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Indicators are quantitative or qualitative measures used to gauge various aspects
of society and assess change over time (such as monitoring the progress
or effectiveness of a public policy). Ideally, indicators should be precisely
defined and measured according to harmonized procedures that may not be
feasible in practice, especially in domains such as health, where indicators are
often derived from preexisting, heterogeneous datasets. Integrating such data
has posed a persistent challenge, but semantic technologies offer advantages
by enriching data in a relatively simple, linkable, and non-disruptive way.
However, without harmonized frameworks, the difficulties associated with
data integration are unlikely to be resolved. In this article, we propose a
generic, domain-neutral indicator contextualization framework for structuring
and linking distributed datasets with contextual metadata according to a standard
model. The framework integrates the concepts of the International Organization
for Standardization/International Electrotechnical Commission (ISO/IEC) 11179
metadata registry standard with the common core ontologies (CCO) mid-
level ontology suite, and incorporates other semantic technologies to make
it adaptable and interoperable within and across domains. Application of the
framework to an example indicator illustrates the versatility and adaptability of
the approach in a federated data architecture. The contextual information can be
dereferenced using standard query tools to provide data users a comprehensive
understanding and overview of the indicator. The framework is amenable to
deep learning applications via the principles of semantic data models, linked
open data, and knowledge organization systems. The ideas are presented to
stimulate further reflection and consolidation of standard data contextualization
frameworks.

KEYWORDS

federated indicator framework, linked open metadata, indicator contextualization,
metadata registry, metadata architecture, common core ontologies, federated data,
data representation

1 Introduction

Indicators are ubiquitous in processes related to most domains. They are used
for various purposes to gauge the process status or assess changes over time. For
example, they are helpful in analyzing the progress or effectiveness of a public
policy, and key performance indicators (KPIs) are useful in business domains for
evaluating business performance to improve outcomes (Houston, 2021). Monitoring
and evaluation (M&E) processes are common to all domains, requiring robust sets
of indicators to improve the design of projects and programs and to understand
the effectiveness of any interventions. In the context of scaled-up funding for
climate-change adaptation, M&E frameworks combine qualitative and quantitative
indicators to guarantee value for money (Lamhauge et al, 2013). In the field of
healthcare, indicators monitor health status and health determinants of populations
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to help identify existing or emerging health problems. Reliable
comparison of health indicators over time and between
regions/countries requires standard indicator definitions,
similar data sources, and standardized data collection methods
(Tolonen et al., 2021). All these pose a particular challenge in
the heterogeneous health-data landscape of Europe. Whereas,
the importance of indicators is widely acknowledged, there is
no denying the difficulty of agreeing on them—nor the other
difficulties of measuring them effectively—and perhaps more
importantly, understanding them (Terzi et al., 2021; OECD, 2014;
Lyytimaki et al., 2020).

The relevance of data integration and interoperability in the
use of indicators has prompted an attempt to classify data sources
and indicators according to the types of use (Kosten, 2016). The
drawback is that all classification systems are somewhat arbitrary
since the rules for making the classification can be formulated in
many different ways (Moravcsik, 1988).

A further complication lies in the multidimensionality of
the constituent elements feeding into the classification requiring
every dimension to be treated separately. A composite analysis
cannot be constructed without making value judgments about
the relative weights of the different dimensions. Some significant
failures of any classification may include omission of critical
dimensions, contraction of separate dimensions into one, failure
to specify classification rules in all dimensions, semantically
imprecise wording, insufficient number of discrete categories in a
given dimension, and an inadequate specification of the category
boundaries themselves (Moravcsik, 1988).

Similar concerns have been elaborated by others in the
field of healthcare quality, especially in regard to transparency,
equity of application of individual measures, introduction of bias
from missing measures and adequate adjustment of component
measures, standardized banding onto consistent scales, choice of
weights and any sensitivity analysis of the selection of weights, and
presentation of uncertainties in the final composite rating (Barclay
et al., 2018). The consequential impact of such concerns has been
addressed in a critique on using quantified indicators in the UN’s
sustainable development goals (SDGs) based on a collection of
highly contested concepts (Mair et al., 2018). Drawing on further
critiques of indicators from the sociological, anthropological, and
sustainability literature, the authors show that the reductive nature

Abbreviations: Al, artificial intelligence; BFO, basic formal ontology; CCO,
common core ontologies; CDE, common data element; CDM, common
data model; CSI, classification scheme item; DL, description logic; ECHI,
European core health indicators; ECIS, European cancer information system;
ENCR, European Network of Cancer Registries; FAIR, findable, accessible,
interoperable, reusable; IEQ, information entity ontology (part of CCO);
KPI, key performance indicator; LOD, linked open data; M&E, monitoring
and evaluation; NIH, National Institutes of Health; OMOP, observational
medical outcomes partnership; OWL, web ontology language; RDF,
resource description framework; RO, relation ontology; SDG, sustainable
development goals; SKOS, simple knowledge organization system; SOLICIT,
semantic ontology-labeled indicator contextualization integrative taxonomy;
SPARQL, SPARQL protocol and RDF query language; UMO, units of
measure ontology (part of CCO); CCO, common core ontologies; ISO/IEC,
International Organization for Standardization/International Electrotechnical
Commission; W3C, World Wide Web Consortium.
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of indicators can create problems as they try to simplify and codify
complex and subjective issues. Highlighting the case of poverty,
where it has been demonstrated that the SDG indicators only
represent a limited understanding of the term, the authors argue
that any given indicator set should be understood as a necessarily
incomplete and value-laden view of a concept. Furthermore,
they claim that indicators often arbitrarily strip away relevant
information because the latter is difficult to codify formally.

