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Abstract: International biomechanical standards, such as ISO 10328 for lower-limb prosthetic testing, are widely used to guide
device evaluation, yet their direct adoption into national regulatory systems often results in mismatches in safety expectations,
documentation formats, and contextual use conditions. Despite extensive reliance on ISO standards, there is no structured method to
assess whether these standards are appropriately aligned with regulatory requirements across different jurisdictions. This narrative
review, combined with a conceptual framework and an illustrative cross-jurisdictional case study, proposes a multi-dimensional
applicability index designed to evaluate the regulatory fit of international biomechanical standards before national adoption. The index
comprises five dimensions clinical safety alignment, technical fit, contextual usability, documentation conformance, and regulatory
interoperability, each providing a structured lens for assessing standard suitability. Using ISO 10328 and a representative prosthetic
knee device as an example, the study demonstrates how the index highlights areas of strong technical alignment but also reveals gaps
related to usability, documentation, and post-market expectations across the U.S. FDA, EU MDR, and China’s GB/NMPA systems.
The findings underscore the need for context-aware evaluation tools to complement global standards, reducing approval delays and
improving device performance in real-world environments. This work provides a foundational methodology for regulators, manufac-
turers, and standards bodies seeking to harmonize global testing norms while ensuring national regulatory relevance and patient safety.
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Introduction

The rapid globalization of biomedical device manufacturing and trade has intensified the need for harmonized regulatory
standards that ensure safety, quality, and interoperability across jurisdictions. International bodies such as the
International Organization for Standardization (ISO) and the International Electrotechnical Commission (IEC) have
developed over 200 standards directly applicable to medical devices, including ISO 10328, which outlines structural
testing procedures for lower limb prosthetic components.'* However, despite the widespread use of such standards, no
structured framework currently exists for systematically evaluating whether an international biomechanical standard is
suitable for adoption within a specific national regulatory context. For biomechanical medical devices, standards are
critical to patient safety because they define conditions for reliable performance under repeated inserting and long-term
use. In load-bearing prosthetic systems, failure to account for fatigue, real-world gait, or contextual use can lead to
instability, premature failure, or secondary injury. The challenge of uniform adoption of medical device standards, despite
efforts by the International Medical Device Regulators Forum (IMDRF), stems from various regulatory inconsistencies
and fragmentation across nations. While the IMDRF aims to harmonize regulations, only 65% of ISO standards are
integrated into national laws, leading to a lack of coherence in the global medical device market.>”’ Regulatory systems
for medical devices in the U.S. and China exhibit significant differences in their frameworks, philosophies, and
implementation strategies. The U.S. FDA employs a risk-based, data-intensive premarket pathway, primarily through
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the 510(k) and PMA routes, focusing on safety and efficacy through rigorous clinical evaluations. In contrast, China’s
National Medical Products Administration (NMPA) has evolved its regulatory guidance, particularly with the 2021 CE
Guidance Series, which emphasizes a lifecycle approach to clinical evaluation but still faces challenges in post-market
oversight.®® These regulatory divergences are not merely administrative but directly shape how biomechanical standards
are interpreted, supplemented, or constrained during prosthetic device testing, documentation, and conformity assess-
ment. Although these regulatory comparisons establish the broader landscape, it is essential to explicitly connect these
divergences to their practical consequences for biomechanical standards, particularly in how they shape requirements for
prosthetic testing, documentation, and conformity assessment. The regulatory frameworks for medical devices in China
and the European Union (EU) exhibit distinct priorities and processes. The National Medical Products Administration
(NMPA) in China emphasizes domestic testing, device labeling, and post-market controls, ensuring that devices meet
local safety and efficacy standards. In contrast, the EU’s Medical Device Regulation (MDR 2017/745) focuses on
continuous clinical evaluation, oversight by Notified Bodies, and compliance with CE marking directives, which are
essential for market access in Europe. The following sections elaborate on these differences.”'®'? These divergences are
particularly problematic for biomechanical technologies such as prosthetic limbs, where performance depends not only
on material specifications, but on localized human anatomy, gait variability, rehabilitation infrastructure, and end user
behavior,'* '3

