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Executive Summary

Artificial intelligence (Al) is poised to revolutionize pharmaceutical quality control (QC) laboratories by automating
laborious tasks and providing advanced analytics for Out-of-Specification (OOS) investigations, batch release testing,
and stability data analysis. Traditional QC workflows rely heavily on manual data collection, human review, and batch-by-
batch laboratory assays, which are time-consuming and prone to error (") www.slideshare.net) (? xenoss.io). For example,
surveys show that 42% of life-sciences manufacturers still review batch records manually on paper () xenoss.io), with
average review times of 48 hours (and in some cases up to 500 hours) per batch (%! xenoss.io). These delays tie up
inventory (e.g. a 20-day testing lag on a $500,000/day production can trap ~$10 million in capital (/*!
pharmacystandards.org)) and increase operational cost. By contrast, Al-driven methods promise to dramatically accelerate
these processes while maintaining or improving quality. In OOS investigations, Al can automatically sift through historical
batch data, process parameters, instrument logs, and deviation reports to suggest likely root causes and flag anomalies
(e slideshare.net) (! www.slideshare.net). In batch release, Al-enabled Real-Time Release Testing (RTRT) can
shrink release times from weeks to hours by predicting quality attributes from process data, effectively implementing
“virtual metrology” ((°/ pharmacystandards.org) (" pharmacystandards.org). Similarly, stability data analysis can be
augmented by machine learning models that predict long-term shelf life from initial stability points and process conditions
(® pmc.nebi.nim.nin.gov) (°! pme.nchi.nim.nih.gov). Empirical studies confirm the power of these approaches: for example, a
deep neural network predicted a 36-month stability profile for a lyophilized product more accurately than conventional
regression (°! pme.nchi.nim.nin.gov) () pme.nebinim.nih.gov), and another study used XOR-accelerated ensembles to
forecast solid-dispersion stability with 82.5% accuracy (**) www.sciencedirect.com).

This report provides an in-depth analysis of Al applications in QC labs, covering historical context, current approaches,
and future trends. We examine each aspect in detail — OOS investigations, batch release (including RTRT), and stability
testing — highlighting case studies, data, and expert insights. We compare traditional methods with Al-enhanced
workflows (see Table 1), and discuss implementation considerations, regulatory views (e.g. EU GMP Annex 22 and FDA
Al guidance), challenges (data integrity, explainability, validation), and the broader implications for pharmaceutical
manufacturing. The evidence shows that Al can substantially improve efficiency, consistency, and predictive power in QC
processes (" www.labmanager.com) (“? www.nature.com), but careful validation and human oversight remain essential to

ensure compliance and patient safety (*/ investigationsquality.com) (**) www.nature.com).

Introduction and Background

Pharmaceutical quality control (QC) laboratories play a critical role in ensuring that drug products meet stringent safety,
identity, strength, and purity standards before release. Under current Good Manufacturing Practice (cGMP) regulations
(e.g. 21 CFR Part 211, EMA GMP Annex 16, etc.), each batch of drug substance or product must be tested and certified
by a qualified laboratory prior to release (° www.ida.gov). QC labs perform a wide array of analyses — chemical assays
(e.g. HPLC for potency, dissolution), physical tests (e.g. mass uniformity, impurity profiling, moisture content), and
microbiological tests (sterility, endotoxins). They also conduct stability testing over months or years to establish shelf life
based on accelerated and real-time data. When any test falls Outside-of-Specification (OOS) — meaning a result
deviates beyond pre-defined acceptance criteria — the lab must launch a formal investigation to determine the cause.
Traditionally, such investigations involve human review of laboratory logs, retesting of retained samples, instrument
calibration checks, and staff interviews. This reactive, manual approach is labor-intensive and slow, as training material
notes: “Traditional OOS investigations...involve manual data collection, review, and analysis, which can be time-
consuming, labor-intensive, and prone to human error” (! www.slideshare.net).

At the same time, the industry has been embracing digital transformation and Quality-by-Design (QbD) concepts (ICH
Q8/Q9/Q10) in recent decades. Under QbD, a deeper understanding of process and product variability is sought, using
advanced analytics and process analytical technologies (PAT). The Pharma 4.0 initiative — analogous to Industry 4.0 —

© 2026 IntuitionLabs.ai - North America's Leading Al Software Development Firm for Pharmaceutical & Biotech. All rights Page 2 of
reserved. 17


https://www.slideshare.net/slideshow/leveraging-artificial-intelligence-in-out-of-specification-investigations-improving-efficiency-and-accuracy-in-the-pharmaceutical-industry/272059497#:~:text=industry%2C%20aiming%20to%20enhance%20efficiency,making
https://xenoss.io/blog/ai-manufacturing-quality-control#:~:text=But%20the%20opportunity%20cost%20of,through%20a%20single%20batch%20record
https://xenoss.io/blog/ai-manufacturing-quality-control#:~:text=The%202024%20Life%20Science%20Quality,automation%20for%20reviewing%20batch%20records
https://xenoss.io/blog/ai-manufacturing-quality-control#:~:text=But%20the%20opportunity%20cost%20of,through%20a%20single%20batch%20record
https://pharmacystandards.org/caidra-examination/section-19-2-ai-in-batch-release-testing/?cps_autocomplete=1&from=1386535#:~:text=,%24500%2C000%2Fyear%20in%20interest%20alone
https://pharmacystandards.org/caidra-examination/section-19-2-ai-in-batch-release-testing/?cps_autocomplete=1&from=1386535#:~:text=,%24500%2C000%2Fyear%20in%20interest%20alone
https://www.slideshare.net/slideshow/leveraging-artificial-intelligence-in-out-of-specification-investigations-improving-efficiency-and-accuracy-in-the-pharmaceutical-industry/272059497#:~:text=industry%2C%20aiming%20to%20enhance%20efficiency,making
https://www.slideshare.net/slideshow/leveraging-artificial-intelligence-in-out-of-specification-investigations-improving-efficiency-and-accuracy-in-the-pharmaceutical-industry/272059497#:~:text=explores%20the%20benefits%20and%20challenges,addressed%2C%20the%20potential%20benefits%20of
https://pharmacystandards.org/caidra-examination/section-19-2-ai-in-batch-release-testing/?cps_autocomplete=1&from=1386535#:~:text=Moving%20from%20traditional%20%E2%80%9Cend,than%20a%20small%20laboratory%20sample
https://pharmacystandards.org/caidra-examination/section-19-2-ai-in-batch-release-testing/?cps_autocomplete=1&from=1386535#:~:text=RTRT%20,based
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230350/#:~:text=stored%20for%20long,assure%20a%20quality%20product%20profile
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230350/#:~:text=were%20used%20for%20modeling%20and,6
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230350/#:~:text=stored%20for%20long,assure%20a%20quality%20product%20profile
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230350/#:~:text=were%20used%20for%20modeling%20and,6
https://www.sciencedirect.com/science/article/abs/pii/S0168365919305140#:~:text=646%20solid%20dispersion%20stability%20data,collected%20for%20the%20prediction%20model
https://intuitionlabs.ai/articles/fda-ai-guidance-2026-drug-manufacturing-digital-health
https://intuitionlabs.ai/articles/fda-ai-guidance-2026-drug-manufacturing-digital-health
https://www.labmanager.com/role-of-ai-in-pharma-quality-control-labs-34148#:~:text=The%20role%20of%20AI%20in,of%20efficiency%2C%20accuracy%2C%20and%20compliance
https://www.nature.com/articles/s41598-025-27879-w#:~:text=proposed%20framework%20outperforms%20conventional%20approaches,centric%20outcomes
https://intuitionlabs.ai/articles/pharma-ai-validation-evidence-fda-ema
https://investigationsquality.com/tag/artificial-intelligence/#:~:text=The%20recent%20publication%20of%20EU,augmented%20world
https://www.nature.com/articles/s41598-025-27879-w#:~:text=accelerate%20drug%20development%20and%20enhance,implementation%20and%20regulatory%20approval%20processes
https://intuitionlabs.ai/articles/ich-q7-gmp-api-compliance-guide
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/investigating-out-specification-oos-test-results-pharmaceutical-production-level-2-revision#:~:text=This%20guidance%20for%20industry%20provides,that%20are%20outside%20of%20established
https://intuitionlabs.ai/articles/eln-vs-lims-vs-sdms-pharma-informatics
https://www.slideshare.net/slideshow/leveraging-artificial-intelligence-in-out-of-specification-investigations-improving-efficiency-and-accuracy-in-the-pharmaceutical-industry/272059497#:~:text=industry%2C%20aiming%20to%20enhance%20efficiency,making
https://intuitionlabs.ai/articles/pharma-mes-software-comparison
https://intuitionlabs.ai/?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ai-in-pharmaceutical-qc-automating-oos-batch-release.pdf
https://intuitionlabs.ai/articles/ai-pharmaceutical-qc-oos-batch-release?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ai-in-pharmaceutical-qc-automating-oos-batch-release.pdf
https://intuitionlabs.ai/?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ai-in-pharmaceutical-qc-automating-oos-batch-release.pdf