Any endeavor, therefore, to summarize complex phenomena
into single numbers will necessitate theoretical and methodological
assumptions requiring careful assessment to avoid producing
results of dubious analytic rigor (Terzi et al, 2021). When
researchers fail to define key concepts and choose indicators that
are aligned with them, they may end up with “slippery indicators”
that do not measure what they claim to measure (Fischer-Mackey
and Fox, 2022). In particular, constructing a composite indicator
can be seen as an obstacle course, from the availability of data to the
choice of the individual indicators to their treatment to compare
and aggregate them (Terzi et al., 2021). According to the good
indicators guide (British National Health Service, 2024), a poorly
designed or poorly chosen indicator with reliable data or a well-
designed indicator with unreliable and/or untimely data has very
little value and is sometimes positively dangerous.

Relevant contextual information is critical to understanding
the limitations of indicators in any specific application. However,
indicators for comparative purposes are often presented as
numbers with little (or at least not easily accessible) information
about how those numbers were derived. Examples in the
health domain include European Core Health Indicators (ECHI;
European Commission, 2013), cancer incidence in five continents
(International Agency for Research on Cancer, 2024), Organization
for Economic Co-operation and Development (OECD) health
indicators (OECD, 2023), European cancer incidence and mortality
indicators (European Commission, 2022), European cancer
inequality indicators (European Commission, 2020), and global
health indicators (Global Health Data, 2024). Notwithstanding the
underlying processes involved in ensuring comparability of the
indicators, without knowing how an indicator was derived, it is
not easy to use it with any degree of confidence. Health service
infrastructures vary widely across national/regional boundaries
(Bogaert et al., 2018; Soldi, 2017) and have a critical impact on how
data are collected and the type of data sources available (Tolonen
et al., 2021). Such variability leads to assumptions that ought to
be factored into any eventual indicator cross-comparisons and
can be viewed as a general issue not solely restricted to the field
of healthcare.

Acknowledging these challenges, several references (British
National Health Service, 2024; Bowen and Kreindler, 2018; van
den Berg et al., 2019; UNAIDS, 2010) emphasize the need to make
contextual information accessible when comparing indicators but
stop short of providing the practical mechanisms for realizing it.
Where ground-breaking mechanisms have been proposed, they
are generally addressed to the needs of targeted domains (del
Mar Rolddn-Garcia et al., 2021; Fox, 2015), for which the design
concepts are quite specific and impose individual custom models
(Espinoza-Arias et al., 2019).

We were unable to find any existing solutions providing the
means to contextualize existing data/indicator sets in a harmonized
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way, especially ones furnishing end users with a sufficiently
comprehensive overview of the data, allowing them to make
informed judgments on the soundness of comparing indicators
derived from heterogeneous data sources, even if only in a
qualitative way. In this article, the architectural concept of a generic
metadata framework is proposed as a means of supporting this
broader contextualization need.

2 Materials and methods

To provide the required degree of flexibility and scalability, the
generic metadata framework has to draw from several standards,
methodologies, and resources, a brief overview of which is provided
in Table 1.

2.1 Framework-building process

The first step in the framework-building process requires
integrating the concepts of the International Organization
for Standardization/International Electrotechnical Commission
(ISO/IEC) 11179 with CCO. Employing a mid-level ontology suite
such as CCO promotes interoperability between ontologies in the
context of a distributed indicator framework. Also, it allows reuse of
a foundational set of semantic relations without having to reinvent
them each time.

Notwithstanding the advantages of interweaving the concepts
of ISO/IEC 11179 with those of CCO, the process is not seamless.
Although both methodologies share some similar principles, they
deal with those principles in slightly different ways. From the point
of view of generic scalability, in the relatively few instances where
the differences could not be resolved, the structure of CCO was
retained at the expense of relaxing the constraints of ISO/IEC
11179. Nevertheless, by mapping ISO/IEC 11179 to CCO rather
than the other way around, some further functionality is provided
to the metadata registry concept through the integrative design
approach of CCO.

Figures 1, 2 show how ISO/IEC 11179 concepts can sit within
CCO. The classes/relations of ISO/IEC 11179 and CCO are
distinguished via prefixes in their names. The arrowed lines
with an isA relationship depict subclasses and those with other
named relationships model web ontology language (OWL) object
properties. In CCO, some object properties are defined for
instances of classes only (referred to by OWL as “individuals”), and
these are identified in the figures with bold font.

Figure 1 illustrates the subclass relationship of the ISO 11179
Concept class with respect to the Information Entity Ontology
(IEO) Descriptive Information Content Entity class and the
relationships between the components involved in the classification
concept of ISO/IEC 11179. Any entity subclassed from ISO 11179
Classifiable Item inherits the semantic relations that allow it
to be classified according to some classification scheme. It can
additionally relate to any entity in the entire ontology via the
semantic relation describes.

Figure 2 shows the integration of the ISO/IEC 11179 entities:
data element concept (comprising object class and property), value
domain, and conceptual domain. All these elements are subclassed
from the ISO 11179 Classifiable Item class and so inherit the
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associated classification attributes and the attributes in turn of its
parent class, IEO Descriptive Information Content Entity.