The prosthetic knee joint exemplifies the complex challenge of applying global standards in diverse real-world
conditions. It is a high load, multi axis biomechanical interface that must accommodate residual limb geometry, dynamic
torque, angular displacement, and long-term joint fatigue.'®'® During typical daily activities, a prosthetic knee may
endure cyclic loads of 3—5 times body weight, with peak forces exceeding 7 times body weight during stair ascent or
running. While ISO 10328 provides standardized testing protocols for structural integrity, it lacks guidance on contextual
adaptation for environmental, cultural, and anatomical differences.?*? For instance, terrain variability, barefoot gait
habits, socket limb mismatch, and prosthetic access disparities all impact device function and safety in ways that
a universal structural test cannot capture. Despite the regulatory importance of such factors, existing standards are
often adopted without formal evaluation of their clinical or regulatory suitability in local settings.*"*>° A 2023
comparative analysis of 36 ISO to GB standard transformations in China found that more than 60% required reinter-
pretation or localization due to semantic, procedural, or clinical misalignments. In the U.S., prosthetic submissions
routinely pass ISO based testing yet fail FDA premarket review due to usability gaps, incomplete labeling compliance, or
poorly aligned risk classification. Similar discrepancies are found in Europe, where over 40% of ISO compliant Class IIb
devices are required to undergo supplementary assessments under EU MDR conformity audits.>®>° Taken together, these
examples underscore the need for a clearly defined problem statement: the global regulatory ecosystem currently lacks
systematic tools to evaluate the “regulatory fit” of technical standards before national adoption. Despite these challenges,
few tools currently exist to systematically assess the “regulatory fit” of international standards across diverse jurisdic-
tions. In this review, prosthetic knee devices and ISO 10328 are intentionally used as a focused illustrative case to
demonstrate this broader methodological challenge, rather than as an exhaustive representation of all biomechanical
standards or device categories. The literature on prosthetic knee joint evaluation is heavily skewed toward mechanical
performance, computational modeling, and engineering optimization. While these domains provide essential insights into
joint loading, gait symmetry, or material fatigue, they offer little guidance on regulatory adaptation, especially across
countries with differing healthcare systems, reimbursement models, and clinical protocols.'>**=* Policy literature,
conversely, often focuses on broader market access, intellectual property, or trade policy without addressing device
level standard applicability. Consequently, a critical gap remains between technical standard development and regulatory
decision making. Stakeholders, including manufacturers, regulators, clinicians, and policymakers lack a structured,
evidence-based method to evaluate whether an international standard like ISO 10328 can be seamlessly integrated into
a given national framework, or whether it requires translation, localization, or reinterpretation.>* >’ The key gap is not the
availability of standards, but the lack of tools to assess their contextual regulatory applicability, a gap this framework
addresses at the standard level, complementing system-level tools such as the WHO Global Benchmarking Tool. The
central methodological gap in global regulatory science becomes evident upon recognizing that no existing tools
systematically assess the contextual applicability of technical standards across national regulatory systems.
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Additionally, the proposed framework complements global harmonization initiatives such as the WHO Global
Benchmarking Tool (GBT), which evaluates regulatory system maturity but does not examine the suitability of individual
technical standards within local contexts.

To address this gap, this review proposes a multi-dimensional index framework for evaluating the regulatory
applicability of international standards, using the prosthetic knee joint as a case example. The framework is built on
five key dimensions: clinical safety alignment, technical fitness, contextual usability, documentation conformance, and
regulatory interoperability. Each dimension incorporates both qualitative and quantitative indicators derived from global
standards, national regulatory codes, biomechanical literature, and expert informed criteria. By applying this framework
to compare ISO, FDA, and GB regulatory systems, the review not only highlights points of convergence and friction but
also provides a practical tool for anticipatory alignment of product development with local approval pathways.
Furthermore, the index system is positioned as a scalable and adaptable model that can support the development of Al
assisted scoring tools, digital twins for compliance simulation, and future global applicability databases. In doing so, this
work aims to contribute both theoretically and practically to the emerging domain of digital regulatory science and global
health technology governance.

