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Abstract

The analysis and interpretation of Single Nucleotide Polymorphisms (SNPs) in regulated diagnostic environments
requires the systematic integration of heterogeneous knowledge sources, ranging from structured genome
databases and standardized formats to narrative scientific evidence and Al-generated predictions. Existing
systems lack explicit epistemic differentiation of knowledge types within real-world diagnostic application
contexts. This article presents an epistemically differentiated conceptual model for SNP-related knowledge that
links structured, derived, and unstructured forms of genomic information with empirically derived diagnostic
use cases. We define the Genome Knowledge Unit (GeKoU) as a formal object. This multidimensional modeling
enables explicit differentiation between curated database knowledge, model-based predictions generated by
Genomic Foundation Models, and narrative evidence extracted from the biomedical literature. The GeKoU is
applied to a use case identified in a preliminary study and shows that SNPs do not exist as static data objects, but
as context-dependent sets of epistemically heterogeneous knowledge units. By explicitly modeling representation
changes and versioning levels the proposed framework supports transparency, regulatory traceability, and
reproducibility.

The model forms the conceptual basis for the development of SnipFlow, a micro-service-based knowledge
management component to be integrated into the GenDAI platform. By combining explicit knowledge modeling,
Al-supported inference and interoperable standards, the approach contributes to the development of trustworthy,
reproducible and intelligent information systems for genomic diagnostics and other regulated, data-intensive
areas.
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1. Introduction

The analysis of Single Nucleotide Polymorphisms (SNPs) is a central part of modern genomic diagnostics
and personalized medicine [1]. SNPs are defined by specific sequence deviations in DNA, which
can be represented as complex knowledge artifacts. Their interpretation is based on the integration
of heterogeneous information sources. In diagnostic practice, SNP-related knowledge is distributed
across various forms of representation and knowledge domains. On the one hand, there are structured
knowledge sources that include, for example, genomic databases. A distinction is made, among other
things, between curated and non-curated databases, whereby in curated databases the content has been
reviewed, evaluated, and approved by experts. Regardless of this, the knowledge in these sources is
available in a formally structured, machine-readable form. For example, data formats such as Variant
Calling Files (VCF) [3], which describe genetic variants in a standardized manner using information
such as position in the genome, reference and alternative alleles, and quality metrics, can be integrated.
Similarly, the Human Genome Variation Society (HGVS) nomenclature [4] defines a standardized syntax
for the unambiguous description of genetic variants at various levels, such as genomic or proteomic.
These standardizations enable consistent processing and integration of the data. The knowledge thus
available forms a structured foundation for the analysis of genetic variants, particularly SNPs. Knowledge
derived from such structured sources about the genome or specifically about SNPs is referred to below
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as Structured Genome Knowledge (StuGeKo). On the other hand, unstructured knowledge sources such
as scientific publications, clinical reports, or narrative evidence texts play a central role because they
contain contextual, interpretative information that is not fully formalized. This unstructured knowledge
can be used by experts for context-dependent interpretation. The knowledge included and extractable
from these sources is referred to as Unstructured Genome Knowledge (UnGeKo).

This gap is further exacerbated by the increasing use of machine learning methods, particularly
Genomic Foundation Models (GFMs). Such models generate knowledge artifacts that are formally
structured, for example in the form of assessments or functional predictions, but their epistemic status
differs from that of classical asserted knowledge. For regulated diagnostic contexts, it is therefore
insufficient to classify knowledge solely based on its degree of formal structuring. It has to be clarified
whether the predictions are model-based.

In this context, a distinction is made between two fundamental epistemic forms of knowledge: asserted
knowledge refers to knowledge based on curated and validated, whereas inferred knowledge is derived
through data-driven models or interpretive processes and thus has a probabilistic or hypothesis-based
character. This distinction is particularly significant in regulated diagnostic contexts, as both forms of
knowledge impose different requirements regarding traceability, validation, and regulatory assessment.