The ISO/IEC 11179 entities on the right-hand side of Figure 2
integrate relatively smoothly within CCO. However, the entities on
the left-hand side prove less straightforward due to the different
taxonomies of their associated specifications. To not break the
semantic conformity to CCO, the parent—child class relationship
between the ISO/IEC 11179 entities Dimensionality and Concept
had to be removed (as indicated by the crossed broken line
in Figure 2). This does not present undue difficulties since the
classification relations attributed to the Concept class can be added
explicitly to the Dimensionality class.

Another slight issue is that although the basic formal ontology
(BFO) quality class and the ISO 11179 Dimensionality class are
essentially equivalent, the BFO quality class is measured by the
IEO Measurement Information Content Entity class. The latter’s
representation is given by the IEO Information Bearing Entity class
that references an IEO Measurement Unit. In contrast, the ISO
11179 Dimensionality class has an applicable set of measurement
units that can be referenced directly from the ISO 11179 value
domain class. Although this adds some extra complexity, it does not
result in semantic contention.

2.2 Extending the framework to indicator
contextualization

The next step in building the framework is to address the
indicator contextualization needs. These include provisions for
adding descriptive terms, links to standard data resources (such
as dictionaries, thesauri, ontologies, etc.), derivation processes,
provenance, and direct or indirect links (depending on data
access rights) to the underlying data sources. To furnish the
resulting framework with an appropriate name able to capture the
keywords behind the contextualization concept, we coin the term
SOLICIT as an acronym for “semantic ontology-labeled indicator
contextualization integrative taxonomy.”

SOLICIT is a framework described in terms of the integrated
CCO ISO/IEC 11179 ontology. However, in contrast to the
solutions referred to in Section 1, it is not deployed as a standalone
ontology imposed on all entities that must conform to a given
indicator definition. SOLICIT provides a taxonomy of metadata
elements that can be extended at the domain level to incorporate
the associated specificities (the “integrative taxonomy” part of
SOLICIT’s acronym) and map to existing definitions at a federated
level. A general dataset can be described with reference to the
ontology metadata elements, which can be linked to standard
data dictionaries, thesauri, and ontologies (the “semantic ontology-
labeled” part of SOLICIT’s acronym). Indicator datasets can be
further described in terms of contextual metadata elements (the
“indicator contextualization” part of SOLICIT’s acronym).

An important design aspect of SOLICIT is the structured,
scalable, and linkable nature of indicator contextualization
metadata. An indicator can be described the same way as a data
element, the harmonization of which is often referred to as a
common data element (CDE). The National Institutes of Health
(NIH) defines a CDE as “a data element that is common to
multiple data sets across different studies” (Cohen et al., 2015).
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TABLE 1 Overview of the methodologies and resources applied to the generic indicator metadata framework.

Methodology/resource  Brief overview

ISO/IEC 11179 metadata registry ISO/IEC 11179 is an international standard providing a general description framework for data (Pon and Buttler, 2009; ISO,
standard 2015). Description of data elements is provided by means of a 3-fold composite structure, comprising an object class and
property (that together constitute a data element concept), and a value domain. The data element concept describes the concept
behind a data element independent of any particular representation. The value domain describes the content, form, and
structure of the data.

Ontologies Ontologies are a means of providing “a formal description of knowledge as a set of concepts within a domain and the
relationships that hold between them” (Ontotext, 2022). More precisely, an ontology reflects a semantic domain that is
anchored in some manner to the real world and can be defined as a specific theory about the kinds of entities and their ties that
are assumed to exist by a given description of reality (Giancarlo and Guarino, 2023). Computer ontologies are a means of
capturing the knowledge of a domain through a set of representational primitives that can be structured in classification trees,
such as classes, attributes, and relationships (Gruber, 2018).

Common core ontologies (CCO) CCO facilitate the interoperability and reuse of ontologies by ensuring conformity to agreed common semantics, which allows
the addition of progressively more granular information the deeper one goes into specificities. CCO are a mid-level ontology
layer that inherit their structure from the top-level entity ontology Basic Formal Ontology (BFO; Basic Formal Ontology, 2020)
and the upper-level relation ontology Relation Ontology (RO; OBO Foundry, 2024). The CCO suite comprises 11 open-source
ontologies that are designed to represent and integrate taxonomies of generic classes and relations across all domains of interest
(Jensen et al., 2024). It includes the ontologies: Information entity ontology (IEO) and Units of Measure Ontology (UMO).

Web ontology language (OWL) OWL (W3C Semantic Web Standards, 2012) is a World Wide Web Consortium (W3C) standard for writing semantic web
ontologies. It forms part of the semantic web architecture. CCO are written in OWL. OWL is built on a description logic (DL)
foundation. Class taxonomies are created using subclass relations and properties (defined using object property and datatype

property relations).
Resource description framework RDF (W3C Semantic Web Standards, 2014) is a W3C standard for data interchange on the web. It is a model to express
(RDF) relations between entities using a graph format and defines an abstract syntax allowing the linkage of entities. RDF is one of the

layers (sitting below OWL) of the semantic web stack.

Simple knowledge organization SKOS (W3C Semantic Web, 1997) is a W3C standard to support the use of knowledge organization systems such as
system (SKOS) vocabularies, taxonomies, and thesauri within the frame of the semantic web. SKOS is written in OWL.
Linked open data (LOD) Linked data refers to the concept of linking structured data based on RDF over the internet (W3LinkedData, 2024). Linked data

are denoted as LOD for open data.

