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Executive Summary

The adoption of artificial intelligence (Al) and machine learning (ML) in pharmaceutical manufacturing offers
transformative potential - from digital twins for real-time process optimization to advanced predictive quality
analytics — but it also poses novel regulatory and validation challenges. Traditional GxP (Good Practices)
regulations (e.g. FDA's 21 CFR Part 11, EU GMP Annex 11) mandate that computerized systems be validated,
secure, and maintain data integrity. As regulators begin to embrace risk-based approaches (such as Computer
Software Assurance, CSA) over rigid testing frameworks (' intuitionlabs.ai), industry guidance is evolving to help
practitioners apply these principles to Al/ML systems. For example, the ISPE GAMP® 5 (Good Automated
Manufacturing Practice) framework — long a cornerstone of computerized system validation — now explicitly
addresses Al/ML (Appendix D11 in the 2nd Ed.) and has spawned a dedicated GAMP Al Guide (2025).

Expert authors emphasize that deploying Al under GxP means “extending our validation lens"” to include
model training, data sets, and continuous monitoring ('*! www.bioprocessonline.com) (I°!
quality.eleapsoftware.com). Data integrity remains paramount: every model input, prompt, and output must be
treated as a GxP record with full traceability (the ALCOA+ principles) () www.bioprocessonline.com) (I
quality.eleapsoftware.com). Risk management must explicitly consider Al-specific hazards (e.g. model bias,
training data quality) alongside conventional risks (\°! fliphtmi5.com) (1°) intuitionlabs.ai). In practice,
implementing AI/ML in a regulated manufacturing process typically involves a tailored lifecycle with additional
activities (Table 1). This report comprehensively examines these issues, contrasting Al systems with traditional
validated systems, reviewing current guidance, illustrating case studies (e.g. GSK's vaccine digital twin ('’
www.gsk.com), ML-driven water quality prediction (!°] nttdata-solutions.com) (1% nttdata-solutions.com)), and
discussing future directions (emerging standards, regulatory trends). We find that while Al/ML introduces
“black-box" elements and continuous change (new data, model drift), the core GxP principles of fitness for
use, patient safety, and data integrity still apply. By applying risk-based validation, robust data governance, and
continual monitoring, organizations can responsibly harness Al/ML in GxP manufacturing and align with evolving

expectations (6! intuitionlabs.ai) ([?! www.bioprocessonline.com).

Introduction and Background

Advances in Al and ML are rapidly entering the pharmaceutical manufacturing domain. Applications span
process monitoring, predictive maintenance, quality control, and laboratory automation—for example, digital
image analysis for defect detection, optimization of formulation parameters, or predictive analytics for
equipment performance. These innovations promise efficiency gains: industry analysts estimate generative Al
will bring on the order of $60—170 billion per year in productivity to healthcare and pharma, with up to ~80%
automation of routine tasks (!'% intuitionlabs.ai). GSK, for instance, reports using a “digital twin" (a real-time
virtual replica of its vaccine manufacturing line) developed with Siemens/Atos to accelerate vaccine
development and ensure optimal process settings (/) www.gsk.com).

However, pharmacos operate in a heavily regulated environment. GxP encompasses Good Manufacturing
Practice (GMP), Good Laboratory Practice (GLP), Good Clinical Practice (GCP), etc., mandating controls at
every production and quality step to protect patient safety and product quality. Core regulations like FDA 21
CFR Part 11 (USA) and EU GMP Annex 11 require electronic records and signatures to be trustworthy,
attributable, and secure, effectively demanding validated computerized systems. Historically, validation meant
exhaustive testing of software and processes, documented in binders with test cases and signatures (Hﬂ

www.bioprocessonline.com).
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The GAMP 5 framework (Second Edition, 2022) provides a risk-based lifecycle approach for GxP system

validation (' fliphtmi5.com) (I°! fliphtmI5.com). It emphasizes defining requirements, risk assessment, good

documentation, change control, and rigorous testing — all tailored to system complexity. GAMP 5's recent

Appendix D11 specifically addresses Al/ML, prescribing an ML lifecycle: concept, project, and operation

phases with special emphasis on data handling, model training, and performance metrics (!'*! fliphtmi5.com) (!

14]

fliphtml5.com). The new ISPE GAMP Al Guide (2025) further elaborates best practices for developing and using
Al-enabled systems in regulated contexts (\'® ispe.org) ("% fliphtmlI5.com).

Despite this guidance, Al/ML introduces unique characteristics: non-deterministic outputs and adaptive
learning. Unlike fixed algorithms, ML models evolve as they are retrained on new data, leading to potential
“model drift". Outputs from “black-box" models (e.g. deep neural networks) can be hard to explain. These

factors complicate validation. For instance, Bhariya et al. note that ML validation shifts risk from code logic to

data quality and bias, placing new demands on validation protocols (

[2] [6]

www.bioprocessonline.com) (

intuitionlabs.ai). In response, regulators (FDA, EMA, MHRA) increasingly endorse risk-based Computer Software
Assurance (CSA) over 100% test case coverage (! intuitionlabs.ai). They also stress data lineage and
monitoring: recent FDA and EMA drafts emphasize traceability of data and ongoing performance checks.
Industry thought leaders advise integrating Al validation within existing frameworks (Annex 11, GAMP) but

extending controls to include training data, model versioning, and audit trails ('*/ www.bioprocessonline.com) (-°)

quality.eleapsoftware.com).Table 1 below contrasts key validation aspects in traditional GxP systems versus Al/ML

systems, illustrating where GAMP 5 guidance is applied and augmented.