The processing and integration of these heterogeneous forms of knowledge takes place within the
context of Trustable Reproducible, and Intelligent Information VIsualization Systems Intelligent (TRI-IVIS),
a conceptual framework for designing modern information systems in regulated domains. TRI-IVIS aims
to systematically combine transparency and traceability (Trustworthy), the repeatability of analysis
and decision-making processes (Reproducible), and the intelligent processing and preparation of data
and knowledge (Intelligent). In this context, the integration of structured and unstructured SNP-related
knowledge poses a particular challenge, as different forms of knowledge, levels of evidence, and contexts
have to be processed and made comprehensible and explainable.

Initially, the automated extraction of StuGeKo and UnGeKo has to be examined, addressing the
different epistemic forms of asserted knowledge and inferred knowledge. The integration of asserted
and inferred knowledge is particularly relevant, as both contribute differently to diagnostic decision-
making and have to be handled in a transparent and traceable manner. Medical laboratories are
also subject to strict regulatory requirements that mandate transparency, traceability, version control,
and reproducibility for all steps of the analysis process. Therefore, an overarching goal is to design
and develop a Knowledge Management System (KMS) that meets these requirements by identifying,
extracting, processing, and preparing knowledge artifacts in such a way that asserted and inferred
knowledge are explicitly represented and made accessible for downstream visualization and analysis.
These goals can be summarized in the following Research Goals (RG):

RQ1 How can the extraction of StuGeKo be automatically supported by software?

RQ2 How can the identification and extraction of UnGeKo be automated by software?

RQ3 How can the combination and contextualization of UnGeKo and StuGeKo be automated by
software?

RQ4 How can a KMS be modeled and developed that support medical diagnostic laboratories in
accessing, processing and using SNP-Knowledge?

To support the answering of the research questions, the empirically collected, SNP-centered diagnostic
application context is first introduced. This is based on a semi-structured expert interview in a medical
diagnostic laboratory.

Building on this, a differentiated knowledge typology is developed that distinguishes between
structured genome knowledge, unstructured genome knowledge as well as asserted genome knowledge
and inferred genome knowledge. Subsequently, an epistemic metadata model is formalized in which
each knowledge unit is described not only by its semantic content, but also by its degree of structuring,
its evidence status, and its version. This formalization leads to the definition of the Genome Knowledge
Unit (GeKoU), which is introduced in Section 3.



2. State of the Art in Science and Technology

This section examines current approaches to structured and unstructured representation of genome
knowledge, Al-supported analysis, and interoperable clinical integration. Particular attention is given
to how existing standards and platforms address interoperability, explainability, and reproducibility, and
where conceptual gaps exist in terms of epistemic differentiation and context-dependent representation.
A preliminary study is presented, along with the resulting use context and modeling requirements.
Genome diagnostics are based on formally structured representation formats and curated databases
that enable machine-readable storage and processing of variant information. Variant calling pipelines
identify differences between the sample and reference genome and encode them in standardized formats
such as VCF [3]. VCF presents genome coordinates, alleles, quality metrics, and annotations in a
structured manner, thus forming the basis for automated and reproducible analysis processes.

In addition, the HGVS nomenclature defines a standardized syntax for describing sequence variants
at the genomic, transcriptomic, and proteomic levels [4]. Together, they form a syntactic-semantic basis
for structured genome knowledge.

Curated databases such as dbSNP and ClinVar extend this formal structure by integrating frequencies,
clinical assessments, and referenced evidence [5, 6]. ClinVar aggregates laboratory contributions and
assigns variants to standardized classifications that are documented, versioned, and referenced. The term
asserted Genome Knowledge (aGeKo) refers to verified genome knowledge. This includes knowledge
verified by experts and extracted by automated methods from unstructured sources.

