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INTRODUCTION 
 
Mathematical modelling communities in the VPH represent an active and diverse network of biomedical 
scientists that studies human biology by computational means. This diversity is the basis for an impressive 
breadth of modelling and simulation approaches that generate large volumes of potentially shareable data and 
model resources (DMRs). Although in principle such clinically-relevant resources are re-usable by the 
community, in practice few can currently be shared. 
 
Apart from well-known fundamental obstacles to sharing, such as clinical data confidentiality and model 
intellectual property limitations, a further key constraint stems from the lack of consistent annotation protocols for 
biological concepts that are implicitly represented in DMRs: i.e. properly annotated DMRs are more likely to be 
shared. An additional practical obstacle is the lack of an open and coherent technical infrastructure that allows 
community users to (i) apply annotation in a consistent manner, and then to (ii) query and reason logically with 
distributed repositories that serve such annotations: i.e. the efficient sharing of annotations effectively fosters the 
sharing of DMRs. 
 
This deliverable discusses DMR classification strategies adopted by the VPH community as a first step to 
establishing a coherent approach to organizing and annotating DMRs. 
 

 
 
BACKGROUND 
 
A key objective of the RICORDO project WP3 is to establish a general annotation plan for VPH data and model 
resources (DMRs). 
 
Within the VPH community, prioritizing the activity of documenting and annotating models, and the 
corresponding datasets from which they are derived, is particularly challenging because: 

1) in itself, such an activity does not influence directly the performance of a simulation, and 
2) it is difficult to invest in annotation in the absence of reliable community standards that demonstrably 

address the interoperability requirements of the VPH. 
 
In considering an annotation plan, the wide heterogeneity of the VPH community activities is per se a source of 
a wide heterogeneity of semantic and operational interoperability requirements. The rational design of such a 
plan, therefore, has to take into account the interoperability areas of priority (i.e. what are the key features in a 
resource to annotate first?) in order to expedite the benefits of the RICORDO work to the community. Such 
benefits are more likely to accrue, of course, if this plan is reinforced by the outcome of the WP4 effort that puts 
in the hands of the VPH community tools that support annotation, as well as the sharing of, and reasoning on, 
such annotation data. 
 

 
 
DESCRIPTION OF WORK 
 
The focus of this work is to establish the key classes of VPH DMR that have been identified, in consultation with 
the community, as a priority for annotation. The over-riding criterion for such prioritization was the expected 
improvement in semantic

 

 interoperability leading to better clinical outcomes, A second, more pragmatic, criterion 
is to prioritize those DMRs that are amenable to annotation in terms of biological structure (e.g. anatomical 
location) or physiological state (e.g. blood pressure, concentration of Ca2+). The motivation for this pragmatic 
criterion stems from the immediate benefit to the community of drawing upon publicly-available resources outside 
the VPH that are already annotated with terms from standard ontologies discussed in RICORDO’s deliverable 
D2.1. A third, and important, discriminant for classification is based on the notion of temporal and structural 
‘scale’. 
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Collection of Use Cases 

A number of VPH and non-VPH efforts have been approached to collect DMR use cases for the purpose of 
classification of annotation types (see Annex for list of teams consulted, and a description of their projects). 
 
A key finding that emerged clearly from discussion with relevant experts within these efforts is that, for semantic 
interoperability to succeed, it is essential to properly delineate the remit of the proposed annotation plan. In 
particular, it is vital to be aware of the pitfalls of also dealing with other types functional (i.e. operational rather 
than semantic) interoperability barriers caused by, for instance, the heterogeneity of formats (and related 
infrastructural implementations) in which DMRs are stored. 
 
To this end, it is essential that the method chosen to access, query and share annotations from different DMRs 
is uncoupled from the manner in which annotations are embedded in (or, at least, associated with) a particular 
resource. This separation ensures that the annotation plan is more generic, and certainly more robust to resource 
format heterogeneity. More details about this key aspect of the annotation plan is discussed in RICORDO’s 
deliverable D2.2. 
 