Validation Aspect
Specification of

Requirements

Design/Development

Data Handling

Testing/Validation

Change/Version
Control

Operational
Monitoring

Risk Management

Documentation

Traditional GxP Systems

Fixed user/system requirements
(functional, process) ([5]

fliphtml5.com).

Deterministic code/configuration
engineered to spec.

Data inputs are often human-
entered or sensor readings; data
integrity via audit trails and
controls.

Pre-defined test scripts with
expected outputs; pass/fail
criteria.

Changes via formal change
control; new version validated
before go-live.

Periodic performance checks
(e.g. 1Q/0OQ/PQ) and periodic
review.

Risk assessment focuses on
software malfunctions, security,
etc. (ICH Q9)

Traditional VMP, URS, design
specs, test scripts.
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Al/ML Systems (GxP)

In addition to functional specs, must define ML objectives (e.g.
performance metrics, error tolerance) ([5] fliphtml5.com) ([4]

www.bioprocessonline.com).

Iterative model development; multiple algorithms tested
(classification, forecasting, etc.) with selection based on

performance criteria ([5] fliphtmI5.com) (“6] fliphtmI5.com).

Tens of thousands of training records used; data must be
curated, cleaned, de-identified, and labeled (applying ALCOA+

to entire dataset) (!'/! fliphtml5.com) (-

www.bioprocessonline.com).

Model Evaluation: large validation/test datasets assess
predictive accuracy, bias, etc. ([5] fliphtml5.com). Continual
verification (e.g. re-running training on hold-out data) may be

required (“8] fliphtmI5.com).

Ongoing retraining from new data is expected. Must have
version control of models, with clear audit trail for each version

(18] fliphtmi5.com) (19! fliphtmI5.com).

Continuous performance monitoring (drift detection, KPIs) ([19]

fliphtml5.com) ([5] fliphtml5.com). Thresholds cause
retraining triggers.

Includes new Al risks: model bias, dataset completeness,
explainability. Must evaluate harm scenarios from ML outputs

([5] fliphtmI5.com) ([6] intuitionlabs.ai).

Additional docs: Model Design Spec, Data Integrity Plan

(treating datasets and prompts as regulated records) ([201

[21]

intuitionlabs.ai) ( nttdata-solutions.com).
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Table 1: Comparison of validation activities for traditional GxP computerized systems vs. Al/ML-enabled
systems. Sources: GAMP 5 and related guidance (!'* fliphtmi5.com) (" fliphtmlI5.com); expert analyses (/!

www.bioprocessonline.com) (13] quality.eleapsoftware.com).

Regulatory and Standards Landscape

Validated AI/ML deployment in GxP must satisfy both existing regulations and emerging guidance (Table 2).
US 21 CFR Part 11 (Electronic Records/Signatures) and EU GMP Annex 11 (Computerized Systems) are foremost:
they require computer systems to ensure integrity, confidentiality, and accountability of records (/"
intuitionlabs.ai). These provisions remain fully applicable to Al tools: for example, every training dataset, Al
prompt transaction, and model output should be captured as an electronic record with signatures/time stamps
to ensure ALCOA+ (Attributable, Legible, Contemporaneous, Original, Accurate + Complete, Consistent,
Enduring, Available) standards (") www.bioprocessonline.com) (] quality.eleapsoftware.com). The ICH Q9 (Quality
Risk Management) guideline underpins a risk-based approach; in the Al context, this means explicitly analyzing

new risks such as biased datasets or model uncertainty (1! fliphtmi5.com) (:°) intuitionlabs.ai).

More specialized guidance is emerging. The ISPE GAMP® 5 Guide (2nd Ed., 2022) now includes Appendix D11
= "Al/ML", which outlines an ML-centric lifecycle (from concept to operation) and highlights tasks like
performance metrics and iterative training ("' fliphtml5.com) ("% fliphtm|5.com). Recognizing the gap in current
guidance, ISPE published a dedicated GAMP Al Guide (2025), bridging GAMP 5 concepts with Al
characteristics (”m ispe.org) ([131 fliphtml5.com). Regulatory agencies have also released Al-related documents:
FDA's "Al/ML-Based SaMD Action Plan” and EMA’s "Reflection Paper on Al in the pharmacy lifecycle” stress
transparency and control. While not GxP rules per se, they signal expectations for “trustworthy Al” (human
oversight, clear outputs) under FDAJEMA supervision (2! www.bioprocessonline.com) (122
www.bioprocessonline.com). The nascent EU Al Act (2023) categorizes high-risk Al (including medical devices,
critical systems) and will mandate conformity assessments and documentation, which will affect GxP
implementations in Europe.