Beyond file-based formats, interoperability standards such as Health Level Seven Fast Healthcare

Interoperability Resources (HL7 FHIR) enable the embedding of genomic findings in clinical information
systems [7]. FHIR defines resources for the structured, versioned, and traceable representation of
findings, annotations, and contextual information. However, these standards primarily address syntactic
and structural aspects. A systematic epistemic typology that distinguishes between curated statements,
model-based predictions, and context-dependent interpretations is not provided.
Curated statements are understood to be documented units of knowledge based on verified, validated,
and often expert-reviewed sources, and thus exhibit a high degree of reliability and traceability. Model-
based predictions, on the other hand, refer to units of knowledge derived through data-driven methods,
particularly machine learning, and therefore have a probabilistic and hypothetical nature. Context-
dependent interpretations encompass units of knowledge that are generated within the context of
specific application scenarios, such as by experts in the diagnostic process, taking additional contextual
information into account, and are therefore not fully standardizable.

In regulated diagnostic contexts, provenance and traceability are just as relevant as structural formal-
ization. Provenance models such as W3C-PROV describe entities, activities, and agents and enable the
formal reconstruction of chains of origin [8]. FHIR also contains a provenance resource for document-
ing creation and modification processes [7]. These approaches increase transparency and regulatory
traceability, but primarily address origin and strength of evidence. They do not explicitly model the
epistemic nature of a knowledge unit and do not capture systematic status transitions within diagnostic
workflows.

The use of data-driven models, in particular GFMs, broadens the spectrum of structured knowledge
generation [10]. These models derive functional effects or pathogenicity probabilities directly from
sequence contexts. The resulting scores and predictions are formally structured but are not necessarily
based on curated or experimentally confirmed evidence. They are referred to here as inferred Genome
Knowledge (iGeKo).

While aGeKo is based on documented and curated statements, iGeKo is generated through data-driven
inference processes. Both forms of knowledge differ fundamentally in their epistemic status. This
difference is not systematically modeled by existing standards. Narrative knowledge sources such as
publications, case reports, or expert interpretations contain context-rich information on functional
effects or disease associations [11, 12, 13]. Despite such processing steps, their epistemic origin remains
text-based and context-dependent.



Approaches such as knowledge graphs, ontologies, or hybrid Al systems integrate heterogeneous
data sources into common semantic structures [15, 16, 17]. They improve interoperability and relational
modeling, but typically do not systematically distinguish between StuGeKo, UnGeKo, aGeKo and iGeKo.
Platforms such as Genomics Diagnostics and Artificial Intelligence (GenDAI) address the infrastructural
integration of Al-supported analyses [18], while reference models such as Artificial Intelligence and
Information Visualization for Big Data (AI2VIS4BigData) emphasize aspects such as explainability and
reproducibility [19]. However, SNP-centered modeling that explicitly differentiates between structured
and unstructured forms of knowledge epistemically and systematically links them along real diagnostic
application contexts is still lacking.

An exploratory preliminary study was conducted to systematically derive the diagnostic usage

context. The data collection occurred at the InmBioMed diagnostic laboratory in Heidelberg as part of
a qualitative, exploratory field study designed to capture the practical diagnostic context. InmBioMed
Business Consultants GmbH & Co. KG is a specialized diagnostic laboratory that focuses on genomic
and molecular genetic analyses in a clinical context, operating under strict regulatory requirements
regarding quality assurance, documentation, and traceability.
The selected methodological approach was a combination of semi-structured expert interviews and
participant observation. The interviewers were Prof. Dr. Hemmje and Johanna Pethke. Prof. Dr. Kramer
and Fernando Leonardi participated in the roles of clinical pathologist, laboratory data analyst, medical
data analyst, and compliance officer.