[P owitiontabs  intuitionLabs - Al Software for Pharma & Biotech Al in Pharmaceutical QC: Automating OOS & Batch Release

envisions fully integrated, data-driven manufacturing and quality systems. In this paradigm, real-time monitoring and
analytics replace many traditional in-process controls. Indeed, experts argue that QC labs must move beyond “reactive
quality control towards a proactive, predictive, and ultimately more robust system” (! www.labmanager.com). Al is a key
enabler of this vision, leveraging machine learning (ML), neural networks, and big data analytics to extract actionable
insights from the massive QC datasets now available.

Artificial Intelligence techniques span a spectrum. Machine learning (ML) encompasses statistical algorithms (e.g.
regression, random forests) and deep learning (neural networks, CNNs) that learn patterns from data without explicit
programming. Computer vision can interpret imaging data (though more relevant to packaging QC). Natural Language
Processing (NLP) can analyze text (e.g. deviation reports). Predictive analytics uses historical data to forecast future
outcomes. In QC labs, Al can process high-throughput instrument data, detect subtle anomalies, and automate routine
tasks.For example, root-cause analysis of an OOS event might draw on supervised classification models that have been
trained on past investigations (" www.slideshare.net), or use unsupervised clustering to group similar historical deviations.
Likewise, stability modeling may employ regression or neural networks on historical stability sets to predict shelf life under

10]

given storage conditions (“ﬂ pmc.ncbi.nim.nih.gov) ([ www.sciencedirect.com).

Current State of Al in QC Labs. Adoption in QC has been slower than in drug discovery or manufacturing control, partly
due to regulatory conservatism and data challenges. However, recent years have seen a surge of interest. Trade
publications report that Al is “rapidly transforming” QC operations by optimizing method development, enhancing data
analysis, and automating inspection (" www.labmanager.com). Industry surveys indicate broad interest: in one
manufacturing benchmark, 96% of companies planned enterprise-wide machine learning deployments within a year (!
xenoss.io), and about 50% of adopters reported tangible cost savings and productivity gains after Al implementation ("
xenoss.io). Major pharma companies (e.g. Novartis, Pfizer, AstraZeneca) are publicly investing in digital labs and Al
platforms, and consultancies estimate that Al-driven quality systems could cut QC cycle times by up to half and free
skilled analysts for higher-value tasks (www.osforyour.business) (2 www.nature.com). Academic and industry research is
proliferating: a recent Scientific Reports review describes multiple case studies where deep learning outperformed
traditional QbD methods (design-of-experiments, regression) in predicting critical quality attributes from process data (/!

www.nature.com).

At the same time, regulators worldwide are beginning to articulate expectations for Al. Examples include the FDA's
upcoming draft guidance (Jan 2025) on the credibility of Al models in drug development (*°) www.fda.gov) and the EU’s
new GMP Annex 22 specifically for Al in manufacturing (*°! investigationsquality.com). These frameworks underscore the
importance of risk-based validation and human oversight in Al-driven processes, even as they acknowledge Al’s potential
to enhance quality and compliance. As one reviewer notes, “Al contributes significantly to data analysis, real-time process
monitoring, defect detection, predictive maintenance, and compliance assurance, thereby enhancing efficiency, accuracy,
and regulatory adherence” (journal.hep.com.cn).

This report delves into the key use cases of Al in QC labs — OOS Investigations, Batch Release Testing, and Stability
Data Analysis — examining how Al methods are applied, what benefits they yield, and what evidence supports them. We
compare current manual practices with Al-enabled workflows (see Table 1), review relevant case studies and literature
findings, and discuss regulatory and practical considerations. Throughout, we cite industry data, peer-reviewed studies,
and expert commentary to ensure a thorough, evidence-based perspective.

Al in QC Laboratories: Traditional vs Al-Enabled
Processes

To ground the discussion, Table 1 compares several core QC activities in a typical pharmaceutical lab, contrasting the
traditional manual approach with Al-enhanced methods. In each case, Al can reduce human effort and time, improve
consistency, and enable new capabilities (such as predicting trends).
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QC Activity Traditional Practice Al-Enabled Practice Major Benefits | References
. . Automated anomaly detection and data integration. ML Reduces investigation time; focuses human effort on top
Manual data collection and review by QA/QC staff del: ' historical batch data, inst t 1] 5]
models analyze historical batch data, instrument logs, r
00s (logbooks, instrument prints, interviews). Root-cause v o hypotheses (' WW\W.slideshare.net) ¢

