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ABSTRACT

Post-approval change management for medical devices -- the systematic regulatory process through which
manufacturers evaluate, document, and report modifications to approved device design, manufacturing process,
materials, labeling, or software after market authorisation -- represents one of the most resource-intensive and
commercially significant activities in device lifecycle management. The regulatory framework for change management
spans the FDA's 21 CFR Part 814.39 (PMA supplements) and 21 CFR Part 807.87 (510(k) obligations), the EU MDR
Article 83-85 requirements for substantial modification assessment, and the 1ISO 13485:2016 quality management
framework for design and process change control. Manufacturers face a fundamental strategic tension: under-reporting
changes risks regulatory non-compliance and potential market withdrawal, while over-reporting triggers unnecessary
regulatory submissions that delay change implementation and consume regulatory resources. This study presents the
Post-Approval Change Management Assessment Framework (PACMAF), evaluating five change management strategies
-- risk-based change classification with conservative filing, design history file (DHF) continuous update with
threshold-triggered submissions, predetermined change control plans (PCCP) for iterative innovation, Al-assisted change
impact analysis, and regulatory intelligence-driven adaptive strategy -- across four device change contexts: design and
materials modifications, manufacturing process changes, software updates, and supply chain transitions. Our Change
Management Effectiveness Score (CMES) integrates regulatory compliance, change implementation speed, submission
efficiency, post-market performance maintenance, and international harmonisation. Al-assisted change impact analysis
achieved the highest CMES (0.926) by predicting regulatory submission requirements from change characteristics with
91% accuracy, reducing unnecessary supplement filings by 42% and accelerating compliant change implementation by
38%, while PCCP strategies achieved the highest change implementation speed (0.955) through pre-approved change
protocols enabling iterative updates without individual submission requirements.
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1. Introduction

1.1 The Post-Approval Change Management
Challenge

Medical devices undergo continuous improvement
throughout their commercial lifetime -- design
refinements to improve performance or usability,
manufacturing process optimisations to improve
efficiency or quality, software updates to address
bugs or add features, material substitutions when
suppliers discontinue components, and supply
chain changes when geopolitical or pandemic
disruptions force sourcing transitions. Each
modification creates a regulatory obligation to
evaluate whether the change requires prior
regulatory approval, notification, or simply
documentation in the design history file, and to
implement any required regulatory pathway
before (or after, for permitted report-level
changes) commercial implementation. The FDA's
PMA supplement system classifies changes into
three levels: 180-day PMA supplements (most
significant changes requiring full prospective
review), 30-day PMA supplements (specified
changes where FDA review is presumed complete
if no objection is received), and annual reports
(minor  changes requiring only periodic
notification) -- a tiered system that requires
manufacturer judgment about which tier applies
(FDA, 2008). This judgment is consequential: the
FDA's inspection database shows that incorrect
change classification is among the most common
21 CFR Part 820 deficiencies cited during device
facility inspections, and product recalls triggered
by unapproved changes represent approximately
18% of Class I device recalls (FDA, 2022).

1.2 Five Change Management Strategies

Five strategies represent distinct approaches to
post-approval change management. Risk-based
change classification with conservative filing
applies a systematic risk assessment for each
change using FMEA and comparison against the
regulatory classification criteria, defaulting to the
higher submission category when classification is
ambiguous -- maximising regulatory safety at the
cost of unnecessary submissions (Spiegelberg,
2016). DHF continuous update with
threshold-triggered submissions maintains a living
design history file updated with each change, with
automated comparison against regulatory
threshold criteria triggering submissions only
when thresholds are crossed (ISO, 2016).
Predetermined change control plans (PCCP)
pre-specify the types, extent, and validation
approach for expected future changes in the

original regulatory submission, enabling approved
change protocols to be implemented without
individual submissions (FDA, 2019). Al-assisted
change impact analysis uses ML models trained on
historical change-classification-outcome data to
predict the regulatory pathway for each proposed
change (King et al., 2022). Regulatory
intelligence-driven adaptive strategy  uses
systematic monitoring of FDA guidance updates,
precedent decisions, and enforcement actions to
continuously calibrate change classification
approaches. Section 2 reviews the literature.
Section 3 describes PACMAF. Results in Section 4,
discussion in Section 5, conclusions in Section 6.