In practice, industry experts advise mapping Al systems onto familiar regulatory frameworks. As Korrapati et al.
note, “Annex 11 and Part 11 still apply, but now we must extend their controls into model training
pipelines, cloud platforms, and retraining events” () www.bioprocessonline.com). The doctors recommended
governance (policies, CAPA, change control) aligned with GAMP Principles, plus new policies for Al ethics, data
privacy (e.g. GDPR compliance) and model explainability (*! ispe.org) (?*)intuitionlabs.ai). Auditors expect
documented evidence for all Al lifecycle steps — in effect applying Part 11 audit-trail logic to Al data and outputs

as well (1% intuitionlabs.ai) (13! quality.eleapsoftware.com).

Another key shift is the embrace of risk-based computer system validation (CSV). Both FDA and global
quality bodies encourage replacing exhaustive testing with Computer Software Assurance (CSA), focusing
resources on the highest-risk functions (I intuitionlabs.ai) (?°) ispe.org). In Al validation, this means prioritizing
validation of models whose failure has the greatest patient/product impact, per risk assessments. For example,
an Al system making direct dosing recommendations would demand far more rigorous validation than one

optimizing warehouse logistics; validation can be scaled accordingly (*°) www.bioprocessonline.com).
Table 2 summarizes major regulations and guidance relevant to Al/ML in GxP, and how they apply.

Regulation/Guideline Scope Al/ML-Specific Considerations

Treat Al prompts, model inputs/outputs as electronic
Electronic records & signatures

21 CFR Part 11 (FDA) (USA). Requires audit trails, secure
ID controls, data integrity.

records. Ensure audit trails capture model version, user IDs,
logs of training events ([1] intuitionlabs.ai) ([4]

www.bioprocessonline.com).
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Regulation/Guideline

GMP Annex 11 (EU)

ICH Q9: Quality Risk
Mgmt

ISPE GAMP® 5 (2nd
ed.)

ISPE GAMP Al Guide
(2025)

FDA CSA/FML
Guidance

EU Al Act (2023)

PIC/S GPG (planned)

E IntuitionLabs  IntuitionLabs - Al Software for Pharma & Biotech

Scope

Computerized systems (EU GMP
Annex 11). Similar to Part 11; also
covers system validation, backup,
change control.

Risk management (international).
Mandates assessing/controlling risk
to product.

Risk-based computer system life-
cycle guide (worldwide) ([72]

fliphtml5.com).

Al/ML best practices for GxP
systems (piloted July 2025).

FDA promotion of risk-based
validation (USA). Encourages
Computer Software Assurance for
modern systems.

Regulation on Al (Europe). Classifies
risk levels: "High-risk” Al
(healthcare, MD). Requires
conformity, registers. Compliance by
2027.

PIC/S Good Practice Guide for Al
(rumored). Not yet published. Would
supplement GMP.

AI/ML Validation in GxP: A Guide to GAMP 5 Appendix D11

Al/ML-Specific Considerations

Apply Annex 11 controls to Al: e.g. perform system impact
risk assessments; include model retraining in change
control; require retraceable data like training sets (m
www.bioprocessonline.com) (‘3|

quality.eleapsoftware.com).

Explicitly assess ML-specific hazards (e.g. data bias, model
drift, explainability) as part of QRM. Mintanciyan et al.
emphasize evaluating novel Al harms and ensuring training

data covers all scenarios (m fliphtml5.com).

Contains Appendix D11 (AI/ML). Recommends ML life cycle:
(13] fliphtmI5.com);
defines roles (model owner, SME, etc.) and encourages

data-driven verification methods.

concept, project, operation phases (

Consolidates GAMP+Al knowledge. Discusses Al design
principles (data bias, transparency, data quality) and
supplier expectations. Introduces an Al-enabled system
verification framework. [Not publicly citable yet.]

FDA's Good Machine Learning Practice (SaMD) outlines
guiding principles (including dataset management,
transparency) (“3] fliphtmI5.com) ([5] fliphtmI5.com).
Encourages embedding validation in development (e.g.
continuous verification).

Likely to treat many medical/automation Als as high-risk;
requires documentation of risk management, data quality.
May impose additional accountability layers on GAMP-
validated systems. (Future implication.)

Expected to give best practices for Al in regulated pharma.
Several industry leaders anticipate formal guidance by 2026

(1271 intuitionlabs.ai).

Table 2: Regulatory and Guidance Frameworks for Al/ML in GxP. Existing laws (Part 11, Annex 11) apply fully to Al
data; newer guidance (GAMP5 Al Appendix, FDA/EMA Al papers) and risk-based approaches emphasize
governance, data integrity, and continuous verification. Sources: regulatory texts and commentaries ('

intuitionlabs.ai) (f°! fliphtmi5.com) (?! www.bioprocessonline.com).

Risk-Based Al/ML Validation Framework

Validating Al/ML systems calls for a structured, risk-based framework that integrates with GxP life-cycle
processes. Industry experts outline multi-step blueprints, closely mirroring traditional CSV but with Al-specific

additions ("?®) intuitionlabs.ai) (°) www.bioprocessonline.com). A representative framework includes:

1. Context of Use (Intended Use & Risk Profile) — Precisely define what the Al will do, and how it fits into GxP processes.
Map each Al function to its patient/product/data risk. For instance, as Korrapati argues, Al used in safety-critical dosing
decisions demands extremely rigorous validation (akin to medical device software), whereas Al for routine tasks (e.g.

