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Global Regulatory Harmonization of FDA, EMA, PIC/S,
WHO: Comparisons in Aseptic Barrier Systems

Introduction

Aseptic barrier systems, including isolators and Restricted Access Barrier Systems (RABS), have significantly
reshaped modern sterile manufacturing by reducing direct human intervention in critical zones. The transition
from conventional open cleanrooms to advanced barrier technologies reflects a clear industry objective: minimizing
the primary source of contamination risk, namely human activity. Through physical separation, controlled airflow,
and validated bio-decontamination processes, isolator-based operations have progressively strengthened sterility
assurance and process robustness.

However, regulatory evolution has not progressed in complete synchrony across jurisdictions. As pharmaceutical
products increasingly move across borders, manufacturers supplying multiple markets must reconcile regulatory
expectations from different authorities. Divergence in terminology, prescriptiveness, and enforcement philosophy
can create practical challenges, particularly in the design and qualification of sterile barrier systems. This review
examines and compares the regulatory approaches of the U.S. Food and Drug Administration (FDA), the European
Medicines Agency (EMA) through EU GMP Annex 1, World Health Organization, with the objective of identifying
areas of alignment, meaningful differences, and the extent to which true harmonization has been achieved in
aseptic barrier systems particularly isolators and RABS.

For the purpose of this review, “aseptic processing” refers to operations in which sterile drug products, components,
or materials are assembled or filled in an environment designed to maintain sterility, without a subsequent terminal
sterilization step. This includes activities such as aseptic filling of sterilized bulk solutions, aseptic compounding,
and sterile assembly under Grade A/ISO 5 conditions using open cleanroom, RABS, or isolator configurations.
Terminal sterilization processes, such as moist heat or dry heat sterilization of the final sealed container, are not
considered aseptic processing within this context. This distinction is important when comparing global regulatory
frameworks. The FDA guidance is specifically focused on aseptic processing, whereas frameworks such as EU GMP
Annex 1, PIC/S, and WHO address sterile manufacturing more broadly, encompassing both aseptic processing and
terminally sterilized products within a unified contamination control strategy. Annex 1, PIC/S, and WHO address
sterile manufacturing more broadly, encompassing both aseptic processing and terminally sterilized products
within a unified contamination control strategy.

Regulatory Foundations for Sterile Barrier Systems

FDA Framework

The principal reference from the U.S. Food and Drug
Administration for aseptic manufacturing is Guidance
for Industry: Sterile Drug Products Produced by Aseptic
Processing - Current Good Manufacturing Practice
(2004). This document supports compliance with 21
CFR Parts 210 and 211 and reflects the Agency’s current
thinking, but, as with all FDA guidance, it is not legally
binding. Instead, it outlines recommended approaches,
allowing alternative strategies provided they are
scientifically justified and achieve equivalent control.

Withinthisframework, sterile barrier systems, particularly
isolators, are recognized as effective tools for reducing
contamination risk by limiting human intervention in
critical zones. The guidance distinguishes between
closed and open isolator configurations, while allowing
flexibility in technical implementation. For example,
airflow design is not strictly prescriptive; turbulent
airflow may be acceptable in closed systems if product
protection is demonstrated, whereas open isolators rely
on positive pressure differentials to prevent ingress of
surrounding air. In all cases, the critical work zone is
expectedto achieve ISO Class 5 conditions, supported by
an appropriately controlled background environment.
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A central emphasis of the FDA approach is the integrity
of the barrier system. Routine inspection and testing
of gloves, seals, and transfer interfaces are expected,
supported by preventive maintenance and defined
response actions in the event of integrity loss. While
isolators reduce operator-related risks, the guidance
consistently highlights that human intervention remains
a primary contamination source, requiring sustained
attention to aseptic technique, training, and procedural
discipline.

Material transfer and decontamination are addressed
from a risk-based perspective. Technologies such as
rapid transfer ports are considered suitable when
properly designed and maintained, while additional
controls may be required if limitations are identified.
Decontamination processes, typically involving vapor-
phase agent, must be validated to demonstrate effective
microbial reduction, with biological indicators used to
confirm lethality and appropriate safety margins applied
to ensure robustness.

Environmental monitoring expectations include routine
assessment of viable and non-viable contamination
within the isolator, including surfaces and gloves, with
consideration given to potential interference from
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residual cleaning agent. While monitoring is clearly required, the guidance places greater emphasis on scientific
interpretation and control than on predefined lifecycle structures.

Overall, the FDA framework is characterized by a principle-based, risk-driven approach. It promotes the use of
advanced barrier technologies and robust contamination control practices, while allowing flexibility in how these
are implemented, provided that sterility assurance can be demonstrated through sound scientific rationale and
compliance with CGMP requirements. compliance with CGMP requirements.

