Artificial Intelligence and GMP Knowledge
Management

Preserving Critical Pharmaceutical Expertise

Pharmaceutical companies do not only manufacture products. They manufacture knowledge.

Every deviation investigation, CAPA, change control, validation report, batch record, APR/PQR,
complaint investigation, audit response, risk assessment, SOP revision, technology transfer, and
product launch creates knowledge about how the process works, how it can fail, and how the quality
system responds. The problem is that much of this knowledge is scattered across systems, buried in
documents, dependent on individual experts, or lost when experienced personnel retire or leave.

This is where artificial intelligence could provide major practical value in GMP environments. Al-
powered knowledge management can help QA, manufacturing, validation, regulatory, QC,
engineering, and training teams retrieve relevant knowledge faster, connect related quality events,
preserve lessons learned, and reduce repeated mistakes.

But AI must be implemented carefully. In GMP, knowledge management is not casual information
sharing. It must support controlled, traceable, validated, and human-reviewed decision-making. Al
can help users find and organize knowledge, but it should not become an uncontrolled source of GMP
instructions.

ICH Q10 identifies knowledge management and quality risk management as key enablers of an
effective pharmaceutical quality system. It defines knowledge management as a systematic approach
to acquiring, analyzing, storing, and disseminating information related to products, manufacturing
processes, and components across the product lifecycle (ICH Q10, 2008).

Why GMP Knowledge Management Matters

GMP knowledge management is the structured control and use of product, process, and quality
system knowledge. It helps organizations avoid relearning the same lessons every time an issue
occurs.

A strong GMP knowledge management program should help answer questions such as:

GMP Question Knowledge Needed

Has this deviation happened before? Historical deviations, CAPAs, investigations, batch records

Did a similar change cause issues in the past? Change controls, post-change monitoring, deviations

Has this equipment failed before? Maintenance records, calibration history, qualification
reports

Was this SOP recently revised? Document history, training records, linked forms

Is this product sensitive to this process parameter? Validation reports, CPV data, APR/PQR trends
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Did previous CAPAs work? CAPA effectiveness checks, recurrence trends

What did the site learn during technology transfer? Transfer protocols, reports, risk assessments, lessons
learned

What regulatory commitments apply? Submissions, commitments, inspection responses, RA
assessments

Without good knowledge management, teams rely too heavily on memory, tribal knowledge, and
whoever happens to be available. That is risky.

Knowledge Loss in Pharmaceutical Organizations

Pharmaceutical organizations lose knowledge in predictable ways. Experienced employees retire.
Contractors leave. QA specialists change roles. Manufacturing supervisors transfer departments.
Validation engineers move to other companies. Documentation systems are migrated. Old project

folders are archived. Critical decisions remain buried in email chains. CAPA lessons are not converted

into reusable knowledge.

This creates a dangerous situation: the organization may have already solved a problem, but the next
team cannot find the solution.

Knowledge Loss Source GMP Consequence

Employee turnover Loss of process history and practical judgment

Retirement of senior SMEs Loss of undocumented site experience

Poor handover New owners repeat old mistakes

Siloed systems QA, validation, QC, engineering, and manufacturing cannot
see each other’s lessons

Document migrations Historical context is lost or poorly indexed

Weak CAPA knowledge capture Lessons learned are not reused

Informal email decisions Critical rationale is not retained in controlled records

Project closure without knowledge transfer Technology transfer and validation learnings disappear

Overreliance on individuals Quality system becomes dependent on who knows where to
look

ICH Q10 states that product and process knowledge should be managed from development through
the commercial life of the product up to and including product discontinuation. It also lists sources of
knowledge such as development studies, technology transfer, process validation, manufacturing
experience, innovation, continual improvement, and change management activities (ICH Q10, 2008).

The Problem With Traditional GMP Knowledge Management

Traditional knowledge management in pharma often looks like this:

Experienced SME remembers issue
Team searl’ches shared drive, QMS, DMS, email, or old reports
Some dOCll,ImentS are found
Context ;.s incomplete
!
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Decision is made based on partial knowledge
!
Same issue may recur later

This is not ideal, especially when investigations, CAPAs, change controls, or product impact
assessments require complete historical context.

Traditional Weakness Practical Impact

Keyword search is limited Relevant records are missed when wording differs

Systems are disconnected QMS, DMS, LMS, CMMS, LIMS, MES, and validation
repositories do not communicate

Historical records are poorly tagged Product, equipment, room, material, and process links are
hard to find

Lessons learned are not structured CAPA knowledge is buried in narrative text

Search results lack context Users receive documents but not relationships

Knowledge is not role-based Operators, QA, validation, and RA need different levels of
detail

Obsolete documents appear in search Users may retrieve outdated instructions

No feedback loop The system does not learn which knowledge was useful

Al can help, but only after the organization fixes the fundamentals: controlled repositories, metadata,
document ownership, access control, and data integrity.