[29]

inventory reports) can have more streamlined controls ( www.bioprocessonline.com). This risk-proportionate approach

(ICH Q9 concept) drives the level of validation effort.
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2. Requirements and Design Inputs - Draft an Al/ML-specific User Requirements Specification (URS) and Functional
Requirements that cover both system behavior and model performance. Requirements should include not only functionality
(e.g. “classify tablets by defect type"”) but also model performance targets (accuracy, sensitivity, false alarm rate). Non-
functional requirements must specify data constraints (formats, quality/barriers, proprietary/non-proprietary data) and
explainability needs. Importantly, early in the project, establish the performance metrics and acceptance criteria for the
ML model ([5] fliphtmI5.com) (“3] fliphtml5.com). These metrics (precision, recall, RMSE, etc.) become the yardstick for
validation.

3. Data Strategy and Dataset Construction — Al validation hinges on high-quality data. During concept and development
phases, identify all data sources (internal and external), assess data sufficiency, bias, and relevance ([5] fliphtmlI5.com) ([5]
fliphtml5.com). Develop a Data Integrity Plan: treating every dataset, label, and annotation as a GxP record under
ALCOA+. This means governing data size, diversity, and lineage (LBJ fliphtmI5.com) (MJ www.bioprocessonline.com). For
example, if using public data (e.g. open clinical datasets), ensure there is legal right to use it and that any personal data is

de-identified ([30] fliphtmI5.com).

Data preparation steps (profiling, cleansing, feature engineering, anonymization, augmentation) should be
documented and controlled (:°" fliphtmI5.com). As Mintanciyan et al. note, prior to the formal project kickoff one
must decide if additional data acquisition projects are needed to fill gaps ("°?! fliphtml5.com). Data labeling and
partitioning (training/validation/test splits) must be performed by qualified data scientists, and all
transformations (feature scaling, encoding, etc.) captured in documentation (!'”! fliphtml5.com). In summary,
rigorous data governance is critical: “all data is not created equal” — only clean, representative datasets ensure
model validity (") fliphtmi5.com) ("' fliphtml5.com).

4. Model Development and Engineering - Following a software development life cycle, Al projects adopt iterative

[33]

experimentation ( fliphtmI5.com) ([51 fliphtml5.com). Typical waterfall phases (design, development, testing) are

replaced by loops of model design, code/infrastructure build, training, and evaluation. All candidate algorithms are tuned
through hyperparameter search, with each iteration’s results logged (\°! fliphtmI5.com) (=4 fliphtml5.com). Specialists
recommend automating this process (e.g. using libraries that perform automated training/evaluation), but also doing manual
reviews of model outputs and monitoring learning curves (see guidance from FDA/Canada/MHRA) (USJ fliphtmI5.com) ([5J
fliphtml5.com). Documentation for each model version - including architecture, hyperparameters, and performance - is

essential for traceability.

5. Model Testing and Selection — Once trained, models are evaluated using hold-out validation datasets that were never
seen during training. Key performance scorecards (e.g. accuracy, ROC AUC, confusion matrices) are generated to compare

models ([5] fliphtml5.com). Selection of the final model is based on these metrics: if it meets predefined acceptance
criteria, it becomes the candidate for release. Visual/qualitative review (e.g. inspecting classification errors or output

[35]

distributions) is highly recommended, as quantitative metrics can miss domain-specific issues ( fliphtml5.com). Before
deployment, the chosen model must also undergo integration testing: verifying that the model code (often refactored for

deployment) interfaces correctly with the larger IT system and that any supplementary code (e.g. data pre- and post-

processing) is fully version-controlled ([5] fliphtmI5.com) ([36] fliphtmlI5.com).

6. Validation (Verification) and Release - For regulated deployment, the ML model is released according to GAMP's
validation life cycle. A Validation Plan is written covering all Al-specific elements. The Independent Test (or Verification)
team executes tests such as re-running the model on test data, checking reproducibility, and confirming that model outputs

are within expected ranges under controlled conditions (1'®! fliphtmI5.com) (1251 fliphtml5.com). Importantly, the held-out

verification dataset (neither used in training nor tuning) is used here to confirm “final” model performance ([37]

fliphtml5.com). Any variation in output on successive runs must be within allowable tolerances. Once verified, the Al/ML
subsystem is formally released into production with a record of its version, training data snapshot, and validation results.
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7. Operations and Continual Change Management — Unlike static software, Al systems typically evolve during operation as
new data arrives. Mintanciyan et al. advise continuous monitoring: track model performance metrics/KPls in real time to

detect drift or degradation (“9] fliphtml5.com) ([38] fliphtml5.com). The system's auto-controls or human oversight (rare

events, outliers) must alert if performance falls outside set thresholds (\19\ fliphtml5.com) ([5‘ fliphtml5.com). Change
management process must accommodate periodic model retraining: e.g. channeling pipeline for new data, revalidating
models when significant new training events occur. Every retraining or fine-tune cycle is handled as a “mini project” with its

own documentation and risk assessment, following the same framework as above (1'% fliphtml5.com) (1191 fliphtmlI5.com).

