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ABSTRACT

Clinical reporting still suffers from manual handoffs between protocol, specifications, programs, and outputs. This talk
presents a metadata-first workflow that starts with structured protocol elements, persists them in an MDR, and drives
parameterized TLF templates in the SCE. We describe how analysis definitions, derivations, and codelists propagate
automatically into code generation and RTF outputs, with governance gates for review and signoff. We show how
lineage visualization supports traceability from a table back to its data and assumptions, and how automated checks
detect drift when standards or metadata change. Attendees learn the practical patterns that reduce rework, improve
auditability, and accelerate CSR readiness; what metadata is essential, how to structure templates, and which quality
controls prevent silent errors. The session emphasizes present day practices over theory: roles, artifacts, and
approval steps that make automation acceptable to QA and regulators, while keeping programmers in control of
methods and presentation.

INTRODUCTION

Clinical trial analysis and reporting remains one of the least modernized segments of the clinical data lifecycle. While
sponsors have invested heavily in electronic data capture, standardized datasets, and scalable compute
environments, the production of tables, listings, and figures for the Clinical Study Report is still dominated by manual
translation. Protocols are written as narrative documents, analysis intent is restated in SAPs and specifications, and
programmers reinterpret those specifications into code. Each handoff introduces ambiguity, delay, and risk. Although
the protocol is the authoritative blueprint of the study, defining data collection, analysis methods, populations, and
outcomes, it is typically locked in a static format that is readable by humans but opaque to systems. As a result,
downstream execution does not flow directly from protocol intent, breaking continuity across the analysis lifecycle.

The issue is not a lack of tools or standards. CDISC SDTM and ADaM are mature, and statistical programming
environments are powerful and validated. The problem is structural. Analytical intent is fragmented across
documents, spreadsheets, and programs that are loosely related but not formally connected. Consistency is
maintained through human memory and informal conventions until discrepancies surface late in the cycle, often
during CSR assembly, medical writing review, or quality inspection, when correction is most expensive. TLF
production has become the primary bottleneck. Dataset generation is increasingly standardized, yet reporting
remains bespoke. Tables and figures require custom code that reinterprets population rules, derivations, and display
logic. Even when shells exist, they describe intent rather than drive execution, forcing programmers to act as
translators and increasing cycle time, rework, and audit exposure.

This paper argues that the most practical and regulatory acceptable path forward is a metadata first workflow for TLF
generation. In this model, structured protocol elements are captured as governed metadata, analysis definitions
persist without reinterpretation, and table-driven specifications directly control code generation and output production.
Automation is constrained to inspectable behaviors, while accountability for statistical methods and interpretation
remains explicitly human. The result is not autonomous reporting, but a controlled operating model that reduces
rework, improves traceability, and accelerates CSR readiness without increasing audit risk. Scope is intentionally
limited to CSR bound TLF production using SDTM and ADaM as analysis inputs. Areas such as interim analyses,
adaptive designs, submission transport formats, containerized execution, and advanced Al assisted methods are
excluded, as they introduce governance complexity that is orthogonal to the core problem addressed here.

What “Metadata-Driven” Means in Practice

2.1 From Documentation to Executable Definitions

In clinical trial analysis and reporting, metadata driven means that analytical intent is expressed as executable
definitions rather than descriptive documents. Specifications are no longer treated as guidance that programmers
interpret. They are treated as structured inputs that systems execute directly. This shift is operational, not conceptual.
It changes how SDTM, ADaM, and TLFs are produced, reviewed, and governed. In traditional workflows, the same
concept is described multiple times. An endpoint is written in the protocol, restated in the SAP, translated into ADaM
specifications, implemented in code, and summarized again in table titles and footnotes. Each step relies on human
interpretation to preserve meaning. A metadata driven model eliminates this redundancy by defining the concept
once and referencing it everywhere else. Metadata in this context is not a PDF, spreadsheet, or static shell. Itis a
governed, machine readable representation of study definitions that can be validated, versioned, and executed.

2.2 Core Metadata Required for Clinical Reporting

For TLF generation and CSR production, metadata must cover a specific and finite scope. Anything outside this
scope adds complexity without operational benefit. Definitional metadata specifies what is being analyzed. This
includes protocol derived objectives and endpoints, analysis populations, parameters, and controlled terminology
aligned with CDISC standards. Operational metadata specifies how analyses are performed. This includes derivation



logic references, analysis flags, grouping variables, and summary statistics consistent with ADaM conventions.
Presentation metadata specifies how results are rendered. This includes table structure, row and column ordering,
titles, footnotes, pagination rules, and output formats such as RTF and PDF required for CSR delivery. All three
categories are required. Omitting any one forces downstream reinterpretation and reintroduces manual reconciliation.

2.3 Eliminating Reinterpretation Across SDTM, ADaM, and TLFs

A metadata driven workflow replaces repeated reinterpretation with reference and reuse. Systems consume
metadata directly. Programs execute against approved definitions rather than inferring intent from narrative text. A
concrete example illustrates the difference. Consider an efficacy table summarizing change from baseline by visit for
a defined population. In a metadata driven model, the parameter definition, baseline rule, population applicability, visit
structure, and required statistics are defined once. That metadata drives ADaM parameter attributes, controls which
records are selected during execution, and determines which rows and columns appear in the table. The table is
instantiated from metadata rather than hand coded. This approach reduces variability across outputs and ensures
that SDTM, ADaM, Define XML, and reported results remain aligned without manual cross checking.

2.4 Table Driven Code Generation as the Execution Pattern

Metadata driven reporting relies on table driven code generation rather than bespoke programs. Table specifications
are expressed as structured metadata that control data selection, analysis logic, and presentation. The statistical
computing environment executes these specifications using validated, reusable code. This pattern preserves
programmer control while improving consistency. Programmers design and maintain the execution framework and
derivation logic. Metadata determines how that logic is applied for each output. Review focuses on definitions and
results rather than program idiosyncrasies. For organizations operating in SAS, R, or mixed environments, this
approach provides a stable execution model that is language agnostic while remaining compatible with existing
validation strategies.