European Commission under Eudralex Volume 4 - EU GMP Annex 1

The revision of EU GMP Annex 1. Manufacture of Sterile Medicinal Products published August 2022, effective
August 2023 with certain transitional provisions until 2024) represents the most substantial regulatory update
in sterile manufacturing in more than a decade. Unlike FDA guidance, Annex 1 is legally binding under EudralLex
Volume 4 and enforceable during inspections across the European Union and other jurisdictions that adopt EU
GMP principles. It replaces the 2007 version and integrates previous updates, into a single consolidated framework.
Importantly, Annex 1 defines minimum requirements; manufacturers may implement alternative approaches, but
only when supported by a documented risk assessment and justified within an overarching Contamination Control
Strategy (CCS).

One of the defining features of the 2022 revision is the mandatory CCS. While FDA guidance promotes risk-based
contamination control, Annex 1 formalizes this expectation into a required, comprehensive document and system.
The CCS must address not only microbial contamination, but also endotoxins, non-endotoxin pyrogens, and both
visible and non-visible particles. It is intended to integrate facility design, utilities, equipment, personnel practices,
cleaning, disinfection, monitoring, and process controls into a single, traceable framework. In this respect, Annex
1 is more structured than the FDA approach.

Regarding barrier technologies, Annex 1 explicitly acknowledges advances in isolators, RABS, and rapid
microbiological methods, and clearly encourages technologies that enhance separation and reduce operator
intervention. Similar to FDA guidance, isolators may employ either unidirectional or turbulent airflow depending on
design and risk assessment, particularly for closed systems. However, Annex 1 provides more detailed expectations
for each configuration (open isolators, closed isolators, and RABS), defining minimum environmental classifications
and operational controls. Grade A conditions are required within critical zones, corresponding to ISO Class 5 in
operation, with the expectation of no detected microbial growth in routine monitoring.

In terms of biodecontamination, both isolators and RABS must undergo cleaning prior to disinfection to ensure
residues do not impair the effectiveness of the process. For isolators, a validated sporicidal biodecontamination
cycle is required, and the process must demonstrate reproducibility and absence of surviving microorganisms.
For RABS, periodic use of a sporicidal agent is required, with validated surface contact across all areas. These
expectations align conceptually with FDA guidance, which also emphasizes cleaning before decontamination and
validation using biological indicators. However, Annex 1 more clearly distinguishes expectations between isolators
and RABS and links them directly to the CCS.

Anotable structural difference from the FDA documentis Annex 1's clear separation between qualification (including
classification) and routine monitoring. Qualification demonstrates that a cleanroom or barrier system is capable
of achieving its intended cleanliness level, typically performed at defined intervals. Monitoring, by contrast, verifies
ongoing control during routine operations and requires trend evaluation over time. Annex 1 emphasizes trending
of total counts (viable and non-viable), shifts in microbial flora, and changes in alert or action level patterns. This
lifecycle perspective is more explicitly articulated than in the FDA guidance.

Table 1: Maximum permitted total particle concentration for classification

Maximum limits for total particle >5 pm/m?3

Maximum limits for total particle > 0.5 pm/m3

At rest In operation At rest In operation

3520 3520 Not specified Not specified

3520 3520 Not specified 2930

352000 352 000 2930 29300

3520000 Not predetermined 29300 Not predetermined

Egco Global Regulatory Harmonization of FDA, EMA, PIC/S, WHO: Comparisons in Aseptic Barrier Systems

LIFESCIENCES




Table 2: Maximum permitted total particle concentration for monitoring

Maximum limits for total particle > 0.5 pm/m3 Maximum limits for total particle >5 pm/m?3

At rest In operation At rest In operation

3520 3520 29 29

3520 352 000 29 2930

352000 3520000 2930 29300

3520000 Not predetermined 29300 Not predetermined

Particle limits also illustrate Annex 1's nuanced approach. Classification limits and monitoring limits serve different
purposes and therefore may differ. For example, >5 pm particle counts in Grade A areas are not used as a primary
classification criterion due to the potential for measurement variability, yet repeated detection during monitoring
may signal a developing contamination risk and must be investigated. This distinction highlights Annex 1's intent
to prevent overinterpretation of isolated data while reinforcing the importance of trend analysis as an approach
consistent with FDA's emphasis on scientific interpretation, though expressed with greater technical detail in the
EU text.

Airflow visualization is another area where Annex 1 provides explicit expectations. Where unidirectional airflow is
required, studies must demonstrate that air does not flow from lower grade to higher-grade areas or pass over
potential contamination sources before reaching exposed product. The retention of airflow visualization records,
including video documentation, is specifically addressed. While the FDA guidance also expects airflow studies,
Annex 1 articulates documentation and lifecycle management requirements more directly and links them to Annex
15 for qualification principles.