2. Literature Review

2.1 Regulatory Framework for Post-Approval
Changes

The regulatory framework for post-approval
change management has evolved substantially
over the past decade in response to the
inadequacy of traditional binary (report vs
supplement) classifications for increasingly
complex iterative device innovation. FDA (2008)
guidance on PMA supplements and annual reports
established the three-tier system and provided
decision criteria for assignment, but
acknowledged that the criteria required
manufacturer judgment and that borderline cases
would be resolved through Q-submissions to FDA's
pre-submission programme. Spiegelberg (2016)
surveyed 68 PMA holders on their change
management practices and found that 58% applied
conservative classification  strategies  that
defaulted to higher-tier submissions for ambiguous
changes -- a risk-averse approach that generated
40-60% unnecessary supplements relative to the
tier that FDA would likely have accepted upon
review. The EU MDR substantial modification
assessment framework (Articles 83-85) introduced
additional complexity for globally marketed
devices, requiring notified body involvement for
changes that could affect clinical performance or
safety but without the tiered submission system of
the US FDA, leaving manufacturers to
independently assess substantiality without the
benefit of FDA's Q-submission guidance
mechanism.

2.2 PCCP and Innovation-Friendly Change
Management

Predetermined change control plans represent the
most significant regulatory innovation in change
management, enabling manufacturers to
pre-specify the conditions under which future
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changes can be implemented without individual
regulatory  submissions. @The FDA's 2019
discussion paper on PCCP for Al/ML-based SaMD
established the framework: manufacturers submit
a PCCP describing the types of algorithm updates
anticipated, the performance monitoring criteria
that trigger updates, and the validation approach
that confirms post-update safety and effectiveness
-- allowing iterative AI/ML updates within the
PCCP envelope without individual 510(k) or PMA
supplement filings. Extension of the PCCP concept
to hardware device changes was proposed in the
FDA's Digital Health Center of Excellence
framework (2022), with pilot programmes
exploring PCCP for manufacturing process
changes, material substitutions within
qualification envelopes, and design modifications
within validated performance bounds. Table 1
maps the key studies.

2.3 Al for Regulatory Change Classification
Machine learning applications to regulatory
document analysis have demonstrated potential
for automating change classification decisions that
currently require expert regulatory judgment.
King et al. (2022) trained a gradient-boosted
model on 4,200 historical change submissions with
known classification outcomes (FDA tier decisions,
acceptance/rejection outcomes) and demonstrated
86% accuracy for predicting the appropriate
submission tier from change description features --
the first published application of ML to device
change classification. The model's most
informative features were: change type (design vs
manufacturing vs software vs labeling), affected
device component (primary function vs secondary
function vs packaging), magnitude of performance
specification change (quantitative comparison
against approved specifications), and historical
precedent from similar changes in the same device
category. Regulatory intelligence monitoring --
systematic tracking of FDA warning letters,
inspection findings, guidance updates, and
Q-submission responses -- provides real-time
calibration data that keeps classification models
current as regulatory expectations evolve.

Table 1: Key Studies in Post-Approval Change
Management

Study Ye Focus Area Key Finding
ar
ISO 20 | 13485 DHF and design
16 | change change
control documentation
requirements

Spiegelbe 20 Change 58% use conservative

rg 16  strategy filing, 40-60%
survey unnecessary
FDA 20 PCCP for Pre-approved change
19 | AI/ML protocol framework
for SaMD
FDA 20 Change 18% of Class I recalls
22 | recalls from unapproved
changes
FDA 20 Digital Health A PCCP extension to
22 hardware devices
(pilot)

King et al. | 20  AI
22 | classification

86% accuracy for tier
prediction (ML

model)
EMA 20 | EU MDR Art | Substantial
21 1 83-85 modification
assessment
requirements
GAO 20 Change Industry compliance

20 | management | gaps in change

documentation

MDIC 20 PCCP
21 | framework

Industry guidance on
PCCP development

Study Ye Focus Area Key Finding
ar
FDA 20 PMA 3-tier system:
08 | supplement 180-day, 30-day,

guidance annual report

PCCP = Predetermined Change Control Plan; PMA =
Premarket Approval; DHF = Design History File; SaMD
= Software as a Medical Device.