How Al Can Support GMP Knowledge Management

AI can support GMP knowledge management by improving search, retrieval, summarization,
relationship mapping, and lessons learned extraction.

Al Capability GMP Knowledge Management Application

Semantic search Find related records even when terminology differs

SOP retrieval Help users find current controlled procedures faster

Similar-event retrieval Locate related deviations, complaints, CAPAs, and O0S
investigations

Lessons learned extraction Identify reusable knowledge from closed investigations and
projects

Knowledge graphing Map relationships between products, processes, equipment,
documents, and events

Role-based summaries Generate draft summaries for QA, manufacturing,
validation, or training review

Expert finder Identify SMEs based on document ownership,
investigations, or project history

Training support Link SOPs, deviations, CAPAs, and lessons learned to
training topics

Technology transfer support Preserve project rationale, risks, and post-transfer lessons

Management review support Summarize recurring knowledge gaps across the PQS

A recent research paper on GMP-focused AI agents describes the challenge of disjointed compliance
knowledge and proposes retrieval-augmented generation from curated regulatory and inspection
knowledge bases to provide traceable decision support for quality professionals. The authors also
note limitations around regulatory scope and model interpretability, which are directly relevant for

GMP knowledge systems (Wang et al., 2026).
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The lesson is important: AT knowledge systems should be retrieval-based, source-linked, and
transparent - not black-box answer machines.

Al-Powered Search Systems: Moving Beyond Keyword Search

Traditional keyword search works only when the user knows the right term. But GMP language is
inconsistent. For example, the same issue may be described as HEPA leak, filter integrity failure,
smoke study concern, airflow issue, ceiling filter breach, or cleanroom recovery failure.

A keyword search for HEPA leak may miss records that use different language. AI-powered semantic
search can identify records based on meaning rather than exact words.

User Search AI Could Retrieve

Balance drift issue Calibration failures, OOT events, vibration-related
deviations, balance relocation change controls

Stopper feeding problem Filling line interventions, rejected units, equipment alarms,
component supplier deviations

Cleaning residue recurrence Cleaning validation deviations, swab failures, detergent
change control, training CAPA

Late batch record entries Data integrity deviations, audit trail review findings,
documentation retraining

Water system microbial trend EM excursions, water monitoring alerts, sanitization
records, CAPA effectiveness checks

This kind of search can significantly improve investigations and impact assessments because it helps
teams find relevant historical context faster.

SOP Retrieval and Controlled Knowledge

One of the safest first use cases for Al is controlled SOP retrieval. A user may ask: “What SOP explains
how to handle a missed calibration?”

A well-governed Al system should retrieve the current controlled SOP, show the document number
and revision, link to the official DMS, and clearly indicate whether the answer is a summary or direct
source-based information. A poorly governed Al system may generate an answer from memory,
retrieve an obsolete SOP, or combine instructions from multiple procedures. That is dangerous.

Control Requirement

Current source only Al should retrieve approved effective documents unless
obsolete documents are intentionally included and clearly
labeled

Source links Every answer should link to the controlled document and
section

No uncontrolled instructions Al summaries should not replace the official SOP

Revision visibility Users should see document number, title, revision, and
effective date

Access control Users should only retrieve documents they are authorized
to view

Audit trail GMP-impacting queries and outputs may need retention
depending on intended use
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| Human verification | Users must verify official SOP before executing GMP tasks |

FDA Part 11 requires controls for electronic records, including validation, audit trails, access controls,
authority checks, and system documentation controls for systems subject to Part 11 requirements
(FDA, 21 CFR Part 11).

Investigation History Retrieval

Investigation history retrieval is one of the highest-value Al knowledge management applications.
Before closing a deviation, investigators often need to know whether the event happened before,
whether previous root causes were similar, whether prior CAPA worked, and whether other batches,
equipment, rooms, products, suppliers, or shifts were involved.

Al can help by searching across deviation narratives, CAPA records, complaints, equipment events,
calibration failures, batch records, and change controls.

Current Event AI-Retrieved Historical Knowledge

Environmental monitoring excursion Prior EM deviations, cleaning changes, HVAC maintenance,
personnel monitoring trends

0O0S assay result Prior method investigations, analyst training, instrument
events, reference standard changes

Batch yield loss Prior yield deviations, process changes, equipment
maintenance, material supplier lots

Labeling error Prior packaging deviations, line clearance CAPAs, artwork
change history

Cleaning failure Prior swab failures, detergent changes, cleaning validation
reports, operator qualification

This does not replace investigation work. It helps prevent investigations from being performed with
partial institutional memory.