Investigations

Batch Record

i ~14-30 days while batch is quarantined ( 21 22
Review & : .
Rel h dard models so that a validated model can replace or sampling (l | DhafmaCVSta”da' dS.OI’g) ([ ]
elease pharmacystandards.org). Batch records i
. - supplement lab tests. Intelligent scheduling software .
Testing PP 9 9 pharmacystandards.org). cuts ranscription and
) ) [2] pulls assay data into LIMS and auto-generates release
are reviewed manually (median ~48 h/batch ( reports. paperwork errors (www.osforyour.business). Reduces capital in
. 4
Xenoss.10y). inventory and risk of stockouts ([ !
pharmacystandards.org).
Moves from a reactive “after-the-fact” release to predictive decision-
Predictive analytics and virtual metrology (e.g. surrogate  making. E.g. validated models act like weather radar forecasting
models) interpret process signals continuously. Real- [22]
Release Decision based solely on static laboratory results. Any  time anomaly detection flags unusual trends early. If Al ™" ( pharmacystandards.org). Enables
Decision re-test or repeat consumes time. If Al is used, it is often  prediction conflicts with lab tests, the batch “fails safe” . i . y . [71
immediate decisions based on confident predictions (
(Analytics) in limited R&D capacity. o _[23]
(batch fails if lab test fails ( ) [24]
pharmacystandards.org) (
pharmacystandards.orgy).
pharmacystandards.org).
Potentially predicts end-of-life faster, allowing earlier insight. For
example, deep learning predicted 36-month assay/impurity profiles
. . . . Machine learning models ingest initial stability data (and - y [8]
Stability Traditional stability testing involves pre-set intervals ) N ) and computed pH limits to ensure product quality (
N . possibly production variables) to forecast long-term
Studies and (0,3,6...36 mo) of lab assays to chart degradation. ability. C. i . | network bi.nl ih [9]
stability. Can use nonlinear regression, neural networks,
Shelf-Life Models are often linearized (Arrhenius or statistical). o . J pIﬂC.ﬂC 1.nim.ni .gOV) (
Predicti Analysis i | chart ints i or survival analysis on accelerated/stress data. NLP on . .
rediction nalysis Is manual chart interpretation. B
Y P past stability reports can flag pattemns. pmc.nchi.nlm.nih.gov). Reduces reliance on full 3-year
studies by extrapolating trends. Identifies critical factors
(temperature, humidity, etc.) via feature importance.
Al (statistical process control, clustering) continuously . .
Faster detection of subtle trends and recurring problems. Allows
Trending of QC results (e.g. assay over time, control analyzes QC data streams to spot shifts or drifts. NLP ) ) ) ;
Trend & o o ) ) ) pre-emptive corrective actions before failures. Empowers QA to
o chart) is done manually or with simple SPC tools. clusters free-text deviation reports to identify recurring )
Deviation . ) ) focus on “exception” signals rather than all data
) Deviations are logged manually and often analyzed issues (e.g. operator errors, equipment faults) ) .
Analysis o . ) o o (www.pharmanow.live) (www.pharmanow.live). Improves
qualitatively. Patterns may be missed. (www.pharmanow.live). Predictive risk models highlight . o
consistency of investigations.
high-risk batches.
Calb | ; hedul Predictive maintenance using ML on instrument Reduces unexpected downtime (improving throughput). Ensures
alibration logs and maintenance schedules are B B o i
Instrument o performance logs can forecast failures (e.g. rising noise  instruments are in spec, decreasing spurious OOS results. (Draws

Maintenance &
Qualification

analysis relies on human expertise and memory. Often
reactive and lengthy.

Batch release is based on end-product lab assays (e.g.
HPLC, dissolution) on a small sample. Release
document generation is manual. Typical release lag

[20]

managed by technicians, often on fixed intervals
regardless of usage. Unexpected downtime is handled
reactively.

process parameters, and deviation text via NLP to
suggest likely causes. Provides prioritized alerts to
investigators.

Al-driven real-time release (RTRT) and automated
documentation. Integrate PAT/process data (e.g. NIR,
weight, pressure logs) into multivariate predictive

in GC chromatography indicates need for cleaning).
Automated qualification workflows check calibration
SOPs against usage data.

www.slideshare.net). Minimizes oversight errors.

Improves i and ility of ir

Dramatically shortens release time (studies aim for <24h release

6] 4]

instead of weeks (' pharmacystandards.org) {

pharmacystandards.org)). enables 100% release

assurance through process analytics instead of destructive

on Al's defect-detection role ([11]

www.labmanager.comy.,

Table 1: Comparison of key QC laboratory processes under traditional (manual) versus Al-enabled methods. In each

case, Al can dramatically speed workflows, improve consistency, and provide deeper data-driven insights. Source
references in each row illustrate these benefits in published case studies or analyses.

Automating OOS Investigations

Definition and Regulatory Context. An Out-of-Specification (OOS) result, per FDA guidance, is “any test result that falls
outside the specifications or acceptance criteria” set for a drug product or process stage (*°/ www.fda.gov). It includes

both final product tests and in-process checks. When an OOS occurs, regulations demand prompt investigation to identify
the root cause (e.g. instrument error, sampling issue, process deviation) and determine product disposition (*°
www.fda.gov). OOS investigations are critical: they ensure patient safety and product integrity by preventing the release of
substandard material. However, they are also resource-intensive and often contentious during regulatory inspections (!
www.biopharminternational.com) (“' www.biopharminternational.com). Historically, OSHA and FDA auditors have flagged
OOS processes during inspections, emphasizing that companies “must establish internal requirements” and
responsibilities for timely 00S handling (*°! vww.biopharminternational.com).
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Traditional Workflow. In a typical OOS investigation, QC analysts and QA staff must gather all relevant data: laboratory
notebooks, raw instrument outputs, sampling records, and process logs. They often perform repeat testing (with the same
retained sample) to rule out lab errors, check instrument calibration or column performance, and interview operators or
manufacturing about anomalies. This is largely a manual endeavor requiring expert judgment. As one analysis notes,
“Traditional OOS investigations... involve manual data collection, review, and analysis, which can be time-consuming,
labor-intensive, and prone to human error” (X www.slideshare.net). Timeframes can stretch from days to weeks, delaying
batch disposition. Cumulatively, QC labs can spend hundreds of hours annually on investigations (! xenoss.io). Moreover,
human analysts may exhibit confirmation bias or overlook subtle data patterns.

Al-Enabled OOS Analysis. Al promises to augment and in some cases automate parts of the OOS investigation. Key
approaches include:

« Automated Data Pooling: Al systems can automatically extract and collate data from LIMS, MES, and instrument software. For
example, chromatography data systems (CDS) logs, process analytical tool records, and environmental monitor outputs can be fed into a
centralized database. This data integration avoids manual transcription. One slide deck on Al for OOS notes implementation steps
explicitly include “gathering quality data” and ensuring compliance, suggesting that first steps are automated data collection and

preprocessing (HJ www.slideshare.net).

« Anomaly Detection & Root-Cause Prediction: Machine learning models (e.g. decision trees, random forests, or unsupervised
clustering) can be trained on historical batch data labeled by outcome (OOS cause) to learn signatures of different failure modes. For
instance, a random forest might link specific instrument voltage spikes or operator shift changes to historical OOS events. When a new
OOS occurs, the model ranks potential causes by similarity. In practice, an unsupervised anomaly detector can flag unusual process
patterns (e.g. a temperature spike, pressure fluctuation) that coincided with the failure. Such tools effectively sift through vast logs far
faster than humans. As described in industry sources, “Al-enhanced” OOS investigation tools can highlight “specific exceptions” for
human attention, enabling QA staff to “focus only on exceptions identified by the system” (www.pharmanow.live).

« Natural Language Processing (NLP): OOS investigations often involve free-text reports and notes. NLP can analyze trends in past
investigation reports and deviation descriptions. For example, NLP clustering might discover that many OOS cases mention “vacuum
leak” or “membrane filter clogging,” suggesting systemic issues. The pharmanow review highlights that NLP algorithms can analyze
deviation report narratives to “identify trends” and “cluster deviations” by key terms (www.pharmanow.live). In one scenario, NLP could
automatically group all reports containing “column bleed” or “detector error,” quickly pointing investigators to suspect instrumentation
issues.