SPARQL protocol and RDF query SPARQL (W3C, 2013) is a W3C standard for an RDF query language. It can provide a query and dereferencing interface to
language (SPARQL) entities stored in an OWL ontology.

IEO Descriptive Information Content Entity CCO describes BFO entity

isA

| 150 11179 Concept System | 150 11179 Classifiable Item |

4 ISO classified by
sA ISO has classification scheme I1SO is included in isA
| 150 11179 Classification Scheme | IS0 11179 Concept
A TisA
SO contained in | isA 150 11179 Relation |
150 11179 Classification Scheme Item | Yisa
; | 150 11179 Binary Relation |

FIGURE 1
Classes and class relations involved in the International Organization for Standardization/International Electrotechnical Commission (ISO/IEC) 11179
classification concept.

CDEs encourage the reuse of metadata and contribute to making  of structured, scalable metadata and semantic linkage form the
data interoperable (NIH National Library of Medicine, 2023).  underpinning concepts of SOLICIT.

SOLICIT views CDEs as atomic elements that undergo processing Figure 3 represents the ISO/IEC 11179 data element within the
in some predefined way to formulate an indicator. The two aspects ~ SOLICIT framework. In conformity with ISO/IEC 11179, the data
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|

ISO has applicable units|
CCO is measured by

isA
BFO specifically dependent continuant 1SO 11179 Concept | » I1SO 11179 Classifiable Item
p y dep ] \
4 -
isA A /*,
SO 11179 Dimensionality Jitas | 1SO 11179 Data Element Concept |
= BFO quality 0 has dimensionality/ ISO has property isA
CC

1SO 11179 Property }7

CCO generically
depends on

‘ 1SO 11179 Conceptual Domain

ISO has object class

v
I1ISO 11179 Measure ‘

ISO has member unit| CCO is about

IEO Measurement Information

Content Entity T

v ISO has meaning

€CO generically ISO 11179 Object Class |,

isA | 1ISO 11179 Unit of Measure
= IEO Measurement Unit

depends on CCO generically
depends on
CCO generically
~~depends on
\\\\\
\ \ 4
—

—_af IEO Information

of measure
CCO uses measurement unit

4——,{ ISO 11179 Value Domain |~ genericall
SO has unit depends on

Bearing Entity

isA

FIGURE 2

(ISO/IEC) 11179 entities.

Integration with common core ontologies (CCO) of the International Organization for Standardization/International Electrotechnical Commission

element class is associated with a data element concept, a value
domain, and a derivation class. The latter describes how the data
element is derived from (and/or derives) other data elements via
some derivation method. Subclassing the ISO 11179 Data Element
Derivation class from the BFO process class makes it possible to
associate with the derivation method dispositions such as bias and
limitations. SOLICIT also associates an IEO Information Bearing
Entity class via the relation continuant part of, which can be used
to reference the data source in which the given data element
instance inheres (c.f. Section 3.2.7). SOLICIT subclasses the Context
Specifying Data Element class under the ISO 11179 Data Element
class and defines it as the parent class for the Indicator class.

Figure 4 illustrates the set of possible attributes of SOLICIT’s
Context Specifying Data Element class. Some attributes are inherited
from its parent class. In contrast, others allow it to reference
the following classes: BFO process, ISO 11179 Data Element, IEO
Measurement Information Content Entity, and Extraction Process.
Section 3 provides a more comprehensive description of these
attributes with reference to a practical example of an indicator.

3 Results

In this section, several usage scenarios are presented, showing
how SOLICIT can perform various functions that address
many of the contextualization needs previously discussed in
the introduction.

3.1 Definition of reusable metadata
elements

Reusing metadata elements is desirable from the perspectives of
metadata integrity and rigor of definitions. Segmenting metadata

Frontiersin Computer Science

into the constituent parts of an ISO/IEC 11179 data element
promotes reuse. For example, one can consider an epidemiological
indicator measuring the incidence rates of a given disease.
Incidence rates can be specified in several different ways, such
as crude rates, age-specific rates, or age-standardized rates. The
meanings of all these terms are common across disease domains;
therefore, it would make sense to define them in an ontology at
a broad disease domain level. Age-standardized rates are most
helpful in comparing disease burdens across countries where
the different population age structures could otherwise lead to
misleading conclusions. Age-standardized rates are calculated by
weighting the age-specific rates with the population distribution
of a standard population. Since there are several standard
populations (world standard population, European standard
population, etc.), it is essential also to specify the population
standard used in the calculation (especially where rates calculated
with differed standard populations are compared between different
world regions).

ISO/IEC 11179 foundation, SOLICIT
allows the creation of an OWL class denoting age-standardized
rate as an ISO/IEC 11179 object class. The OWL class can
be comprehensively described using annotations and class

Drawing on its

hierarchies. The ISO/IEC 11179 property, also implemented as
an OWL class, could then be defined as a particular population
standard (e.g., European standard population) and reside in a
class hierarchy with sibling classes denoting other population
standards under a parent class denoting population standards
in general.

