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[bookmark: _Toc216792261]Introduction
The BioMed Metadata Workshop on December 3–4, 2025 in Cologne addressed one of the central challenges in modern biosciences: the harmonized management and interoperability of metadata across all five consortia. Metadata is not merely description or tags – it forms the connective tissue that enables disparate systems to speak a common language.
In an era where artificial intelligence is increasingly important and interdisciplinary collaboration across consortium and national borders is essential, standardized and interoperable metadata has become a prerequisite for FAIR-compliant research data. This report summarizes the workshop discussions and answers four central questions:
Where are we already cooperating?
What is the current status?
Where do we need to collaborate more?
What concrete benefits does this provide?
[bookmark: _Toc216792262]1. Current Cooperation and Existing Infrastructure
[bookmark: _Toc216792263]1.1 Already Established Collaborations in the BioMed Consortium
The BioMed Consortium has already established structured cooperation mechanisms for metadata interoperability:
Formalized Structure:
The BioMed Metadata Interoperability Group was founded in 2024 and meets monthly (with breaks) in online sessions
An annual in-person meeting (additional to the BioMed Meeting) is planned
Contact person: Sebastian Böhm (NFDI4Immuno)
The group serves as the central coordination hub for all consortium-wide metadata issues
Participating Consortia:
The five consortia of the BioMed network, with their respective areas, are:
1. NFDI4Health: Focus on clinical and epidemiological data
2. GHGA (German Human Genome-Phenome Archive): Genomics and phenotyping
3. NFDI4Immuno: Immunological research data
4. NFDI4Microbiota: Microbiome research
5. NFDI4BIOIMAGE: Imaging data and microscopic images
[bookmark: _Toc216792264]1.2 International Cooperation and Standards Alignment
Beyond internal collaboration, the BioMed consortia actively work with international standards and data initiatives:
International Standardization Initiatives:
1. Genomics Standards Consortium (GSC): The consortia align with minimal metadata standards such as MixS and MIMAG for sequencing data
2. EMBL-EBI and European Nucleotide Archive (ENA): Collaboration on genomic data standards
3. HL7 and FHIR Standard: NFDI4Health works with international health standards organizations
4. Open Microscopy Environment (OME): NFDI4BIOIMAGE contributes to established standards for imaging
5. Federated European Genome-Phenome Archive (FEGA) and European Genomic Data Infrastructure (GDI): European networking of data archives
6. NAKO and genomDE: German pilot initiatives for extending existing standards
Cooperation with NFDI Base Services:
1. TS4NFDI / Immuno: Integration of standardized ontology services
2. Shared Container: Planned launch of a shared infrastructure container across consortia
3. PID (Persistent Identifier): Integration of persistent identifiers (Microbiota)
4. IAM4NFDI: Identity and access management (Microbiota)
5. DMP4NFDI: Creation of data management plans specifically for imaging data (Microbiota, BioImage)
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The five consortia possess heterogeneous metadata structures and standards, which create substantial complexity in harmonization efforts:
	Aspect
	NFDI4Health
	GHGA
	NFDI4Immuno
	NFDI4Microbiota
	BioImage

	Metadata captured
	Yes
	Yes
	Yes
	No
	Yes

	Experimental Standards
	Resources for Clinical, Public Health & Epidemiological Studies
	MINSEQE, minSCe
	AIRR, CytoFlow
	MixS
	REMBI