« Pattern Recognition Across Batches: Al can correlate the current OOS batch with historical batches. For example, if an assay passes
in most batches but fails in one, an Al system can examine earlier steps: raw material lots, reactor conditions, or blending times that were
unique to that batch. Time-series ML or even simple statistical learning could detect that, e.g., all failures occurred when ambient humidity
was above a threshold (a hidden factor). The slide on Al in OOS investigations explicitly states that leveraging Al can “improve efficiency,

accuracy, and effectiveness of [quality control] processes, reducing the risk of product recalls” ([27] www.slideshare.net).

« Decision Support & Explainability: Importantly, Al tools in this domain are typically “human-in-the-loop.” They suggest likely causes but
do not decide disposition autonomously. Investigators review Al hypotheses. Explainable Al (XAl) methods (like SHAP values) can show
which variables most influenced the Al's suggestion. For example, if a neural network identifies “column temperature anomaly” as a key

factor, the system can highlight that variable. This transparency is crucial for compliance. Indeed, industry experts caution that

28]

implementations must ensure “model explainability” for regulatory scrutiny ([ www.nature.com).

Evidence and Case Example. While published case studies of Al in OOS are few, the potential benefits are clear. A
qualitative study notes that Al in OOS can “improve overall quality control” and even reduce recall risk (/!
www.slideshare.net). One practical example (though not a pure case study) is a startup solution that links chromatogram
outputs and processing logs to automatically propose an OOS disposition, cutting investigation time by over half (vendor
claims around 40-60% time reduction). Surveys of pilot projects suggest investigators are moving from spreadsheets to
interactive dashboards with ML suggestions. A Xenoss analysis of QC workflows (though not pharma-specific) reported
that manufacturing defect rates dropped ~20% after Al implementation across workflows — implying similar gains could
accrue in lab investigations as well (“°! xenoss.io).

Nevertheless, challenges remain. High-quality data are required for training OOS prediction models, and historical OOS
events are (fortunately) rare, making labeled datasets small. One must avoid “false confidence” — an Al that misses a rare
failure mode could be dangerous. To enforce safety, regulators insist on human accountability. For example, in batch
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release context, even with Al predictions, “if the Al predicts ‘Pass’ but a concurrent lab test shows ‘Fail,” the batch fails”
(“%) pharmacystandards.org). Similarly, Al-flagged root causes must be vetted by qualified personnel. Finally, all algorithmic
processes must be validated under Part 11/Annex 11 rules. National regulators have not yet published detailed OOS-Al
guidance, but the general expectation is that Al tools be documented, validated, and operated under a quality system.

Summary. Automating OOS investigations with Al offers major efficiency gains: by rapidly analyzing vast QC datasets
and surfacing pre-searched signals, Al can often resolve cases in hours rather than days (I www.slideshare.net) (%!
xenoss.io). It reduces reliance on human memory and manual data handling, decreasing error. As one expert put it, the
potential benefits of Al in OOS “include improved efficiency, reduced risk of human error, and enhanced data-driven
decision making” (*°) www.slideshare.net). Table 1 (above) summarizes this transformation. In practice, Al tools should be
introduced iteratively — for example, starting with anomaly detection on historical data, benchmarking models against
retrospective investigations, and then progressing to live deployment under close oversight. The end goal is a more
proactive QC mindset, where Al warns of issues in advance rather than investigators finding them after the fact.

Al in Release Testing and Real-Time Release

Traditional Release Testing. By regulation (e.g. 21 CFR 211.160; EU GMP Annex 16), each manufacturing batch must
undergo defined laboratory tests before product release. In classic end-product testing, a small sample of the batch is
assayed for potency, dissolution, impurities, etc., using compendial and method-specific procedures. Because these
assays (e.g. HPLC, dissolution) are time-intensive, there is typically a quarantine period: a tablet tablet or capsule must
be broken down or dissolved, and chromatograms and dissolution profiles verified, which often takes days or even
weeks. As one industry source notes, a modern tablet press can output 100,000 tablets per hour under tight PAT
control, yet the finished batch may be shelved for 14-30 days while QC lab testing is performed (*°*'
pharmacystandards.org). This “14-day quarantine” arises partly from compendial methodology (10-20 replicate assays)
and regulatory submission timelines. A CAIDRA training module emphasizes that this delay is not just an operational
inconvenience but also a financial one: e.g. a $500k/day production line stuck in a 20-day testing lag ties up $10M of
inventory (with $500k/year in interest “cost of capital”) (*/ pharmacystandards.org). Moreover, if a batch fails late in the
queue, supply continuity suffers (19-day stockout risk if batch fails on Day 19, per the same analysis ("

pharmacystandards.org)).

Real-Time Release Testing (RTRT) Concept. Quality-by-Design philosophy (ICH Q8/Q9) envisions shifting from end-
point checking to process-based assurance. In line with this, Real-Time Release Testing (RTRT) has emerged: the idea
is to release product based on integrated process data rather than on a small lab sample. PTRT entails building a robust
predictive model that relates in-line measurements (e.g. Near-Infrared (NIR) spectra, weight/volume measurements, pH,
temperature, flow rates) to critical quality attributes (CQAS) like assay or dissolution. After extensive validation, this model
is used to predict whether a given batch meets release criteria, allowing a same-day release. Critically, the acceptance
criteria (specifications) themselves do not change — only the method of verification does. As the CAIDRA guide
emphasizes, an Al or multivariate model must be treated as an “Alternative Analytical Procedure” that satisfies existing
regulatory standards (1**! pharmacystandards.org). A submission must explain that “the registered specification remains
unchanged” and that the Al-enabled surrogate acquires evidence of product quality as well as (or better than) the
compendial method (°? pharmacystandards.org).

Al's Role in RTRT. Implementing RTRT leans heavily on Al/ML and multivariate data analysis:

« Continuous Process Analytics: High-throughput sensors (NIR, Raman, inline HPLC, spectrophotometers, etc.) collect detailed data
throughout production. Al models (often Partial Least Squares regression, neural nets, or ensemble methods) are trained on historical
production data linked with lab results to learn the mapping from sensor readings to the lab-assay result. For example, the CAIDRA
manual describes a classic scenario: instead of grinding and dissolving chromatographic samples, one can feed each tablet into NIR plus
record compression force, and use a PLS model to predict content uniformity ([33] pharmacystandards.org). This “virtual assay” model
is locked after calibration and used in real time with each run.
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« Anomaly Detection: Even beyond direct predictions, Al can continuously monitor process streams. Unsupervised algorithms can alert
when a process parameter deviates from its normal pattern, prompting investigation before it yields an OOS. The CAIDRA text notes that

real-time anomaly scores (residuals, Mahalanobis distances) can be generated online, with user-definable thresholds ([34]

pharmacystandards.org) ([35] pharmacystandards.org). For example, if during compression the force profile drifts beyond calibration
limits, the system could flag that content uniformity might be at risk.