Overall, Annex 1 shares the FDAs core philosophy: minimizing contamination risk, reducing human intervention,
validating decontamination processes, and applying risk management principles. The difference lies in structure and
enforceability. FDA guidance is principle-based and flexible, relying on scientific justification to demonstrate CGMP
compliance. Annex 1 transforms many of those same principles into detailed, enforceable minimum standards
embedded within a formal CCS framework. The scientific intent is aligned; however, the regulatory expression is
more prescriptive.

PIC/S

The Pharmaceutical Inspection Co-operation Scheme (PIC/S) plays a unique role in the global regulatory landscape.
Unlike the European framework under EU GMP, PIC/S does not legislate. It is a cooperative network of inspectorates
that promotes harmonized GMP standards and inspection practices across more than 50 participating authorities
worldwide. Its influence, therefore, is practical rather than statutory: while PIC/S guidance is not legally binding in
itself, many member countries adopt it into national regulations, making it enforceable in practice.

In August 2023, PIC/S published PE 009-17 Annex 1, which is textually similar to the revised EU GMP Annex 1
issued in 2022. The revision was developed through a joint working group involving EMA, PIC/S, and WHO, and
then formally adopted separately by the European Commission (making it legally binding in the EU) and by the
PIC/S Committee (for voluntary adoption by non-EU members). As a result, for sterile manufacturing requirements,
including isolators, RABS, environmental monitoring, and Contamination Control Strategy (CCS), PIC/S Annex 1 is
substantively equivalent to the EU version. The distinction lies not in technical content, but in legal status: binding
within the EU, adopted through national implementation elsewhere.

This alignment means that, from a barrier system perspective, PIC/S expectations mirror Annex 1's structured
approach. The mandatory CCS concept, differentiation between open and closed isolators, defined Grade A
requirements, lifecycle monitoring expectations, and validated biodecontamination processes all apply equally
within PIC/S jurisdictions that adopt the text. In this respect, PIC/S aligns very closely with the EU model than with
the FDA's principle-based 2004 guidance.

Beyond PE 009-17 Annex 1, PIC/S has also issued PI-014-3 Recommendation in September 2007 specifically
addressingisolators usedforaseptic processingandsterility testing, especially for the onessubjected to the sporicidal
process like biodecontamination with agent such as hydrogen peroxide. Although not mandatory for industry, this
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document provides insight into inspector expectations and remains influential in training and inspection practices.
Notably, it places strong emphasis on validation of sporicidal biodecontamination processes. It highlights that gas
generators should not be assumed equivalent across systems and that each isolator configuration requires its
own validated cycle. The recommendation underscores detailed development of the gassing process, including
distribution of the agent monitoring of critical parameters such as pressure and concentration, and demonstration
of target lethality, commonly aligned with achieving a six-log reduction of an appropriate biological indicator.

Interestingly, the PIC/S PI-014-3 recommendation acknowledges that in fully decontaminated, closed isolator
systems, the debate over laminar versus turbulent airflow may be irrelevant, as the absence of microorganism is
expected with successful biodecontamination. This perspective resonates with both Annex 1 and FDA guidance,
which allow airflow design flexibility in closed systems when supported by risk assessment and validation.

Overall, PIC/S functions as a global harmonization bridge. Technically, its Annex 1 expectations are indistinguishable
from the EU text; philosophically, they share the structured, system-based approach centered on CCS and validated
barrier technologies. Compared with the FDA framework, the difference is not scientific but regulatory in style: PIC/S
adopts the European model of defined minimum standards, whereas the FDA maintains broader interpretative
flexibility under cGMP.

WHO

The World Health Organization (WHO) plays a distinct but highly influential role in global GMP harmonization,
particularly for countries that rely on international standards in the absence of a fully developed national regulatory
framework. WHO guidance for sterile manufacturing is primarily contained in WHO Technical Report Series (TRS)
Annex 2: WHO Good Manufacturing Practices for Sterile Pharmaceutical Products (most recently revised in TRS
1044, 2022). This revision was developed in direct collaboration with the European Union and PIC/S, ensuring the
technical content is harmonized with the updated EU GMP Annex 1.

Unlike the EU GMP Annex 1, WHO guidance is not
automatically legally binding at an international level.
However, it becomes enforceable when adopted into
national legislation or regulatory practice. In many low-
and middle-income countries, particularly those without
a mature independent regulatory authority, WHO GMP
serves as the primary regulatory reference. It is also used
as the assessment benchmark for WHO Prequalification
of Medicines, which is required for procurement by United
Nations agencies and many global health programs.
Consequently, a manufacturer failing to meet WHO Annex 2
standards risks not only exclusion from these international
tenders but also potential regulatory action in any member
state that has formally adopted the WHO TRS as its national
law. In practical terms, for manufacturers supplying vaccines, antiretrovirals, antimalarials, or other essential
medicines to these programs, compliance with WHO GMP is not optional.