8. Supporting Quality Processes (Risk, Change, Maintenance) — Throughout, standard GxP processes are adapted for Al.
Risk management is continuous: teams must identify new scenarios (accelerated decisions, cybersecurity attacks on
models) and add mitigations. Change control must define how model parameter changes get authorized and documented

([5] fliphtml|5.com). CAPA (Corrective/Preventive Action) processes now include addressing data pipeline issues (e.g. fixing
mislabeled data). Ultimately, as one author notes, the goal is to preserve the spirit of traditional validation (“fit for intended
use, protect patients, ensure data integrity”) even though “the binders have given way to dashboards, pipelines, and neural

networks” (“ 1 www.bioprocessonline.com).

This risk-based framework synthesizes guidance from regulations, ISPE GAMP, and expert sources ((51
fliphtml5.com) () www.bioprocessonline.com). It parallels classical CSV but emphasizes data governance, model
metrics, and monitoring. In practice, many organizations customize it for their context, but the above steps
represent the consensus best practices under development in the industry.

Data Integrity and Quality Control

Consistent with GxP principles, data integrity is central to Al/ML validation. The ALCOA+ paradigm — long
embedded in Part 11 and Annex 11 — is emphasized by all experts. Notably, Korrapati stresses: “Ensuring
trustworthy Al...requires treating data with the same rigor as any regulated product component” (W
www.bioprocessonline.com). In concrete terms, every element of the Al lifecycle is a record: raw sensor data,
training datasets, labels, intermediate features, model parameters, and final outputs must be logged,
timestamped, and protected. For example, in picture-based QC an annotated training image (e.g. an X-ray with
defects outlined) is an original record and must be archived. When external data is used, rights and privacy (e.g.
HIPAA/GDPR) are checked before inclusion (°°! fliphtmis.com) (1! fliphtml5.com).

Quality control of the data means rigorous pre-processing (cleaning, normalization, deduplication) and bias
mitigation (%) fliphtml|5.com). Advanced practices like data augmentation are documented as part of the
methodology ("“°! fliphtml5.com). The data life-cycle is managed: the pipeline by which new data flows in (e.g.
new batch measurements) must follow defined SOPs and be captured under change control. Anomalous inputs
for ML triggers (such as unusual chemical composition in a batch) should generate CAPA-level reviews.

ML validation also relies on robust data partitioning: industry practice (and GAMP D11 guidance) is to carve out
separate training, validation, and test datasets to avoid information leakage. The “training” set (often large) is
used for learning; the "validation” set guides hyperparameter tuning; the “test” set (kept entirely separate) is
used only at final evaluation (" fliphtmi5.com) (\°! fliphtmI5.com). This ensures that the model's true
performance on unseen data is assessed. The integrity of this partition must be guarded — any inadvertent reuse
(even partial) of validation data in training invalidates the test.

Importantly, as one case study reveals, even auxiliary data must be linked correctly. In a predictive quality
example, sensor readings from a water loop were aligned with lab microbial counts by timestamp and equipment
ID to train a model (12" nttdata-solutions.com). Robust data reconciliation was needed to ensure the patterns
learned (e.g. slight conductivity increases preceding a contamination event) were sound. Such efforts
underscore that data quality — not just quantity — underpins Al reliability.
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To track data integrity, similar controls as traditional systems apply: audit trails on data entry and
transformation, electronic signatures on data approval, and system backups. But they apply with greater
granularity. For instance, a new or changed ML model effectively creates new data artifacts; version control
systems (e.g. Git) are often used to capture model and code changes securely. Registries or databases of
deployed model versions can be maintained for audit purposes, analogous to software release registries.

Overall, the consensus is clear: no Al is trustworthy if its data pipeline is not. Regulatory reviews of Al
systems will scrutinize data handling at least as strictly as code. Sponsor companies should ensure that data
governance policies (including compliance with data integrity regulations like 21 CFR 211 data audits) explicitly
cover Al project data objects (! www.bioprocessonline.com) () quality.eleapsoftware.com).

Case Studies and Examples

GSK Vaccine Digital Twin: In an illustrative project, GlaxoSmithKline partnered with Siemens and Atos to create
a digital twin of a vaccine production line (! www.gsk.com). This virtual model ingests real-time sensor data
(temperature, flow, pH, etc.) from the actual facility and simulates the process physics. Al/ML algorithms then
optimize process parameters in-flight. Although primarily focused on development speed, the twin's
implementation in a GMP context required validation of the data streams and simulation models. Gfieder et al.
(2023) note that such twins must have well-defined interfaces and version control between the real process and
the model (/) www.gsk.com) ("] fliphtmi5.com). In practice, GSK applied GAMP principles: the twin's
requirements were specified (traceability to specific in-process controls), and its outputs were tested against
real process data to ensure fidelity — blending model validation with process validation.