2.5 Governance and Accountability in GxP Environments

Metadata driven does not imply reduced oversight. It requires stronger governance earlier in the lifecycle. Definitions
must be authored, reviewed, approved, and versioned explicitly. Once approved, execution is deterministic. This
separation of definition from execution is critical in GxP environments. Statisticians remain accountable for analytical
intent. Programmers remain accountable for validated implementation. QA reviews governed metadata and execution
evidence. Audit trails capture who approved what and when. The result is a reporting process that is more
transparent and easier to defend under inspection than document centric workflows, where intent must be
reconstructed after the fact.

2.6 Change Management and Impact Control

Change is inevitable in clinical studies. Metadata driven workflows make change explicit and manageable. When a
population definition, parameter rule, or display requirement changes, the update occurs in one place. Impacted
datasets and tables are identified through metadata relationships and regenerated in a controlled manner. Reviewers
can see precisely what changed, which outputs were affected, and whether results differ materially. This replaces late
cycle reconciliation with systematic impact assessment; reduces the risk of silent inconsistencies entering the CSR.

2.7 Practical Adoption Patterns

Organizations rarely implement metadata driven reporting in a single step. Many begin with structured table
specifications that drive TLF generation while maintaining existing processes upstream. Over time, protocol and
dataset metadata are integrated to reduce handoffs and improve traceability. What matters is not the entry point but
the rule that once metadata is introduced, it is authoritative. Systems consume it directly. Humans govern it explicitly.
Programs and outputs become products of metadata rather than interpretations of documents. For senior clinical
data, statistical programming, and regulatory leaders, metadata driven reporting represents a practical operating
model. It reduces rework, improves auditability, and aligns with evolving regulatory expectations without introducing
speculative technology or additional compliance risk.

2.8 Non-Negotiable Metadata Minimum for CSR Reporting

For metadata-driven TLF generation to function as a controlled, inspectable workflow, a minimum set of metadata

must be treated as authoritative and executable. Partial adoption creates the appearance of automation while

preserving reinterpretation risk. The following elements are non-negotiable for CSR-bound reporting.

e At the protocol level, structured definitions must exist for objectives, endpoints, analysis populations, and
timepoints relevant to reporting. These elements establish analytical intent and must be represented as governed
entities rather than narrative descriptions. Endpoints and populations that remain free text will be reinterpreted
downstream, negating the benefits of automation.

e At the analysis level, metadata must include parameter definitions, population rules as implemented in ADaM
flags, derivation logic references, controlled terminology, and analysis method identifiers. These definitions must
be single-instance and referenced consistently across datasets and TLF specifications. Duplication of parameter
logic between ADaM specifications and table specifications is a structural failure, not an implementation detail.

e At the reporting level, metadata must include table identifiers, structure definitions, population references,
parameter selections, summary statistics, titles, footnotes, ordering rules, and shell characteristics. These
elements define what is produced and how it is presented. Tables without structured display metadata will
require manual formatting and review, reintroducing document-centric risk.



Any implementation that omits one or more of these elements from governed metadata will still require interpretation
during execution or review. In regulated reporting, that interpretation is where inconsistency, rework, and audit
exposure originate.

3. Structured Protocol as the Source of Analytical Intent

3.1 Why Protocol Ambiguity Propagates Downstream Errors

The clinical protocol is the authoritative definition of study intent, yet it is typically expressed as narrative text. While
sufficient for clinical review and regulatory approval, narrative descriptions introduce ambiguity when consumed by
downstream systems and teams. Objectives, endpoints, populations, and timing rules are interpreted repeatedly as
work moves from protocol to SAP, from SAP to dataset specifications, and from specifications to programs and TLFs.
Each reinterpretation creates opportunity for divergence. In analysis and reporting workflows, ambiguity most often
manifests in population logic, endpoint operationalization, and timing rules. A population defined textually as “all
subjects who received at least one dose” can be implemented differently across ADaM derivations, safety
summaries, and efficacy tables. These differences are rarely visible until late-stage reconciliation or CSR QA review.
At that point, corrections are expensive and timelines are compressed. This is not a process discipline problem. It is
a representational problem. When analytical intent is locked in prose, systems cannot enforce consistency. Humans
compensate through review and experience, but that compensation does not scale and does not produce
deterministic behavior.

3.2 Structured Protocol Elements Relevant to Reporting

A structured protocol addresses this problem by capturing analytically relevant content as discrete, governed
elements that are machine readable and machine actionable. For clinical trial analysis and reporting, only a subset of
protocol content needs to be structured to deliver significant value. Key elements include study objectives, endpoints,
and estimands where defined, analysis populations and their inclusion and exclusion rules, visit and timepoint
definitions relevant to analysis, and critical assumptions that govern derivations. These elements directly inform
SDTM mapping decisions, ADaM parameterization, and TLF construction. When they are represented as structured
metadata, they can be referenced consistently across the reporting lifecycle. Narrative protocol text remains
necessary and authoritative for clinical context. Structured protocol content does not replace it. Instead, it provides a
parallel, computable representation of analytical intent that downstream systems can consume without interpretation.