Conceptual Background: International Standard Transformation and

Regulatory Divergence

The concept of international standard transformation refers to the process by which globally recognized technical norms
most developed by the International Organization for Standardization (ISO) or the International Electrotechnical
Commission (IEC) are adapted for use within national regulatory frameworks.*>** ™ This transformation process is
neither linear nor uniform and typically occurs in three stages: translation, which involves the linguistic and semantic
rendering of standards into the national language and regulatory context; localization, which adjusts the content to fit
domestic healthcare infrastructure, cultural norms, and industrial capability; and reinterpretation, which aligns regulatory
pathways, compliance procedures, and enforcement mechanisms with national policy objectives.*'** The temporal
evolution of these transformation processes, along with key revisions of ISO 10328 and broader contextual shifts in
prosthetic regulation, is illustrated in Figure 1. In practice, these stages determine how well an international technical
standard can be operationalized within a national regulatory environment, particularly for devices whose performance is
highly dependent on contextual factors, such as prosthetic technologies. The complexity of post-market surveillance
(PMS) in biomedical engineering arises from the interplay of human variability, clinical practice heterogeneity, and the
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Figure | Evolution of ISO 10328 and Contextual Shifts in Prosthetic Regulation. This timeline outlines the historical development of ISO 10328, beginning with its initial
release in 1995 and major revisions in 2006 and 2016. It also highlights recent global shifts, including the rise of digital fitting technologies (2020), the growing focus on
accessibility in low- and middle-income countries (2023), and emerging proposals for Al-based regulatory tools and modular annexes (2025). These contextual developments
justify the need for a dynamic and adaptive applicability index.
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capacity for monitoring device performance after-market release. PMS is crucial for ensuring the safety and efficacy of
medical devices in real-world settings, where controlled pre-market conditions do not apply. This process involves
continuous monitoring and data collection to identify adverse events and ensure compliance with regulatory standards.
The following sections delve into the key aspects of PMS in biomedical engineering.**~*¢

The ISO 10328 standard is crucial for assessing the structural integrity of lower limb prostheses through static and
cyclic loading tests. However, it has limitations regarding real-world variability in gait mechanics, residual limb anatomy,
and environmental conditions. These limitations highlight the broader issue that biomechanical standards designed for
universal application may not fully capture region-specific patterns of device use, which is a central regulatory challenge
discussed in this review.*”*® In high income countries, prosthetic joints are typically fitted using gait analysis labs,
pressure sensors, and dynamic alignment tools. In contrast, in many low- and middle-income countries (LMICs), fittings
are often done manually, with limited post fitting follow up or patient education. A universal testing protocol may ensure
mechanical safety but fall short on usability, adaptability, and clinical relevance. Consequently, regulatory agencies often
impose additional requirements or reinterpret international standards to fit local conditions.*” >? Recent reviews empha-
size that ISO 10328 does not simulate common prosthesis use conditions in LMICs, such as walking barefoot on uneven
surfaces or limited access to follow-up rehabilitation services, reducing its contextual validity in these settings.’®>

Comparative analyses of regulatory systems reveal clear divergence in both philosophy and practice. The U.S. FDA,
operating under 21 CFR Part 820 and the 510(k)/PMA pathways, requires a demonstration of substantial equivalence or
clinical evidence of safety and effectiveness, even for ISO certified devices.?’>*>° Its risk-based classification system
(Class I-1II) governs documentation, clinical testing, and manufacturing oversight. The Chinese GB system, coordinated
by the State Administration for Market Regulation (SAMR) and the National Medical Products Administration (NMPA),
incorporates ISO technical content but emphasizes local conformity testing, risk specific standards (eg., YY/T 0316 2016
for risk management), and product specific technical review templates. Meanwhile, the European Union applies the MDR
2017/745 framework, which mandates CE conformity assessments, continuous clinical evaluation, and rigorous post
market surveillance, often requiring additional performance data even for ISO compliant devices.’’” Table 1 sum-
marizes selected key differences.

While international standardization initiatives aim to streamline cross border regulatory recognition, substantial
obstacles remain. According to a 2022 WHO global survey of 113 member states, fewer than 30% had a structured
method to evaluate the relevance or readiness of an ISO based standard before adopting it into national regulation.?>*¢°
Furthermore, case reports from the prosthetics sector illustrate that international standards, even when technically sound
often fail to satisfy documentation norms, patient centric evaluation criteria, or post market reporting expectations of
local regulatory authorities. These failures are typically addressed reactively, through manufacturer appeals or supple-
mental data submissions, rather than through a formal, preadoption evaluation mechanism.®'®* These patterns collec-
tively demonstrate the absence of a structured method for determining whether an international biomechanical standard is

Table | Comparison of Regulatory Structures and Practices Across ISO, FDA, and GB/NMPA Systems

Aspect ISO (International) FDA (United States) GB/NMPA (China)

Regulatory Model Voluntary guideline Mandatory legal framework Mandatory Conformity assessment
Clinical Trials Not specified Required for Class II/IlI Required for moderate/high risk
Testing Emphasis Mechanical/durability Clinical efficacy + documentation | Mechanical + safety compliance
Post market Focus | Limited High (recalls, MAUDE, UDI, etc.) | Increasing (adverse event systems)
Adoption Flexibility | High (baseline global norm) | Low (must align with guidance) Moderate (ISO localized via GB/T)

Notes: This table compares key features of the regulatory ecosystems governing medical devices under the ISO framework, the U.S. FDA, and
China’s GB/NMPA. The differences in regulatory authority, trial requirements, testing scope, and post market oversight illustrate the structural
divergence in how international standards like ISO 10328 are operationalized in national contexts. These contrasts inform the index scoring and
highlight the need for policy aware standard adaptation.
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suitable for direct adoption, requires modification, or should undergo full reinterpretation within a specific rregulatory
setting.