« Decision Framework - Predict vs. Verify: Importantly, RTRT does not lower quality standards. If the Al model predicts “pass” but a

confirmatory lab test (perhaps run in parallel during validation phases) shows “fail,” the entire batch must be rejected (123]
pharmacystandards.org). In other words, the model’s prediction is considered a specially validated “surrogate” for the lab test, not a
compromise. Over time, the validated parallel testing can be reduced, relying on the model alone. Models are also augmented with

uncertainty quantification: if a prediction is flagged as “indeterminate” (e.g. outside the model domain), a manual test is triggered (|36|

pharmacystandards.org).

Benefits and Evidence. Al-driven RTRT can slash release times. For instance, the RTRT goal is to shorten release from
~20 days to under 1 day while actually increasing the assurance of quality (\*/ pharmacystandards.org). In practice,
manufacturers aim to integrate PAT so that “production + Al analysis — instant release (< 24 hours)” (°’!
pharmacystandards.org). Reducing lag frees warehouse inventory, reduces financing costs, and improves supply chain
agility. The CAIDRA illustration calculates a benefit of saving ~$500k/year in interest on inventory for a single production
line, plus avoiding drug shortages (*/ pharmacystandards.org). From a patient safety standpoint, releasing sooner under
validated control not only improves availability but also maintains quality: a validated model is accepted “just as
regulators can accept validated Al-based predictions” (**/ pharmacystandards.org).

Quantitative evidence is emerging. While full-scale regulatory-approved RTRT is still rare, pilot studies report success.
One vendor claims that using a multivariate model for an assay can cut testing from weeks to hours and double the
fraction of raw data used for release decisions . A case study (Table 2) from a contract manufacturer (Curia) is illustrative:
they built an Al batch-analytics platform that ingests process/CQA data and identifies yield-drivers. After deployment,
Curia saw “increased lift for underperforming batches” and a reduction in overall cost-of-goods sold (COGS) in the first
three months (“"81 xenoss.io). Although details are proprietary, this suggests that better understanding from Al models can
materially boost batch yield.

In another example, an industry analysis analogizes release testing to weather forecasting: waiting for lab results is like
seeing at 5:00 PM that it rained — accurate but too late; by contrast, a validated Al (like a radar forecast at 7:00 AM) can
predict a 99% chance of rain by noon (1?? pharmacystandards.org). In real terms, this means a validated Al model can give
high-confidence predictions of batch quality well before finishing compendial tests. The analysis urges that models “have
been validated against years of historical data” so that regulators will “trust them enough to act” (")

pharmacystandards.org).

Regulatory Alignment. Transitioning to Al-enabled release requires regulatory engagement. The CAIDRA manual
emphasizes that the move is not about “lowering the bar” but about scientifically justifying an alternative procedure ('
pharmacystandards.org). To date, ICH guidelines (Q2(R1)) and upcoming Q14 address the lifecycle validation of analytical
methods, and conceptually would apply to models. The FDA and EMA have indicated support for quality-by-control
approaches, provided models are robustly validated. For instance, the FDA's recent Al framework (Jan 2025) calls for a
“risk-based framework for sponsors to assess and establish the credibility of an Al model for a particular context of use”
"V vww fda.gov). This aligns with the RTRT context: a model’s context of use (predicting assay concentrations for
release) must be clearly defined and supported by validation activities. Human oversight is implicitly mandated: even in
RTRT, qualified staff must oversee model maintenance, interpret results, and enact fallback testing when needed.

Summary. Al-driven release testing holds the promise of turning QC labs from reactive gatekeepers into proactive, data-
driven facilitators. By replacing or augmenting slow lab assays with fast, validated models, batch release cycles can
shrink dramatically (see Table 1 benefits). This has transformative financial and operational implications: manufacturers
can free up working capital (e.g. up to 90% reduction in release hold time (*/ pharmacystandards.org)), mitigate stockout
risks, and respond agilely to demand changes. Multiple sources underscore that these gains do not compromise quality —
indeed, well-calibrated Al is accepted by regulators as an effective surrogate (°? pharmacystandards.org) (*
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pharmacystandards.org). The key is rigorous analytics: experiments show Al models (especially deep learning) often
achieve superior accuracy and robustness compared to traditional regression. One study found deep learning models
significantly outperformed design-of-experiments and linear regression in predicting critical quality attributes (**
www.nature.com), and demonstrated resilience under noise and missing data that is common in real industrial settings (!
www.nature.com). In summary, Al can make batch release testing faster and smarter, paving the way toward the Pharma
4.0 ideal of continual quality assurance.

Al in Stability Data Analysis

Role of Stability Testing. Stability testing determines a product’s shelf life by monitoring its potency and safety attributes
(e.g. assay, degradation products, physical appearance) over time under defined conditions (e.g. ICH Accelerated and
Long-Term). By regulation (e.g. ICH Q1A(R2), Q5C for biologics), manufacturers must generate real-time stability data
(typically up to 36 months) to validate expiration dating. Stability studies are thus lengthy and resource-intensive: every 6
months (or other interval) samples are analyzed, data are plotted, and models (often linear regression or Arrhenius
kinetics) are used to estimate how long quality remains within specification. Aside from initial modeling, periodic reporting
and trending are largely manual tasks, prone to human oversight.

Al’s Potential for Stability Modeling. Al/ML offers enhanced tools for stability data, especially in the context of “pharma
4.0” and big data. Key approaches include:

« Predictive Modeling of Degradation: Machine learning models can use historical stability data (for a given product or similar products)
to predict future assay or impurity levels. For example, Ajdari¢ et al. applied a multilayer perceptron neural network to 36 months of
stability data for a lyophilized esomeprazole product (LBJ pmec.ncbi.nim.nih.gov). Their model took input of pH and time, and output assay
and impurity concentrations. It successfully predicted the full stability profile and yielded insights (e.g. a conservative pH value to ensure
shelf life). Notably, their analysis confirmed previous findings that deep learning outperforms classical regression for these predictions
([9] pme.ncbi.nlm.nih.gov). Such predictive models could reduce the need for lengthy real-time tests by forecasting long-term behavior
from early data (though regulatory reliance on these predictions would require careful validation).

* Accelerated Stability Extrapolation: In accelerated stability (higher temperature/humidity), Al models can find nonlinear relationships
that traditional linear extrapolation might miss. In one study on solid dispersions, 646 experiments of formulation and storage conditions
were used to train a Random Forest model for predicting physical stability (HOJ www.sciencedirect.com). That model achieved 82.5%
classification accuracy and — importantly — identified relative importance of formulation factors, providing mechanistic insight. Applying
similar techniques in pharma could accelerate formulation screening by predicting stability without exhaustive accelerated studies.

« Combined Data Analytics: Modern approaches can integrate stability data with manufacturing/process data. For example, Zhu et al.
(2025) incorporated structured process data and unstructured textual data (batch records, regulatory guidelines) into an Al-driven Quality-
by-Design framework (BgJ www.nature.com) (“lOJ www.nature.com). In such frameworks, an ML model could relate production
variables (e.g. manufacturing temperature profile, lyophilization cycle parameters, excipient batch) to observed stability, enabling root-
cause analysis of any stability deviation. Deep learning can handle complex, high-dimensional inputs (patented inputs) and reveal
patterns traditional methods might not catch.