	HealthDCAT
	Yes
	Partially in planning
	In planning
	No
	No

	FHIR
	Yes
	Possibly for Genomics package
	Not yet decided
	No
	No


Overview of Metadata Standards per Consortium
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The consortia work with different categorization levels that reflect the diversity of their research subjects:
GHGA (Genomics)
· Study
· Individual
· Sample
· Experiment
· Analysis
· Dataset/Files/Data Access Committee
NFDI4Immuno (Immunology)
· Study
· Subject
· SampleEvent
· Sample
· SampleProcessingData
NFDI4Microbiota (Microbiology)
· Biological Metadata
· Environmental Metadata
· Technical Metadata
· Sample collection
· Sample processing
· Host metadata
BioImage (Imaging)
· Probe/Specimen
· Data
· Technical parameters
· Experimental Data
NFDI4Health (Clinical Data)
Extensive categorization (see NFDI Health Topic Coverage)
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The consortia utilize a variety of established ontologies that are not yet fully harmonized:
Relevant Ontologies:
· NCBItaxon: Taxonomic classification of organisms
· ICD-10: International Classification of Diseases
· SNOMED CT: Systematized Nomenclature of Medicine Clinical Terms for clinical concepts
· LOINC: Logical Observation Identifiers Names and Codes (laboratory values and clinical measurements)
· UBERON: Unified Anatomy Ontology (anatomical structures)
· NCIT: NCI Thesaurus (National Cancer Institute)
· BRENDA Tissue Ontology: Tissue classification
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[bookmark: _Toc216792270]3.1 Technical Harmonization Requirements
The workshop plenum identified numerous areas requiring harmonization measures:
Metadata Schema Standardization:
· Currently, consortia work with heterogeneous data formats and structures
· A higher-level, consortium-wide definition of metadata structures is needed
· This requires establishing a minimal common set of metadata fields that must be present in all consortia
Format Standardization:
· Transition to non-proprietary, standardized data formats (JSON, XML) is required
· This enables machine processing and exchange across system boundaries
Ontology Harmonization:
· Semantic unification is a central challenge: the same biological variable (e.g., "blood pressure") must be defined uniformly across consortia
· The identified ontologies must be systematically mapped and harmonized in their usage
[bookmark: _Toc216792271]3.2 Governance and Data Protection
Data Governance and Access Controls:
· A shared data governance policy must be established that regulates access, usage, and quality management
· This is particularly important given the sensitive nature of biomedical data
GDPR and Sensitive Data:
· Classification of GDPR-relevant metadata is mandatory
· The handling of sensitive data and queries (particularly in the context of FDPG – Research Data Protection Act) must be harmonized
· A coordinated policy among consortia and institutions such as MII (Medical Informatics Initiative) is necessary
[bookmark: _Toc216792272]3.3 Organizational and Personnel Requirements
Dedicated Resources:
· Establishment of Metadata Interoperability Group with full-time positions is essential
· Regular monitoring and update processes also require full-time staff
· This goes beyond purely voluntary or part-time involvement
Training and Knowledge Transfer:
· Systematic training of users and developers regarding interoperable metadata environments is required
· A mindset shift toward standardization must be initiated across all consortia and among scientists who produce data
Metadata Management Tools:
· Implementation of appropriate metadata management tools can significantly simplify and standardize processes and should be evaluated
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[bookmark: _Toc216792274]4.1 FAIR Compliance and Data Quality
The first and most important benefit is that metadata interoperability enables FAIR-compliant research data:
· Findable: Standardized metadata makes research data more easily discoverable in large repositories
· Accessible: Uniform access mechanisms and access controls
· Interoperable: This is the core of the present effort
· Reusable: Sufficiently documented metadata allows other researchers to safely reuse or reproduce data
[bookmark: _Toc216792275]4.2 Cross-Domain Data Integration and Data Fusion
Metadata interoperability enables seamless combination of heterogeneous data types – such as genomic profiles with clinical history, imaging, and other data sources:
Mechanism:
· Through the use of shared ontologies (e.g., SNOMED CT, LOINC) and standardized metadata schemas, different data types can be linked without requiring manual mapping
Concrete Benefits:
· This breaks down data silos that traditionally exist between different research disciplines and institutions
· Researchers can now recognize complex relationships between different biological levels (e.g., genotype vs. phenotype) that were previously not easily accessible
· This enables entirely new biomedical insights that can elucidate the origins of complex disease mechanisms
[bookmark: _Toc216792276]4.3 Machine Readability and Semantic Consistency
For effective deployment of artificial intelligence, structural and semantic consistency of data is mandatory:
Machine Readability:
· Interoperable metadata ensures that a variable like "blood pressure" is defined exactly identically across consortia and systems
· This enables AI agents to federate and analyze data across institutional boundaries without requiring human intervention for cleaning or interpretation
Algorithm Robustness:
· This allows robust, unbiased algorithms to be trained
· The quality and generalizability of machine learning models is significantly improved
[bookmark: _Toc216792277]4.4 Scalable Reproducibility and Meta-Analyses
Standardized metadata transforms local research findings into global knowledge:
Reproducibility:
· When metadata comply with global standards, the experimental context (assay types, machine settings, analysis parameters) is universally understandable
· This enables independent laboratories to precisely replicate studies or aggregate small datasets into large cohorts through meta-analyses
Scientific Impact:
· Meta-analyses gain significantly higher statistical power
· Validation of new treatments is accelerated
· New transdisciplinary insights emerge through combining previously isolated data sources
[bookmark: _Toc216792278]5. The Vision: Metadata Interoperability in BioMed
[bookmark: _Toc216792279]5.1 Future Scenario: "One-Stop-Shop" for Biomedical Data
The BioMed consortia pursue an ambitious vision for the future:
Core Concept:
A shared BioMed website should enable comprehensive search across all repositories provided or managed by the consortia (GHGA, NFDI4Bioimage, NFDI4Health, NFDI4Immuno & NFDI4Microbiota). This search should function on the basis of consortium-wide standardized metadata.
Technical Implementation:
· Each service provides unique Accession-IDs that enable consortium-wide linking of datasets (e.g., with prefixes IMU/MIC/IMA/HEA/GHG)
· This creates a federated system where individual repositories maintain autonomy while being seamlessly interconnected
[bookmark: _Toc216792280]5.2 Must-Haves: Required Implementation Steps
For this vision to become reality, the following minimum requirements must be met:
· Shared Metadata Understanding: Agreement on higher-level metadata structures and concepts that all consortia accept and implement
· Minimal Shared Metadata Set: Definition of a standardized minimum of metadata fields required for consortium-wide search
· Semantic Harmonization: Definition of higher-level agreements regarding the semantics (content) of important fields – particularly the choice and mapping of ontologies
· HealthDCAT AP Mapping: Mapping of consortium-specific metadata to the Health Data Catalog Application Profile (DCAT AP)
· Privacy Through Aggregation: Search results can be filtered by disease, age, gender, etc., but output occurs only at the aggregated study level (not individual case level) to ensure data privacy
[bookmark: _Toc216792281]5.3 Nice-to-Haves: Extended Functionalities
Additionally, the following enhanced functions were identified as desirable:
· NFDI-IDs for Institutions: Standardized identifiers for research institutions
· FHIR Mapping: Complete support of the FHIR standard (if possible)
· Semantic Unification: Deeper standards harmonization beyond DCAT
· International Repository Metadata Crawling: Automatic capture of metadata from international data sources
· Automatic NFDI-ID Generation: When data is uploaded to other repositories via NFDI services, automatic ID generation
· FAIRification at External Repositories: Improvement of FAIR compliance for data hosted at other international repositories
· Knowledge Graph Implementation: Graph-based representation of relationships between entities (samples, studies, phenotypes) to support complex queries
[bookmark: _Toc216792282]6. Roadmap: Path to Implementation
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Clarification of Positions (Q1 2026):
· Each consortium documents its status regarding HealthDCAT and FHIR mapping
· This enables realistic assessment of implementation effort
Establishment of Shared Terminology:
· Consortia develop a shared vocabulary to avoid talking past each other in future discussions
· This prevents misunderstandings and accelerates technical harmonization
[bookmark: _Toc216792284]6.2 Medium-Term Measures
Ontology Mapping:
· Systematic capture of all ontologies used by each consortium
· Identification of overlaps between ontologies (e.g., NCBItaxon, ICD-10, UBERON, SNOMED, LOINC, NCIT, BRENDA Tissue Ontology)
· Creation of mapping documents for these ontologies
· This establishes the foundation for semantic interoperability
NFDI4Health–GHGA Mapping:
· Deeper mapping between the metadata standards of the two largest consortia, learning from previous attempts
HealthDCAT and FHIR Implementation:
· Phased implementation of these standards in consortia that have not yet adopted them
[bookmark: _Toc216792285]6.3 Action Items and Responsibilities
The workshop identified the following concrete action items requiring attention:
· MII Engagement on Sensitive Data and Query Handling (FDPG): A work package for harmonizing data protection issues with the Medical Informatics Initiative
· Ontology Documentation: Each consortium prepares a list of ontologies it uses
· Governance Documentation: Definition of roles, responsibilities, and escalation mechanisms
[bookmark: _Toc216792286]7. Conclusion: The Necessity of Metadata Harmonization
[bookmark: _Toc216792287]7.1 Critical Importance for the Future
Harmonization of metadata across all BioMed consortia is no longer optional but a strategic necessity. This for several reasons:
Scientific Imperatives:
Modern biomedical research increasingly requires interdisciplinary collaboration across traditional disciplinary boundaries. An oncologist studying tumor genomics must collaborate with clinical immunologists who in turn rely on imaging data. Without interoperable metadata, these synergies cannot be realized.
Technological Pressure:
The rapid development of artificial intelligence and machine learning imposes increasing demands on data quality and consistency. Unstructured, heterogeneous metadata leads to inferior models and bias in AI systems. Conversely, well-harmonized metadata enables robust, generalizable algorithms that are genuinely usable as decision support tools in clinical practice.
Economic Efficiency:
Every redundant data capture, every manual mapping between systems, every query requiring manual clarification binds resources. Standardization produces substantial long-term cost savings in data management, IT development, and research infrastructure.
International Competitiveness:
Germany and Europe compete globally with other research regions. Countries and organizations that first build a fully interoperable research data infrastructure will attract talent and investment and accelerate scientific breakthroughs.
[bookmark: _Toc216792288]7.2 Necessity of Institutional Embedding
The workshop made clear that ad hoc, voluntary efforts are insufficient. The following structural measures are required:
Full-Time Resources: The BioMed Metadata Interoperability Group needs dedicated full-time staff – not merely coordination through part-time involvement. This enables continuous progress and accountability.
Institutional Governance: Harmonization efforts should be formally anchored in the decision structures of individual consortia and the BioMed network to create binding commitment.
Continuous Monitoring: Standards and ontologies are not static. Regular monitoring of international standards developments is necessary to ensure BioMed remains aligned and current with national and international developments rather than becoming isolated.
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The vision of a consortium-wide, internationally harmonized metadata infrastructure is ambitious but achievable. The foundations are in place:
· Individual consortia already have experience with standards harmonization (e.g., NFDI4Health with FHIR, GHGA with genomic standards)
· There are clear international reference points and best practices from other countries and organizations
· The political and scientific will for collaboration exists, as the workshop demonstrated
What is now required is sustained effort, clear priorities, and adequate resources. With these conditions, BioMed can become a model for federated, interoperable research data infrastructure in Europe within the next couple of years – with direct benefits for research, development, and ultimately for patients and society.
The workshop was an important first step. The next steps – from consensus to implementation – represent the true test of commitment to this endeavor.