This lack of structured tools for regulatory applicability assessment leads to a fragmented ecosystem in which
manufacturers must individually interpret compliance risks, and regulators may inconsistently enforce or modify
standards. The result is redundancy in testing, increased time to market, and a higher probability of device rejection or
reclassification. In high-risk devices such as prosthetic knee joints, where technical adequacy must be balanced with
anatomical and functional alignment, the absence of evaluative frameworks to guide standard transformation represents
both a regulatory bottleneck and a patient safety concern.®* °® This review therefore situates prosthetic knee evaluation as
a representative example of how contextual, anatomical, and regulatory differences can expose shortcomings in
universally applied biomechanical standards.

Index Framework for Evaluating Standard Applicability

To bridge the gap between international standardization and national regulatory adaptation, this review proposes
a structured, multi-dimensional index system designed to evaluate the contextual applicability of biomedical standards.
The goal is to provide regulators, manufacturers, and clinical stakeholders with a transparent and systematic framework
that goes beyond binary compliance checks. By applying this framework, it becomes possible to assess whether an
international standard, such as ISO 10328 for prosthetic limb testing, can be adopted directly, requires localization, or
demands full reinterpretation. The proposed framework is grounded in principles of regulatory science, clinical
biomechanics, and policy analysis, and can be adapted across device classes and regulatory systems.' >°” The index
comprises five primary dimensions, each representing a critical facet of standard applicability in real world regulatory
settings: A concise summary of these five dimensions, including their definitions and representative evaluation indicators,

is presented in Table 2

Clinical Safety Alignment

Evaluates whether the standard adequately addresses patient safety concerns in the target regulatory context. This
includes alignment with national definitions of clinical risk, severity classification systems, and compatibility with
patient demographics, comorbidities, or local clinical practices. For example, while ISO 10328 includes fatigue and
failure load testing, it may not account for adverse event thresholds or residual limb variability required by the FDA or
NMPA.*%%

Table 2 Summary of the Five-Dimension Index Framework for Standard Applicability Evaluation

Index Dimension Definition Example Indicators

Clinical Safety Alignment | Compatibility with local clinical risk definitions and adverse Local adverse event thresholds, comorbidity profiles
event criteria

Technical Fit Match between standard test methods and country’s technical | Availability of gait labs, test rigs, fitting expertise
infrastructure

Contextual Usability Fit with everyday device use in local environments Surface variability, rehabilitation access, climate

conditions

Documentation Alignment with required submission formats and templates eSTAR, GB/T templates, CE GSPR checklist

Conformance

Regulatory Compatibility with national classification systems and legal CE mark recognition, language adaptation,

Interoperability frameworks equivalence treaties

Notes: This table outlines each dimension of the proposed index, providing definitions and example indicators that guide how regulators or stakeholders can assess the
applicability of biomedical engineering standards like ISO 10328 in specific national contexts.

Medical Devices: Evidence and Research 2026:19 https: 5



Li

Technical Fit

Assesses how well the standard test methods, instrumentation, and design assumptions match the technical capabilities
and constraints of the implementing country. In some regions, advanced gait simulators and 3D alignment tools are
available, while in others, manual fitting and low-cost materials dominate. A standard that assumes sophisticated test
setups may be technically misaligned despite being biomechanically valid.”"”!

Contextual Usability

Measures the relevance of the standard to the everyday clinical, social, and environmental context in which the device is
used. This includes patient use patterns, terrain, climate, cultural factors (eg., barefoot walking), and rehabilitation
availability. A standard that prescribes certain thresholds for wear resistance or angular motion, for instance, may not

reflect how a prosthesis is used in low income, high humidity regions.>*"

Documentation Conformance

Examine the compatibility of the standard’s required technical files (eg., labeling, IFU, clinical evidence format) with
local regulatory documentation systems. This includes whether the language, structure, and content of testing records,
performance claims, and labeling align with regulatory submission guidelines such as FDA’s eSTAR, China’s TCS
template, or the EU’s GSPR checklist.”