Technically, WHO Annex 2 in TRS 1044 is aligned with EU GMP Annex 1 and PIC/S PE 009-17 Annex 1, having
been developed through international collaboration to ensure harmonization. The structure, terminology, and
expectations are largely identical. The requirement for a documented Contamination Control Strategy (CCS),
the classification of cleanroom grades, the differentiation between open and closed isolators, and the lifecycle
approach to environmental monitoring are all consistent with the EU and PIC/S texts.

Comparedtothe U.S.Food and Drug Administration (FDA) framework, WHO, like EU Annex 1, translates contamination
control concepts into defined, structured system requirements within a single comprehensive document. While
the 2004 FDA guidance predates the latest EU/WHO updates and does not explicitly mandate newer concepts
like a formal Contamination Control Strategy, the scientific underpinnings remain shared across all frameworks:
minimize human intervention, validate decontamination processes, maintain environmental control, and apply risk
management across the product lifecycle.

In effect, WHO Annex 2 acts as a global equalizer. For countries without comprehensive internal GMP legislation,
it provides a ready-made regulatory backbone. For multinational manufacturers, compliance with EU/PIC/S Annex
1 generally aligns seamlessly with WHO expectations, reducing the risk of conflicting requirements. Rather than
creating a parallel system, WHO has reinforced the same modern sterile manufacturing paradigm, structured
contamination control, validated barrier technologies, and lifecycle environmental oversight, thereby extending
harmonization beyond highly regulated markets into the global public health.
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Evolution of Regulatory Guidance

for Isolators and Barrier Systems
for Aseptic Processing and Sterile
Manufacturing

2004

2007

PIC/S PI-014 Recommendation for Isolators

2024

Full implementation of
EU GMP Annex 1

2023

EU GMP 1 becomes effective (with transition
periods);

2022

EMA published EU GMP Annex 1;
WHO updates TRS Annex 2
PIC/S released PE 009-17

FDA Guidance on Aseptic Processing

Figure 1. This progression illustrates a clear regulatory shift from principle-based guidance toward harmonized,
system-driven contamination control frameworks, with increasing emphasis on barrier technologies.

Convergence: Where Regulators Align

Despite differences in regulatory structure, legal status, and level of prescriptiveness, the four frameworks
demonstrate substantial alignment on the fundamental scientific principles underpinning aseptic manufacturing.
This convergence reflects a shared global consensus on how contamination risk should be managed in the
production of sterile pharmaceutical products, particularly when barrier technologies such as isolators and

restricted access barrier systems (RABS) are employed.

Human Intervention as the Primary
Contamination Risk

All four regulatory frameworks unequivocally recognize
that personnel represent the single greatest source
of microbial contamination in aseptic processing. The
FDA guidance explicitly states that "human intervention
is a primary source of contamination" and encourages
barrier systems to reduce direct operator exposure to
critical zones. EU GMP Annex 1 reinforces this principle
throughout its text, requiring that "interventions in the
critical zone be minimized" and mandating that activities
posing the highest risk be subjected to rigorous
simulation during media fills. PIC/S, having adopted the
identical Annex 1 text, shares this expectation. WHO
Annex 2 likewise emphasizes that "personnel should be
minimized in clean areas" and that barrier technologies
should be implemented to reduce the reliance on
human behavior for sterility assurance.

The philosophical shiftis clear across all four authorities:
the future of aseptic manufacturing lies in separation.
Whether through isolators, RABS, or emerging
automation technologies, the goal is to remove the
operator from the critical zone to the greatest extent
technically feasible.
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Risk-Based Approach to Contamination Control

All frameworks endorse a risk-based approach to
contamination control, though the mechanism for
expressing this expectation varies. The FDA guidance
emphasizes  scientific  justification and process
understanding, allowing manufacturers flexibility in
how they achieve compliance with CGMP regulations,
provided the chosen approach is supported by sound
data. EU GMP Annex 1 formalizes this expectation into
the mandatory Contamination Control Strategy (CCS),
a comprehensive document that integrates all aspects
of facility design, utilities, equipment, processes, and
monitoring into a single coherent framework. PIC/S,
throughits adoption of the identical Annex 1 text, mirrors
this requirement. WHO Annex 2 similarly requires that
"a documented contamination control strategy should
be established" and describes expectations consistent
with the EU model.

Although terminology differs, the FDA does not mandate
a document formally labeled "CCS", the underlying
expectation is identical across all frameworks:
contamination control must be systematic, documented,
and driven by scientific understanding of risk.
Inspectors from all authorities expect to see evidence
that manufacturers have thought comprehensively
about contamination risks and implemented controls
proportionate to those risks.
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Isolators as Preferred Technology

While no framework explicitly mandates the use of isolators, all four converge in recognizing isolators as superior
to conventional Grade A open cleanroom operations when properly designed, validated, and maintained. The
FDA guidance describes isolators as offering "tangible advantages" over traditional aseptic processing by limiting
microbial ingress and reducing human intervention. EU GMP Annex 1 positions isolators and RABS as effective
means of enhancing product protection and explicitly encourages technologies that separate the operator from
the critical zone. PIC/S, through its PI-014-3 recommendation, provides detailed inspector expectations for isolator
validation, reinforcing their status as advanced contamination control systems. WHO Annex 2 similarly states that
"isolators and RABS are effective means of reducing contamination risk" when properly implemented.