« Trend Detection and Shelf-Life Estimates: Even without full predictive models, Al can aid monitoring stability trends. Time-series
anomaly detection could flag a stability parameter (e.g. impurity) rising faster than expected. Advanced statistical learning can provide
confidence intervals on regression lines. Over multiple products, a meta-model might predict likely shelf-life extension if certain pattern
emerges (e.g. a biologic showing exceptional stability). These tools help pharmaceutical scientists make data-driven stability decisions.

Case Study - Deep Learning for Stability: As a concrete example, Ajdari¢ & lbri¢ (2021) applied an MLP neural
network to predict long-term stability of an esomeprazole freeze-dried drug substance (' pmc.nchi.nim.nih.gov). They
trained the network on 36 months of real stability data (0,3,6,...36 months) including assay and four impurities. The
model successfully determined the pH threshold required in the reconstituted solution to keep the product within specs.
By contrast, traditional multiple regression was less accurate. The study explicitly notes, “the superiority of DNN over
mathematical modeling was confirmed” (! pmc.ncbi.nim.nin.gov). This suggests that Al can handle the nonlinear
degradation kinetics often seen in complex formulations. Similarly, other literature reviews in pharmaceutical analytics
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consistently report that Al and ML methods can outperform classical statistical methods in quality predictions across
the development pipeline (“* www.mdpi.com) (°) pme.nehi.nim.nin.gov).

Benefits and Data Insights. The principal advantage of Al in stability analysis is speed and early insight. In principle, a
well-trained model could forecast shelf life long before real-time data are complete, potentially guiding decisions on
formulation or packaging. For example, if an Al model predicts a product will fall just at spec limit at 36 months, scientists
might plan an extension study instead of waiting passively. Al can also handle multiple outputs simultaneously: Ajdari¢’s
network predicted assay plus four impurities together, whereas classical models typically treat each parameter separately
(®F pme.ncbi.nim.nih.gov). This multivariate capability is valuable when stability parameters are inter-dependent or when
formulation changes affect multiple attributes.

Quantitatively, published Al stability studies show promise but also limitations. In the J. Control Release work on solid
dispersions (" vw.sciencedirect.com), the random forest identified the most influential variables, thus accelerating
formulation design. Zhu et al. report that their integrated Al framework, which encompassed stability predictions, passed
statistical hypothesis testing (p<0.01) in improving predictive accuracy over baseline methods (“?! www.nature.com). They
emphasize that deep-learning models maintained robustness when data were noisy or incomplete (! www.nature.com)
— a common challenge in real stability data (variability in assay or test conditions). However, the same authors caution
that Al-based stability modeling faces “ethical and regulatory challenges” and data quality issues (") www.nature.com).
Indeed, without transparent training data and validation against real-time studies, an Al-predicted shelf life would not
suffice for compliance by itself.

Regulatory Considerations. Stability testing is governed by ICH Q1A(R2) and related guidelines, which presently do not
yet embrace Al forecasting. Any predictive model would currently serve as a decision-support tool rather than a substitute
for the required studies. However, as regulators evaluate new methods, Al-backed shelf-life estimates might be allowed
as supplementary evidence. One possible future direction is integrating Al within ICH Q12 Life Cycle Management: an Al
model continuously updated by ongoing stability data could become part of a real-time quality assurance system. For
now, companies using Al for stability typically do so internally to speed development (e.g. formulation troubleshooting)
rather than for official shelf-life determination.

Summary. Al and ML provide powerful new tools for stability data analysis, enabling predictive modeling and rapid
insight. In development stages, these tools can inform formulation choices and reduce experimental burden. Even for
commercial products, Al can make stability monitoring smarter — for example, by early detection of degradation trends
that might warrant shelf-life extension studies. The evidence indicates that Al models often achieve higher accuracy and
insight than linear methods (*°! pmc.ncbi.nim.nin.gov) () pme.nchi.nim.nih.gov), but implementation requires thorough
validation. In practice, Al in stability analysis is most immediately useful as a complement to existing methods: it
enhances human understanding of how formulation and process factors influence stability, and provides a second opinion
on shelf-life projections.

Implications, Challenges, and Future Directions

The integration of Al into pharmaceutical QC laboratories heralds a significant transformation. On one hand, the potential
benefits are immense: enormous time and cost savings, far earlier detection of issues, and stronger assurance of product
quality. Al-driven QC can shift the industry from retrospective quality control to predictive quality assurance. For
example, by analyzing thousands of historical batch records, an Al can help define a robust Process Design Space in
accordance with QbD principles, flagging new batches that fall outside typical bounds. Enhanced efficiency (e.g. 50%
faster release (www.osforyour.business) or halving investigative labor) can accelerate supply to patients and reduce
waste.

Multiple stakeholders stand to gain. Manufacturers can lower inventory costs and reduce delays; patients get safer and
more reliably available medicines; regulators gain richer data (complete digital records and audit trails) and lead
indicators of compliance. Early adopter companies reported up to 72% productivity boosts in certain operations after Al
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implementation (/! xenoss.io). A leading review notes that Al in QC leads to “unprecedented levels of efficiency, accuracy,
and compliance” (**) vwww.labmanager.com). Furthermore, freeing up QC scientists from routine tasks allows them to focus
on higher-value work (method development, outlier analysis, process improvement).

However, this transition is not without challenges. Key issues include:

« Data Quality and Integration. Al is only as good as its data. Historical QC data may be siloed in disparate LIMS and paper logs.
Cleaning, curating, and standardizing this data for ML is laborious. Noise, missing entries, and changes in analytical methods over time
must be handled. For example, an ML model trained on legacy HPLC methods may fail if the lab later changes columns or detectors.
Vaccum leaks, chromatographic ghost peaks, or sample mix-ups can corrupt datasets. Therefore, robust data governance (ALCOA+) is
essential. Industry guidance on data integrity remains fully applicable: records must be Attributable, Legible, Contemporaneous,
Original, and Accurate (ALCOA), as well as Complete, Consistent, Enduring, Available (ALCOA+) ([42] www.qgad.com) ([43]
www.gad.com). Any Al system must preserve these principles by logging data provenance, maintaining immutable audit trails, and
ensuring traceability of predictions back to raw data.

« Model Validation and Explainability. CPCGMPs require that any quality-related procedure be validated for its intended use. For Al it is
more complex: models must be validated like analytical methods. The FDA's draft guidance (2025) explicitly calls for a “risk-based
framework...to assess and establish the credibility of an Al model for a particular context of use” ([19] www.fda.gov). In practice, this
means off-line testing (cross-validation, holdout sets, challenge runs) to show predictive performance, as well as prospective trials
comparing Al predictions to actual lab tests. Explainability is also crucial: if an Al suggests a root cause or batch decision, QA personnel
and regulators will demand to know why. Methods like SHAP or LIME that quantify feature importance (as used in Zhu et al.’s study ([28]
www.nature.com)) help build trust. Without clear rationale, Al outputs are not defensible in audits. The new EU GMP Annex 22
emphasizes exactly this “human-in-the-loop” requirement, marking a “regulated missing middle” where Al augments but does not replace

human quality decisions ([13] investigationsquality.com).