Predictive Water Quality (NTT Data Case): A manufacturing plant improved its purified water quality control
by using ML to predict contamination events (\°/ nttdata-solutions.com) (I° nttdata-solutions.com). Traditional
water monitoring was daily lab tests with long delays. By contrast, engineers had continuous sensor logs (TOC,
conductivity, temperature, flow). They built an ML classifier to forecast high microbial counts 24 hours ahead.
The validation involved splitting years of historical data into training/test sets; the model's predictive accuracy
was benchmarked against actual lab results. This case demonstrates: (a) the need for rich, high-resolution data
to train meaningful models; and (b) that ML can achieve “accelerated problem detection” — identifying
anomalies early — a theme echoed in industry literature (%! quality.eleapsoftware.com). The project validates
that, with proper data management, ML can convert unexploited process data into a proactive quality control
tool.

Al in Quality Management Systems: E-leap Software describes how Al transforms quality oversight ("*°!
quality.eleapsoftware.com) ([31 quality.eleapsoftware.com). In practice, companies have started using Al for
document review (NLP to check batch records), for trend analysis (automated CAPA risk scoring), and even for
image-based inspection of packaging. Regulators, per the e-leap commentary, view Al-enhanced QMS favorably
if it improves traceability and auditability: one author notes that Al "ensures structured data integrity,
traceability, and audit-ready processes,” exactly the attributes inspectors seek (I° quality.cleapsoftware.com). For
example, an Al reviewer might flag discrepancies in records 100x faster than humans, yet still log its rationale,
thereby strengthening regulatory compliance. Companies piloting such tools report significant efficiency gains;
e.g. conversational Al reduced routine deviations by highlighting root causes not obvious to inspectors (/7]

quality.eleapsoftware.com) ([ intuitionlabs.ai).

Regulatory Review of Generative Al: While not manufacturing per se, regulatory document drafting is a
downstream Quality function accelerated by generative Al. A recent study found that GPT-based models
reduced pharmacovigilance report writing effort by ~50% (1'°! intuitionlabs.ai). In response, auditors now ask that
any generative outputs used in regulated documents be subject to validation/QA. This led some firms to
implement "Al output review" checklists: every Al-generated section is reviewed by SMEs, metadata (model
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versions, prompts) are logged, and Plagiarism checks are run to ensure originality — effectively retrofitting Part
11 controls onto LLM usage.

Implications, Challenges, and Best Practices

The case studies illustrate both the promise and the pitfalls of Al/ML in GxP. On the positive side, predictive
intelligence can markedly improve quality. ML gained insight is data-driven and proactive, shifting compliance
from reactive fixes to preemptive controls (-2} quality.eleapsoftware.com) (I°) quality.eleapsoftware.com). Real-
world projects have achieved earlier detection of deviations (like water quality shifts), automated anomaly
detection in high-volume data, and accelerated process scale-up (via digital twins). In many cases, ROl is
compelling: one analysis reports ~50% reduction in regulatory documentation workloads and automation of 70—
80% of routine analytics tasks (/"% intuitionlabs.ai).

However, Al/ML also brings significant challenges:

e Explainability and Trust: Al models can be opaque. The lack of clear decision paths (“black box") makes it hard to justify a
failed decision. Regulators stress human oversight and transparency. One approach is to use interpretable models where
possible (e.g. decision trees) or add explanation layers (LIME, SHAP) when using deep networks. Another is to supplement

(\G\

outputs with confidence scores, so that low-confidence cases trigger human review intuitionlabs.al). Documentation

should record not only whether a model passes tests, but also how its decisions are understood by experts.

e Data Bias and Representativeness: Al is only as good as its data. Biased training data (e.g. undersampling a critical batch
condition) can lead to unsafe behavior. As emphasized by multiple sources, the initial risk assessment must include “bias
risk” and demographic or operational inclusivity (1°! fliphtml5.com) (42l quality.eleapsoftware.com). Mitigations include

diverse training sets, bias detection tests, and ongoing monitoring for unintended model behavior in subpopulations of data

([5] fliphtmI5.com) ([4] www.bioprocessonline.com).

e Resource Intensity: Building and validating Al systems often requires specialized expertise (data scientists, ML engineers)
and computational resources. This contrasts with more straightforward validation of off-the-shelf software. Smaller firms
may lack these resources, leading ISPE to stress the importance of user-supplier agreements and qualified suppliers of Al

[28]

tools ( intuitionlabs.ai). Best practice is for regulated companies to involve Al-savvy quality assurance personnel early

on, as well as to participate in industry working groups to share knowledge.

e Continuous Lifecycle: Traditional system validation often ends after deployment, with only periodic qualification. Al
systems need ongoing vigilance: new batches of data can shift model performance overnight. Maintaining compliance
means treating "in-production retraining” as a formal regulated change, with documented triggers for re-validation (U8J

fliphtml5.com) (“9] fliphtml5.com). Many suggest aligning model maintenance schedules with regular product reviews.
To address these challenges, experts recommend industry best practices:

e Risk-based Prioritization: Classify Al systems by criticality. High-impact uses (e.g. controlling sterile
processes) get full GxP validation; lower-impact uses can follow lighter oversight. This proportional

29]

approach is advocated in CSA guidance (/' intuitionlabs.ai) (*?" www.bioprocessonline.com).