An appropriate value domain could be the weighting factors
for 5-year age brackets. The data element encapsulating this
abstraction of age-standardized rates weighted by the European
standard population in terms of 5-year age brackets is illustrated
in the top left part of Figure5, which shows part of the

frontiersin.org
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IEO Descriptive Information Content Entity ‘ | ISO 11179 Classifiable Item |

‘ 1SO 11179 Data Element Concept |

CCO continuant part of isA represents 1SO 11179 Value Domain |
I
1SO/ CCO uses
10 is output/ N 1SO 11179 D?ta Element
CCO is output of o
isA ISO is input to/
CCO is input of

SLCT Context Specifying Data Element

isA

ISO derives/
CCO has output

BFO process

SLCT Indicator

I1SO inputs/
CCO has input

_—,‘ ISO 11179 Data Element Derivation |[q

’ IEO Directive Information Content Entity

| BFO specifically dependent continuant | CCO realizes

isA

isA

| BFO realizable entity BFO disposition

FIGURE 3

Representation of the International Organization for Standardization/International Electrotechnical Commission (ISO/IEC) 11179 data element within
the semantic ontology-labeled indicator contextualization taxonomy (SOLICIT) framework.

I1SO applies/ isA
CCO has input

orithm

IEO Alg
A

isA
ISO 11179 Derivation Rule

BFO temporal region | | GO Geospatial Region

> 4
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o

CCO occupies ////CCO occupies
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spatiotemporal region

| IEO Descriptive Information Content Entity
2

el
BFO process

| 150 11179 Data Element |

CCO has continuant part

CCO has continuant part
SLCT has stratification,
SLCT has context

| 1SO 11179 Data Element Concept |

CCO describes

ISO represents

| 150 11179 Value Domain

SLCT has qualification

IEO Measurement
Information Content Entity

CCO is measured by

1SO is output

ISO uses

SLCT Context Specifyi

ng Data Element H 1SO 11179 Data Element Derivation

CCO participates in

| IEO Directive Information Content Entity |
A

isA

cco W I1SO applies

| SLCT Limiting Disposition |

BFO process

isA

’ 1SO 11179 Derivation Rule

- - has i )
| SLCT Extraction Script PM{ SLCT Extraction Process ‘

FIGURE 4

Attributes of semantic ontology-labeled indicator contextualization taxonomy's (SOLICIT's) Context Specifying Data Element class.

contextualization context of an example that will be described in
Section 3.2.

This composite approach to formulating metadata elements
results in a relatively straightforward means for selecting and
reusing existing metadata elements that can then be used
to annotate data. In the SOLICIT acronym, this operation
encapsulates the aspect of ontology labeling of a dataset or
data variables within a dataset—a data user can dereference
the entities in the SOLICIT ontology from the metadata
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links and understand the whole meaning of the associated
metadata element(s).

3.2 Contextualization of indicators/data
An indicator dataset may be contextualized using the metadata

labeling mechanisms of ISO/IEC11179 and via the semantic
relationships described by the Context Specifying Data Element
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FIGURE 5

subset of its semantic relations

http://www.ex.com/ASRDerivRule

Encapsulation of an example indicator within the semantic ontology-labeled indicator contextualization taxonomy (SOLICIT) framework describing a

(Population_Count_IntVals)

class (c.f. Figure 4). The age-standardized surveillance indicators
for cancer cases in Europe are considered a practical example. These
indicators are available from the European Cancer Information
System (ECIS; European Commission, 2022). Data users can
visualize and download the indicators from ECIS based on a set
of interactive filters allowing the choice of country, sex, cancer site,
year, and indicator type (i.e., incidence or mortality rates).

Figures 5-7 illustrate in further detail the semantic relations
of an indicator shown in Figures 3, 4. SOLICIT’s Indicator class
derives from the Context Specifying Data Element class. The
shaded boxes in the figures depict instances of ontology classes
(individuals) instead of unshaded boxes, which depict ontology
classes. Classes can be viewed as a general schema that can be
made more specific at the individual level. In certain cases, the
data element types of the individuals are indicated in parentheses
in which the constituent parts of object class, property, and value
domain are separated by underscores (object classes are denoted
in blue font, properties in red font, and value domains in green
font). Text marked in bold font denotes values of the respective
individuals; broken arrows also refer to values of individuals but
indicate that the intermediate steps (notably those from instances
of the IEO Information Content Entity class to instances of the IEO
Information Bearing Entity class, as required by CCO) have been
omitted to preserve clarity in the figure.

The individual named AStRIndicatorCaEU2010Ex in the
various figures contains the reference to the indicator. The
indicator is contextualized by any number of attributes that can be
extended to the degree necessary for comprehensively describing
it. The semantic relations in which a SOLICIT Indicator class can
participate are discussed below under their headings. The origin of
these relations (from BFO, CCO, or SOLICIT) can be understood
from Figures 3, 4.
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3.2.1 Relation: is measured by

The relation is measured by, c.f. Figure 5 is defined by CCO with
a set of subrelations; it has the range IEO Measurement Content
Entity and can be used to describe how the indicator is measured.
The measure is a ratio subclassed from the IEO Proportional
Ratio Measurement Content Entity class. SOLICIT provides the
additional relations of has numerator and has denominator (both
with ranges IEO Descriptive Content Entity) and normalization
factor to give more granularity. SOLICIT also introduces the
relation has qualification that can be used to qualify any standard
contextual class. This is illustrated in Figure 6 for the denominator
of our example indicator. The denominator has the data element
type composed of Population (object class), Count (property),
and integer values (value domain). Whereas, less relevant for
age-standardized rates, further qualification might sometimes be
necessary to indicate the type of population considered (e.g., only
officially resident, those suffering from a particular ailment, etc.) or
the date of the population census.