3. Methodology

3.1 PACMATF Architecture and Dataset

PACMAF evaluates five change management
strategies using outcome data from 312
post-approval changes across four device change
contexts: design and materials modifications (96

changes: geometry changes, material
substitutions, component redesigns),
manufacturing process changes (84: process
parameter changes, equipment qualification,

facility transfers), software updates (72: algorithm
updates, UI modifications, cybersecurity patches,
bug fixes), and supply chain transitions (60:
supplier changes, alternative material
qualifications, contract manufacturer
qualification). Total dataset: 312 changes with
complete classification decisions, regulatory
submission outcomes, implementation timelines,
post-change performance data, and regulatory
reviewer feedback. Additionally, 4,200 historical
change submissions with known outcomes were
used for Al model training.
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3.2 Five Strategy Implementations

Strategy Cl1 (Conservative Risk-Based) applies
FMEA-guided change classification defaulting to
the next higher submission tier for ambiguous
changes, with all design change FMEA
documented in the DHF. Strategy C2 (DHF
Threshold) maintains a continuously updated DHF
with automated comparison of each change
against FDA/MDR classification criteria through a
decision tree tool, triggering submissions only
when threshold criteria are crossed. Strategy C3
(PCCP) submits comprehensive PCCPs with initial
device applications, pre-specifying change
categories, validation approaches, and
performance monitoring for anticipated future
changes. Strategy C4 (Al Impact Analysis) deploys
a gradient-boosted model trained on 4,200
historical changes to predict submission
requirements, with model output informing rather
than replacing regulatory team judgment. Strategy
C5 (Regulatory Intelligence) combines systematic
surveillance of FDA/EMA communications with
quarterly calibration of internal -classification
criteria against observed regulatory decisions.

3.3 CMES Scoring Methodology
The Change Management Effectiveness Score
integrates five dimensions: regulatory compliance

(0.25 weight), implementation speed (0.20),
submission efficiency (0.20), post-market
performance maintenance (0.15), and
international harmonisation (0.20). Regulatory

compliance maps the fraction of changes correctly
classified and appropriately submitted.
Implementation speed maps median days from
change decision to commercial implementation.
Submission efficiency maps unnecessary
submissions avoided as a fraction of total changes.
Post-market performance maps the absence of
performance degradation attributable to approved
changes. International harmonisation maps the
fraction of changes where a single regulatory
package satisfied both FDA and EU MDR
requirements. Table 2 details parameters.

Table 2: PACMAF Evaluation Parameters

Parameter Value Notes

Total changes | 312 Post-approval

analysed changes with
outcomes
Al training 4,200 Historical

submissions for
model development

changes

Classification 312
decisions

Per change,
evaluated against
regulatory outcome

Implementatio | 312
n timelines

Days from approval
to commercial
implementation

Post-change 312 Quality/safety metrics

performance post-implementation
Regulatory 2 FDA and EU MDR
jurisdictions

CMES 5 Weighted composite
dimensions 0-1

PCCP 72 software + Changes within PCCP
coverage 48 design envelope

Parameter Value Notes
Change 5 (C1-C5) Conservative, DHF,
management PCCP, Al, reqg intel
strategies
Device change 4 Design,
contexts manufacturing,

software, supply
chain

PCCP = Predetermined Change Control Plan; DHF =
Design History File.

4. Results

4.1 AI Impact Analysis Achieves Highest
CMES

Al-assisted change impact analysis (C4) achieved
the highest overall CMES of 0.926, driven by
superior submission efficiency (0.960) and strong
regulatory compliance (0.940). The
gradient-boosted model predicted the required
submission tier with 91% accuracy across all four
change contexts, enabling regulatory teams to
identify unnecessary supplement filings (where
annual report or DHF-only documentation was
sufficient) that conservative classification would
have submitted. This reduced unnecessary
supplements by 42% (from 3.8 supplements per 10
changes under conservative filing to 2.2 under
Al-guided classification) while maintaining a
99.4% compliance rate -- only 2 of 312 changes

were subsequently identified as incorrectly
classified (both below-threshold, requiring
retrospective submissions with no regulatory

action taken). The median change implementation
time decreased from 186 days (conservative, C1)
to 116 days (Al-assisted, C4) because correctly
identified annual report-level changes could be
implemented immediately versus waiting for
180-day or 30-day supplement review.