¢ Robust Documentation: Extend validation documentation templates to Al. For instance, the Validation Plan
should now list Al-specific activities (data selection, model versioning), and test plans should include
"model performance tests” and “bias checks” not found in older templates (:**! intuitionlabs.ai) (*°
www.bioprocessonline.com). Some organizations create new document types (e.g. Model Performance
Qualification Protocol). The key is to ensure that all Al processes are traceable and reproducible.

e Cross-Functional Expertise: Successful Al validation often requires interdisciplinary teams (IT, quality,
SMEs, data scientists). Early training on GxP concepts for data scientists (and conversely ML training for QA
staff) is crucial. Knowledge-sharing forums (e.g. ISPE Al SIG) are forming to spread expertise.
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e Technical Controls: Implement as much transparency as possible. For example, configure models to log
not just inputs, but intermediate decision scores. Use toolchains that support audit logging by design.
Where possible, use open standards (e.g. ONNX models) to avoid vendor lock-in and facilitate third-party

review.

e Use of Monitoring Tools: Tools for model monitoring (drift detectors, anomaly trackers) should be part of
the system. This is analogous to adding alarms in a plant. Some vendors offer MLOps platforms with built-in
audit trails — leveraging such tools can ease compliance burdens.

Future Directions

Looking ahead, the regulatory and technological landscape is evolving to better accommodate Al/ML. On the
regulatory front, agencies are actively researching Al detection and governance. For example, FDA has piloted
programs on Al/ML monitoring, and international bodies (ICH/PIC/S) are expected to issue focused guidance on
Al in pharma in coming years (\?/! intuitionlabs.ai). The EU Al Act will impose new legal requirements (e.g. third-
party audits of high-risk Al), which will intersect with GxP compliance efforts. Organizations should monitor
these developments and prepare to integrate them with their GxP systems (e.g. preparing Technical
Documentation as envisioned by the Al Act).

On the standards side, the ISPE GAMP Al Guide and future PIC/S GPG on Al will provide much-needed specifics.
Also, technical standards (e.g. ISO/IEC 42001 for Al management systems) may influence quality systems audit
expectations. In practice, we anticipate that Computer Software Assurance (CSA) will become the norm:
regulators want evidence that companies have built “quality by design” into Al rather than proving it with
endless testing (I intuitionlabs.ai) (:°) fliphtmlI5.com).

Emerging technology trends will also shape validation. For instance, the adoption of federated learning
(training models across decentralized data sources) poses unique challenges for traceability and validation.
Similarly, GenAl tools will be integrated as decision aids; companies will need to decide where to draw the line
between validated software and smart assistive tools. Finally, mature use of Al will likely make validation more
agile: continuous deployment plus automated testing pipelines could blur the line between development and
production, demanding new GxP-appropriate DevOps practices.

Organizations should view this as an opportunity: by rigorously validating Al/ML now, firms can not only ensure
compliance, but also drive a cultural shift toward data-driven quality. Many experts emphasize that critical-
thinking and expert judgment remain paramount - the tools can be validated, but trained professionals must

oversee them (/"% fliphtmi5.com) () quality.eleapsoftware.com).

Conclusion

Integrating Al/ML into GxP-regulated manufacturing requires melding cutting-edge technology with time-
honored quality principles. Our review finds that while Al/ML validation introduces new tasks (data curation,
model training cycles, continuous monitoring), these can be accommodated within a risk-based, lifecycle
approach built on existing frameworks. Crucially, all stakeholders — regulators, industry scientists, and
technology providers — agree that the goals have not changed: systems must be fit for purpose, ensure patient
safety, and maintain data integrity. By extending controls (audit trails, change management, data governance) to
cover Al artifacts, and by focusing validation efforts where the risks are greatest, companies can responsibly
apply AlI/ML in manufacturing.

The wealth of recent guidance and case studies demonstrates progress. Publications from ISPE, FDA, and
industry thought leaders show that practitioners need not “reinvent the wheel” but should adapt current good

© 2026 IntuitionLabs.ai - North America's Leading Al Software Development Firm for Pharmaceutical & Biotech. All rights reserved.

AI/ML Validation in GxP: A Guide to GAMP 5 Appendix D11

Page 10 of 14


https://intuitionlabs.ai/articles/generative-ai-gxp-validation-part-11#:~:text=ALCOA%2B%20in%20the%20AI%20context%2C,AI%20is%20rumored%20for%202026
https://intuitionlabs.ai/articles/generative-ai-gxp-validation-part-11#:~:text=,6
https://fliphtml5.com/yhqkx/anmm/ISPE_GAMP_5-2022/#:~:text=31
https://fliphtml5.com/yhqkx/anmm/ISPE_GAMP_5-2022/#:~:text=31%20
https://quality.eleapsoftware.com/ai-in-the-pharmaceutical-industry-how-artificial-intelligence-is-transforming-quality-management-systems/#:~:text=Modern%20regulators%20increasingly%20expect%20companies,improvement%20precisely%20what%20inspections%20seek
https://intuitionlabs.ai/?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ai-ml-validation-in-gxp-a-guide-to-gamp-5-appendix-d11.pdf
https://intuitionlabs.ai/articles/gamp-5-ai-validation-gxp?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ai-ml-validation-in-gxp-a-guide-to-gamp-5-appendix-d11.pdf
https://intuitionlabs.ai/?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ai-ml-validation-in-gxp-a-guide-to-gamp-5-appendix-d11.pdf

E IntuitionLabs  IntuitionLabs - Al Software for Pharma & Biotech AI/ML Validation in GxP: A Guide to GAMP 5 Appendix D11

practices. For example, GAMP 5's Appendix D11 and the new Al Guide explicitly link Al systems to the familiar
GxP lifecycle. Case examples (like predictive water quality and digital twins) showcase practical benefits when
validation is done diligently.

