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1. INTRODUCTION

The pharmaceutical industry stands at an inflection point in regulatory submissions. As R continues its trajectory from
an exploratory analysis tool to a mission-critical platform for regulatory-grade clinical data analysis, organizations face
unprecedented challenges in ensuring reproducibility, traceability, and compliance. The regulatory environment has
evolved decisively to support this transition: through the successful FDA-R Consortium Pilot programs and
subsequent updates to technical conformance guides, regulatory authorities have moved beyond mere acceptance to
active readiness for R-based submissions.

This paper covers how containerized bundled submission packages represent a paradigm shift in regulatory
submissions, offering a scalable framework that addresses the fundamental tension between innovation and
regulatory compliance. Drawing from industry pilots and real-world implementation experiences, we demonstrate that
containerization is not merely a technical solution but a strategic enabler that allows sponsor organizations to achieve
regulatory readiness while maintaining analytical flexibility. This approach fundamentally transforms how
organizations approach validation, execution, and documentation of R-based workflows, creating sustainable
compliance frameworks that scale with organizational needs.

2. THE R EVOLUTION IN REGULATORY SUBMISSIONS
2.1 Regulatory Expectations and Recent Milestones

The regulatory landscape for R-based submissions has undergone a transformative shift in recent years. The
collaborative efforts between the FDA and the R Consortium through their pilot programs have yielded tangible
results, with the agency moving from cautious exploration to active acceptance of R as a primary analysis platform.
These pilot initiatives provided crucial validation of technical approaches and established proof points that R-based
workflows could meet regulatory standards for reproducibility and traceability.

The Evolutionary Path of FDA-R Consortium Pilots

The progression of these pilot programs reveals a strategic, incremental approach to validating R across the entire
clinical submission lifecycle:

® Pilot 1 (2021-2022): Foundation with Static Outputs - The inaugural pilot focused on the most
conservative use case: R-generated Tables, Listings, and Figures (TLFs) in PDF format. The FDA's
confirmation that these outputs were fully reviewable established the essential foundation—R could produce
regulatory-grade documentation that met existing review processes without modification.

® Pilot 2 (2023): Interactive Exploration - Moving beyond static outputs, this pilot tested the delivery of
interactive Shiny applications through the eCTD gateway. This represented a paradigm shift in how
reviewers could engage with submission data, enabling dynamic exploration rather than passive
consumption of pre-specified outputs. The successful completion demonstrated regulatory comfort with
interactive, code-driven interfaces.

® Pilot 3 (2024): Primary Data Pipeline Integration - This milestone pilot validated R's role in generating
Analysis Data Model (ADaM) datasets—the standardized analysis datasets that form the backbone of
regulatory submissions. FDA approval of R-generated ADaMs represented explicit acceptance that R could
serve as the primary analytical engine, not merely a tool for downstream reporting.

® Pilot 4 (2025): Containerized Delivery Methods - Perhaps most relevant to this paper, Pilot 4 explored
advanced delivery mechanisms by comparing Web Assembly and Linux Container approaches. The insights
from this pilot proved decisive: regulatory reviewers expressed clear preference for self-contained "bundle"
environments that require zero configuration on their infrastructure. This finding directly validates the
containerization approach advocated in this paper—reviewers value execution environments that are
portable, isolated, and immediately functional.



® Pilot 5 (Current/2026): Modernizing Data Standards - The ongoing fifth pilot addresses the transition from
legacy XPT formats to Dataset-JSON, utilizing R to modernize the entire data exchange standard. This pilot
represents the maturation of R from an alternative tool to a driver of innovation in regulatory data standards.

2.2 Current Regulatory Framework

Building on this pilot foundation, the FDA's updated technical conformance guides released in late 2024 and early
2025 represent a watershed moment for the R community in pharmaceutical development. For the first time,
regulatory authorities have provided explicit acceptance pathways for R-scripts, .rds files, and comprehensive
package-based workflows within the formal eCTD (Electronic Common Technical Document) structure. This
regulatory clarity has effectively removed the ambiguity that previously caused many organizations to hesitate in
adopting R for pivotal clinical analyses. The message from regulatory authorities is unequivocal: R-based
submissions are not merely tolerated—they are fully supported when accompanied by appropriate validation and
documentation.