 
Approaches to DMR classification 

Different sections of the biomedical community have different ways of classifying DMRs. We have identified 
three, largely orthogonal, classification strategies in frequent usage. The first part of this description of work 
reports on these three methods. The second part classifies the collected DMR use cases using a combination of 
these three approaches. The third and last part makes use of an upper level ontology (Basic Formal Ontology - 
BFO) to suggest how novel classifications of DMR annotations may be created through the use of standard 
reference ontologies. 
  

 
Part 1 - Conventional classification of annotation types of DMRs 

1) Classic operational categories 
 
The classic approach to classifying DMRs is to consider a resource as a dataset that may be distinguished from 
other types on the basis of the type of data structure employed to organize its content. In the biomedical domain, 
typically, datasets that make use of equations to quantitatively represent temporal, spatial or compositional 
variation are referred to as ‘models’ (i.e.  a model is a type of dataset). In the same way that an equation/function 
may map from one type of domain values to another class of range values, so may the type of data input into a 
model (e.g. parameter values) differ from the type of dataset that is output (e.g. the simulation result). 
 
Based on the above criteria, six key types of DMR are identified in the biomedical domain: 
 

 Discrete Continuous 
Simple data structure Lists of categorical data (e.g. 

database of protein sequences) 
Lists of continuous data (e.g. 
table of blood pressure 
measurements) 

Complex data structure Graphs (e.g. qualitative pathway 
knowledgebase, simulation 
pipeline workflow) 

Signals across time and/or space 
(e.g. ECG, radiological images, 
raw gene expression data, 
microscopy image) 

Models Statistical, Agent-based, Logical 
(e.g. Boolean) 

ODE-, PDE/Field-based, (e.g. 
Lattice-Boltzmann) 

Table 1. Main annotation types of DMR. (ODE: Ordinary Differential Equation; PDE: Partial Differential Equation) 
 
Within the VPH domain, a significant proportion of complex data and models characteristically represent some 
transition across space (e.g. Volumetric data), time (e.g. ODE with time as independent variable) or both (e.g. 
3D+T MRI). Furthermore, both discrete and continuous data may be handled by the same model – for example, 
an agent-based model may evoke an ODE-based model that is continuous over time but discrete over space. 
 
In addition, the results of model simulation may take any form – i.e. a simulation may generate any type of data 
structure or model. It follows, of course, that the heterogeneity of subclasses of the above types also leads the 
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community to create and adopt a heterogeneity of ad hoc formats for storage purposes.  
 

2) Classification of DMR elements based on biological criteria 
 
An alternative taxonomic approach that is relevant to a format-independent semantic solution, classifies elements

 

 
within DMRs in terms of biological content. This classification is based on the extent that components/elements of 
DMR implicitly represent biological structure or physiological state.   

For the purposes of this discussion, a DMR element may be a model element (e.g. variable, parameter) or some 
other type of dataset element that is more-or-less structured. Models, in particular, are viewed as a network of 
elements that include mathematical arguments, parameters, and equations. The values and functional 
descriptors of some of these elements pertain to biological entities, while others clearly do not. Based on this 
‘biological’ approach, the three main classes of DMR element are:  

A. State elements that encode the physical state of entities 
State properties such as ‘rate’ or ‘weight’ reflect some aspect of biological reality. In principle, they can be 
measured at single time points, and are properties of ontological continuants (such as biological structure or 
process - see Part 3, below) such as mass, location, velocity, charge, size, etc. The cardinal feature of state and 
rate variables is that they each have a single value that is defined at a time point.  
 
For example, at any time point during model execution, the Guyton model (Guyton, 1972) variable ANC holds 
values for the concentration of angiotensin in blood (usually in units of moles/litre), and ANPR1 holds values for 
the rate of angiotensin formation (usually in units of moles/sec). Such variables encode an attribute of a single 
physical biological entity, defined and quantifiable at a single point in time. The record of blood pressure readings 
in a clinical database is another example of a state component. 