Regulatory Interoperability

Captures the extent to which the standard supports integration into a local regulatory framework without creating legal,
procedural, or classification conflicts. This dimension considers whether the standard can be recognized formally (eg.,
cited in guidance documents), whether it aligns with national legislation, and whether its adoption facilitates mutual
recognition or equivalence agreements.”*’> Each dimension is scored on a normalized 5-point scale, where:

e | = Low applicability or high misalignment
e 5 = High applicability and full regulatory compatibility

Scores can be assigned using a combination of expert elicitation, structured literature analysis, and regulatory document
review. In practice, these scores can be visualized in a radar chart, allowing direct comparison of the same standard
across multiple national regulatory systems (eg., ISO vs. GB vs. FDA implementation). Figure 2 presents this multi-
dimensional comparison, highlighting clear differences in regulatory interoperability, documentation conformance, and
contextual usability across the FDA, GB/NMPA, and EU MDR systems.

This index offers several advantages over existing assessment models. First, it allows for granular analysis identifying
precisely which aspects of a standard require modification or supplementation before national adoption. Second, it
enables cross system comparison, helping regulators benchmark their frameworks against international peers. Third, it
introduces a scalable and adaptable methodology that can evolve as new data (eg., post market surveillance, clinical
outcomes, digital twin simulations) become available. Lastly, the model provides a foundation for future Al assisted

regulatory tools capable of dynamic, data driven standard evaluations.”®”’

Case Study Application: Evaluating ISO 10328 Using the P Knee 5000 Device

To demonstrate the utility of the proposed index system, we apply it to a hypothetical biomechanical product: the P Knee
5000, a passive hydraulic prosthetic knee joint designed for transfemoral amputees. The device incorporates an aluminum
alloy frame, adjustable extension dampening, and a modular socket system, and is intended for use in urban and semi-
rural environments. It is pre clinically validated using ISO 10328 fatigue, static strength, and torsional resistance
protocols, with standard documentation and performance claims structured around ISO guidance.'>’® Using the five-
dimension evaluation index, the performance of ISO 10328 as a regulatory support tool for the P Knee 5000 was assessed
in three jurisdictions: the United States (FDA), China (GB/NMPA), and the European Union (EU MDR). Scores are
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Figure 2 Applicability of ISO 10328 Across Major Regulatory Systems Based on a Multi-Dimensional Index Framework. This radar chart visualizes how ISO 10328 aligns
with five regulatory dimensions Clinical Safety, Technical Fit, Contextual Usability, Documentation Conformance, and Regulatory Interoperability across the U.S. FDA,
China’s GB/NMPA, and the EU MDR systems. Scores (| = low, 5 = high) reflect evidence informed estimates based on national regulatory practices. The FDA recognizes ISO
10328 [FDA, 2024], but often requires additional labeling and usability data, lowering contextual usability. China’s GB/T standards are aligned with ISO but face translation
and documentation adaptation issues [NMPA, 2024]. The EU MDR grants ISO harmonized status under CE marking, resulting in higher documentation and regulatory fit
scores [EU MDR, 2017/745]. This figure illustrates the need for structured tools to evaluate standard applicability across diverse regulatory environments.

derived from regulatory literature, public technical guidance, and known approval workflows, as well as device context
assumptions based on product class and patient demographics.”®** Under FDA review, ISO 10328 supports mechanical
validation but fails to meet full clinical and human factors documentation standards required for 510(k) approval. For
instance, usability data, patient reported outcomes, and labeling per FDA’s eSTAR submission format are not addressed
in ISO testing protocols, leading to downstream documentation and usability gaps. The moderate interoperability score
(3) reflects the need for additional premarket and labeling supplements.®' %3

In China’s GB/NMPA system, ISO 10328 testing is accepted as a baseline, but domestic conformity testing is often
still required, especially under GB/T 14710 and YY/T 0287. Documentation and clinical safety expectations diverge
slightly due to unique classification codes, technical requirement forms, and post market adverse event procedures. While
technical alignment is strong, documentation fit is limited by format and terminology mismatches. For instance, Mohan
et al (2022) reported repeated structural failures in ISO 10328-certified knees used in rural Ghana, attributed to terrain-
specific stress patterns not captured during standard testing.® Representative examples of ISO 10328 compliant prosthetic
devices that encountered region-specific performance failures or regulatory actions across different jurisdictions are
summarized in Table 3 These real-world failure patterns are further contextualized in Figure 3, which summarizes the
dominant causes of prosthetic knee failures in low- and middle-income countries, including terrain mismatch, poor socket
fit, alignment errors, unaccounted gait variability, and material degradation.

