space

• 16.5 Bayesian predictive distribution (Assay Validation)

• 19.5 Process Performance Qualification – Sample Size

• 23.3.8 Bayesian Approach to similarity testing

• 24.7 Evaluating risk (Assessing Content Uniformity)
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Statistical Applications for Chemistry, 

Manufacturing and Controls (CMC) in the 

Pharmaceutical Industry
Richard K. Burdick, David J. LeBlond, Lori B. Pfahler, Jorge Quiroz, Leslie Sidor, 

Kimberly Vukovinsky, Lanju Zhang (2017)

Bayesian sections
2.13 Bayesian models (Stat Methods)

6.4.7 Performance Validation (Analytical Procedures)

8.4.7 Shelf-life Estimation (Stability)

8.5 Risk assessment
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Bayesian Applications in 

Pharmaceutical Development
Edited by Mani Lakshminarayan, Fanni Natanegara (2019)

Chapter 13, 20 pages
Power Priors for Sample Size Determination in the 

Process Validation Life Cycle

By Paul Faya, John W. Seaman, James D. Stamey

https://www.taylorfrancis.com/chapters/edit/10.1201/9781315099798-13/power-priors-sample-size-determination-process-validation-life-cycle-paul-faya-john-seaman-james-stamey?context=ubx&refId=8332f0b7-e8f0-437c-a2eb-5d9976b06c77
https://www.taylorfrancis.com/chapters/edit/10.1201/9781315099798-13/power-priors-sample-size-determination-process-validation-life-cycle-paul-faya-john-seaman-james-stamey?context=ubx&refId=8332f0b7-e8f0-437c-a2eb-5d9976b06c77
https://www.taylorfrancis.com/search?contributorName=Paul%20Faya&contributorRole=author&redirectFromPDP=true&context=ubx
https://www.taylorfrancis.com/search?contributorName=John%20W.%20Seaman&contributorRole=author&redirectFromPDP=true&context=ubx
https://www.taylorfrancis.com/search?contributorName=James%20D.%20Stamey&contributorRole=author&redirectFromPDP=true&context=ubx
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Bayesian Analysis with R for Drug 

Development Concepts, Algorithms, and 

Case Studies
Harry Yang, Steven Novick, 1st Edition (2019)

Section III Chemistry, Manufacturing, and Control 

Chapter Topic 
8 Analytical Methods 

9 Process Development 

10 Stability 

11 Process Control 
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Bayesian Methods in Pharmaceutical 

Research
Edited by Emmanuel Lesaffre, Gianluca Baio, Bruno Boulanger (2020)

CMC sections
Section 4 Product development and manufacturing 

Chapter Topic 

18 Product Development and Manufacturing  

19 Process Development and Validation  

20 Analytical Method and Assay  
21 Bayesian Methods for the Design and Analysis 

of Stability Studies  

22 Content Uniformity Testing  

23 Bayesian Methods for In Vitro Dissolution Drug 
Testing and Similarity Comparisons  

24 Bayesian Statistics for Manufacturing  
 

https://www.taylorfrancis.com/search?contributorName=Emmanuel%20Lesaffre&contributorRole=editor&redirectFromPDP=true&context=ubx
https://www.taylorfrancis.com/search?contributorName=Gianluca%20Baio&contributorRole=editor&redirectFromPDP=true&context=ubx
https://www.taylorfrancis.com/search?contributorName=Bruno%20Boulanger&contributorRole=editor&redirectFromPDP=true&context=ubx
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Case Studies in Bayesian Methods for 

Biopharmaceutical CMC
Edited by Paul Faya, Tony Pourmohamad (2023)

Chap Title 

1 Introduction    

2 An Overview of Bayesian Computation  

3 Basic Bayesian Model Checking  

4 Quantitative Decision-Making  a CMC Application to Analytical Method 
Equivalence 

5 Bayesian Dissolution Testing    

6  A Non-Normal Bayesian Model for the Estimation and Comparison of 
Immunogenicity Screening Assay Cut-Points   

7  Application of Bayesian Hierarchical Models to Experimental Design  

8  Bayesian Prediction for Staged Testing Procedures  

9 A Bayesian Approach to Multivariate Conditional Regression Surrogate Modeling 
with Application to Real Time Release Testing  

10 Bayesian Approach for Demonstrating Analytical Similarity  

11 Bayesian Evaluation and Monitoring of Process Comparability  

12 Bayesian Alternatives to Traditional Methods for Estimating Product Shelf-Life and 
Internal Release Limits  

13 Application of Bayesian Methods for Specification Setting  

14 Calculating Statistical Tolerance Intervals Using SAS  

15 A Bayesian Application in Process Monitoring – Establishing Limits for Dosage 
Units in Early Phase Process Control  
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Process Optimization with Multiple 
Response Variables - A Predictive 
Distribution Approach with R
John Peterson, Enrique del Castillo (2027)

1. R package - multiRSM

2. Pharmaceutical applications

ICH Q8 design space

bioassay optimization
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Summary of published applications

• Analytical method performance metrics
– Probability a reportable result is within a desirable interval of true value

• Risk Assessments
– Comparability, Biosimilars
– Acceptance Criteria Assessments
– Tolerance Intervals

• Stability shelf life estimation, long term and accelerated studies

• QbD design space construction

• Dissolution profile comparisons

• PPQ sample size estimation

• Bioassay – similarity testing, potency estimation
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• The 2016 Cures Act led to the regulatory coining of the term 
“patient focused” to capture the notion of making decisions 
based on patient needs.