Convergence is evident in several specific areas:

e All frameworks permit isolators to be located in lower-grade backgrounds (typically Grade C/D or 1SO Class
7/8) compared to the Grade B backgrounds required for open cleanroom operations.

e Enhanced separation provided by isolators generally supports reduced environmental monitoring frequencies,
provided the system's integrity is maintained and validated.

e All authorities require that isolator biodecontamination cycles be validated to demonstrate reproducibility
and achieve a defined level of lethality.

No authority discourages isolator use; all recognize its risk mitigation benefits. The differences lie in how explicitly
the requirements are articulated, not in the underlying scientific judgment.

Shared Requirements for Isolator Design and Operation

Across all four frameworks, a core set of expectations for isolator systems emerges consistently:
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e All emphasize the importance of maintaining
isolator physical integrity. The FDA guidance
provides detailed attention to gloves, half-
suits, seams, gaskets, and transfer systems,
recommending routine visual examination and
physical integrity testing. EU GMP Annex 1
requires that "the integrity of the barrier system be
demonstrated" and links this to the CCS, aligned
with PIC/S PI-014-3 and WHO Annex 2.

e All frameworks agree that all internal surfaces of
the isolator must be cleaned before exposure to
sporicidal agents. The FDA guidance explains that
residues can inhibit the effectiveness of vapor-
phase agent. EU GMP Annex 1 explicitly requires
that "cleaning is a prerequisite to disinfection."
PIC/S and WHO mirror this expectation. The
rationale is consistent across all authorities:
deposits may enable microorganisms to survive
the decontamination process through physical
shielding or chemical neutralization.

e All frameworks require that biodecontamination
cycles be validated to demonstrate reproducibility
and lethality. The FDA guidance discusses the use of
biological indicators (Bls) and chemical indicators
(Cls), discouraging sole reliance on statistical
fraction-negative methods. EU GMP Annex 1
requires that "the biodecontamination process
be validated to demonstrate its reproducibility
and the absence of surviving microorganisms.",
aligned with PIC/S PI-014-3 and WHO Annex 2.

e All frameworks recognize rapid transfer ports
(RTPs) as effective mechanisms for aseptic
material movement when properly designed and
maintained. The FDA guidance acknowledges RTPs
while cautioning that certain transfer technologies
may have limitations requiring supplemental
controls. EU GMP Annex 1 requires that transfer
systems "maintain the grade of the receiving
area" and be validated. PIC/S and WHO express
consistent expectations.

e Interestingly, all frameworks allow flexibility in
airflow design for closed isolator systems. The FDA
guidance states that "turbulent airflow may be
acceptable" in closed isolators not housing active
processing lines, provided product protection
is ensured. EU GMP Annex 1 permits either
unidirectional or turbulent airflow depending
on design and risk assessment. PIC/S PI-014-3
acknowledges that in fully decontaminated closed
isolator systems, the laminar versus turbulent
airflow debate may be irrelevant as the absence
of microorganism is expected. WHO Annex 2
similarly allows design flexibility when supported
by validation. This convergence reflects a shared
understanding that sterility assurance in closed
systems depends more on overall system integrity
and validated decontamination than on airflow
pattern alone.
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Environmental Monitoring Philosophy

All four frameworks share a common philosophy regarding environmental monitoring, though the level of detail
varies. Each expects:

e Classification versus monitoring to be distinct. Qualification (classification) demonstrates that a cleanroom
or barrier system is capable of achieving its intended cleanliness level. Monitoring verifies ongoing control
during routine operations. EU GMP Annex 1 and WHO Annex 2 articulate this distinction most clearly, but the
FDA guidance implicitly supports the same concept through its discussion of initial validation versus routine
monitoring.

e All authorities expect that environmental monitoring data be trended over time to detect shifts that may
indicate developing contamination risks. The FDA guidance discusses the importance of trend evaluation.
EU GMP Annex 1 requires "trend analysis of monitoring data" as part of the CCS. PIC/S and WHO mirror this
expectation.

e Risk-based sampling: All frameworks support the concept that monitoring locations and frequencies should
be determined based on risk, with critical zones receiving greater attention. The FDA guidance emphasizes
scientific justification for monitoring plans. EU GMP Annex 1 explicitly links monitoring to risk assessment
within the CCS.

Divergence: Subtle but Significant Differences

Harmonization does not mean complete uniformity. While the scientific principles underlying sterile manufacturing
are broadly aligned across FDA, EU, PIC/S, and WHO frameworks, meaningful differences emerge in regulatory
implementation, level of detail, and expectations for documentation. These divergences have practical implications
for manufacturers operating across multiple jurisdictions and for inspectors assessing compliance against different
standards.