The data was collected using two complementary methods: First, semi-structured interviews were
conducted to systematically capture explicit knowledge, decision-making logic, and requirements.
Second, participant observation was carried out on-site in the form of a focused ethnographic field
study. During a walk-through of the laboratory, process steps, systems in use, documentation practices,
and media breaks that occurred were directly observed and documented in structured field notes.
The collected data were analyzed using a structured qualitative content analysis with a combined
deductive-inductive approach to category formation. Deductive categories were derived from the
research questions and theoretical considerations, while inductive categories were developed directly
from the empirical data. The aim of the analysis was to reconstruct the actual diagnostic context,
including implicit knowledge practices, informal documentation solutions, and regulatory frameworks.
The choice of a qualitative research approach is justified by the fact that diagnostic processes are highly
context-dependent and characterized by implicit expert knowledge, informal practices, and complex
interactions that cannot be adequately captured by quantitative methods.

Based on this empirical reconstruction, the use context model shown in Figure 1 was developed. This
model abstracts the identified roles, artifacts, knowledge units, transformation steps, and provenance
requirements into a structured representation of the usage context and forms the methodologically
sound basis for the subsequent conceptual development of GeKoU.

The results of the preliminary study conducted within the TRI-IVIS framework show that current
diagnostic practice is characterized by several structural and epistemic features. In particular, it emerged
that information is distributed across various systems and knowledge sources, including databases,
scientific literature, model outputs, and laboratory artifacts. Furthermore, the interpretation of sequence
data depends highly on implicit expert knowledge, particularly in the context of visual analyses.
Concurrently, there is a lack of suitable approaches to systematically and transparently represent the
versions and provenance of knowledge artifacts.
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Figure 1: Use Context

These findings present Remaining Challenges (RCs) for the design of information systems in genomic
diagnostics:

« RC1: Integration of heterogeneous knowledge sources,

to consistently consolidate fragmented information from different systems and make it usable.
« RC2: Explicit modeling of knowledge forms,

to make interpretive decision-making processes more transparent, traceable, and reproducible.
+ RC3: Systematic mapping of versions and provenance,

to ensure the regulatory requirements for traceability and reproducibility of analysis processes.

The research has shown that genomic diagnostics has a mature ecosystem for the structural represen-
tation, semantic integration, and procedural traceability of genomic data. Empirical research into the
diagnostic application context has made it clear that these established approaches do not fully reflect
the actual use of knowledge in the laboratory. SNP-related knowledge does not appear in the diagnostic
workflow as a static, uniformly structured object, but rather in different forms of representation, each
of which is associated with a specific epistemic status.

In addition, it was found that the same SNP undergoes several representation states in the course of
the analysis workflow. These transitions are epistemically significant, but are not usually modeled as
such in existing systems. What is missing is a formal entity that integrates semantic content, structural
form, epistemic status, and versioning, while at the same time explicitly mapping the transformations
between different states of knowledge.

An approach is needed that regards SNP-related knowledge not exclusively as a data object, but as
an epistemically typed knowledge unit, and that can systematically capture its context dependency and
transformation dynamics.

3. Conceptual Modeling

Previous research has revealed that existing standards ensure structural interoperability and procedural
traceability, but do not explicitly model the epistemic nature of knowledge units in a diagnostic context.
To address this gap, this section introduces the Genome Knowledge Unit (GeKoU) as a conceptual



modeling unit. The GeKoU regards SNP-related knowledge as an integrated unit that combines semantic
content, structural representation, epistemic status, and provenance and version information.

The aim is not to treat knowledge elements in isolation as data fields or annotations, but to model
them as epistemically characterized units that can assume different states within a diagnostic workflow.

The Genome Knowledge Unit is introduced as a formally defined, structured, and versioned knowledge
unit that models SNP-related knowledge in diagnostic environments. A GeKoU integrates the semantic
content of a statement about a variant, its concrete structural representation form, metadata on origin
and versioning, and an explicitly designated epistemic status.