Lessons Learned Databases

Many companies talk about lessons learned, but few manage them well. A practical lessons learned
database should not be a random collection of PowerPoint slides. It should be structured, searchable,
and connected to quality events.

Field Example

Event type Deviation, CAPA, audit, validation issue, complaint, change
control

Product/process Product A, vial filling, compression, water system

Root cause Procedure ambiguity, equipment wear, supplier variability

Contributing factors Training gap, unclear form, poor alarm response

CAPA SOP revision, equipment modification, training, verification

Effectiveness outcome No recurrence for 12 months

Applicable areas Similar equipment, similar process, other products

Keywords/tags Fill weight, stopper, intervention, EM, CAPA

Owner QA, engineering, validation, manufacturing

Source records Deviation, CAPA, validation report, change control
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| Reuse guidance | When to consult this lesson

Al can help populate draft lessons learned from closed investigations, but QA and SMEs should
approve the final record. Otherwise, the lessons learned database may become a source of inaccurate
institutional memory.

Knowledge Management Framework for GMP

A practical Al-supported GMP knowledge management framework can be built around six layers.

1. Knowledge Sources

SOPs and forms, policies and quality manuals, deviations and investigations, CAPAs and effectiveness
checks, change controls, validation protocols and reports, APR/PQR reports, complaints, training
records, equipment qualification and maintenance records, calibration records, regulatory
submissions and commitments, audit and inspection responses, and technology transfer documents.

2. Data and Document Governance

The company must define who owns each knowledge source, which systems are authoritative, which
documents are current, obsolete, draft, or archived, how metadata are assigned, how access is
controlled, how records are retained, and how updates are approved.

3. Al Retrieval Layer
The AI system retrieves relevant knowledge through semantic search, metadata filtering, knowledge
graphs, source-linked summaries, similar-event retrieval, and role-based search.

4. Human Review Layer
Qualified humans decide whether the retrieved information is relevant, current, applicable, and
whether action is required.

5. Learning Feedback Loop
The system captures which results were useful, which were rejected, which records should be linked,
which knowledge gaps were found, and which lessons learned need to be created.

6. Periodic Review

The company periodically reviews search accuracy, missed relevant records, use of obsolete records,
user feedback, audit trail records, access control, model/version changes, business value, and
compliance risk.

ICH Q10 states that the pharmaceutical quality system should include process performance and
product quality monitoring, CAPA, change management, and management review, and that
performance indicators should be identified and used to monitor effectiveness (ICH Q10, 2008).
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Practical Examples

Example 1: Preventing Repeat Deviation From Forgotten CAPA History

A deviation is opened for repeated incorrect room pressure documentation. The investigator believes
the issue is operator attention. Al retrieves a prior CAPA from two years earlier showing that the
same issue occurred after a room pressure form revision. The previous CAPA identified confusing
form layout as a contributing factor, but the form design was later copied into a new area. The
investigation expands from “operator error” to form design and document control. CAPA includes
form redesign and review of similar forms. Value: Al preserved institutional memory that the
investigator did not personally know.

Example 2: Supporting Technology Transfer

A product is transferred from one site to another. Al retrieves development history, prior PPQ lessons,
process sensitivity notes, deviations from previous campaigns, analytical method issues, and supplier
risks. The receiving site uses this knowledge to strengthen the transfer risk assessment and training
plan. Value: Al helps prevent transfer teams from repeating known process mistakes.

Example 3: Faster SOP Retrieval for QA Decision Support

A QA specialist needs to determine how to handle an overdue PM for a non-critical piece of
equipment. Instead of searching multiple systems, the Al retrieves the current maintenance SOP,
deviation SOP, equipment criticality procedure, and related prior deviation examples. QA still makes
the decision, but the relevant knowledge is available quickly. Value: Al improves decision speed
without replacing procedure review.

Example 4: Capturing Retiring SME Knowledge

A senior validation engineer is retiring. The company uses structured interviews and document
mapping to capture major lessons from past equipment qualifications, recurring vendor issues, and
site-specific validation pitfalls. AI links those lessons to equipment types, validation templates, vendor
files, and training modules. Value: Critical expertise becomes reusable institutional knowledge instead
of disappearing with the individual.

Risks of Al in GMP Knowledge Management

AT knowledge systems can create serious risks if poorly governed.