B. Constitutive elements that characterize dependencies between state elements 
An example of such a element may be illustrated from biophysics models. For instance, the use of Ohm’s law 
allows the specification of a linear relationship between measures of electrical potential difference (∆E) and 
electrical current (I) through an electrical conductor. The proportionality between potential difference  and current 
is known as resistance (R), or its reciprocal, conductance (G). While the linearity assumed by Ohm is, of course, 
only an approximation, the dependency between I and ∆E is often represented independently in physiology 
model variables (e.g. the EAR variable from the Guyton model that holds values for Efferent Arteriolar 
Resistance). Clinical datasets from respiratory medicine diagnostics (e.g. body plethysmography) refer to lung 
compliance values – in effect, such values reflect a ratio between pulmonary volume and transmural pressure. 

C. Procedural elements that encode experimental or computational controls 
Within models, such elements control the computational machinery by which the model executes in a particular 
modeling language or platform. They have no inherent biological meaning. A simple computational control is the 
time-step required by the numerical integration algorithms; small time-steps are required to accurately track fast-
changing variables. Conversely, clinical data may require some representation of procedural conditions under 
which certain measurements were taken, which may not have any relevant reference to biological entities. 
 

3) Classification based on scale 
 
Physiological function spans length scales that range from the 1-nm (typical of a protein) to the 1-m scale of an 
intact body. The range of physiological timescales must encompass the micro-second (e.g. characteristic of 
Brownian motion) to the many decades characteristic of a human lifetime. In practice, DMRs have a limited range 
of spatial and temporal scales, and the modeling community makes use of established computational and 
mathematical techniques to link DMRs across scales (see Hunter et al for further details). 
 
The typical scales adopted by the biomedical community for the data of an individual humana are as follows: 
Size Scale Levels: Body, Organ, Tissue, Cellular, Subcellular, and Molecular 
Time Scale Levels: 10-6 to 109s 
 
The above approach does not, however, take into account epidemiological and population data (e.g. Size scale: 
a statistical model depicting the variation in cardiac shape and size by comparing MRI images from hundreds of 
individuals; Time scale: Body weight at birth across five generations in the same family). In such cases, the 
community typically adopts the convention of labeling the DMR in terms of the repeating structural unit of the 
resource (e.g. molecular scale for the asymmetric unit of a molecular crystal structure, organ scale for a variation 
model of cardiac dimensions). There are no known time-scale category labels covering groupings over the 10-6 to 
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109s span (apart from the standard Greek nomenclature of individual units, such as microseconds for 10-6), and 
typically the time scale for a DMR is implicitly taken to be related to the duration of the DMR’s repeating structural 
unit. 
 

 
Part 2 – Classification of annotation Use Cases 

The three taxonomic approaches described above may be combined to classify DMRs. To demonstrate this, we 
have taken fourteen data classes encountered during the consultation with the biomedical community and 
tabulated them alongside their corresponding taxonomic categories. 
 

No. Type Conventional Biological Size Scale Time Scale 
(s) 