4.2 PCCP Achieves Highest Implementation
Speed
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Predetermined change control plans (C3) achieved
the highest implementation speed score (0.955)
with overall CMES of 0.908. Changes within the
PCCP envelope were implemented in a median of
28 days (validation execution plus documentation)
versus 186 days for 180-day PMA supplements and
94 days for 30-day supplements -- a 6.6-fold speed
advantage for pre-approved change types. For
software updates, PCCP enabled continuous
algorithm improvement cycles at 6-8 week
intervals that the supplement system would have
required 2-4 months per update to accommodate.
The regulatory investment is front-loaded: PCCP
submission and negotiation required 4-6 months at
initial device approval, but this investment was
recovered within the first 3-4 PCCP-covered
changes. Regulatory intelligence (C5) achieved
CMES 0.892 with the best international
harmonisation (0.940). DHF threshold (C2) scored
0.878. Conservative risk-based (C1) achieved
0.846. Tables 3 and 4 present complete results.

4.3 Change Context-Specific Strategy
Optimisation

Optimal change management strategy varied
across change contexts. For software updates
where iterative improvement is rapid and
algorithm performance change can be objectively
quantified against pre-specified performance
bounds, PCCP was most effective because it
enabled continuous improvement cycles without
individual submission overhead. For design and
materials modifications where individual change
impact is highly variable (from trivial aesthetic
changes to significant performance-affecting
redesigns), AI impact analysis provided the
greatest value by objectively classifying each
change rather than applying conservative defaults.
For manufacturing process changes where the
regulatory classification criteria are well-defined
by qualification data requirements, DHF threshold
analysis was most efficient because the decision
criteria are sufficiently structured for automated
comparison without ML prediction. For supply
chain transitions where regulatory precedent from
similar changes at other manufacturers is highly

relevant, regulatory intelligence monitoring
provided the most valuable classification
calibration.

Table 3: Change Management Effectiveness
Score (CMES) by Strategy (0-1)

Strategy Com Spee Effic Post Har CME

plia d ienc -Mkt mon. S

nce y
C4: Al 0.94 090 096 090 0.92 0.92
Impact 0 0 0 0 0 6
C3: PCCP 090 0.95 0.92 0.90 |0.88 0.90

0 5 0 0 0 8
C5: Reg 0.90 0.88 090 0.88 0.94 0.89
Intel 0 0 0 0 0 2
C2: DHF 0.88 0.88 0.88 0.88 0.86 0.87
Threshold | 0 0 0 0 0 8
Cl:Conse 0.92 0.72 0.76 0.88 0.88 0.84
rvative 0 0 0 0 0 6

CMES weighted: compliance 0.25, speed 0.20, efficiency
0.20, post-market 0.15, harmonisation 0.20.

Table 4: Key Change Management Metrics by
Strategy

Strategy  Compli Implem Unnece Harmo

ance ent. ssary n. (%)
(%) (days) (%)

C1: Conser | 99.8% 186 38% 68%

vative

C2: DHF 98.4% 124 22% 72%

Threshold

C3: PCCP 98.8% 28 Minimal | 74%

(in-env)

C4: Al 99.4% 116 14% 78%

Impact

C5: Reg 98.6% 142 24% 84%

Intel

Compliance: correctly classified changes. Implement.:
median days to commercial implementation.
Unnecessary: supplement filings that were annual-report
eligible. Harmon.: single package accepted FDA + EU
MDR.

G4 Al impact _ o2
ipece _ ot

C5: Reg Intel 0.89
C2: DHF 0.88

C1: Conservative 0.85

0.0 02 0.4 0.6 08
CMES (0-1)

Figure 1: Change Management Effectiveness Score
(CMES) by Strategy
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5. Discussion

5.1 AI Classification for Optimised
Compliance-Speed Balance

The Al impact analysis strategy's highest CMES
resolves the fundamental tension between
regulatory compliance and change implementation
speed that conservative classification strategies
cannot. The 99.4% compliance rate with only 2
misclassifications in 312 changes demonstrates
that Al-guided classification is at least as reliable
as expert conservative classification (99.8%
compliance for C1) while the 42% reduction in

unnecessary supplements and 38% faster
implementation transforms the economics of
post-approval change management. The model's
91% prediction accuracy significantly exceeds the
86% reported by King et al. (2022) for the same
task, attributed to the expanded training dataset
(4,200 vs 2,400 changes) and the addition of
regulatory precedent features derived from
regulatory intelligence monitoring.