Legal Status and Enforceability

The most fundamental divergence lies in the legal status of each framework, which directly affects how requirements
are interpreted and enforced during inspections.

Framework Legal Status Enforceability

Non-binding recommendation; represents the | Recommendation with citation of CGMP

FDA Guidance (2004) Agency's current thinking regulations (21 CFR 210/211)

Directly enforceable during inspections; failure

EU GMP Annex 1 Legally binding under Eudralex Volume 4 : : . o
to implement constitutes a compliance violation

Become enforceable when adopted into

PIC/S PE 009-17 Annex 1 Recommendatory at the PIC/S level . N o
national legislation by member authorities

PIC/S PI-014-3
Recommendation

Recommendatory at the PIC/S level None

Become enforceable when adopted
WHO TRS 1044 Annex 2 Non-binding at international level into national law or required for WHO
Prequalification

Table 3. Summary of Framework and its Enforceability
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Hierarchy of Regulatory
Enforceability and Adoption for
Aseptic Processing Guidelines

Legally Binding in EU

EU GMP Annex 1

Legally Binding
(if adopted nationally)
WHO Annex 2

Legally Binding
(if adopted nationally)
PIC/S PE 009-17

Non-binding Recommendation
FDA Guidance PIC/S PI-014-3

Figure 2. Hierarchy of Requlatory Enforceability

Level of Technical Prescriptiveness

The frameworks diverge significantly in the level of technical detail provided. EU GMP Annex 1, PIC/S Annex 1,
and WHO TRS 1044 adopt a more prescriptive approach, articulating specific expectations for design, operation,
monitoring, and documentation. The FDA 2004 guidance, while comprehensive in its discussion of principles,
refrains from prescribing numerical limits, testing frequencies, or mandatory documentation formats.

EU Annex 1 (2022), PIC/S (2022),
WHO TRS 1044 (2022)

Topic FDA Guidance (2004)

Discusses importance; recommends routine Frequency explicitly linked to risk; periodic

SO AT testing but does not prescribe frequency testing required

Required; video documentation expected;

Airflow visualization Expected but less formally structured linked to Annex 15 qualification principles

Mandatory differentiation between critical and

Intervention categorization Discussed but not formally categorized X . . . e :
inherent interventions in media fill simulations

Explicit requirement for trend analysis of viable

Environmental monitoring

. Expected but less formally articulated and non-viable data; shifts in flora must be
trending
evaluated
Unidirectional airflow speed No numerical range specified; performance- Clause 4.30 speoﬂesAgmdanlc‘e range of 0.36-
based expectation 0.54 m/s at the working position

Table 4. Areas of Greater Prescriptiveness in Annex 1
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One practical confusion is for the airflow velocity example. Annex 1 clause 4.30 has generated particular discussion
within the industry. It states that the speed of air supplied by unidirectional airflow systems should be "designed,
measured and maintained to ensure that appropriate unidirectional air movement at the working position (where
high-risk operations occur and where product and/or components are exposed), with homogenous air speed in a
range of 0.36-0.54 m/s (guidance value) at the working position, unless otherwise scientifically justified in the CCS."

This wording evolved during the revision process. Earlier drafts referred to "at the working height," which many
in the industry interpreted as a fixed measurement plane applicable across all applications. The final version's
emphasis on "working position" introduces a risk-based nuance: the critical parameter is air speed at the point
where product is actually exposed, not merely at a predetermined height. However, this has created confusion, as
manufacturers must now determine what constitutes the "working position" for different equipment configurations
and justify any deviation from the guidance range within the CCS. Industry groups such as ISPE have published
discussions to help interpret this requirement, noting that the value is explicitly identified as "guidance" and may
be subject to scientific justification, yet inspectors may still expect alignment with the stated range in the absence
of compelling data.

This divergence in prescriptiveness raises an important philosophical question:Does greater
prescriptiveness lead to better contamination control, or does it risk encouraging checklist compliance
at the expense of genuine understanding?

Treatment of Advanced Technologies

The frameworks diverge in their treatment of technologies that have emerged or matured since the FDA guidance
was published in 2004. EU GMP Annex 1 provides clearer positioning for several advanced technologies:

e Annex 1 acknowledges that robotics and automation in aseptic filling can reduce human intervention and
encourages its use, provided it is properly validated and integrated into the CCS.

e The distinctions between open and closed isolators are clearly defined, with corresponding expectations for
background classification and monitoring.

e Annex 1 permits the use of rapid methods where validated and equivalent to conventional methods,
supporting more timely detection of contamination events.

e While not exhaustively detailed, Annex 1's focus on risk assessment and CCS provides a framework for
evaluating single-use technologies.