• CMC scientists modified the term and aligned it with the 
earlier term “clinically relevant”.

• A changing regulatory landscape and industry technical 
advancements imply a new paradigm for the development of 
“patient-centric” specifications by achieving the vision of QbD.
– Causal linkages of CQAs to clinical outcomes
– Acceptance Criteria (AC) defined by multivariate relationships 

between CPPs and CQAs within a Design Space

• Control of quality through risk-based specifications that 
relate directly to patient outcomes. Quality statements that 
provide interpretable risk to the patient.



Frequentist vs. Bayesian Shelf-Life Quality Statements

Frequentist (Q1E model)

• Fixed effects model
– inference restricted to those 3 

batches

– Complicated pooling rules

• Quality statement: The dosage 

unit you are about to take 

comes from a manufacturing 

process whose first 3 batches 

were shown to conform to the 

shelf life claim with 95% 

confidence.

Bayesian (Mixed model)

• Prior distribution assumptions, data, 
MCMC Algorithm 
– Shelf life derived directly from 

future batch mean posterior 
distribution

– Distribution of Batch Shelf Life 
(DBSL) is based on future batch 
means

• Choose appropriate percentile value 
(lower 95th quantile) of the posterior 
of future batch means.

• Quality statement translates to a 
direct probability as a risk statement: 
The dosage unit you are about to 
take comes from a batch whose 
mean has a 95% probability of 
meeting the shelf life claim.
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applications



CMC statisticians are ready to adopt Bayesian approaches

59

• Patient-centric considerations

• Regulatory impetus:
– Guidance for Industry PAT — A Framework for Innovative 

Pharmaceutical Development, Manufacturing, and Quality 
Assurance https://www.fda.gov/media/71012/download
• Manufacturing process understanding

• Critical sources of variability are identified and explained 
– Variability is managed by the process

– Product quality attributes can be accurately and reliably predicted over the design space 

established for materials used, process parameters, manufacturing, environmental, and other 

conditions. 

– ICHQ6(R1) draft  
• … specifications should be justified by thorough understanding of molecular attributes, clinical 

relevance, evidence derived from nonclinical (in vitro, in vivo, and in silico) models (e.g., … and 

use of prior knowledge as applicable.

• Bayesian methods map to regulatory decision questions (risk 

statements, release criteria, and design-space construction)

https://www.fda.gov/media/71012/download


Guidance topics important to industry

–Methods for choice of priors
• conjugate vs nonconjugate, improper and proper priors, sensitivity analysis

• degree of informativeness (flat, weak, less weak, etc.)

• What should the default prior be for different settings related to stage of drug 

development or amount of information, power prior approaches

–Convergence Diagnostics
• Heidelberger–Welch, Geweke, Raftery–Lewis, ESS

–CMC applications where Bayesian approaches have met regulatory 

scrutiny

–Bayesian correspondence to the use of p-values in decision making

–Considerations
• At a high level

• Lightly technical

• Vetted references to the literature

• Workshops
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Prior Distributions
• Variance components

• Batch – Batch (manufacturing) variability

• Residual Error
• Dosage unit – Dosage unit variability (manufacturing)

• Measurement error

• Fixed Effects
• Process Mean at Time 0

• Time covariate

• Choosing a prior distribution
• Elicitation - Scientific Judgment

• Literature sources

• Currently existing data – update, or use as empirical estimates to 
suggest a prior

• Formulation studies

• Early phase and Accelerated stability studies

• Experience from similar molecules/platform

• Pros and cons of Jeffreys’ prior, uniform, appropriateness of power 
priors

• Christiansen (2011) described in Stroup (2021)



Summary



Growing Influence of Bayesian 
Methods in Pharmaceutical Studies

• Bayesian methods provide a coherent probability-based framework for 
estimation, inference, and prediction across pharmaceutical 
development.

• Literature review: 106 articles across 46 journals — main application 
areas: stability and shelf-life estimation, QbD design-space 
construction, dissolution and bioassay similarity testing, process 
validation and sample-size planning.

• Practical strengths: flexible hierarchical models, direct probability 
statements for risk, principled borrowing of prior knowledge, and 
predictive distributions for design and release decisions.

• Regulatory considerations: need clear guidance on prior choice, 
sensitivity analysis, convergence diagnostics, and examples where 
Bayesian approaches have been accepted.
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Questions for the panel

• How to translate prior knowledge into a probability distribution?

• How to justify the choice of a prior in regulatory submissions?

• Do CMC statisticians need regulatory guidance on Bayesian methods? 
If so, what should it cover?
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