However, this acceptance comes with clear expectations. Both FDA and EMA maintain stringent requirements
around:

Complete reproducibility of all analyses

Transparent documentation of the computational environment
Validation evidence for all software components

Clear audit trails linking code, environment, data, and outputs

The FDA's technical conformance guides and the EMA's data submission standards both emphasize that the sponsor
bears responsibility for ensuring reviewers can reproduce analyses exactly. This requirement extends beyond code
submission to include the entire computational ecosystem. The formal acceptance of R within regulatory frameworks
thus creates both opportunity and obligation—organizations must now ensure their R-based workflows meet the
same rigorous standards long established for traditional statistical software.

3. CURRENT CHALLENGES IN R ADOPTION

Despite the regulatory progress outlined in the previous section, organizations face substantial practical challenges
when implementing R-based workflows for regulatory submissions. Understanding these challenges is essential to
appreciating why containerization has emerged as a critical enabling solution.

3.1 The Dependency Complexity Crisis

R's rich ecosystem—with over 20,000 packages on CRAN and thousands more on Bioconductor and GitHub—
represents both its greatest strength and most significant challenge for regulatory use. Each R package typically
depends on multiple other packages, creating intricate dependency trees that can span dozens of packages for even
modest analyses.

o Version Conflicts: When Package A requires Package C version 1.5.0 or higher, while Package B requires
Package C version 1.4.x, organizations face dependency conflicts that may be impossible to resolve without
modifying package requirements or maintaining multiple R environments.

o Transitive Dependencies: A project directly using 10 packages may require 50-100 total packages once all
transitive dependencies are resolved. Each of these requires validation consideration, creating exponential
documentation burden.

o Temporal Instability: Packages evolve continuously. An analysis developed using today's package
versions may not run identically six months later when packages have been updated, even if the same
"current" versions are installed. CRAN does not guarantee permanent availability of specific package
versions.

¢ Platform Dependencies: Many R packages rely on external system libraries (e.g., libcurl, GDAL, Java).
These system dependencies vary across operating systems and may require specific versions, adding
another layer of complexity to environment specification.

3.2 Validation Documentation Burden

The validation requirements for R-based submissions create substantial documentation overhead that scales poorly
with project complexity.



For a project using 50 total packages (including dependencies), this represents 50 separate validation efforts with
potentially thousands of pages of documentation.

¢ Revalidation Cycles: When packages update—even minor patches—validation documentation requires
review and potential update. Organizations struggle to determine which updates require full revalidation
versus abbreviated assessment.

e Qualification of R Itself: Base R requires installation qualification on each deployment platform.
Organizations with development, testing, validation, and submission environments must document R
qualification across all environments.

e Audit Trail Completeness: Demonstrating that specific package versions were used for specific analyses
requires meticulous configuration management. Manual approaches are error-prone and difficult to audit.

3.3 Cross-Platform and Cross-Team Inconsistencies

Modern pharmaceutical development involves distributed teams across multiple organizations, creating coordination
challenges.

e "Works on My Machine" Syndrome: Analyses that execute successfully in development environments
may fail in validation or submission environments due to subtle configuration differences. Troubleshooting
these issues consumes substantial time and creates project risk.

e CRO Coordination: When Contract Research Organizations conduct analyses, ensuring their R
environments exactly match sponsor environments requires extensive documentation and verification.
Discrepancies discovered late in timelines can delay submissions.

¢ Global Team Distribution: Teams across different continents may use different operating systems, IT
policies, and infrastructure. Achieving consistent environments without centralized infrastructure is extremely
challenging.

e Legacy Environment Maintenance: Organizations must maintain the ability to reproduce historical
analyses years after completion, even as IT infrastructure evolves. Maintaining old R versions and package
combinations on modern systems becomes progressively more difficult.