3.3 From Structured Protocol to Metadata Repository

Structured protocol elements must persist beyond authoring. They are not transient configuration settings. Once
approved, they form the initial layer of the study metadata foundation and are stored in a metadata repository where
they are versioned, reviewed, and governed. This repository becomes the point of continuity between protocol intent
and execution. Endpoint definitions captured at protocol finalization flow into analysis metadata. Population definitions
drive ADaM flags. Visit and timing rules inform both dataset derivations and table specifications. Changes are
managed through formal governance rather than informal document updates. An example illustrates the impact. An
efficacy endpoint defined in the protocol as change from baseline at Week 12 for a specific analysis population is
captured once as structured metadata. That definition is referenced when creating ADaM parameters, selecting
analysis records, and configuring summary tables. The endpoint does not need to be re-described in each artifact. It
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3.4 Population Definitions as a Primary Control Point

Population definitions are among the most error prone elements in clinical reporting. Protocols often define multiple
populations with nuanced rules that depend on treatment exposure, timing, or protocol deviations. When these rules
are expressed only in text, programmers independently implement them in ADaM derivations and again when
producing TLFs. A structured protocol captures population rules explicitly. Inclusion criteria, timing constraints, and
dependencies on subject level data are represented as metadata. These definitions then drive both dataset
derivations and table level population selection. When a population definition changes, its impact is immediately
visible across datasets and outputs, and regeneration can occur in a controlled manner. This approach significantly



reduces reconciliation effort during CSR production and improves confidence that reported results align with
approved protocol intent.

3.5 Enabling Early and Reliable Mock TLFs

Mock TLFs are commonly used to align expectations across statistics, programming, and medical writing. However,
when shells are disconnected from executable definitions, they often diverge from final outputs as the study evolves.
Deriving mock TLFs from structured protocol metadata changes their role. Early shells reflect approved objectives,
endpoints, and populations rather than aspirational layouts. As analysis metadata matures, these shells transition
smoothly into executable specifications. This reduces late-stage redesign and improves alignment between analysis
results and CSR narratives.

4. Metadata Repository as the backbone of the Workflow

4.1 Purpose and Scope of the Metadata Repository

A metadata repository serves as the authoritative system of record for analytical intent and execution control across
clinical trial analysis and reporting. Its purpose is not documentation storage. It is to persist, govern, and
operationalize the definitions that drive SDTM mapping decisions, ADaM derivations, and TLF generation for CSR
production. The scope of the repository is deliberately bounded. It contains only metadata that must be consistent
and executable across the workflow. This includes protocol derived objectives and endpoints, analysis populations,
parameter definitions, derivation references, controlled terminology, and table specifications. ltems that do not drive
execution remain outside the repository. This boundary is essential to keep the repository operational rather than
encyclopedic. When properly implemented, the metadata repository becomes the single point where analytical intent
is authored, approved, versioned, and consumed by downstream systems.

4.2 Metadata Domains Required to Support Reporting

To function as the spine of the workflow, the repository must manage multiple metadata domains in a coordinated

manner.

e Protocol and analysis intent metadata captures objectives, endpoints, populations, and visit structures that
define what is to be analyzed. These elements anchor reporting outputs to approved study definitions.

o Dataset metadata captures SDTM and ADaM aligned attributes including parameter definitions, population
flags, derivation references, and controlled terminology. This metadata ensures consistency between submitted
datasets and reported results.

¢ Reporting metadata captures table, listing, and figure specifications. This includes table identifiers, data
selection rules, grouping variables, summary statistics, ordering rules, titles, and footnotes. These specifications
are structured to support table driven code generation.

Each domain is managed independently but linked explicitly. The repository enforces relationships between protocol

intent, dataset implementation, and reported outputs.

4.3 Metadata as a Governed System of Record

A metadata repository must operate under formal governance to be viable in GxP environments. Metadata is not
configuration. It is regulated content. Authoring responsibilities are role specific. Statisticians define endpoints,
populations, and analysis intent. Programmers define derivation logic references and reporting templates. Standards
teams manage controlled terminology alignment. QA reviews metadata for completeness, consistency, and
compliance. Approval workflows are explicit. Metadata transitions through draft, review, approved, and superseded
states. Execution systems consume only approved metadata. Versioning preserves historical definitions and supports
auditability. This governance model replaces informal document review cycles with controlled metadata lifecycle
management.

4.4 Enabling Deterministic SDTM and ADaM Alignment

The repository supports deterministic alignment between protocol intent and dataset implementation. Population
definitions captured as metadata drive ADaM flags consistently. Parameter definitions captured once populate ADaM
attributes and reporting logic without redefinition. For example, a laboratory parameter defined at the protocol level is
instantiated as an ADaM parameter with consistent naming, labeling, and derivation references. That same
parameter metadata is referenced by all tables summarizing the endpoint. The parameter is not reinterpreted at each
step. Define XML becomes a derived artifact. It is generated from the same metadata that drives datasets and tables,
reducing the risk of inconsistencies between submission metadata and reported results.

4.5 Driving Table Driven Code Generation

The metadata repository enables table driven code generation by storing structured TLF specifications that control
execution in the statistical computing environment. These specifications define data sources, populations,
parameters, statistics, and presentation rules. Programs do not embed table specific logic. They execute generic,
validated routines parameterized by metadata. This approach supports SAS, R, or mixed environments without
changing the governance model. A concrete example is a safety summary table. The metadata specifies the
population, adverse event coding level, grouping variables, and statistics. The execution framework reads this
metadata and produces the table deterministically. Review focuses on metadata definitions and output correctness
rather than bespoke program logic.