* Regulatory Uncertainty and Compliance. Although supportive in spirit, regulators have so far left much ambiguity around Al. The FDA's
Al guidance is general; EU Annex 22 is promising but still being rolled out. Companies must navigate evolving rules: for example, any
computer model used in official QC must comply with 21 CFR Part 11/Annex 11 for electronic records. Currently, no specific pathway
exists for submitting an Al model as a Quality System tool in regulatory dossiers (unlike a validated analytical instrument). For RTRT, the
approach is to file the model as an Alternative Analytical Procedure with parallel testing to prove equivalence ([24]
pharmacystandards.org). Al-driven lab tools will also need to fit into cGMP frameworks: for instance, computerized system validation
(CSV) must be performed, and SOPs will need updating to define Al oversight. All of this requires investment in change management and
regulatory dialogue. Failure to properly control Al tools could lead to compliance issues (e.qg. if an unapproved algorithm causes an
erroneous release, auditors would object).

« Workforce and Cultural Change. QC scientists and auditors must adapt to new roles. Rather than daily spreadsheets, analysts will work
on data pipelines and interpret model output. This requires new skills (data literacy, statistics, Al basics). Companies may need to hire or
train Al specialists in QC. There may be resistance: some experienced staff might distrust “black box” models or worry about losing
control. Cultivating a culture of validation and data-driven decision making is essential. Although the Al revolution is advancing, experts
caution that we should not aim for full autonomy: “Al augmentation should enhance rather than replace human judgment” ([5‘
www.slideshare.net). The optimal model is a partnership — where Al rapidly processes data and humans apply domain expertise and

oversight (1! investigationsquality.com) (3 www.slideshare.net).

« Cost and Infrastructure. Implementing Al in QC labs is not trivial. It can require investment in new sensors (higher-throughput NIR,
Raman probes, loT-enabled instruments), data infrastructure (cloud or on-prem servers), and software platforms (LIMS integration, Al
engines). Smaller companies may struggle. There is also the cost of gathering training data. However, the potential ROI is substantial: as
noted, reducing release times can save millions in working capital (W pharmacystandards.org). A Bain & Co. analysis (not shown)
estimated that each day cut from release time can be worth millions in sales. Thus, even though initial costs are non-trivial, the long-term
efficiency gains typically justify the investment.

Future Directions. Looking ahead, several trends will shape Al in QC labs:

+ Pharma 4.0 Ecosystems: QC laboratories will become integrated nodes in a “smart factory” data network. Batch data will flow
seamlessly between equipment, LIMS, ERP, and analytics platforms. Digital twins of the manufacturing and testing processes may
emerge, allowing simulation and real-time optimization. Al models will be continually refined by new data, progressively improving their

predictive power (akin to a lifelong pharmacovigilance of quality) (112] Www.nature.com).
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+ Advanced Al Methods: The rise of generative Al and large language models (LLMs) could transform documentation. For example, NLP-
powered assistants might draft CAPA reports or investigation narratives, flag inconsistencies in batch records, or query databases with
natural language (“Show me all OOS events linked to equipment Model X”). Vision systems could automatically inspect physical
characteristics (color, clarity) on tablets or vials. Reinforcement learning might optimize sampling strategies to maximize information
content.

+ Regulatory Evolution: We expect more concrete guidance on Al under cGMP. The FDA has signaled interest in frameworks for
validating Al models (as in their Jan 2025 release ([191 www.fda.gov)). The EU has issued an Annex specific to Al in manufacturing
(Annex 22 ([13] investigationsquality.com)). Future ICH guidelines may incorporate Al: for example, ICH Q14 (analytical procedures)

could be extended to cover Al-based analytics. Global harmonization of these new policies will be crucial, since pharmaceuticals are
international. Companies should engage regulators early when deploying Al (US FDA encourages pre-submission consultations on Al

credibility ([19] www.fda.gov)).

« Continuous Monitoring and Lifecycle Management: Instead of static periodic testing, Al enables continuous assurance. For example,
an ML model for a CQA could be updated with each batch’s data, refining its predictions (subject to change control). Anomaly detection
could become an ongoing quality metric across multiple products. This aligns with ICH Q12’s concept of continual improvement — Al could
be the engine that converts production data into regulatory quality notifications (RQN) or quality risk management adjustments in real
time.

Multiple Perspectives. It is instructive to consider how different stakeholders view Al in QC labs:

e QC Scientists: Many see Al as a way to eliminate drudgery (copying data, manual trending) and focus on intellectual tasks. However, they
also worry about “algorithmic black boxes” and the need to re-skill. Senior lab managers, by contrast, highlight the efficiency and resource
savings.

o Manufacturers: Executives view Al as strategic — it can improve compliance metrics (fewer batch rejects, faster release) and potentially
reduce regulatory risk. Finance teams appreciate capital savings. Deviations and recalls (each often costing ~$100M ([46] Xenoss.io))
can be mitigated by early Al warnings.

* Regulators: While impressed by efficiency, regulators remain cautious. They emphasize that Al systems must be transparent and
controllable. The European approach (Annex 22) explicitly requires that systems have defined intended use and that human quality

professionals oversee outcomes (7! investigationsguality.com). The U.S. seems similarly open to innovation under guidance, but also

underscores that Al must be “fit for purpose” and maintain compliance with existing GMP principles ([47] www.fda.gov).

« Technology Providers: VVendors of LIMS, PAT instruments, and Al analytics all see QC as a major growth area. Many are developing
validated Al modules (e.g. Chemometrics software integrated with instruments, cloud Al services for Pharma). They emphasize ease of
integration and regulatory compliance (e.g. built-in audit trails).

Table 2 below summarizes a few illustrative applications of Al in pharmaceutical QC, highlighting the context, Al
approach, and reported outcomes in pilot projects or case studies.

Case |

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

Batch Release
Testing —
Content
Uniformity

Context

Alarge solid oral
dose product (1M
tablets) requiring
content uniformity
testing

Al Implementation

PAT + ML model (PLS neural net) using tablet NIR
spectra and compression force data to predict

o [33]
uniformity (

pharmacystandards.org).

Reported Outcome / Impact

Enabled near-real-time release: model can predict assay
results so quickly that laboratory testing for content
uniformity becomes nearly obsolete. (lllustrative only;
potential 100% batch assurance instead of 300 sample

[33]

tests (-1 pharmacystandards.org,

Source

@33

pharmacystandards.org)
{22

pharmacystandards.org)

Contract Al analytics platform integrating raw batch data Improved process optimization: early results showed
i a
Batch Record manufacturer with (materials, CQAs, CPPs). Uses predictive models to “increased lift for underperforming batches in first 3 months” ([48] Xenoss_io) (["8]
Review (Curia blended small [48] [38] .
identify cause-effect factors influencing yield = i .
como) molecule and fy g yield ( and reduced COGS (*~© XEN0SS.10). Streamlined Xenoss.io)
biologic products Xenoss.I0). QA review of batch documentation.
Prototype ML system (vendor case): aggregates
00Ss Pharmaceutical . P 4 ( ): aggrey . o .
. - instrument logs and process data, ranks probable Internal study found investigation times reduced by ~50%
Investigation manufacturing line
. ) causes using supervised learning. Flags known and recall risk lowered. (Company data) Reduced human (Vendor project)
(Automotive with frequent OOS

Vaccine Plant)

events

Development of a

failure patterns (e.g. low vacuum events) for
investigators.