1 ODE-based mathematical models 
of cardiac electrophysiology 

Continuous 
Model 

Types A, B, C Cellular, 
Subcellular 

10-2 to 102  

2 procedural descriptors of cardiac 
experiments 

Discrete Simple Type C Cellular N/A 

3 pathology descriptors of cardiac 
disease conditions 

Discrete Simple Type A Organ N/A 

4 standardized description of 
electrophysiology simulation 
output 

Continuous 
Complex 

Types A, B, C Cellular, 
Subcellular 

10-2 to 102 

5 standard descriptors of brain 
regions 

Discrete Simple Type A Organ, 
Tissue 

N/A 

6 procedural descriptors of 
neurophysiological laboratory 
tests 

Discrete Simple Types A, B, C Organ, 
Tissue 

N/A 

7 procedural descriptors of 
neuropsychological tests 

Discrete Simple Type C N/A N/A 

8 pathology descriptors for medical 
history 

Discrete Simple Types A, B Organ, 
Tissue 

N/A 

9 cardiovascular diagnostic 
measurements 

Continuous 
Complex 

Types A, B, C Organ 10-1 to 102 

10 anatomical regions in whole body 
CT and MRI 3D images 

Discrete Simple Type A Organ, 
Tissue 

N/A 

11 signal input from kinetic and 
kinematic capture equipment 

Continuous 
Complex 

Types A, B, C Body, 
Organ 

10-1 to 102 

12 functional organ level 
musculoskeletal characteristics 

Discrete 
Complex 

Types A, B, C Organ 10-1 to 102 

13 tissue material properties Continuous 
Simple/Complex 

Types A, B, C Tissue 10-2 to 102 

14 measurements of cellular 
properties 

Continuous 
Simple/Complex 

Types A, B, C Cellular, 
Subcellular 

10-2 to 101 

Table 2: List of instances of conventional annotation types identified by RICORDO 
 
 

 
Part 3 – Novel classifications using Ontologies 

The annotation of elements within DMRs using standard ontology terms allows the classification of these 
elements, and by extension their corresponding DMRs, based on the knowledge represented in the reference 
ontologies (for examples of Reference Ontologies in the RICORDO set of dictionaries, refer to RICORDO 
deliverable D2.1). This indeed is the key motivation driving RICORDO's effort in applying ontological annotations 
to DMRs.   
 
Ontologies represent reality and reference ontologies represent well delineated domains of reality – hence their 
relevance to the annotation of DMRs (which themselves are concerned with providing data and model about 
phenomena in reality). Herein lies a fundamental motivation for using ontologies in annotating DMRs. The use of 
ontology-based annotation makes it possible to further classify DMRs on the basis of the domain knowledge they 
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contain. Annotations allow elements in a DMR to be embedded in the knowledge network of ontologies. This is 
achieved by querying annotations in ways that may involve reasoning with ontologies.   
 
Using ontologies in this manner is made possible by the way ontologies are themselves specified, structured, and 
organized together. In particular, reference ontologies tend to have well-defined terms that are related to one-
another via well-defined relationships. Such reference ontologies are typically designed on the basis of an ‘upper-
level’ organizing ontology that defines the key basic classes in the reference ontology, thus facilitating their 
articulation in a coherent way. A well-known example of an upper-level ontology is the Basic Formal Ontology 
(BFO: http://www.ifomis.org/bfo/) which serves in shaping a number of ontologies contributing to the CORDO 
dictionary set. 
 
 

 

 

Fig. 1. The key classes in the BFO – continuants on the left, occurrents on the right. 
 
The BFO distinguishes between two main types of class:  

a) Continuants: entities that are present as a whole at each time point at which they exist. They continue or 
persist through time, such as objects, qualities, and functions; 

b) Occurrents,: the events or happenings in which continuants participate, such as processes.   
 
In the BFO, biological objects (such as the heart or a muscle cell) are called independent continuants. Biological 
qualities such as temperature, mass, etc. are known as dependent continuants. These high-level distinctions 
offer the overarching classification scheme for DMRs and their component elements. 
 
These basic distinctions in the BFO are used in the organisation of ontological knowledge and the 
compartmentalization of ontologies as a basis for annotation. A number of biomedical reference 
dictionaries/ontologies (see Fig. 2) represent specific knowledge pertaining to either independent continuants (i.e. 
biological structures, or objects), dependent continuants (e.g. qualities) or occurrents (e.g. processes). The 
relevance of this organizing principle to VPH DMRs is that reference ontologies in the CORDO set will provide 
specific detailed knowledge of certain domains while still preserving overarching delineations captured in the 
BFO. There is therefore an immediate transfer of the organization and classification of ontological terms onto 
DMRs annotations.  
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Fig. 2. Examples of reference dictionaries classified in terms of the key BFO classes. 
 
The standard reference ontologies used by RICORDO (some of which are also shown in Fig. 2, classified in 
terms of BFO classes) provide the terms to annotate instances of continuants and occurrents within DMRs. More 
interestingly, however, they provide specialisations of these ontological types with which to make annotations. 
The use of automated reasoning over ontological structures then allows us to classify annotations based on their 
corresponding continuant- or occurrent-related properties (including domain specific subtypes thereof).  
 