Driving Table Driven Code Generation

Parameterizing Execution for Automated, Consistent Tables

Data Sources

« Datasets SDTM “']
= Domains "tm
* Variables

Metadata Repository

= Counts & Percents
= Sorting & Ordering
= Title & Footnotes

> ———

Versioned - Reviewed - Governed

Populations
+ Safety Population .“
(SAF)

« Other Population Flags

Structured TLF Metadata

v AV 4V o Safety Summary Table
Metadata Repositcry * : Term Drug A DrugB
Q + Event Category | === Headache = 5 (12.5%) 5 (12.5%)

gsas = Severity — i‘ Nausea 5(12.5%) 5 (12.5%)

;J.— * By Treatment Arm Fatigue 5(12.5%) 5 (12.5%)
Execution Framework = » Key P
y F

= Population: Safety (SAF)

o 2 * Coding Level: Preferred Terms
Deterministic Table Generation oD ooy Sveri Tt ntArm

Generic, Validated Code + Structured Specifications = Automated, Consistent o Stakistics: Coulite & PerfceDts

Figure 2: Driving Table Driven Code Generation

4.6 Supporting Traceability and Lineage

The repository provides the foundation for traceability by maintaining explicit relationships between metadata
elements. Tables reference parameters. Parameters reference derivation logic. Populations reference inclusion rules.
These relationships enable lineage from a reported result back to its analytical definition. This lineage is not
reconstructed through document review. It is available directly from the repository. During CSR review or inspection,
reviewers can navigate from a table to its underlying metadata and confirm alignment with approved definitions.
Traceability at this level supports inspection readiness and reduces reliance on manual explanation.

4.7 Change Management and Impact Analysis

Change control is one of the most significant advantages of a centralized metadata repository. When a definition
changes, the repository identifies all dependent artifacts. Impacted datasets and tables are known before execution.
For example, a change to a population definition immediately identifies affected ADaM flags and TLFs. Regeneration
occurs in a controlled manner. Reviewers can compare outputs before and after the change and assess materiality.
This replaces late-stage reconciliation with proactive impact analysis and controlled regeneration.

4.8 Practical Use of an Integrated Platform

While the repository concept is platform agnostic, practical implementations benefit from tight integration with protocol
authoring tools, dataset processing environments, and reporting engines. Using an integrated platform as an
example, structured protocol elements flow directly into the metadata repository, which in turn drives SDTM and
ADaM processing and TLF generation within the statistical computing environment. The key distinction is not the
vendor, but the architecture. A single authoritative metadata repository avoids the operational friction of synchronizing
multiple disconnected systems. It reduces handoffs, improves consistency, and simplifies validation.

4.9 Irreversible Workflow Chain for CSR TLF Generation

In a metadata-driven reporting model, the workflow is intentionally linear and irreversible. Structured protocol
elements define objectives, endpoints, populations, and timepoints. These elements are persisted into the metadata
repository as governed entities. Analysis metadata references those entities to define parameters, derivations, and
analysis sets used in ADaM. TLF specifications reference the same metadata to declare what is summarized and
displayed. The statistical computing environment executes validated routines using approved metadata and analysis
datasets, producing RTF and PDF outputs with complete provenance. CSR assembly consumes approved outputs
without redefinition. Any deviation from this chain reintroduces interpretation and undermines traceability. This chain
is not conceptual. It is the enforcement boundary that separates controlled execution from document-driven
reconstruction.

5. From Metadata to SDTM and ADaM Without Reinterpretation

5.1 The Reinterpretation Problem in Dataset Production

SDTM and ADaM are intended to standardize how clinical data is organized and analyzed, yet in practice they are
often produced through layered reinterpretation. As mentioned previously, protocol intent is restated in the SAP,
translated into dataset specifications, and then independently implemented in code. Even when organizations use
standard templates, the meaning of populations, parameters, and derivations is frequently reconstructed rather than
executed directly from an authoritative definition. This reinterpretation creates subtle but material risk. Two
programmers can implement the same population definition differently across domains or analysis datasets.
Parameter definitions may drift between ADaM datasets and the tables that summarize them. These discrepancies
are rarely visible until TLF review or CSR assembly, when alignment between datasets and reported results must be
verified under time pressure. Eliminating reinterpretation requires that SDTM and ADaM implementations consume
approved metadata directly rather than inferring intent from narrative specifications.



5.2 Metadata as the Control Layer for SDTM Mapping

SDTM mapping decisions are often treated as a downstream technical exercise, but many of the most consequential
decisions originate earlier. Visit definitions, timing windows, and endpoint related variables are driven by protocol
intent. When these elements are captured as structured metadata, SDTM mapping becomes a deterministic
transformation rather than an interpretive one. For example, visit windows defined at the protocol level can be
represented as metadata and referenced consistently across SDTM domains. Controlled terminology selections for
test codes and result categories can be governed centrally and reused across studies. This reduces variability and
simplifies downstream analysis. While SDTM remains primarily a tabulation model, metadata alignment at this stage
establishes continuity that carries forward into ADaM and reporting.

5.3 Driving ADaM Derivations from Approved Metadata

ADaM is where analytical intent must become explicit. Analysis populations, parameters, and derivation rules
determine what is ultimately reported. In a metadata driven workflow, these elements are not embedded in code or
spreadsheets. They are defined as structured metadata and approved before execution. Population flags provide a
clear example. An intent to treat population defined in metadata specifies inclusion criteria, timing constraints, and
dependencies on subject level data. That definition drives ADaM flag derivation consistently across all analysis
datasets. The same population metadata is referenced when selecting records for TLFs. The population is not
reimplemented at the table level. Parameter definitions follow the same pattern. A parameter representing change
from baseline is defined once, including baseline rules and calculation logic. ADaM parameter attributes reference
this metadata, and reporting logic consumes it directly. This ensures that the parameter summarized in tables is the
same parameter defined in the dataset.

5.4 Aligning ADaM and TLFs Through Shared Metadata

One of the most persistent issues in CSR production is the need to reconcile ADaM datasets with reported tables.
When ADaM and TLFs are driven from different specifications, reconciliation becomes a manual exercise. Shared
metadata eliminates this divide. Table specifications reference ADaM parameters and populations defined in
metadata. The same identifiers, labels, and derivation references appear in both datasets and outputs. As a result,
alignment between ADaM and TLFs becomes an inherent property of the system rather than a validation task. For
example, a safety summary table referencing treatment emergent adverse events uses the same population flag and
event definition metadata as the ADaM dataset from which it is derived. Reviewers no longer need to confirm that
table logic matches dataset logic. The system enforces that alignment.