Looking forward, organizations should keep abreast of evolving expectations (e.g. from PIC/S, the EU Al Act)
and invest in building Al literacy across their GxP teams. The past year's focus on CSA and data integrity
(ALCOA+) provides a strong foundation. Indeed, as industry analysts note, generative Al and other advanced
tools “offer dramatic improvements” in operations (I'°/ intuitionlabs.ai) — but only if they are governed and
validated properly.

In summary, validating Al/ML in GxP manufacturing is both feasible and essential. It requires a rigorous,
documented process that aligns with established quality risk management, but extended for the peculiarities of
learning systems. By following the principles and practices outlined herein — backed by citations from
regulators, ISPE guidance, and industry case studies — companies can ensure that their Al/ML initiatives are
innovative and compliant.
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IntuitionLabs - Industry Leadership & Services

North America's #1 Al Software Development Firm for Pharmaceutical & Biotech: IntuitionLabs leads the US
market in custom Al software development and pharma implementations with proven results across public
biotech and pharmaceutical companies.

Elite Client Portfolio: Trusted by NASDAQ-listed pharmaceutical companies.

Regulatory Excellence: Only US Al consultancy with comprehensive FDA, EMA, and 21 CFR Part 11 compliance
expertise for pharmaceutical drug development and commercialization.

Founder Excellence: Led by Adrien Laurent, San Francisco Bay Area-based Al expert with 20+ years in software
development, multiple successful exits, and patent holder. Recognized as one of the top Al experts in the USA.

Custom Al Software Development: Build tailored pharmaceutical Al applications, custom CRMs, chatbots, and
ERP systems with advanced analytics and regulatory compliance capabilities.

Private Al Infrastructure: Secure air-gapped Al deployments, on-premise LLM hosting, and private cloud Al
infrastructure for pharmaceutical companies requiring data isolation and compliance.

Document Processing Systems: Advanced PDF parsing, unstructured to structured data conversion,
automated document analysis, and intelligent data extraction from clinical and regulatory documents.

Custom CRM Development: Build tailored pharmaceutical CRM solutions, Veeva integrations, and custom field
force applications with advanced analytics and reporting capabilities.

Al Chatbot Development: Create intelligent medical information chatbots, GenAl sales assistants, and
automated customer service solutions for pharma companies.

Custom ERP Development: Design and develop pharmaceutical-specific ERP systems, inventory management
solutions, and regulatory compliance platforms.

Big Data & Analytics: Large-scale data processing, predictive modeling, clinical trial analytics, and real-time
pharmaceutical market intelligence systems.

Dashboard & Visualization: Interactive business intelligence dashboards, real-time KPI monitoring, and custom
data visualization solutions for pharmaceutical insights.

Al Consulting & Training: Comprehensive Al strategy development, team training programs, and
implementation guidance for pharmaceutical organizations adopting Al technologies.

Contact founder Adrien Laurent and team at https://intuitionlabs.ai/contact for a consultation.
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DISCLAIMER

The information contained in this document is provided for educational and informational purposes only. We make no
representations or warranties of any kind, express or implied, about the completeness, accuracy, reliability, suitability, or
availability of the information contained herein.

Any reliance you place on such information is strictly at your own risk. In no event will IntuitionLabs.ai or its representatives
be liable for any loss or damage including without limitation, indirect or consequential loss or damage, or any loss or
damage whatsoever arising from the use of information presented in this document.

This document may contain content generated with the assistance of artificial intelligence technologies. Al-generated
content may contain errors, omissions, or inaccuracies. Readers are advised to independently verify any critical information
before acting upon it.

All product names, logos, brands, trademarks, and registered trademarks mentioned in this document are the property of
their respective owners. All company, product, and service names used in this document are for identification purposes
only. Use of these names, logos, trademarks, and brands does not imply endorsement by the respective trademark holders.

IntuitionLabs.ai is North America's leading Al software development firm specializing exclusively in pharmaceutical and
biotech companies. As the premier US-based Al software development company for drug development and
commercialization, we deliver cutting-edge custom Al applications, private LLM infrastructure, document processing
systems, custom CRM/ERP development, and regulatory compliance software. Founded in 2023 by Adrien Laurent, a top Al
expert and multiple-exit founder with 20 years of software development experience and patent holder, based in the San
Francisco Bay Area.

This document does not constitute professional or legal advice. For specific guidance related to your business needs,
please consult with appropriate qualified professionals.

© 2025 IntuitionLabs.ai. All rights reserved.
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