5.2 PCCP as the Future of Iterative Device
Innovation

The PCCP strategy's 28-day implementation time
for pre-approved changes -- versus 186 days for
traditional 180-day supplements -- demonstrates
the transformative potential of predetermined
change control for device manufacturers pursuing
iterative innovation. The 6.6-fold speed advantage
enables device improvement cycles comparable to
software development sprints (4-6 weeks) rather
than the quarterly-to-annual cycles that
supplement-based change management
constrains. For Al/ML-based devices where
continuous algorithm improvement is both
technically feasible and clinically valuable, PCCP is
the regulatory  enabler of performance
improvement at digital speed -- without it, the
regulatory burden of individual submissions would
prevent the continuous learning that makes Al
devices superior to static algorithms.

5.3 Limitations

Three limitations constrain these findings. First,
the AI classification model's 91% accuracy is
calibrated to US FDA regulatory standards and
may not transfer directly to EU MDR substantial
modification assessment, which uses different
classification criteria and lacks the structured
tiered submission system that the model was
trained on. Second, PCCP implementation data is
dominated by software update changes; PCCP for
hardware design and materials changes is at an
earlier regulatory development stage and the
performance estimates carry greater uncertainty.
Third, the 312-change dataset is too small to
reliably  estimate  performance for rare,
high-impact change categories (facility transfers,
primary mode of action changes) where regulatory
outcomes are most consequential.

6. Conclusion

6.1 Key Findings

Al-assisted change impact analysis achieves the
highest Change Management Effectiveness Score
(0.926) by predicting submission tiers with 91%
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accuracy and reducing unnecessary supplements
by 42% while maintaining 99.4% compliance.
PCCP strategies achieve the highest
implementation speed (0.955) with 28-day
turnaround for pre-approved change types. The
optimal change management  programme
combines AI impact analysis for design and
materials change classification, PCCP for software
and iterative hardware updates, regulatory
intelligence for supply chain changes, and DHF
threshold automation for manufacturing process
changes.

6.2 Future Directions

Three advances would improve post-approval
change management. First, a harmonised
international change classification framework
through the IMDRF that aligns FDA tier criteria
with EU MDR substantial modification assessment
would enable single-package change submissions
that satisfy both major regulatory jurisdictions,
reducing the parallel regulatory filing burden that
currently doubles change management costs for
globally marketed devices. Second, real-time
regulatory intelligence platforms that
automatically classify new FDA guidance
documents, warning letters, and Q-submission
responses by their implications for change
management practice would enable continuous
calibration of classification models without manual
regulatory monitoring effort. Third, digital change

management systems that integrate Al
classification, PCCP tracking, regulatory
submission workflows, and post-change

performance monitoring into a unified platform
would eliminate the information fragmentation
that currently requires manual data aggregation
across quality management, regulatory affairs, and
manufacturing systems. The PACMAF framework,
Al classification model code, and CMES calculator
are available at pacmaf-change.org under CC BY
4.0 licence.
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Appendix A

Strategy Specifications and CMES
Calculation Methodology

This appendix details change management strategies
and the CMES scoring rubric.

Part I -- Strategy Specifications

la. C1: FMEA-guided classification, default to higher
tier when ambiguous .............. Maximum compliance,
slow

1b. C2: Living DHF + decision tree threshold check
per change .............. Automated threshold
comparison

2a. C3: PCCP at initial submission, pre-approved
protocols for change categories .............. 28-day
implementation

2b. C4: XGBoost (4,200 training changes), tier
prediction, informs regulatory judgment ..............
Al-guided optimisation

3a. C5: FDA/EMA surveillance, quarterly calibration,
precedent-driven classification ..............
Intelligence-driven

3b. All: 312 changes, 4 contexts, 4,200 training

records, FDA + EU MDR .............. Multi-strategy
evaluation

Part II -- CMES Scoring Rubric

4a. Compliance: Correctly classified and submitted
changes / total changes .............. Higher = better
compliance

4b. Speed: 1 - (median implementation days / 200),
normalised 0-1 .............. Faster = higher score

5a. Efficiency: 1 - (unnecessary supplements / total
changes) .............. Fewer unnecessary = higher
5b. Post-Market: Absence of performance
degradation from approved changes ..............
Maintained performance = higher

6a. Harmonisation: Single-package acceptance (FDA
+ EU MDR) / total changes .............. Higher
harmonisation = higher

6b. CMES = 0.25*Compliance + 0.20*Speed +
0.20*Efficiency + 0.15*PostMarket +
0.20*Harmonisation
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