A fundamental distinction is made between StuGeKo and UnGeKo. StuGeKo comprises formally
representable knowledge. UnGeKo encompasses narrative, text-based knowledge sources such as
scientific publications or clinical reports. This differentiation is particularly essential in a regulatory
context, as inferred hypotheses do not have the same epistemic status as asserted findings.

Genome knowledge can be further divided into aGeKo and iGeKo. aGeKo comprises curated and verified
information, such as that found in databases, standardized formats, or rule-based classification systems.
Even knowledge from unstructured sources can become aGeKo after being reviewed by experts. iGeKo
refers to knowledge that is derived by machines, whether from text-based sources or data-driven models.

Based on this typology of knowledge, an epistemic metadata model is proposed that describes each

unit of knowledge not only by its semantic content, but also by additional constitutive properties.
A GeKoU is formally defined as an object K:

K = (¢,s,e,v) (1)

Here, c denotes the semantic content of the statement, s the degree of structure, e the evidence status
and v denotes the version of its originating source. The degree of structure s € structured, unstructured
describes the formal representability of the knowledge unit. The evidence status e € asserted, inferred
differentiates between asserted and model-based inferred origins. The version component v enables
temporal and systemic classification and belongs to a source from which the knowledge or data
originates.

This explicit modeling makes it possible to systematically distinguish between two units of knowledge
with identical content but different epistemic status. This metadata model is fundamentally compatible
with interoperable standards such as HL7 FHIR. While FHIR provides resources for the structured
mapping of clinical information, the model proposed here supplements these structures with explicit
epistemic differentiation.

In this context, the four GeKoU dimensions directly support the principles of TRI-IVIS: semantic
content and structural representation enable intelligent processing, evidence status contributes to
trustworthiness, and versioning ensures reproducibility.

The preliminary study showed that visualization plays a central role in everyday diagnostics, espe-
cially in the interpretation of chromatograms, the verification of genotype calls, and the traceability of
validation steps. However, existing visualizations focus primarily on signal or sequence representations
and do not explicitly map epistemic properties.

The model proposed here enables classic SNP visualizations to be expanded to include epistemic
meta-dimensions. Specifically, this results in the following visualization requirements:

R1 Asserted and inferred knowledge should be visually distinguishable.

R2 Transitions in evidence status, particularly from inferred to asserted knowledge, should be
modeled as explicit state changes.

R3 Each GeKoU should interactively display its version and source.

Visualization is thus understood not only as a form of data representation, but also as an epistemic
interface for evaluating evidence status and regulatory traceability. To operationalize the GeKoU model
within diagnostic workflows, we propose an interactive interface concept that integrates epistemic
layers directly into the visual representation of SNP-related knowledge units.
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Figure 2: Use Case 4: Execute Protocol for SNP-Analysis

UC4 is the execution of the lab protocol for SNP analyses. This use case can be divided into the
Sub-UCs outlined in Figure 2.

First, the patients’ data has to be entered into the laboratory information system as part of UC4.1.
Several SNP analyses can be requested for a single patient. The patient is assigned an identifier, which
enables pseudonymized handling of the data during the SNP analysis. UC4.2 describes the following
test planning and documentation. The reaction mixtures, concentrations and PCR programs created
for each profile are now supplemented with the identifier, enabling the steps to be documented. UC4.3
covers the practical execution of DNA purification, measurement, amplification by PCR and sequencing.
The result is an .ab1 file containing the raw signal from the sequencing. This represents a structured
unit of knowledge. The subsequent review of the sequenced data within the framework of UC4.4 is
carried out using a representation such as that provided by Chromas. The target position is identified,
annotated manually and checked according to the dual control principle. The date, abbreviation and
signature document the review and its documentation status.

The GeKoU of UC4.4 (SNP Review) exhibit epistemic heterogeneity. While the raw sequence data
(.ab1) and profile identifiers are structured and asserted, the genotype call and review record represent
inferred and context-dependent knowledge units. Here, epistemic differentiation becomes particularly
relevant, as structured signal data coexists with interpretative elements that are inferred within the
laboratory process.

