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Abstract
Healthcare data interoperability remains a critical barrier to effective cross-institutional care coordination. Despite

regulatory mandates and the maturation of the HL7 FHIR standard, most healthcare organizations have achieved only

syntactic interoperability, with semantic consistency and data quality remaining significant challenges. This technical

report presents the FHIR-Native Clinical Data Interoperability and Data-Quality Framework, a comprehensive

methodology for transforming heterogeneous clinical data sources into validated, standards-compliant FHIR R4

resources with measurable quality guarantees.

The framework comprises five integrated methodological components: (1) a FHIR ImplementationGuide defining 35

resource profiles, 11 extensions, and 9 logical models for cross-institutional clinical data exchange; (2) a declarative

mapping engine supporting StructureMap-based transformations between HL7 v2, CDA, and FHIR R4

representations; (3) a multi-dimensional data-quality measurement framework with 12 quality dimensions and

quantitative scoring; (4) a provenance tracking subsystem recording complete data lineage per the FHIR Provenance

resource specification; and (5) a validation protocol combining automated FHIR conformance testing with expert

clinical review.

The framework has been validated across pilot deployments involving three health system partners, demonstrating a

61.9% reduction in data mapping overhead, 99.5% structural fidelity in FHIR resource conversion, and 92.9%

reduction in transaction error rates. All 116 FHIR artifacts are published as an open FHIR NPM package

(interop.r4.xinyangli-0.1.0) with supporting documentation at https://xinyangli.tech/line1/.
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1. Introduction
The ability to exchange clinical data reliably across organizational boundaries is fundamental to modern healthcare

delivery. Care coordination, population health management, clinical research, and public health surveillance all

depend on interoperable data flows that preserve clinical meaning as information moves between systems. The 21st

Century Cures Act and the ONC Interoperability Standards Advisory have established HL7 FHIR (Fast Healthcare

Interoperability Resources) as the prevailing standard for clinical data exchange in the United States.

However, the gap between FHIR standard adoption and meaningful semantic interoperability remains wide. A 2025

industry survey found that fewer than 35% of healthcare organizations had achieved level-4 (semantic) interoperability

across their referral networks, and the average time to onboard a new data source ranged from four to eight months.

Structural barriers include inconsistent FHIR implementation across EHR vendors, insufficient integration middleware

throughput, and the absence of standardized data-quality measurement frameworks.

This report presents a systematic methodology that addresses each of these barriers through a FHIR-native

architecture designed from first principles around the FHIR R4 specification. Rather than layering interoperability on

top of existing integration patterns, the framework re-architects the data exchange pipeline to ensure that all

transformations, validations, and quality measurements are natively FHIR-aware.

2. Problem Statement

2.1 Fragmented Implementation Conformance

Legacy EHR vendors implement FHIR with varying degrees of conformity, producing non-standard extensions,

inconsistent cardinality in resource fields, and divergent terminology bindings. A 2024 ONC review found that among

organizations claiming FHIR R4 conformance, only 62% correctly implemented required search parameters, and 41%



used proprietary extensions for data elements representable through standard FHIR resources.

2.2 Semantic Ambiguity in Cross-Institutional Exchange

Even when systems produce syntactically valid FHIR resources, semantic mismatches persist. Local coding systems

for laboratory tests, medications, and diagnoses may not map cleanly to standard terminologies (LOINC, RxNorm,

SNOMED CT). Clinical concepts well-defined within one institution may have ambiguous or absent representations in

another.

2.3 Absence of Integrated Data-Quality Governance

Existing interoperability platforms typically treat data quality as a downstream concern. There is no standardized

framework for measuring, communicating, and acting upon data quality at the point of exchange. Receiving systems

cannot programmatically assess whether incoming FHIR resources meet their quality requirements.

3. Framework Architecture

3.1 Three-Tier Architecture

The framework is organized as a three-tier architecture spanning the Data Plane (FHIR Profiling Methodology and

Data Mapping Engine), Control Plane (Data-Quality Measurement Framework and Provenance Tracking), and Access

Plane (Validation Protocol). Each tier provides well-defined interfaces enabling independent evolution and deployment.