3.4 Security and Compliance Concerns

R's open-source nature and community-driven development model raise concerns for risk-averse pharmaceutical IT
departments.

¢ Supply Chain Risk: R packages are typically installed directly from CRAN or other repositories without
formal vetting. Organizations worry about malicious code injection, either intentionally or through
compromised package maintainer accounts.

¢ Provenance Verification: Demonstrating that specific package binaries came from trusted sources and
were not modified in transit requires infrastructure most organizations lack.

¢ Vulnerability Management: When security vulnerabilities are discovered in R or packages, organizations
must assess impact across all projects and validation environments, then coordinate updates without
disrupting ongoing work.

e 21 CFR Part 11 Compliance: Electronic records regulations require audit trails, electronic signatures, and
system validation. Applying these requirements to open-source R environments require thoughtful
interpretation and implementation.

3.5 Reviewer Accessibility

Even when sponsors successfully create validated R environments, enabling regulatory reviewers to execute
analyses presents challenges.

¢ Reviewer Infrastructure: Regulatory authorities use diverse IT environments with varying restrictions.
Providing R-based analyses that work across different reviewer systems without extensive setup is difficult.

e Security Restrictions: Reviewer environments may prohibit internet access (preventing package
installation), restrict software installation privileges, or limit file system access. Analyses must work within
these constraints.

e Technical Expertise: While regulatory reviewers possess deep statistical knowledge, they may have limited
R programming or system administration expertise. Analyses requiring complex setup or troubleshooting
become barriers to review.

¢ Time Constraints: Reviewers face strict timelines. Analyses that require hours of environment setup
consume review time that should focus on scientific assessment.
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3.6 The Need for a Systematic Solution

The challenges outlined above share a common theme: traditional approaches to software validation and
environment management, developed for monolithic commercial software, do not scale to R's ecosystem of modular,
rapidly evolving packages with complex interdependencies.

What the industry requires is an approach that:

Encapsulates entire environments rather than documenting them
Guarantees reproducibility across platforms and time
Simplifies validation through systematic, reusable approaches
Enables reviewer access without complex setup

Addresses security through provenance verification and isolation
Scales from individual projects to organizational programs

4. THE ROLE OF A MODERN STATISTICAL COMPUTING ENVIRONMENT (SCE) IN
CONTAINERIZED SUBMISSIONS

The evolution toward containerized R submissions should not be viewed merely as a technical upgrade but as an
opportunity to fundamentally reimagine the statistical computing environment for regulatory submissions. A truly
modern approach integrates multiple complementary capabilities into a cohesive ecosystem that addresses
reproducibility, compliance, and regulatory alignment simultaneously.

4.1 Integrated Architecture Components

The most effective implementations combine containerization with additional structural and technological
enhancements:

a. Containerized Execution Environment: At the foundation, Linux containers provide the isolated, reproducible
computational environment with frozen R versions, validated package libraries, and complete dependency
resolution. This addresses the core reproducibility challenge while enabling consistent execution across
development, validation, and review contexts.

b. Automated Audit Trail Generation: Modern environments automatically capture comprehensive audit trails
throughout the analysis lifecycle. Every code execution, data transformation, and result generation is logged with
timestamps, user attribution, environment specifications, and computational provenance. These logs integrate
directly with validation documentation, providing reviewers with complete traceability from raw data to final
outputs without manual documentation effort.

c. Built-in Reproducibility Verification: Rather than assuming reproducibility, advanced environments include
automated verification mechanisms. Re-execution frameworks automatically rerun analyses at specified intervals
or upon environment changes, comparing results against validated baselines and flagging any discrepancies.
This continuous validation approach provides ongoing assurance that environments remain stable and results
remain reproducible.