The FDA 2004 guidance, by contrast, predates many of these technologies. It does not mention robotics, rapid
microbiological methods, or single-use systems. Closed isolators are discussed, but the detailed differentiation
between open and closed configurations found in Annex 1 is not present. The guidance relies on its principle-
based approach to accommodating new technologies: if a manufacturer can scientifically justify that an alternative
technology meets CGMP requirements, it may be acceptable. This interpretive flexibility is both a strength (allowing
innovation) and a challenge (providing less certainty about inspector expectations).

The timing gap is significant. The FDA document is now over 20 years old. While inspection practices evolve
through training, internal guidance, and enforcement experience, the formal published guidance has not been
updated to reflect technological advances or the lessons learned from decades of aseptic processing experience.
Manufacturers must therefore rely on understanding current FDA inspection trends, warning letter themes, and
industry consensus documents (such as those from PDA and ISPE) to interpret how the 2004 guidance applies to
modern technologies.

In contrast, EU, PIC/S, and WHO manufacturers benefit from guidance developed in 2022-2023 that explicitly
addresses contemporary technologies and integrates them into a coherent framework. This does not mean the
FDA expectations are less rigorous, but it does mean that manufacturers must work harder to interpret how the
principles articulated in 2004 apply to systems that did not exist when the guidance was written.

To consolidate the key areas of alignment and divergence discussed above, a comparative heatmap is presented
below. This provides a simplified visual overview of how each regulatory framework positions key aspects of barrier
system design, operation, and control.
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Convergence/Divergence Matrix of Regulatory Guidance for Barrier Systems
for Aseptic Processing

Aligned/consistent

Parameter

REGULATORY POSTURE

Legal status

Contamination

Control Strategy (CCS)

Partial/ nuanced difference

EU GMP Annex 1
(2022)

Binding (EU law)

PIC/S PE 009-17
(2022)

Variable (if adopted
nationally)

Divergence/not addressed

WHO Annex 2
(2022)

Variable (if adopted
nationally)

FDA Guidance
(2004)

Guidance (non-binding)

PIC/S PI 014-3
(2007)

Recommendation
(non-binding)

Mandatory (formal
document and system)

ISOLATOR DESIGN & ENVIRONMENT

Chamber cleanliness

Background room
grade

Pressure regime

Airflow regime

Airlow velocity (given
unidirectional)

Grade A (ISO Class 5)

Mandatory (identical
text)

Grade A (ISO Class 5)

Mandatory (aligned)

Grade A (ISO Class 5)

Not mandated (implied
in cGMP)

ISO Class 5 (with no
microbial growth)

Implicit (no formal CCS)

Grade A (ISO Class 5)

C (open)
D (closed)

C (open)
D (closed)

C (open)
D (closed)

ISO 8 min. (less specific)

D (aseptic processing)
CNC (for sterility testing)

Positive (with > 10 DP)

Positive (with > 10 DP)

Positive (with > 10 DP)

Positive (17.5-50 Pa
typical)

Positive (aseptic)
Negative (containment)

open isolator and RABS:
UDAF

closed isolator: risk-
based turbulent/UDAF

open isolator and RABS:
UDAF

closed isolator: risk-
based turbulent/UDAF

open isolator and RABS:
UDAF

closed isolator: risk-
based turbulent/UDAF

Risk-based turbulent/
UDAF (justification req)

Risk-based turbulent/
UDAEF (justification req)

0.36 - 0.54 m/s
(guidance value)

INTEGRITY & QUALIFICATION

Glove integrity testing

Chamber integrity
testing

Requalification period

Qualification scope

DECONTAMINATION

Cleaning before
decontamination

Biodecontamination
target

Start & end of batch

0.36-0.54 m/s
(guidance value)

0.36-0.54 m/s
(quidance value)

Not specified

Visual each use, physical

Not specified

(visual + physical) Al Aligned test freq not specified Frequent (not specified)

At defined intervals Aligned Aligned Not discussed Com;wdered (not
detailed)

Requalification period Aligned Aligned Not defined AT EPSET (BT E
context)

P ) ) Moderate (less )
Qualification scope Aligned Aligned —— Not detailed
Required (explicit Required (explicit Required (explicit Required Required (cleaning ->

prerequisite)

prerequisite)

prerequisite)

sporocidal)

Not defined (risk based)

OPERATIONS & MONITORING

Media fill frequency

Intervention

categorization

Environmental
monitoring trending

Airflow visualization
records

As part of initial
validation, with 3
consecutive acceptable
result, after any major
changes, periodic
revalidation repeated
twice a year

Not defined (risk based)

Aligned

Not defined (risk based)

Aligned

4-6 log reduction
(justification needed)

Aligned

6-log target (typical)

Not detailed

Mandatory (corrective vs
inherent)

Aligned

Aligned

Not formalized

Not formalized

Explicit (viable and
non-viable)

Aligned

Aligned

Aligned

Expected (less
formalized)

Required (video
documentation)

Required (identical text)

Required (identical text)

Expected (smoke
studies, less detail)

Not addressed

Figure 3. Global Regulatory Convergence and Divergence Heatmap
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Technology and Regulation: A Dynamic Interaction

The evolution of barrier systems continues to advance aseptic manufacturing capabilities. Current technological
developments include fully closed isolator systems, integrated robotics for automated filling and material handling,
real-time environmental monitoring using rapid microbiological methods, and digital contamination modeling
for predictive risk assessment. These innovations represent significant progress toward the shared regulatory
objective of reducing human intervention in critical zones.