Therefore, the use of reference ontologies for biological continuants and processes, and following the 
relevant hierarchies of ontological subtypes, represents a fourth approach to classifying DMRs (the first 
three were discussed in Part 1, above). One of the key roles of the RICORDO annotation plan is, thus, to support 
the community-led classification of DMRs through the automated inference methods that are available to DMRs 
with ontology-based metadata.  
 

 
Future work 

The next step for WP3 is to: 
1) identify Type A and Type B components in VPH DMRs involved in WP6, WP7 and WP8 (refer to 

RICORDO Deliverable D2.2 for a more detailed discussion of the requirements and classic types 
emerging from these WPs), as well as 

2) establish collaborative interactions with VPH and non-VPH projects to increase the number of instances 
of Type A and Type B elements annotated with the WP5 grammar.  
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ANNEXES 
 
In producing this report, RICORDO has consulted with the following projects, which are representative of the 
range of applications and activities within the biomedical community (the numbered items in square brackets 
represent instances of conventional classes of DMRs – these are also summarized in Table 1): 
 

This project is developing open source codes and multiscale/multi‐physics models of cardiac 
euHeart (IP)  

electromechanics in clinical diagnostics and device development applications.  
 
The interoperability requirements focus on a core set of electrophysiology action potential cell models – 
about 140 are in the CellML model repository as of March 2010 [*1: ODE-based mathematical models of 
cardiac electrophysiology*]. Often the properties of these models are detailed in many different places: 
the original papers; consequent studies; or are not published anywhere. As a result a modeller or 
experimentalist wishing to use the model in a single cell or a tissue level simulation may not be aware of its 
limitations or suitability for their study. 
 
A particular challenge is to determine what experimental conditions [*2: procedural descriptors of 
cardiac experiments*] the model is capable of reproducing. Models are typically developed incrementally 
by modifying an existing model to reproduce some new experimental data, for example in a particular 
disease condition [*3: pathology descriptors of cardiac disease conditions*]. The simulated output of 
the modified model is rarely, if ever, compared against the experimental data used in developing the original 
models [*4: standardized description of electrophysiology simulation output*]. 
 
[Notes: This type of interoperability scenario requires the adoption of ontology standards in the areas of cell 
structure (e.g. composites using GO Cell Component and CellType ontology), experimental conditions may 
refer to appropriate terms in the Ontology for BioMedical Investigation, and disease conditions may have to 
make reference to anatomical (e.g. Foundational Model of Anatomy) and pathology (MPATH) concepts.] 
 

This work is developing an evidence based statistical framework for diagnosis of Alzheimer’s 
PredictAD (STREP)  

disease. As a consequence of the lack of ontologically-based data type definitions, information is sometimes 
duplicated and the same data may be found under multiple fields which have different names. The 
assessment of the data annotation singled out a key requirement to map to a standard list of brain structures 
[*5: standard descriptors of brain regions*]  – the project has now been advised to use the Ontology 
LookUp Service at the EBI to find the appropriate Foundational Model of Anatomy identifiers that are 
relevant. RICORDO will assist with the requests of new terms from this ontology. A further set of over 2000 
data types were identified, ranging from lab datasets [*6: procedural descriptors of neurophysiological 
laboratory tests*], neuropsychological tests [*7: procedural descriptors of neuropsychological tests*], 
patient demographic information, and medical history [*8: pathology descriptors for medical history*]. In 
view of the compound nature of these data types, a sample subset is being studied within RICORDO WP5, 
along with the Sheffield clinical database schema (see below), and the model variables in RICORDO WP8. 
The DSM IV/V standard may be applicable to some of the neuropsychiatric representations in the project’s 
data classes.  
 