Table 3 Real-World Failures and Regulatory Actions Involving ISO-Compliant Prosthetic Devices

Country/Region Device Issue Identified Regulatory or Clinical Response

USA (FDA)

P Knee 5000

Labeling non-conformance under eSTAR format

FDA 483 notice and submission rejection

China (NMPA)

Modular knee joint

Material degradation in GB-simulated testing

Product recall and updated GB/T template

Ghana (LMIC case)

ISO 10328-certified

Terrain-specific fatigue failure

Field withdrawal; recommendation for local standard adaptation

Notes: This table highlights selected cases where prosthetic knee devices compliant with ISO 10328 encountered region-specific performance issues or regulatory hurdles.
These examples underscore the limitations of a one-size-fits-all standard and emphasize the need for context-aware evaluation frameworks. Data include FDA rejection due
to documentation misalignment, NMPA-mandated recalls following technical testing failures, and field-reported fatigue failures in low-resource settings like Ghana.
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Figure 3 Common Failure Causes in LMICs for Prosthetic Knee Devices. This bar chart illustrates the primary causes of prosthetic knee failures reported in low- and
middle-income countries (LMICs), based on terrain mismatch, socket misfit, alignment errors, unmodeled gait variability, and material degradation. These real-world
challenges highlight gaps in the applicability of ISO 10328, which does not account for contextual use patterns or environmental conditions prevalent in LMICs.

The EU MDR provides the most consistent alignment. ISO 10328 is listed as a harmonized standard for CE
conformity under MDR 2017/745, and performance claims based on ISO data are accepted with limited supplementation.
The high documentation and interoperability scores reflect this harmonized status and stronger recognition of biomecha-
nical performance indicators.** These cross-jurisdictional differences in regulatory alignment for the P Knee 5000 are
synthesized in Figure 4, which applies the proposed index framework to visualize how ISO 10328 performs across
clinical safety, technical fit, contextual usability, documentation conformance, and regulatory interoperability in the FDA,

Clinical Safety = o= == Series]
5
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Documentationd. < < Contextual
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Figure 4 Regulatory Applicability of ISO 10328 for the P Knee 5000 Prosthetic Knee Across FDA, GB/NMPA, and EU MDR. This radar chart applies the proposed multi-
dimensional index framework covering Clinical Safety, Technical Fit, Contextual Usability, Documentation Conformance, and Regulatory Interoperability to evaluate how ISO
10328 aligns with the regulatory requirements of the FDA (USA), GB/NMPA (China), and EU MDR. The scores (I = low alignment, 5 = high alignment) are evidence-
informed estimates based on known practices, submission formats, and policy documents in each jurisdiction. While the EU MDR exhibits the highest overall alignment due
to harmonized standard recognition, both the FDA and GB/NMPA require supplemental testing or documentation, particularly in areas such as contextual usability and post-
market integration. This application illustrates how the index can identify policy-relevant gaps even in technically certified devices.
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Table 4 Comparative Applicability Matrix of ISO 10328 Across Regulatory Dimensions and Jurisdictions

Clinical Safety | Technical Fit | Contextual Usability | Documentation | Interoperability
FDA High High Medium Low Medium
EU MDR High High High High High
GB/NMPA | High Medium Low Low Medium

Notes: This matrix presents a cross-regional assessment of ISO 10328 based on the proposed five-dimension index framework Clinical
Safety, Technical Fit, Contextual Usability, Documentation Conformance, and Regulatory Interoperability. Scores reflect the standard’s
alignment with regulatory expectations and contextual realities in the U.S. FDA, European Union MDR, and China’s GB/NMPA systems. The
visual comparison highlights both areas of strong conformity (e.g., technical fit) and regulatory friction (e.g., documentation gaps),
illustrating the importance of localized evaluation tools even for globally recognized standards.

GB/NMPA, and EU MDR systems. The corresponding numerical index scores underlying this visualization are
summarized in Table 4, which presents a comparative applicability matrix of ISO 10328 across regulatory dimensions
and jurisdictions. This visualization highlights the uneven regulatory applicability of ISO 10328 across jurisdictions,
demonstrating that while technical fit remains relatively consistent, substantial divergence persists in contextual usability,
documentation conformance, and regulatory interoperability.