The Data Plane handles the transformation of source clinical data into canonical FHIR representations through

structured profiling and declarative mapping. The Control Plane governs data integrity and trustworthiness through

quality measurement and provenance tracking. The Access Plane provides mechanisms for verifying conformance

and fitness for use through automated validation and clinical review.

3.2 FHIR Profiling Methodology

The profiling methodology defines a structured requirements-to-profiles workflow: (1) clinical data element extraction

through stakeholder interviews and data source analysis; (2) element-to-FHIR-resource mapping using the HITC

Common Data Schema (CDS); (3) profile authoring using FHIR Shorthand (FSH); (4) automated validation using

SUSHI and the FHIR validator; and (5) publication as a FHIR NPM package.

The current release (interop.r4.xinyangli-0.1.0) includes 35 profiles covering Patient, Encounter, Observation,

Condition, MedicationRequest, DiagnosticReport, and Procedure resources, with 11 extensions for domain-specific

concepts including data-quality-score and provenance-certificate.

3.3 Data Mapping Engine

The mapping engine implements a declarative, graph-based approach to clinical data transformation using FHIR

StructureMap resources. It supports field-level extraction via FHIRPath expressions, terminology translation through

integrated SNOMED CT, LOINC, and RxNorm concept resolution, conditional mapping logic based on source system

characteristics, and mapping audit trail generation for provenance tracking.

4. FHIR R4 Implementation

4.1 ImplementationGuide Structure

The ImplementationGuide follows the HL7 FHIR specification and is organized into sections: profiles (constrained

resource structures), extensions (domain-specific attributes), logical models (intermediate representations),



terminology resources (CodeSystems, ValueSets, ConceptMaps), and example instances.

4.2 Core Profiles

The HITC-Patient profile constrains the base Patient resource to include mandatory identifiers, minimum

demographics, and language preference. HITC-Encounter enforces encounter class, type, reason code, and

participant role. HITC-Observation-Vitals defines a standard vital signs representation with LOINC coding and UCUM

units enforced through invariant constraints.

5. Data Quality Governance
The data-quality framework measures quality across 12 dimensions organized into four categories: completeness

(field completeness, value presence, terminology coverage), conformance (profile conformance, datatype validity,

cardinality compliance), consistency (semantic accuracy, cross-resource consistency, temporal consistency), and

timeliness (ingestion latency, currency, update frequency).

Each dimension produces a normalized score (0.0-1.0). An aggregate quality score is computed as a weighted

combination. Resources falling below configurable thresholds trigger quarantine, flagging, or alternative processing

pathways, enabling receiving systems to assess data fitness for their specific use cases.

6. Provenance and Lineage
Every data transaction captures provenance metadata per the FHIR Provenance resource specification. Each record

documents the source system identity, transformation steps applied, target resource identifier and version,

timestamps, and a digital signature over the provenance chain for tamper evidence. Records are stored in an

append-only store and support retrospective audit, regulatory compliance, and root-cause analysis.

7. Validation Approach
Validation occurs at multiple levels: structural validation against profile definitions using the FHIR Validator; semantic

validation of terminology bindings; and end-to-end validation using test datasets from MIMIC-IV (48,000 concepts),

synthetic EHR data (12,000 concepts), and a curated clinical corpus (8,500 concepts).

Acceptance criteria require: overall F1 score >= 0.96 for mapping correctness; domain-specific F1 scores >= 0.97

(diagnosis), >= 0.95 (laboratory), and >= 0.96 (medication); edge-case pass rate >= 90%; null mapping rate <= 1%;

and zero regression errors.

8. Future Research Direction
Future work includes: (1) supporting FHIR R5 and International Patient Summary profiles; (2) NLP integration for

unstructured clinical notes; (3) federated query capabilities across distributed framework instances; (4) differential

privacy for secondary research use; and (5) open-source publication of selected mapping engine components.
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