Database schemata represent an interesting and valuable subject for standardization. While the data 
retained by the database is, understandably, confidential, the schema that represents how the key data 
classes are organized into tables of information is under less restriction. From an ontological mapping 
perspective, the schema column names that define in a very informal and free-text manner the data class 
represented in the database fall under the ‘compound’ category which also includes most physiology 
variables in the VPH [*9: cardiovascular diagnostic measurements*]. The WP5 in RICORDO is therefore 
studying this particular schema to understand how best to improve interoperability between physiology 
models and clinical databases. 

Cardiovascular patient database, Royal Hallamshire Hospital, Sheffield 

 
As an extension to this work, the direct annotation of a representative set of cardiovascular Electronic Health 
Record archetypes from the openEHR standard (http://www.openehr.org) are also being annotated using the 
WP5 composite approach. 
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PhysiomeSpace (PS) is a biomedical storage, management and sharing service that emerged from the 
LHDL project. 

PhysiomeSpace 

 
The Bologna-based group working on this service  is systematically organizing all the data collected during 
LHDL, and publishing them into PhysiomeSpace, on behalf of the LHDL consortium. The standards 
associated with the metadata representation allows for the annotation of PhysiomSpace resources with 
additional metadata associated to other ontologies. An overview of the type of data being uploaded in 
PhysiomeSpace as part of the LHDL cadaver collection are as follows: 
 

1. Body level 
In-vitro whole-body CT scan and whole-body MRI in support of imaging data 3D models of bones 
and muscles [*10: anatomical regions in whole body CT and MRI 3D images*], as well as 
analysis of bone material properties and muscle line of actions .In-vivo gait analysis is performed on 
live volunteers. This includes motion analysis, force plates and electromyography [*11: signal input 
from kinetic and kinematic capture equipment*]. 
 

2. Organ level (in vitro) 
Extensive dissection of cadaveric specimens to allow the digitization of muscle parameters 
(pennation angles, origin & insertion location, tendon-muscle fiber ratio, etc) and to obtain 
morphology data (muscle mass & volume,). Bone properties were also processed (whole bone 
stiffness, strain distribution, bone strength). Joint kinematics was obtained using conventional 
stereophotogrammetry. [*12: functional organ level musculoskeletal characteristics*] 

 
3. Tissue level 

Bones are processed at tissue level by performing microCT of cancellous bone and by studying the 
mechanical properties of both cortical and cancellous bone tissue specimens. [*13: tissue material 
properties*] 
 

4. Sub-tissue level (in vitro) 
Bone parameters are obtained to quantify bone structure at sub-tissue scale (ash density, 
microhardness, chemical composition, collagen orientation). [*13: tissue material properties*] 
 

5. Cell level (in vitro) 
Bone chemical composition was obtained. Muscle sarcomere length is also obtained using a laser 
diffraction technique. [*14: cellbiology measurements*] 
 

As the PhysiomeSpace core objective is the management of data, and not metadata per se, this project is 
open to the assimilation of emerging metadata annotation standards, in particular with regards to: 
   a) metadata definitions in terms of publicly available ontologies; 
   b) external services supports the annotation of resources stored in PS to some standard, and from which 
PS can receive the resulting annotation metadata in XML format; 
   c) the additional metadata are treated semantically by external services that on need can query PS 
resources for such metadata; 
 

A further group of VPH-Initiative projects that have already established contact with RICORDO with a view to 
adopting data and model annotation standards are as follows: 

VPH-I projects 

 
a. VPH2 (STREP) is developing decision support tools for heart disease. 
b. preDiCT (STREP) is developing models of cardiac electrophysiology for drug design and toxicity 

testing. 
c. ARCH (STREP) is developing clinical decision support tools based on patient‐specific predictive 

modelling of vascular pathologies. 
d. PASSPORT is developing an open source multiscale framework for diagnostics and surgical training 

in the liver, based on modelling liver cell regeneration. 
e. NeoMARK (STREP) is implementing collaborative research networks and tools for the early 

detection of oral squamous cell carcinoma. 
f. HAMAM (STREP) is establishing a database of curated and annotated imaging data and software 

tools for breast cancer diagnosis. 
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