Policy and Practice Implications

The application of the index framework to ISO 10328 and the hypothetical P Knee 5000 device reveals systemic
inconsistencies in how international standards are adopted and enforced across regulatory jurisdictions. While ISO based
testing offers a strong biomechanical foundation, it often fails to meet the nuanced documentation, contextual, and legal
requirements of national systems. These observations carry important implications for regulatory science, device
development, and global standardization policy.z’gs’86 By making these inconsistencies visible, the index provides
a structured way to distinguish between deficiencies inherent to the standard and those arising from jurisdiction-
specific regulatory expectations, which is critical for informed policymaking. Regulatory agencies should move toward
institutionalizing structured, preadoption assessments of international standards using tools like the proposed index.
Rather than defaulting to full harmonization or rejecting international norms outright, regulators can use such frame-
works to assess gaps early in the review process. This enables clearer identification of whether a standard requires direct
adoption, targeted modification, or full reinterpretation, thereby reducing downstream review delays and inconsistent
enforcement. This would help identify potential friction in areas such as contextual usability or documentation alignment
and allow regulatory bodies to issue clearer, targeted guidance to manufacturers. Additionally, embedding such evalua-
tive tools within routine regulatory workflows can help ensure that standards remain responsive to evolving clinical
practices and emerging real-world evidence. Integrating the index into digital submission platforms, such as FDA’s
eSTAR or China’s TCS system, could enhance transparency and reduce regulatory uncertainty by flagging incompat-
ibilities before formal submission.*>®” The complementary roles of regulators, manufacturers, standards bodies, and
researchers in applying and refining the index are summarized in Figure 5, which illustrates how stakeholder-specific
interactions support coordinated, context-aware adaptation of international standards. The specific responsibilities and
benefits for each stakeholder group when applying the index framework across the device lifecycle are further detailed in
Table 5. Figure 6 further demonstrates how these stakeholder inputs are operationalized across the regulatory lifecycle,
showing the integration of index-based assessment from standard development and national guidance adaptation through
manufacturer planning, regulatory review, and post-market feedback, thereby enabling continuous regulatory learning
and refinement.

For manufacturers, especially small and medium sized enterprises, the index provides a practical tool for regulatory
readiness planning. By applying the index early during product development, developers can select appropriate standards
for targeted markets and adapt their testing or documentation strategies accordingly. A manufacturer aiming for both CE
marking and NMPA registration, for example, could use ISO 10328 for baseline mechanical validation while supple-
menting it with localized documentation formats and additional usability testing. This anticipatory approach would
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Figure 5 Stakeholder-Specific Applications of the Index Framework. This diagram visualizes the interaction of key stakeholders’ regulators, manufacturers, standards bodies,
and researchers with the proposed regulatory index. Each entity contributes uniquely to the refinement and application of biomedical standards: regulators apply it to assess
pre-adoption fit, manufacturers use it for early compliance planning, standards bodies to develop regional annexes, and researchers for validation and expansion. The
framework thus facilitates coordinated adaptation of global standards across diverse policy environments.

reduce the need for post hoc corrections and redundant submissions.®® International standard setting bodies, including
ISO Technical Committees, should consider restructuring standards like ISO 10328 to adopt modular architecture. A core
testing methodology could be preserved globally, while context specific annexes could be developed to address regional
conditions such as clinical infrastructure, gait pattern variability, and material availability. This model would preserve
standard comparability while enabling national flexibility, thereby avoiding one size fits all applications that often
undermine practical utility.**® The index presented here is conceptual, but it offers a foundation for future policy
research and Al driven regulatory analytics. Subsequent studies should apply it to a broader range of devices, from
cardiovascular implants to diagnostic imaging tools, and link scoring to real world performance data such as rejection
rates and adverse event reports. This would allow the development of dynamic, data driven tools that can automate and
personalize standard evaluation processes. In the long term, such tools could be embedded into national regulatory
infrastructures or harmonization programs such as the WHO Global Benchmarking Tool.”"+*

Ultimately, this framework addresses not only safety and compliance, but also equity. By explicitly evaluating
contextual usability and regulatory interoperability, it ensures that international standards are not just technically robust,
but also accessible, adaptable, and ethically aligned with diverse clinical environments particularly in low resource or
rapidly developing settings. This shift from binary compliance toward adaptive regulatory fit is essential to making global

health technologies, such as prosthetics, more inclusive and effective.®’****

Table 5 Stakeholder Specific Roles and Benefits of the Proposed Applicability Index Framework

Stakeholder Use of Index Benefit

Regulators Evaluate standard fit before adoption or citation Prevents documentation gaps and policy misalignment
Manufacturers Plan testing, documentation, and market strategy early Reduces regulatory friction and resubmission risk
Standards Bodies | Design modular or adaptable annexes Enhances regional relevance of global standards
Researchers Validate index with real world data, extend to other device types | Supports evidence-based policy and predictive analytics