d. Structured Traceability Framework: Comprehensive traceability extends beyond audit logs to encompass the
entire analysis lineage. Modern systems track:

o Data Provenance: Complete chain of custody from source data through transformations to analysis
datasets

e Code Versioning: Integration with version control systems capturing every code change with author
attribution and review records

o Specification Linkage: Direct connections between statistical analysis plans, code implementations, and
generated outputs

e Validation Evidence: Automated collection and organization of validation artifacts, test results, and
approval records

e. eCTD-Ready Submission Structure: Rather than adapting analyses to submission formats post-hoc, modern
environments generate outputs in eCTD-compliant structures from the outset. The container includes:

e Pre-configured Folder Hierarchy: Analysis outputs automatically populate appropriate eCTD Module 5
sections (5.3.5 for efficacy, 5.3.6 for safety, etc.)



e Standardized Naming Conventions: Files follow regulatory naming standards automatically, eliminating
manual renaming and associated errors

o Integrated Documentation: Analysis documentation, validation reports, and technical guides generate in
formats compatible with eCTD requirements

e Submission Metadata: Computer-readable metadata files describe the submission package contents,
facilitating automated processing by regulatory systems

4.2 Holistic Benefits
The integration of these components creates synergistic benefits that exceed the sum of individual capabilities:

Reduced Validation Burden: When containerization, audit trails, and reproducibility verification work together,
organizations can move from validating each deployment to validating the container once with automated verification
of deployment consistency. Documentation requirements decrease dramatically as automated systems generate
validation evidence continuously.

Accelerated Submission Preparation: With eCTD-ready structures and Dataset-JSON generation built into the
workflow, submission preparation transforms from a labor-intensive final phase to an automated output. Teams can
generate submission-ready packages throughout development, enabling continuous readiness rather than last-
minute assembly.

Enhanced Reviewer Experience: Regulatory reviewers receive not just code and data but a complete, self-
contained analytical environment with:

Zero-configuration execution capability

Comprehensive documentation automatically organized in familiar eCTD structure

Complete audit trails enabling any aspect of the analysis to be traced back to its origins

Modern data formats (Dataset-JSON) that facilitate automated processing and integration with emerging
regulatory analytical tools

Futureproofing: This integrated approach positions organizations for emerging regulatory expectations. As
authorities develop new requirements around computational reproducibility, data standards, or analytical
transparency, the modular architecture can incorporate new capabilities without fundamental restructuring.

Organizational Efficiency: Beyond individual submissions, the modern statistical computing environment becomes
organizational infrastructure. Once established, the same containerized framework with integrated audit,
reproducibility, and compliance capabilities serves all projects, with marginal implementation cost for each new
submission.

Risk Mitigation: The multi-layered approach to quality provides defense-in-depth against compliance failures. If one
aspect (e.g., manual documentation) contains errors, other layers (automated audit trails, reproducibility verification)
provide backup evidence of compliance.

5. CONCLUSION

The pharmaceutical industry's evolution toward containerized R submissions reflects a broader digital transformation
where computational rigor, automated compliance, and analytical transparency become competitive differentiators
rather than compliance burdens. The regulatory milestones achieved through FDA-R Consortium pilots, the formal
acceptance of R-based workflows in eCTD frameworks, and the demonstrated preference for self-contained
execution environments collectively signal that the industry has crossed a critical threshold.

Organizations now face a strategic choice: adopt containerized approaches proactively, positioning themselves at the
forefront of regulatory innovation, or react defensively as containerization becomes table stakes for efficient R-based
submissions. The question is no longer whether to adopt containerized approaches but how rapidly organizations can
build the capabilities, infrastructure, and expertise to leverage them effectively.

The modern statistical computing environment—integrating containerization, automated compliance, traceability,
eCTD alignment, and Dataset-JSON compatibility—represents the pharmaceutical industry's collective learning from
years of R adoption challenges. By embracing containerized workflows, the industry moves beyond merely using R to
mastering its delivery—transforming regulatory submissions from documentation exercises into demonstrations of
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computational excellence where reproducibility, transparency, and compliance emerge as natural properties of well-
designed analytical systems rather than outcomes of extensive manual effort, ultimately positioning organizations to
deliver life-saving therapies more efficiently while ensuring the analytical insights generated today remain credible,
reproducible, and accessible decades into the future.
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