4. Implementation

The GeKoU model is based on an empirical preliminary study of diagnostic practice and specifically
addresses the challenges RC1, RC2 and RC3 identified in Section 2. The goal of the implementation is to
systematically and verifiably address these challenges in a real-world system environment.

Figure 3 illustrates the prototypical implementation of the GeKoU model in the context of UC4.4
(SNP Review). The sequenced DNA is visualized in the form of a chromatogram, which emerges as
structured raw data from a sequencer. By providing the corresponding Genome Knowledge Unit, expert
output can be classified and utilized more transparently.

The implementation addresses the identified challenges as follows:

RC1 is addressed by integrating heterogeneous knowledge sources into a unified GeKoU structure,
which enables data from different systems (e.g., patient databases, genome databases, literature, model
outputs, and laboratory artifacts) to be consistently consolidated and presented together. This remaining
challenge can be extended beyond this use case.

RC2 is implemented through the explicit modeling of epistemic properties, which also allows implicit,
interpretive knowledge components to be formally captured and made traceable. In particular, a
distinction is made between asserted and inferred knowledge, and these are labeled accordingly.

RC3 is realized through the systematic recording and visualization of versions and provenance, so that
changes to knowledge artifacts and their origins can be transparently presented and documented in a
manner that is traceable for regulatory purposes.

The implementation can be evaluated across several dimensions. It must be examined whether the
explicit labeling of epistemic status increases the transparency of diagnostic decision-making processes.
The formal distinction between curated, validated knowledge and model-based or interpretatively
derived knowledge makes decision-making processes in review or audit scenarios reconstructible and
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systematically traceable.

In regulated diagnostic environments, the seamless traceability of decision-making bases is essential.
The explicit modeling and versioning of epistemic transitions can enhance the quality of documentation
as well as the reproducibility of diagnostic decisions. The GeKoU model is not intended as a replacement
for existing standards such as FHIR or W3C PROV, but rather as a complementary epistemic modeling
layer.

The technical implementation is carried out as part of the development of SnipFlow as a microservice
architecture within the GenDAI platform. SnipFlow complements this infrastructure with an explicit
representation of knowledge by modeling, storing, and versioning analysis results as GeKoU. In ac-
cordance with TRI-IVIS, the integration of SnipFlow into GenDAI operationalizes the principles of
trustworthy, reproducible, and intelligent information systems.

5. Conclusion

This paper has introduced a conceptual model for the epistemically differentiated representation of SNP-
related knowledge, systematically linking diagnostic use cases with structured and inferred knowledge.
The focus lies on the formal modeling of the Genome Knowledge Unit (GeKoU), which captures semantic
content together with degree of structure, evidence status, and version. By explicitly distinguishing
between asserted and inferred knowledge, the model enables transparent declaration, differentiation,
and versioning of heterogeneous knowledge units.

The analysis UC4 demonstrates that an SNP does not exist as a static data object within diagnostic
workflows, but as a context-dependent constellation of epistemically heterogeneous knowledge units.
Making these epistemic differences explicit establishes the formal foundation for regulatory traceability
and reproducible decision-making processes.

Beyond conceptual modeling, the framework creates the conditions for epistemically enriched
visualization concepts that display not only data, but also evidence status and version histories. The
approach is transferable to other regulated fields in which heterogeneous knowledge forms must be
transparently integrated and represented context-dependently.

With regard to the research questions, the model contributes to RQ1 and RQ2 by providing a structured
framework within which extracted structured and unstructured knowledge can be formally declared and
epistemically differentiated. Concerning RQ3, it enables systematic examination of how heterogeneous
knowledge units can be combined context-dependently within diagnostic workflows. Regarding RQ4, it
offers the conceptual basis for embedding such an epistemically differentiated knowledge model into a
knowledge management system such as SnipFlow within GenDAL
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