Notes: This table outlines how different stakeholder groups, including regulators, manufacturers, standards bodies, and researchers can apply the multi-dimensional index
framework during the medical device lifecycle. Each use case is linked to specific benefits, demonstrating the framework’s potential to support harmonized, context aware
regulatory practices across international markets.
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Figure 6 Integration of the Applicability Index into the Regulatory Lifecycle. This flowchart illustrates how the proposed multi-dimensional index can be embedded into the
regulatory process for medical devices. The process begins with international standard development and proceeds through regulatory evaluation, national adaptation,
manufacturer planning, submission, and review. Post market feedback informs future refinements of both national guidance and the index itself, creating a continuous
improvement loop. The diagram emphasizes how structured index assessment can enhance both premarket alignment and long-term regulatory learning.

Conclusion and Future Directions

This review introduces and applies a multi-dimensional, conceptual index framework for evaluating the regulatory
applicability of international biomechanical standards, using ISO 10328 and a hypothetical prosthetic knee device as an
illustrative case across the FDA, GB/NMPA, and EU MDR systems. By examining not only technical conformity but
also contextual usability, documentation conformance, and regulatory interoperability, the framework reveals systematic
misalignments between globally harmonized standards and national regulatory expectations. These findings demonstrate
that while ISO standards provide a robust technical baseline, their regulatory effectiveness depends on structured,
jurisdiction-specific evaluation mechanisms rather than binary compliance alone. The proposed index offers
a practical, standard-level evaluation tool that can support regulators in pre-adoption assessment, manufacturers in
regulatory readiness planning, and researchers in comparative regulatory analysis. Application to the P Knee 5000
case illustrates that even widely accepted standards may perform unevenly across regulatory systems, reinforcing the
need for transparent methods to identify where direct adoption is appropriate and where targeted adaptation is required.
In this sense, the primary contribution of this work lies in bridging technical standard development and regulatory
decision-making through a systematic, context-aware assessment approach. Future work may extend this framework by
linking index dimensions to real-world evidence, such as approval outcomes and post-market surveillance data, enabling
more dynamic evaluation of standard applicability over time. Emerging tools, including digital twins, Al-assisted
conformity analysis, and structured data infrastructures, may further enhance this approach by supporting adaptive and
data-informed regulatory decision-making. Such developments could complement existing system-level initiatives,
including the WHO Global Benchmarking Tool, by strengthening standard-level evaluation without duplicating broader
regulatory maturity assessments. Overall, this study supports a shift from one-size-fits-all standardization toward adaptive
regulatory fit, ensuring that international biomechanical standards remain technically sound, contextually appropriate,
and aligned with patient safety and equity across diverse healthcare settings.
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Future Integration with Digital Twins and Al

Emerging tools such as digital twins, Al-driven conformity analysis, and real-time data feedback systems offer opportunities
to further enhance the proposed applicability index. Digital twin simulations could be used to test ISO standards under
context-specific conditions, revealing stress patterns and failure scenarios not captured by conventional laboratory protocols.
Al-based scoring engines informed by regulatory decisions, post-market surveillance data, and wearable sensor outputs may
enable dynamic updating of risk classifications and identification of documentation gaps. As wearable IMUs and mobile
applications increasingly support continuous gait monitoring, performance assumptions embedded in ISO 10328 could be
recalibrated using real-world data. Such integration would shift standard evaluation from a static checklist toward a learning
system capable of adapting to evolving clinical and regulatory environments. FThis closed-loop interaction between physical
devices, digital twin simulations, Al-based scoring, and regulatory adjustment is illustrated in Figure 7, which depicts how
real-world evidence can continuously inform and refine standard applicability scores across jurisdictions. Linking the index

Real world data

Device

T
> caaity @ary,, op

L]

Al scoring

Regulatory adjustment

Figure 7 Digital Twin + Al Feedback Loop in Standard Scoring. This schematic illustrates a closed-loop model where regulatory standard scoring is dynamically improved
using real-world data and Al. It starts with the physical medical device, mirrored by a digital twin model that simulates usage in specific environments. Real-world
performance data such as from IMUs or mobile monitoring apps feed into the twin model and are analyzed by an Al engine. The Al evaluates risk patterns, documentation
alignment, and post-market outcomes. This analysis updates index scores in real time, which feeds back into both regulatory systems and product design, enabling smarter
and more responsive compliance across jurisdictions.
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with Unique Device Identification systems and adverse event databases (e.g., MAUDE, NMPA alerts, EUDAMED) may
further support automated, responsive, and equitable device oversight.””
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