Risk

GMP Impact

Control

Al retrieves obsolete SOP

User may follow outdated instruction

Current-document filtering and
obsolete labeling

Al summarizes incorrectly

User may misunderstand GMP
requirement

Source-linked answers and human
verification

Al mixes information from unrelated
products

Wrong process assumption

Metadata filters by product, site, and
process

Al misses relevant prior deviation

Incomplete investigation

Traditional searches and SME review
remain active

Al exposes restricted records

Confidentiality or compliance issue

Role-based access control

Al creates unsupported answer

False institutional knowledge

Retrieval-augmented, source-cited
responses only
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Model changes alter retrieval behavior | Inconsistent GMP support Change control and periodic review

Poor historical data pollutes results Bad knowledge reused Data cleanup and record curation

Users overtrust Al Reduced critical thinking Training and governance

No audit trail Decisions cannot be reconstructed Audit trail and record retention
controls

The most dangerous failure mode is not that AI cannot find an answer. It is that Al gives a confident
answer based on incomplete, obsolete, or wrong context.

Validation Requirements

If an AT knowledge management system is used only as a general productivity tool, validation
expectations may be limited. But if it supports GMP decisions, investigations, SOP retrieval, deviation
assessment, training, or quality system records, it should be validated based on intended use and risk.

Validation Area Practical Question

Intended use Is Al advisory search, SOP retrieval, investigation support,
or decision support?

Source control Does Al search only approved and controlled repositories?

Data mapping Are product, equipment, room, material, and document
links accurate?

Access control Does Al respect user permissions?

Output traceability Are answers linked to source documents and records?

Version control Is the AI model/configuration controlled?

Audit trail Are GMP-impacting queries and outputs retained where
required?

Performance testing Can Al retrieve known relevant records from historical
cases?

False negatives Does Al miss critical knowledge?

False positives Does Al return too much irrelevant material?

Obsolete record control Are obsolete records clearly identified?

Change control Are model, source, and taxonomy changes assessed?

Periodic review Is performance reviewed over time?

Research on validation of Al-containing products across regulated healthcare industries highlights
that AI/ML introduces terminology and validation challenges across pharmaceuticals, medical
devices, and diagnostics, and that validation approaches need alignment across people, processes, and
software development (Higgins & Johner, 2023).

In GMP knowledge management, validation does not mean proving the AI will always produce a
perfect answer. It means proving that the system is fit for its intended use, controlled, traceable, and
used with appropriate human oversight.

Governance Models for Al Knowledge Management

A strong governance model should define ownership and boundaries.

Governance Element Requirement
System owner Owns intended use, procedures, validation status, and
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periodic review

Knowledge owners Own specific content areas such as QA, validation, QC,
manufacturing, RA

Approved source list Defines which repositories Al can search

Role-based access Ensures users see only authorized records

Source citation Requires Al answers to link to controlled sources

Obsolete document handling Clearly labels obsolete, superseded, draft, or archived
records

Human review Requires human verification before GMP action

AT usage SOP Defines acceptable and prohibited uses

Change control Controls model updates, taxonomy changes, and source
integrations

Supplier oversight Evaluates vendor controls, security, validation support, and
data handling

Training Teaches users Al limitations and correct use

Periodic review Confirms accuracy, relevance, security, and user feedback

EMA’s reflection paper on Al emphasizes that AI/ML systems should be developed, deployed, and
monitored using a risk-based approach, and that risk depends on context of use, data quality, and the
degree of influence the Al exerts. It also states that responsibility remains with the applicant or
marketing authorization holder to ensure algorithms, models, datasets, and pipelines are fit for
purpose and aligned with applicable standards (EMA, 2024).

Al Knowledge Management and Pharmaceutical Training

Al knowledge management can also strengthen pharmaceutical training. Training is often
disconnected from real quality events. Employees read SOPs, complete LMS assignments, and pass
quizzes, but may not learn why certain controls matter. Al can help connect training to real site
knowledge.

Training Need AT Knowledge Support

New QA specialist onboarding Retrieve examples of strong deviations, weak deviations,
CAPAs, and change controls

Operator retraining Link SOP step to actual deviations caused by incorrect
execution

Validation training Retrieve past qualification lessons learned

Data integrity training Retrieve anonymized audit trail deviations and
documentation errors

Aseptic behavior training Retrieve EM excursions linked to interventions

Change control training Retrieve prior missed-impact examples

Management training Summarize recurring quality system lessons

This makes training more practical. Instead of generic GMP slides, employees learn from site-specific
experience. However, training content generated from AI knowledge systems should be reviewed and
approved. Al-generated examples must be accurate, anonymized where appropriate, and aligned with
approved procedures.
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Implementation Roadmap

Step 1: Identify High-Value Knowledge Gaps

Start with areas where knowledge loss creates the most risk: deviation history, CAPA effectiveness,
change control impact assessments, equipment history, validation lessons learned, SOP retrieval,
technology transfer, and product-specific process knowledge.