5.5 Define XML as a Derived Artifact

Define XML is often produced as a parallel documentation effort, assembled late in the process by reconciling dataset
attributes and specifications. This approach is inherently fragile. When SDTM and ADaM are generated from
governed metadata, Define XML becomes a derived artifact. Variable attributes, value level metadata, controlled
terminology, and derivation descriptions are generated from the same definitions that drove dataset creation and
reporting. This reduces duplication and improves consistency across submission components. From a regulatory
perspective, this strengthens the link between submitted datasets and reported results, supporting transparency and
review efficiency.

5.6 Impact on CSR Readiness and Review

When SDTM, ADaM, and TLFs are all driven from shared metadata, CSR production becomes more predictable.
Tables included in the CSR are generated from approved definitions. Dataset content aligns with reported results by
construction. Changes to analysis definitions propagate consistently and transparently. For QA and regulatory review,
this model provides a clear audit trail. Reviewers can see how protocol intent was instantiated in ADaM and how
those datasets were summarized in the CSR. Questions about alignment are answered by inspecting metadata
relationships rather than reconstructing logic across documents and programs.

6. Table-Driven Code Generation in the SCE

6.1 Why Table-Driven Generation Is Preferred

Table driven generation replaces bespoke, table specific programming with deterministic execution controlled by
metadata. In traditional macro centric or copy forward approaches, logic is duplicated across programs, increasing
the risk of divergence between tables that are intended to be consistent. Review effort shifts toward comparing
implementations rather than validating analytical intent. A table-driven model addresses three core concerns in GxP
environments.

1. Determinism. Each TLF is produced by executing the same validated routines against approved metadata.
Given the same datasets and metadata versions, outputs are reproducible without reliance on programmer
specific implementation choices.

2. Inspectability. Definitions that control data selection, population filtering, statistics, and presentation are visible
as structured metadata. Reviewers inspect what the system is instructed to do rather than reverse engineering
intent from code.

3. Scalability. As the number of tables increases, the execution surface remains stable. Adding a new table
requires defining metadata, not writing new programs. Changes to populations, parameters, or formatting
propagate consistently across all affected outputs.



By centralizing execution logic into a small number of validated routines, table driven generation reduces the
validation surface area from hundreds of table programs to a controlled execution framework, without changing
analytical intent.

6.2 Anatomy of a Table Driven TLF Specification

A table driven TLF specification is a structured representation of execution intent. It is not a formatted shell and it is
not program logic. It defines what should be produced and how, without embedding implementation details. Core
metadata fields include a unique table identifier and version, references to approved analysis populations, references
to ADaM parameters or parameter groups, required summary statistics and calculation rules, grouping variables such
as treatment arms or visits, ordering rules for rows and columns, and presentation attributes including titles,
footnotes, pagination, and output format. Statistical logic is separated from layout. The specification states which
statistics are required but does not describe how they are computed. Computation is handled by validated routines in
the SCE. Layout metadata controls how results are arranged and labeled in the final output without altering analytical
meaning. This separation allows changes in presentation to occur without touching analytical logic and vice versa.

6.3 Execution in a Statistical Computing Environment

In the SCE, table driven execution is implemented through a small set of reusable, validated programs that interpret
metadata and apply it to ADaM datasets. These programs handle data access, population filtering, parameter
selection, statistical computation, and rendering. SAS and R can be supported interchangeably using the same
metadata model. The execution framework abstracts language specific details, allowing organizations to standardize
governance while remaining flexible in implementation. Outputs are generated in RTF and PDF formats suitable for
CSR inclusion. Execution evidence captured at runtime includes the exact metadata versions, dataset versions, and
execution framework versions used to produce each output, supporting reproducibility and inspection readiness.
Because execution logic is centralized, validation focuses on the framework rather than on individual tables.

6.4 Role of Programmers

Table driven generation does not diminish the role of statistical programmers. It refocuses it. Programmers design,
validate, and maintain the execution framework and reusable derivation logic. They ensure that statistical methods
are implemented correctly and efficiently. Programmers also participate in metadata review, ensuring that
specifications are complete, unambiguous, and feasible. They review outputs for correctness and clinical plausibility,
just as they do today. What changes is the focus of review. Instead of validating hundreds of table specific
implementations, review centers on approved metadata and the correctness of results produced by a validated
execution framework. Control over methods and presentation is retained through governed templates and metadata,
while execution becomes predictable and scalable. This model preserves accountability while improving efficiency
and defensibility.

7. TRACEABILITY AND LINEAGE AS FIRST-CLASS REQUIREMENTS

7.1 Why Traceability Fails Today

Traceability failures in clinical analysis and reporting are rarely caused by missing documentation. They are caused
by fragmentation. Specifications live in documents. Derivation logic lives in programs. Outputs live in tables and
figures. The relationships between them are implicit and must be reconstructed manually. In a typical workflow, the
definition of an analysis population is recreated at multiple stages. It originates in the protocol, is restated in the SAP
and Programming Plan, encoded separately in ADaM derivations, and echoed again in table text. Although these
artifacts are intended to describe the same concept, they are maintained independently. Any divergence is resolved
manually through interpretation and retrospective justification. This fragmentation does not scale and fails to provide
auditable, inspection ready evidence. Traceability also breaks down because it is treated as a documentation
exercise rather than an execution property. Lineage is assembled after the fact through reviewer guides, annotated
CRFs, and narrative explanations. By the time CSR review or inspection occurs, the original intent and
implementation context must be inferred rather than inspected directly.

7.2 Required Traceability Depth for This Model

For metadata driven reporting to be defensible, traceability must operate at a precise and practical depth. Attempting
to trace every data point to raw collection artifacts adds complexity without proportional benefit. The required depth
for analysis and reporting focuses on three relationships.