Regulatory updates necessarily follow a more deliberate path, involving consultation periods, expert working
groups, and alignment across multiple jurisdictions. The 2022 revision of EU GMP Annex 1, as best-in-class
model of international co-operation between European Commission, EMA, WHO, and PIC/S required extensive
multiyear from initial concept to final publication. This timeline reflects the need for thorough scientific review and
stakeholder input, but it also means that formal guidance may not always keep pace with the rapid introduction of
new technologies.

The future direction of regulatory harmonization will likely be shaped by several factors. Scientific data demonstrating
measurable contamination risk reduction provides an objective basis for evaluating new technologies. Inspection
findings from regulatory authorities contribute to the collective understanding of what constitutes effective control.
Industry experience with implementing advanced systems informs practical expectations for validation and routine
operation. The feasibility of adopting new technologies across diverse manufacturing environments, including
those in less reqgulated markets, also influences how requirements are framed.

A question that emerges from this dynamic is whether technologies that demonstrably reduce contamination risk
should eventually become de facto expectations for high-risk aseptic processes. While no framework currently
mandates isolators for all aseptic operations, their adoption has become increasingly widespread as the scientific
evidence supporting their effectiveness accumulates. This trend reflects a broader movement toward enhanced
separation strategies that minimize reliance on human behavior for sterility assurance.

The interaction between technology and regulation is not one-directional. Technological innovation provides new
tools for achieving regulatory objectives. Regulatory expectations, in turn, create incentives for developing and
implementing technologies that offer superior contamination control. This mutual influence shapes the ongoing
evolution of sterile manufacturing practices.

Conclusion

The regulatory frameworks governing sterile pharmaceutical manufacturing demonstrate strong philosophical
convergence across FDA, EMA, PIC/S, and WHO. All four authorities share a common scientific foundation:
minimizing human intervention, validating decontamination processes, maintaining environmental control,
and applying risk management across the product lifecycle. The recognition of isolators and barrier systems as
preferred technologies for achieving these objectives is consistent across all frameworks.

Despite this alignment on fundamental principles, meaningful differences persist in regulatory implementation.
The legal status of each framework ranges from non-binding guidance (FDA) to directly enforceable regulation
(EV), with PIC/S and WHO occupying intermediate positions where national adoption determines enforceability.
The level of technical prescriptiveness varies significantly, with EU, PIC/S, and WHO providing detailed expectations
while the FDA maintains principle-based flexibility. The formalization of the Contamination Control Strategy in the
European and aligned frameworks represents a structural difference in how contamination control is documented
and assessed, even if the underlying expectation of systematic control is shared.

For manufacturers operating across multiple jurisdictions, a robust compliance strategy recognizes both
convergence and divergence. Designing barrier systems and contamination control programs to meet the
more detailed requirements of Annex 1 and aligned texts provides a strong foundation for global acceptability.
Maintaining the ability to scientifically justify alternative approaches in FDA-regulated markets preserves the
flexibility that the US framework permits. Monitoring technological developments and regulatory trends enables
proactive adaptation as expectations continue to evolve.

Harmonization across these frameworks continues to advance. The collaborative development of the 2022
Annex 1 revision by EMA, PIC/S, and WHO demonstrates a commitment to aligned standards. At the same time,
the differences remain rooted in distinct regulatory philosophies rather than scientific contradiction. The FDA's
interpretative flexibility and the European structured approach represent different paths to the same destination:
ensuring the sterility and safety of pharmaceutical products.
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Regulatory diversity, when grounded in shared scientific principles, need not be an obstacle. It may instead serve
as a productive tension that challenges manufacturers to think deeply about their processes and encourages
continuous improvement in contamination control. The ultimate measure of any framework is not its format or level
of detail, but whether it effectively protects patients. By this measure, the global regulatory community remains
firmly aligned.
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Disclaimer

This white paper is intended for informational purposes and represents a general review and understanding of
comparisons in aseptic barrier systems from different requlatory framework. It does not constitute requlatory guidance,
engineering advice, or a product specification. Specific requlatory requirements, process characteristics, and facility
constraints will influence the application of this framework to individual program. Manufacturers should engage qualified
requlatory, engineering, and quality consultants in developing facility-specific contamination control strategies.
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