3.2.2 Relation: is output

The relation is output describes how the indicator was derived;
it has the range BFO process class, which defines the parent class of
the ISO 11179 Data Element Derivation class (c. f. Figure 3). The
latter can therefore be associated with the two further relations
applies and realizes. The SOLICIT relation applies refers to the
derivation rule (where the ISO 11179 Derivation Rule class is
subclassed from the IEO Algorithm class). The relation realizes
is defined by BFO with the range realizable entity, which is the
parent class of the BFO class disposition. The latter can be used
to describe any bias or limitation introduced by the indicator
derivation method.
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cases per thousand#ref_id

(Population_Count_IntVals) v

count#tref_id

has qualification

mid_year_measure#ref_id

(Population_Census_Month MM)

FIGURE 6

An example of qualifications assigned to the individual used as the denominator of the indicator shown in Figure 5.

has denominator

has qualification

residence_pop_qualifier#ref_id

(Population_Delimitation_Population Type)

Common set of stratification variables - SOLICIT

Time_Delimitation_YearYYYY

has stratificatibr\

Geographical Area_Delimitation_NUTS2

has stratiﬁcatl)':n\

Common set of stratification variables —
non-communicable disease domain

Indicator_Surveillance_Epidemiology IMSP

has stratification

A Case_Sex_SexMFX

has stratification

| AStRIndicatorCaEU2010Ex |

has stratification

v

| Anatomical Site_Delimitation_ENCRCasite |

https://ecis.jrc.ec.europa.eu/info/cancers_encr.php

FIGURE 7
Stratification data elements of an example indicator.

I
| has URL
|

v

The derivation method of an indicator is necessary for
understanding the quality and comparability of indicators derived
using different methods. A common issue with indicators in the
health domain is the heterogeneous types of underlying data
sources which are dependent on the type of the health service
infrastructure (Tolonen et al., 2021). In Figure 5, the derivation rule
is indicated as a class but could as equally well be implemented at
an individual level. Implementing it at both class and individual
levels provides a useful way for specifying (a) a standard/preferred
method for deriving the indicator and (b) the method applied
for a given instance of the indicator (which may be necessary
in relation to the primary data sources available). The standard
method could be attributed to the class level and the method used
at the instance/individual level.
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3.2.3 Relation: participates in

In Figure 5, the BFO relation participates in (with the
range of BFO process class) can be associated with the
SOLICIT  Extraction Process class to describe the
the related data. The Extraction
Process class uses the CCO relation has input with range
IEO Directive Information Content Entity (cf. Figure4) to
link to the extraction instructions. In the example indicator,
the data file is assumed to be in RDF format, and the
extraction method is a SPARQL script. However, the data

used

extraction process for

extraction method could be specified in many different ways
and provide access to datasets in any format, including
binary, depending on the web services supported by the
remote site.
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3.2.4 Relation: has stratification

The SOLICIT has stratification relation is a subrelation of has
qualification (c.f. Section 3.2.1). It has the range IEO Descriptive
Information Content Entity and describes the variables according
to which an indicator is stratified. In Figure 7, the European cancer
age-standardized rates are stratified according to sex, geospatial
code, indicator type (incidence/mortality), cancer site, and time
period. Each of these stratification variables is, in fact, the data
element named according to the convention of ISO/IEC 11179 in
terms of an object class, property, and value domain, providing
them with more modular description. The same data elements
can be defined in SOLICIT for different domains, as illustrated
in Figure 7, thereby facilitating reuse at the appropriate level of
abstraction in the hierarchy of the domain spaces.

3.2.5 Relation: describes

The CCO relation describes (Figure 8) specifies the domain
IEO Descriptive Information Content Entity and does not constrain
its range. Therefore, a SOLICIT Indicator class can use this
relation to describe many aspects of an indicator. Its primary use,
however, is to describe the whole indicator process and, via the
BFO and CCO relations pertaining to the BFO Process class, to
specify the temporal and geospatial regions associated with the
indicator. These regions can be described in terms of the associated
CCO classes.

3.2.6 Relation: has context

The SOLICIT has context relation (Figure8) is also a
subrelation of has qualification and specifies the range IEO
Descriptive Information Content Entity (and therefore, by
association, the subclassed ISO/IEC 11179 data elements). The
property components of these data elements could describe such
aspects as the scope of the indicator, its uncertainties, assumptions,
and limitations. This general relation can add any amount of
descriptive information to the indicator. Dereferencing the
composite data—element metadata fields would provide the explicit
information of the associated contextual entity. In Figure 8, the
value domains of these data elements are described in terms of
text or keyword sets. However, they could equally well use more
definitive types of value domains depending upon the needs of the
indicator domain.

3.2.7 Relation: continuant part of

By adding the BFO relation continuant part of with reference
to an IEO Descriptive Information Content Entity (c.f. top-left part
of Figure 3), SOLICIT can associate an indicator with references
to any other indicator instances. This functionality is helpful in
cases where local and regional indicator sets feed a national or
supranational indicator system. Moreover, these references can
point to federated indicator sets and avoid the need to duplicate
datasets at a central collection level. The bottom left-hand side
of Figure 8 shows several individuals (ind set ref id_I... ind set
ref id_n) associated with the indicator each via this relation.
An extraction specification can therefore be defined for each
individual to retrieve the related data and a reference to a SPARQL
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endpoint on the remote server. The latter can be queried to retrieve
all the contextual information related to the remote indicator
set. Figure 9 illustrates the mechanism in which the extraction
process provides a SPARQL endpoint from which a “describe”
query can be made on the name of the remote individual (local
ind id 1) to ascertain and retrieve all the related contextual
information. Since the remote indicator points to the data source
from which it was derived, the end application can retrieve all
of the data source’s contextual information as well. From this
contextual information, it can be determined whether the standard
indicator derivation method or an alternative derivation method
was used.