1. Table to derivation logic. Every table must reference the specific derivation logic used to compute its results.
This includes the identification of the ADaM variables and transformation rules applied. Reviewers must be able
to determine how values were derived without examining table specific programs.

2. Table to analysis population. Each table must explicitly reference the analysis population definition it uses.
That definition must be governed and versioned. The same population metadata must drive both ADaM flags and
table level filtering.

3. Table to parameter definition. Tables must reference parameter metadata that defines what is being
summarized. This includes parameter identifiers, labels, and calculation rules. The parameter summarized in a
table must be identical to the parameter defined in the dataset.

This level of traceability is sufficient to support QA review, CSR signoff, and regulatory inspection without expanding

scope beyond what can be operationalized reliably.
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Figure 3: Required Traceability

7.3 Lineage Visualization

Lineage is most effective when it is visible. Textual descriptions and static diagrams are insufficient for complex
studies with many endpoints and tables. Visual lineage allows reviewers to navigate relationships interactively rather
than relying on narrative explanations. In practice, lineage visualization shows how a table references a parameter,
how that parameter is derived, and which population definition applies. Reviewers can move from output to definition
in a small number of steps. This capability is critical for QA teams performing risk-based review and for inspectors
assessing alignment between protocol intent, datasets, and reported results. Visual lineage also supports change
management. When a definition changes, affected tables can be identified immediately. This reduces the risk of silent
inconsistencies and improves confidence that regenerated outputs reflect approved intent.

8. QUALITY CONTROLS AND GOVERNANCE GATES

8.1 Automation Does Not Remove Risk

Automation shifts risk from coding variability to definition correctness. In a table driven SCE, execution routines are
stable and validated, so most defects originate in metadata: incorrect population rules, incomplete parameter
definitions, inconsistent controlled terminology, or presentation rules that misstate what was analyzed. These are
definition errors, not runtime errors, and they can be harder to detect because outputs may still look plausible.
Examples of high impact definition errors include a baseline rule that uses the wrong window, a safety population
definition applied to an efficacy table, a parameter mapping that points to the wrong ADaM parameter, or a controlled
terminology update that changes sort order or grouping in a summary table. The control strategy must therefore
prevent unapproved or inconsistent definitions from reaching execution, and it must generate evidence that approved
definitions were the ones executed.

8.2 Embedded Quality Controls

Controls must be embedded into the metadata lifecycle and the execution pipeline, not added as after the fact
reconciliation. Metadata completeness checks block execution when required definitions are missing. Examples
include missing population references, undefined parameter identifiers, unspecified summary statistics, or missing
title and footnote rules for CSR outputs.

e Consistency checks prevent drift across populations and parameters. These checks verify that table population
references match ADaM population flag definitions, that parameter identifiers and labels in TLF specifications
match ADaM metadata, and that controlled terminology used in tables matches the approved terminology set
used in dataset derivations. Referential integrity checks ensure every table reference resolves to an approved
population, approved parameter, and approved derivation reference.

o Template validation ensures that the execution framework and reporting templates behave predictably.
Templates are validated once for statistical computation, handling of missing values, rounding, and formatting
rules. The same validated templates are applied across tables through metadata. Changes to templates trigger
controlled revalidation and regression testing.

A practical control pattern is regression output comparison. When metadata or templates change, regenerated

outputs are automatically compared to the last approved output set, highlighting differences and classifying them as

expected or unexpected. This converts review from manual scanning to targeted assessment.

8.3 Approval Gates

Quality controls reduce risk continuously, but governance gates establish formal control points that define when work

is allowed to proceed.

e Metadata freeze is the first gate. It locks protocol derived intent, analysis metadata, and table specifications
into an approved, versioned state. Only frozen metadata can be executed for CSR bound production outputs.
Any post freeze change requires change control, impact analysis, and reapproval.



e TLF generation approval is the second gate. Outputs are generated using frozen metadata and a validated
execution framework. Approval evidence includes the output set, run provenance, metadata versions, dataset
versions, and execution framework version. Review focuses on correctness and plausibility of results and on
whether output differences are fully explained by approved changes.

e CSR readiness checkpoint is the final gate. It confirms completeness of the TLF package and confirms
traceability at minimum from each table to its population definition, parameter definition, and derivation reference.
Any unresolved traceability or unexplained output deltas block CSR readiness. This gate produces an evidence
package suitable for QA archive and inspection.

9. OPERATING MODEL AND ROLES

9.1 Role Clarity in a Metadata Driven Workflow

A metadata driven operating model depends on role clarity. The work does not disappear. It moves earlier, becomes
explicit, and is governed. The objective is to eliminate translation work and replace it with clear definition ownership
and controlled execution.

Role Description

Owns analytical intent. Defines estimands where applicable, endpoints, analysis populations, key
analysis parameters, and required statistical methods at a level that can be encoded as metadata.
Reviews and approves analysis metadata before any CSR bound generation occurs. Example:
Approves the baseline definition for a change from baseline endpoint and confirms it applies
consistently across all visits used in the primary estimand.

Statistical Owns execution design and technical correctness. Implements and validates the reusable

Sl el lgs  derivation and reporting routines that interpret metadata, run analyses, and render TLFs in RTF
and PDF. Reviews table specifications for feasibility and ambiguity. Performs output review
focused on correctness and plausibility, not table specific code differences. Example: Validates
that the table-driven routine computes least squares means exactly as specified and that rounding
and missing data handling are consistent across all tables that call that routine.

o[£ Owns data meaning and standards alignment across SDTM and ADaM handoffs. Ensures
Manager controlled terminology is applied consistently and that visit and timing constructs are operationally
usable downstream. Coordinates mapping and transformations so that the analysis metadata has
stable inputs. Example: Confirms that SDTM visit variables and timing windows support the
analysis visit structure used for endpoint derivations and that those rules do not change without
impact assessment.