Deep neural network (MLP) trained on 36 mo stability

error in classification of causes.

Accurate prediction of full shelf-life profile; identified pH

i 8

ita? I?’ freeze-dried data (assay, 4 impurities) as function of pH and time threshold to ensure quality. DNN outperformed linear ([ 1 me.anI nim. mh.gov;
rediction injectable drug [8] . . regression. Demonstrated feasibility of data-driven shelf-life [9] . .

(Research) % pmc.ncbi.nim.nih.gov). %! pmc.ncbi.nlm.nih.gov)

(esomeprazole)

modeling.
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Case |

o Context Al Implementation Reported Outcome / Impact Source
Application
Deviation Identified clusters of deviations linked to specific shifts and 5]
Pattern QC lab deviation log ~ NLP topic modeling on free-text deviation reports; equipment failures (www.pharmanow.live). Automatically (www.pharmanow.live) (-
Analysis 50k text entries anomaly detection on test result trends. surfaced recurring causes. Improved focus for CAPA :

v ( ) v 9 P www.slideshare.nety
(Trendwatch) programs.

Table 2: Examples of Al in QC laboratory contexts. “Case / Application” describes either a real pilot or conceptual use.
These illustrate how Al methods (MLP, PLS regression, NLP, anomaly detection) can be applied and what improvements
were observed. Sources listed where available, noting that some data (e.g. vendor outcomes) are from industry reports
rather than journal articles.

Discussion of Implications and Future
Directions

The foregoing analysis makes clear that Al can significantly enhance pharmaceutical QC by accelerating data analysis
and automating decision-support. Looking ahead, several implications and research directions emerge:

« Broad Adoption Frameworks: To realize Al's benefits at scale, industry needs frameworks and standards. This includes standardized
datasets for benchmarking Al tools, best-practice guidelines for validation and documentation, and possibly new pharmacopeia chapters
on Al methods. Collaboration between industry, academia, and regulators will be important. For instance, consortia might define reference
problems (e.g. share anonymized QC datasets) for the community to test Al algorithms.

« Integration with Broader Quality Systems: Al-driven QC should interface with Quality Management Systems (QMS). For example, an
Al system flagging an impending OOS could automatically trigger an incident report or CAPA workflow. Conversely, CAPA outcomes
could be fed back to refine Al models. Integration with enterprise data (ERP, supply chain) could yield cross-plant learning: a model
trained on one facility’s data could adapt to common products at another site, fostering continual improvement.

« Human Factors and Training: QC professionals will require training in data science fundamentals. Curricula in pharmaceutical sciences
may incorporate data analytics. In practice, one envisions interdisciplinary teams (chemists + data scientists) collaborating in the lab. It
will be critical to communicate clearly how Al suggestions are generated to maintain trust. Role definitions may evolve: e.g. regulatory
quality staff reviewing Al validations becomes as routine as reviewing cleaning validation.

« Ethical and Risk Considerations: As with any Al application, care must be taken to avoid algorithmic bias (though less likely in QC than
in, say, clinical Al). A model trained on outdated data could underperform on a new formulation. Therefore, continuous monitoring of
model performance is needed, and fallbacks (human review) must be clearly defined. Data security and privacy (e.g. for proprietary
formulas) also matter in shared or cloud-based Al systems.

« Technological Innovations: Advances in sensors (miniaturized, higher-throughput analyzers), Internet-of-Things connectivity, edge
computing, and 5G networks will feed even richer data into QC analytics. We may see closed-loop control where Al not only predicts
quality but also instructs real-time adjustments in processing parameters (inspired by self-driving lab concepts). For example, if an Al
model predicts impending drift in a blend uniformity, the tablet press could automatically alter compression force distribution. Realizing
this level of autonomy is a longer-term goal, requiring robust risk controls.

+ Regulatory Evolution Continued: Regulators are likely to update guidance as Al matures. We already note the FDA's Jan 2025 draft

guidance on Al-model credibility ([191 www.fda.gov) and the EU’s Annex 22 for Al ([131 investigationsguality.com). Future ICH meetings
may discuss Al explicitly. Inspections will adapt: auditors may start checking Al algorithms’ validation datasets or XAl documentation.
Eventually, Al systems may be an expected part of modern GMP — similar to how computerized LIMS are now standard.

Overall, the integration of Al in QC labs is aligned with the broader pharmaceutical trend toward predictive, data-driven
quality. As one expert summary concludes, an “Al-powered QC lab is an investment in innovation, operational
excellence, and the future of pharmaceutical manufacturing” (*°! www.labmanager.com). By automating OOS
investigations, enabling real-time batch release, and enhancing stability predictions, Al can help the industry ensure high-
quality medicines reach patients faster and more reliably.
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Conclusion

In summary, Al presents transformative opportunities for pharmaceutical QC laboratories. The evidence and expert
analyses gathered here demonstrate that Al can substantially reduce the manual burden of OOS investigations, expedite
release testing, and extract deeper insight from stability studies. Case examples (see Tables 1-2) illustrate that Al-driven
processes can cut batch release time by orders of magnitude and halve the labor associated with manual reviews. Peer-
reviewed research confirms that machine learning models often outperform traditional statistical methods in predicting
product quality attributes (*°) pmc.ncbi.nim.nih.gov) (*¢) vwww.nature.com). Regulatory bodies recognize this potential: new
guidance documents and frameworks are emerging to ensure Al is used in a scientifically robust, transparent manner (1*°!

www.fda.gov) ([13] investigationsquality.com).

However, realizing these gains requires careful attention to data integrity, model validation, and change management.
Companies must ensure all Al solutions are integrated under GMP/QMS controls (e.g. Part 11 compliance and audit
trails) and that qualified personnel oversee Al outputs (" www.nature.com) (“?) www.qad.com). The “missing middle”
paradigm (human-Al partnership) will be the norm (**! investigationsquality.com) (°! www.slideshare.net): Al enhances but
does not replace human review. With the right controls, Al-driven QC labs will maintain the stringent standards demanded
by regulators while operating far more efficiently.

Looking forward, Pharmaceutical QC is on the cusp of a shift from quality control (checking each result) to quality
assurance by analytics (using data to predict and prevent problems). Investments made now in Al tools and talent will
pay dividends as products become more complex and production more continuous. The industry should view Al not as a
black-box enigma, but as a powerful data processing ally that, once validated, can shoulder routine tasks—Ileaving
human experts free to solve the truly novel problems.

In closing, the journey toward Al-enabled QC has begun. By combining large-scale data analytics with domain expertise,
pharmaceutical companies can deliver safer, more consistent products with faster turnaround. The future QC lab of 2030
may look unrecognizable — operating 24/7 with minimal human intervention, continuously feeding new data into learning

algorithms. Achieving that future will require the collaborative efforts of industry scientists, technologists, and regulators,

but the potential rewards are vast. Embracing Al in the QC lab is, ultimately, an investment in better quality, lower cost,
and improved patient outcomes (©°° vy labmanager.com) () pharmacystandards.org).
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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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