3.3 Classification and linkage to external
terminology systems

ISO/IEC 11179 allows metadata items to be classified by
classification schemes (c.f. Figure 1). This mechanism permits
each of the data element components to be classified under a
knowledge system, such as the simple knowledge organization
system (SKOS), and linked via linked open data (LOD) principles
to relevant entities defined and described in external terminology
systems. Table 2 shows possible linkages for two data element
components of the stratification data element Anatomical
Site_Delimitation_ENCRCasSite (c.f. Figure 7). The classification
relations are automatically inherited by the data element
components from the ISO 11179 Classifiable Item class (c.f.
Figures 1, 2).

To establish a link to a terminology system, SOLICIT uses a
technique described initially by Anil Sinaci and Laleci Erturkmen
(2013). The technique involves creating a classification scheme
class for the terminology server (c.f. the example depicted in
Figure 10 for the object class in Table 2 that links to an entity
in the Genomic Epidemiology Application Ontology). Next, a
classification scheme item (CSI) object is created that references
the classification scheme via the semantic relation contained in. The
CSI object is then populated with the type of relationship (such as
a SKOS relation) to the relevant code of the classification system.
The code is dereferenced via the associated uniform resource
identifier (URI).

3.4 Dynamic tailoring of an indicator
definition template

The complete definition of an indicator is essentially provided
by the complementarity of an appropriate set of semantic relations
and can, moreover, be formalized by drawing on the underlying
description logic (DL) of OWL. Adding contextual information
would serve to refine the definition. It could, in principle, also
be possible to find all the related datasets adhering strictly to a
given indicator definition by linking the definition with a federated
query across the domain, providing a mechanism for updating
indicators dynamically.
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FIGURE 8
Other context variables of an example indicator.
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FIGURE 9
Semantic ontology-labeled indicator contextualization taxonomy (SOLICIT) provides the means to access an instance of an indicator residing in a
remote node via a reference in the local node. In polling the information of the remote indicator, it is possible to retrieve any contextual information

relating to the underlying data source(s) from which the indicator was constructed.

TABLE 2 Example of possible semantic linkages using linked open data (LOD) principles.

Data element component Terminology system
Anatomical Site (object class) Genomic Epidemiology Application Ontology http://purl.obolibrary.org/obo/GENEPIO_0000025
ENCRCaSite (value domain) ECIS https://ecis.jrc.ec.europa.eu/info/cancers_encr.php
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FIGURE 10

Example of how the second element of Table 2 can be linked and related to a specific code in a terminology system

3.5 Searching and retrieving contextual
information

Section 3.2 describes many types of queries that SOLICIT
can support. Two further functionalities worth mentioning are
discussed in the following subsections.

3.5.1 Cataloging facility

Each domain-level ontology can be queried to retrieve all the
indicators registered within the domain. All indicator reference
objects are subclassed from the SOLICIT class Indicator and thus
a simple SPARQL query can retrieve them. If the ontologies
of the registered nodes are set up as a SPARQL endpoint, a
distributed search can be made to retrieve all indicators within the
entire framework. Such functionality is useful, for instance, in a
domain such as non-communicable diseases that consists of many
subdomains of specific diseases.

3.5.2 Search by metadata element

SPARQL queries can also determine all the different ISO/IEC
11179 metadata elements (e.g., data element concept, data element,
object class, property, and value domain) held in a SOLICIT-
derived ontology. All the indicators using a given metadata element
can therefore be retrieved across the entire framework. Moreover,
any SKOS links established in the metadata descriptions and
definitions can be followed using LOD principles to build up a
comprehensive picture of what a given metadata element describes.

4 Discussion

SOLICIT is a generic indicator contextualization framework
that aims to implement a domain-neutral starting point for
developing indicator contextualization applications in specific
domains. The framework is intended to be implemented as a
set of domain-level ontologies that can each extend the more
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generic classes of SOLICIT’s base ontology. Notably, the domain-
level ontologies do not impose constraints on the data-providing
mechanisms within the domain apart from describing the data with
the SOLICIT-derived annotations. The prime incentive behind
SOLICIT is to provide a standardized way in which to add any
degree of required contextual information to an indicator (or
data element) using common metadata description principles that
promote the reuse and linkage of metadata in a scalable way.

SOLICIT draws on several standards and semantic web
architectures to enable such a solution. The genericity is ensured
to a large extent by building on a metadata standard (ISO/IEC
11179) and the formal interfaces of top- and mid-level ontology
layers. SOLICIT uses CCO, although in principle it could use any
mid-level ontology layer. The CCO suite was chosen due to its
extensive nature across general domains and because it derives
from BFO, an international standard (ISO/IEC 21838-2:2021). The
main challenge is to integrate the metadata standard into the
ontology interface.