Medical Owns narrative alignment with outputs and consistency of terminology in the CSR. Relies on
Writer titles, footnotes, and table identifiers generated from metadata. Provides feedback on
presentation requirements early so they become controlled metadata rather than late formatting
change requests. Example: Requests a consistent footnote for a family of endpoint tables and
ensures the definition language appears across CSR sections and table footnotes.

Owns process compliance and evidence. Approves the governance model, metadata lifecycle
controls, validation approach for the execution framework, and adherence to gates such as
metadata freeze and TLF generation approval. Verifies that audit trails and traceability evidence

are complete and that deviations are handled through formal processes. Example: Confirms that
the table set included in the CSR was generated using frozen metadata and that every output has
run provenance captured with approver identity and timestamps.

System Owns the platform, access control, configuration, and operational reliability. Ensures environment
Owner qualification, role-based access, segregation of duties, backup and restore, and controlled
deployment of changes to templates and execution routines. Ensures only approved metadata is

executable in production runs. Example: Enforces that only the approved execution framework
version is available in the validated environment and that template updates require change control
and regression evidence before promotion.

9.2 Artifact Ownership
Clear ownership of artifacts prevents the most common failure mode in regulated reporting: everyone assumes
someone else owns the definition.

Artifact Description

Protocol Owned by clinical and statistics with operational support from standards. Includes objectives,

Metadata endpoints, visit structure relevant to analysis, & populations as structured elements. Approval is
aligned to protocol governance and then handed to metadata governance for downstream use.

Analysis Owned by statistics with strong partnership from programming and standards. Includes

Metadata parameter definitions, derivation references, population rules used for ADaM flags, and analysis
method selections that drive table generation.

TLF Co-owned by programming and statistics. Statistics owns the intent, including what is

ST i1 B summarized and by what groups. Programming owns executability, including whether the
specification is complete, unambiguous, and consistent with the validated execution framework.
Medical writing owns CSR presentation requirements that must be expressed as stable titles,
footnotes, and ordering rules.




Owned by programming for generation and technical correctness, and by statistics for scientific
signoff. QA owns verification that outputs were produced under the approved process with
complete evidence. Medical writing owns incorporation into the CSR and consistency of
narrative and table references.

9.3 Change Management

Change management is the operational test of the model. Metadata driven workflows are only safer if changes are
controlled, impacts are explicit, and regeneration is predictable. Any change to populations, parameters, derivation
references, controlled terminology, or table specifications triggers impact analysis that identifies all dependent ADaM
artifacts and all dependent TLFs. This is not a meeting. It is a system enforced dependency resolution that produces
a list of affected outputs and the reason they are affected. Regeneration occurs only using approved metadata and a
validated execution framework. Outputs are re produced in RTF and PDF with run provenance captured. Differences
are reviewed as deltas against the prior approved output set. Expected differences are linked to the approved
change. Unexpected differences are investigated and must be resolved before CSR readiness.

Concrete examples

Population change. A protocol deviation rule is updated for the per protocol population. The system identifies which
ADaM flags depend on that rule and which tables reference that population. Only those tables are regenerated. The
approval record links the change request to the new output set. Controlled terminology change. An updated MedDRA
version changes preferred terms, altering grouping in safety tables. The system flags safety outputs as impacted.
Regeneration occurs and reviewers verify that differences align with the terminology change and not with unintended
logic changes. Template update. A formatting template is updated to adjust pagination for CSR compliance. The
change is routed through system owner and QA change control. A regression run compares affected outputs to the
prior set to confirm only presentation changed and statistics did not. This operating model creates a clean separation
between definition ownership, validated execution, and governed approvals. It reduces rework, increases
consistency, and produces inspection grade evidence without expanding the manual burden.

10. PUTTING IT ALL TOGETHER: WHAT BUYERS SHOULD LOOK FOR
10.1 Why Point Solutions Fail at Scale

Most organizations do not intend to build a fragmented analysis and reporting ecosystem. Fragmentation
accumulates because each local decision is rational: a protocol authoring tool to improve speed, a standards
repository to manage terminology, a separate SDTM mapping tool, an SCE plus reporting libraries for programming,
and specs and shells stored in document repositories. The failure appears at the boundaries, where analytical intent
must move across tools as meaning rather than as files. At scale, the dominant cost is coordination. Every boundary
creates a translation step, and every translation step introduces both risk and rework: endpoints get restated,
population logic gets reimplemented, parameter naming diverges between ADaM and TLFs, and controlled
terminology updates propagate unevenly. When late changes occur, impact analysis becomes manual because
dependencies are implicit, so CSR production absorbs the burden through reconciliation cycles that add no scientific
value but consume time and review capacity. Validation and change control amplify this. In regulated environments,
each system requires qualification and controlled change; when a workflow spans multiple tools that do not share
intent, even small updates trigger cross system validation coordination. Organizations respond by freezing early,
limiting change, or relying on manual workarounds. Automation may still exist, but it becomes brittle: it accelerates
output generation without eliminating reinterpretation. A typical pattern is multiple competing representations of the
same endpoint across protocol narrative, metadata approximations, ADaM specifications, and table shells; when logic
is questioned, teams reconcile versions and debate authority because no single executable definition is truly
authoritative. Accountability also diffuses in stitched ecosystems: protocol expects programming to operationalize
intent, programming expects standards to enforce consistency, data management expects analysis to resolve timing
logic, and QA arrives late because intent continuity cannot be approved when intent is scattered. Buyers often miss
that the organizational cost of coordination is the real scaling failure.