Step 2: Define Authoritative Sources
Identify official systems such as QMS, DMS, LMS, LIMS, MES, CMMS, calibration system, validation
repository, regulatory commitment tracker, and APR/PQR repository.

Step 3: Clean Metadata
Standardize product names, equipment IDs, room numbers, SOP numbers, material codes, supplier
names, deviation categories, root cause categories, CAPA types, and process steps.

Step 4: Start With Retrieval, Not Decision-Making
The safest starting point is Al-powered search and source-linked retrieval. Avoid using Al to make
final GMP decisions.

Step 5: Build Lessons Learned Records
Convert closed deviations, CAPAs, audits, technology transfers, and validation projects into structured
lessons learned.

Step 6: Validate the System
Test whether the system retrieves known records from historical cases. Confirm access controls,
source links, obsolete-document labeling, and audit trail behavior.

Step 7: Train Users
Train users on what Al can retrieve, what it cannot decide, how to verify sources, how to avoid
copying Al summaries into GMP records without review, and how to report incorrect outputs.

Step 8: Establish Governance
Create an SOP covering intended use, source control, human review, model updates, supplier
oversight, periodic review, and escalation.

Step 9: Monitor Performance
Track search success rate, missed relevant records, user overrides, use of obsolete records, incorrect
Al summaries, deviation recurrence reduction, user feedback, and audit findings.

Step 10: Expand Gradually
After proving value in SOP retrieval and similar-event search, expand into training support,
technology transfer, CAPA effectiveness, and management review support.
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FAQ: Al and GMP Knowledge Management

What is GMP knowledge management?

GMP knowledge management is the systematic process of acquiring, analyzing, storing, and sharing
product, process, and quality system knowledge across the pharmaceutical lifecycle. ICH Q10
identifies knowledge management as an enabler of the pharmaceutical quality system (ICH Q10,
2008).

Can Al replace GMP subject matter experts?
No. Al can help retrieve and summarize knowledge, but SMEs are still needed to interpret context,
determine relevance, and make GMP decisions.

What is the best first Al use case?

The best first use case is source-linked semantic search across controlled SOPs, deviations, CAPAs,
validation reports, and change controls. This provides immediate value without allowing Al to make
final decisions.

Can Al retrieve SOP instructions for operators?
Al can help locate the correct SOP and section, but it should not replace the controlled SOP. Users
should always verify the official procedure before performing GMP tasks.

Does Al knowledge management require validation?
If the Al system supports GMP decisions, retrieves controlled records, or becomes part of a regulated
workflow, it should be validated based on intended use and risk. Part 11 applicability should also be
assessed if electronic records or signatures are involved.

What is the biggest risk?
The biggest risk is inaccurate retrieval or summary. If Al retrieves obsolete information, mixes
unrelated records, or summarizes incorrectly, users may make decisions based on bad knowledge.

How can companies preserve retiring SME knowledge?

Companies can use structured interviews, lessons learned templates, project retrospectives, and Al-
assisted mapping to link SME knowledge to products, processes, equipment, documents, and training
materials.

Can Al help with investigations?
Yes. Al can retrieve similar events, prior CAPAS, related deviations, equipment history, and lessons
learned. Human investigators and QA must still determine root cause and product impact.

Conclusion: Al Can Preserve GMP Knowledge, but It Must Remain Controlled

AT has strong potential to improve GMP knowledge management because pharmaceutical
organizations already generate enormous amounts of valuable knowledge. The problem is that this
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knowledge is often scattered, siloed, hard to search, and vulnerable to loss when experienced
employees leave.

Al can help preserve critical expertise by improving SOP retrieval, investigation history search,
lessons learned databases, technology transfer knowledge, training support, and cross-system
knowledge mapping. This aligns well with ICH Q10’s expectation that product and process knowledge
should be managed throughout the product lifecycle and that knowledge management supports
science- and risk-based decisions related to product quality (ICH Q10, 2008).

But Al knowledge systems must be governed. They need controlled sources, source-linked outputs,
access control, validation based on intended use, periodic review, and human oversight. Al should not
become an uncontrolled second SOP system or an informal decision-maker.

The realistic future is not Al replacing pharmaceutical expertise. The realistic future is Al helping
companies preserve, find, and reuse the expertise they already have.

For AlforQA.org, this is a powerful cornerstone topic because it addresses a quiet but serious GMP
risk: the loss of institutional memory. In pharma, what the organization forgets can become the next
deviation.
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