Within SOLICIT, contextualization metadata can be described
in a structured form (such as the stratification variables) or
unstructured text. Whereas, a framework of this type should allow
a degree of flexibility, there are specific contextual fields that
would benefit from standard constructs—in particular, those able
to frame some quality metric for the indicator (e.g., assumption,
limitation, uncertainty, bias, etc.). Other descriptive entities are
more directly related to the quality of the underlying data, such
as accuracy, consistency, completeness, validity, and uniqueness.
They can be dereferenced from the semantic relations linking the
data elements to the underlying data sources. Describing data
quality is a field of active research, and although various quality
assessment methods and frameworks have been proposed (Cichy
and Rass, 2019; Ozonze et al., 2023; Bian et al., 2020; Shekhovtsov
and Eder, 2020), they are yet to gain broad consensus, and there is
divergence even on the meaning and scope of the individual quality
dimensions themselves. In view of the difference of opinion on
this topic, SOLICIT leaves it to the specificities of the domain, but
in future extensions could integrate standard quality frameworks
when mature. Indeed, the greater the extent to which contextual
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information can be structured, the easier and more straightforward
it will be to provide. A concept such as SOLICIT could then
potentially furnish an automatic means (e.g., via DL) for inferring a
set of quality metrics based on standard contextual classes selected
for a given indicator or dataset.

SOLICIT can add an extra degree of functionality to common
data models (CDMs) such as the Observational and Medical
Outcomes Partnerships (OMOP) CDM. The OMOP CDM is
designed to standardize the structure, format, and terminologies of
otherwise disparate datasets to facilitate systematic analyses across
a federated data network (Kent et al., 2021). CDMs are an effective
instrument for allowing interoperable data exchange, but they do
not capture the whole picture behind the datasets. Even though
data are standardized to the interoperable degree necessary for
inclusion into a given analytical study, the study’s results may
be severely compromised by an uncircumspect use of the data
arising from unwarranted assumptions about their relative quality
or applicability. SOLICIT can provide such information.

4.1 Ability to address indicator
recommendations

The good indicators guide (British National Health Service,
2024) suggests that most of the essential metadata elements of an
indicator can be clarified by considering ten basic questions relating
to aspects such as measurement criteria, data provenance, accuracy
and limitations, rationale, etc. SOLICIT contains the constructs
that can cater well to most of the requirements. Examples of
SPARQL scripts demonstrating how SOLICIT can provide such
contextual information are included for an example indicator in the
data distribution referenced in the Data availability statement.

4.2 A facilitating framework

SOLICIT was not devised to solve a specific domain-focused
issue but rather to address the general and domain-independent
need for a harmonized means of contextualizing data. SOLICIT
is a flexible and versatile framework that can be used for many
different purposes largely due to the standards and semantic web
technologies on which it was built.

The query and retrieval mechanisms discussed in Section 3
could be handled without difficulty in a dedicated user interface.
This would allow the development of data portals at a domain level
to search and retrieve indicator sets across all the subdomains and
different countries/regions.

The contextualization entities and their cross-references to
standard data dictionaries and thesauri via LOD principles are
a useful aid for deep learning and artificial intelligence (AI)
tools to draw inferences on the usage and integration of the
contextualized data. These inferences could then be traced to the
contextual descriptions, providing the means for verifying the
reasoning processes. SOLICIT can also provide the contextual
“glue,” allowing analyses of data described by heterogeneous
data standards.
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5 Conclusion

Comparing indicators in a meaningful way across distributed
heterogeneous entities is a complex process that needs to consider
relevant contextual information for a correct interpretation.
However, few tools are available describing contextual information
in a harmonized, scalable, and non-prescriptive way, while allowing
effective reuse of metadata. This need has motivated the concept of
the SOLICIT framework proposed here.

SOLICIT is a pragmatic approach to providing a generic,
domain-neutral indicator and data contextualization framework.
By drawing on the dual strengths of ISO/IEC 11179 and CCO,
SOLICIT provides a practical means for structuring and linking
contextual metadata according to a standard model that also allows
the inclusion of domain specificities to any degree of granularity.
It, therefore, serves as a standard and harmonized starting point
from which to develop comprehensive, domain-specific indicator
contextualization metadata.

The contextual information is machine-readable, given its
ontological representation in OWL. It can be dereferenced on a
per need basis, making it usable by AI applications and machine-
learning algorithms. In particular, it facilitates the automatic
inferencing processes, allowing downstream data processes to make
informed decisions about the applicability of the indicator/data for
a given purpose. Moreover, it provides the means of independent
confirmation of any resulting analyses and can add additional value
to common data standards.

SOLICIT may be considered a critical enabler toward “FAIR-
ification” of data (Wilkinson et al., 1970) and indicators. Not only
can data be found over distributed data sources via searches on the
ISO/IEC 11179 object class and property keywords, but data access
is achieved via the data extraction specification. The tripartite
linkage of the ISO/IEC 11179 data element components using LOD
principles enables mapping each constituent metadata element
to standard terminology systems for interoperability purposes.
SOLICIT permits the integration of data from different domains by
providing users a complete overview of the context of the data for
application in the ways intended (and can, therefore, also serve to
extend the shelf-life and utility of legacy data, which is particularly
important in the health domain).

It is hoped that the ideas presented here will stimulate further
reflection and contribution in formulating standard frameworks for
contextualizing data. There remains a critical need to agree on an
adaptable solution able to enrich and contextualize datasets in a
comprehensive way that is not overly prescriptive and can serve
to search and integrate data distributed across different domains
and subdomains.

Data availability statement
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