10.2 Evaluation Checklist

Evaluate solutions using three lenses: intent continuity, controlled execution, and inspection grade evidence.
Capabilities must work together, and strength in one area cannot compensate for weakness in an adjacent one. The
simplest test is to pick one endpoint and one population and trace them across protocol, metadata, ADaM, and TLFs;
if definitions are restated instead of referenced, continuity is already broken. A single authoritative MDR is essential.
“Single” does not mean a single database product. It means a single system of record for executable definitions.
Execution must consume metadata from that source, and reviewers must inspect the same source. If execution and
review depend on different repositories, governance is fragmented.

1. Table-driven TLF generation is mandatory for scale. TLF specifications must be structured metadata
executed by validated routines in the SCE, producing RTF and PDF outputs suitable for CSR inclusion.
Adding a table should require metadata definition, not new programs.

2. Native traceability and lineage must be execution properties. Each output must link to its population
definition, parameter definition, and derivation reference with version identifiers. Lineage that exists only in
reviewer guides is insufficient.

3. Governance and validation support must be enforced by the system. Metadata freeze, TLF generation
approval, and CSR readiness checkpoints must be executable states, not procedural descriptions. Evidence
must be produced automatically.



4. Support for SAS and R should exist under the same governance model. Language flexibility is valuable only
if provenance, approvals, and audit trails are consistent.

5. Regulatory inspection readiness must be demonstrable. Buyers should request an inspection scenario:
select a CSR table and retrieve the approved definitions, derivation references, and run provenance without
manual reconstruction.

This checklist is intentionally operational: observe what the system blocks, what it enforces, and what evidence it
produces. Buyers should evaluate solutions through the lens of intent continuity, controlled execution, and inspection-
grade evidence. Capabilities must work together. Strength in one area cannot compensate for weakness in adjacent
ones. End-to-end metadata continuity requires that protocol elements driving analysis and reporting are represented
as governed entities and referenced consistently through ADaM and TLFs. Buyers should select one endpoint and
one population and trace them across artifacts. If definitions are restated rather than referenced, continuity is broken.

10.3 Platform Coherence as a Differentiator

Platform coherence means protocol metadata, analysis metadata, dataset processing, and TLF generation behave as
a single controlled system with a shared metadata spine and governance model. Coherence is not about vendor
count; it is about eliminating translation steps and making consistency the default state so downstream execution
consumes the same approved definitions that upstream roles review and approve, changes propagate with known
impact, and outputs are generated with complete provenance. Coherence is rare because most providers evolved to
solve isolated problems, and when components are sourced independently, sponsors inherit the responsibility for
keeping intent aligned across systems that were not designed to share a single metadata backbone. A unified
platform avoids this by design rather than by integration effort, and the difference is operational: one approach
requires continuous reconciliation to maintain consistency, the other makes consistency the default. The benefits are
tangible: cycle time drops because reconciliation loops are removed, quality improves because silent divergences
between ADaM and TLFs are prevented, and inspection readiness improves because intent, execution, and output
evidence are inspectable without manual explanation. A practical buyer test is a late change drill: modify a population
definition after mock shells exist and observe whether the system updates metadata once, identifies dependent
ADaM artifacts and TLFs, regenerates impacted outputs, and produces a delta report with provenance; stitched
ecosystems typically require manual edits, ad hoc reconciliation, and debates over authority. Sycamore Informatics
can be used as an example of coherence across structured protocol authoring, a metadata repository, a clinical data
repository, and an SCE; the point is not branding but the operational effect of a shared metadata spine and
governance model that removes the synchronization burden across heterogeneous tools and reduces the inspection
burden of explaining how intent remained consistent. Many suppliers offer strong components, but fewer can
demonstrate intent continuity from protocol elements to MDR to ADaM to generated RTF and PDF outputs with
lineage and approval evidence visible. Integration connects systems, coherence eliminates reinterpretation, and for
regulated analysis and reporting that distinction determines whether automation strengthens defensibility or merely
accelerates inconsistency.

CONCLUSION

Metadata driven TLF automation is no longer a nice to have. It is an operating requirement for organizations that
need predictable, defensible CSR production at scale. The blocking issue is not compute or tools. It is definitional drift
created by document centric translation. Population rules, parameter definitions, derivation assumptions, and
presentation logic are repeatedly restated across artifacts, reviewed inconsistently, and reconciled late. A metadata
driven workflow removes this failure mode by making definitions explicit, governed, and directly executable so
execution is driven by approved intent rather than reinterpreted narrative. Success is determined by governance and
discipline, not algorithms. Automation simply magnifies the control that already exists. If metadata is incomplete,
approvals are informal, or execution is unconstrained, automation accelerates error and hides drift. If definitions are
explicit, approvals are enforced, and execution is deterministic, automation strengthens control and reduces audit
exposure. The gates described in this paper, including metadata freeze, controlled generation, and CSR readiness
checkpoints, are not overhead. They are the mechanism that allows automation to coexist with regulatory
accountability and prevents risk from shifting from visible programming mistakes to silent definition drift.

The real differentiator is coherence across the end-to-end chain, not point solution sophistication. Coherence means
structured protocol elements persist as governed entities, analysis metadata drives SDTM and ADaM derivations,
table specifications reference the same populations and derivations, and the computing environment executes
validated routines to generate outputs with complete run provenance. This is what makes change impact analysis
feasible because dependencies are declared rather than inferred. It also creates a stable foundation for safe future
capability such as regression detection, lineage visualization, and controlled assistance for drafting and comparison.
The practical bar is simple and inspectable: every CSR table links directly to its population and parameter definitions
and derivation references, and any definition change automatically identifies impacted datasets and outputs, triggers
regeneration under change control, and forces delta review against the prior approved set. Organizations that stay
document centric will not eliminate reporting risk with more scripting or headcount. Organizations that govern intent
as metadata and execute deterministically will reduce rework, improve auditability, and gain flexibility under change.
Buyers should demand demonstrations that approved metadata is the only executable source of truth, outputs are
reproducible, and lineage can be navigated from any table to its definitions without manual explanation.
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