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Reconstructing and understanding the Human Physiome virtually is a complex

mathematical problem, and a highly demanding computational challenge.

Mathematical models spanning from the molecular level through to whole popu-

lations of individuals must be integrated, then personalized. This requires

interoperability with multiple disparate and geographically separated data

sources, and myriad computational software tools. Extracting and producing

knowledge from such sources, even when the databases and software are readily

available, is a challenging task. Despite the difficulties, researchers must fre-

quently perform these tasks so that available knowledge can be continually

integrated into the common framework required to realize the Human Physiome.

Software and infrastructures that support the communities that generate these,

together with their underlying standards to format, describe and interlink the

corresponding data and computer models, are pivotal to the Human Physiome

being realized. They provide the foundations for integrating, exchanging and

re-using data and models efficiently, and correctly, while also supporting the dis-

semination of growing knowledge in these forms. In this paper, we explore the

standards, software tooling, repositories and infrastructures that support this

work, and detail what makes them vital to realizing the Human Physiome.

1. Introduction
The Human Physiome consists of mathematical models that describe the focused

intricacies of molecular transport, all the way up to the broader studies on health

of populations of individuals over their entire lifetime. This requires model and

data integration across nine orders of magnitude in space and 15 in time. Describing,

data populating and integrating computational models over these vast spatio-

temporal scales requires the interoperation of multiple disparate and often geo-

graphically separated data sources. The data and models are often embedded in

proprietary software or databases. Extracting knowledge from such sources, even

when the software or databases are readily available, is a difficult and demanding
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task—but one which scientists must frequently perform in order

to reuse or integrate pre-existing knowledge into the common

framework required to realize the Human Physiome.

One major challenge confronting the development of the

Human Physiome is to reach a consensus agreement on

measurements and valid performance criteria when dealing

with process, data and differences in definitions/terminol-

ogy. Standards are key for neutralizing many of these

complexities by supporting each stage of an innovation pro-

cess and by ensuring compatibility and interoperability of

products and technologies through:

(i) formatting data and computer models consistently, so

that people and software can identify the key infor-

mation in the files and interrelate corresponding

pieces of information;

(ii) providing metadata checklists (minimum information

guideline standards), which ensure that all information

that is vital for understanding, contextualising and

securing validity and reproducibility of the data and

models is available; and

(iii) providing controlled vocabularies and ontologies to

describe components in data and models such that

they can be unambiguously identified.

For the Human Physiome to be successful, all constituent parts

that comprise it must be formatted,anddescribed usingaccepted

community standards. To enable the reuse, extension and

composition of existing Human Physiome knowledge, this stan-

dardization needs to be applied to the mathematical models and

their instantiation in computational simulations, individualized

parametrization of the models and simulations, and all support-

ing or underlying data, including data that describes the context

of the data and models (i.e. metadata). Furthermore, describing

and cross-referencing the associations between these constituent

parts is imperative as it provides the foundation forcomputation-

ally automated reasoning facilitating the integration of these

parts, a feat that is complex and error prone when completely

human driven. This automation is further supported by reposi-

tories, which aid the discoverability and exploitation of

accumulated knowledge. They also offer the ability to computa-

tionally query and identify relevant information for automated

integration. We believe this greatly improves the quality and

speed with which research into the Human Physiome, and

even in broader biological sciences, can be driven.

In this paper, we will explore existing platforms and technol-

ogies that address these goals and examine how they are

performing in regard to enabling the adoption of computational

models as core laboratory instruments. We furthermore intro-

duce new developments that allow scientists to not only

reproduce previous work but also re-use it with confidence.

These developments also start to allow the linkage between

mathematical models and experimental and clinical data,

which is an essential requirement for the realization of the

Human Physiome. We then present a ‘worked example’ demon-

strating how the Human Physiome can be realized through the

composition and integration of these technologies.
2. Standards, resources and the Human
Physiome

Standards in the context of the Human Physiome are agreed

ways of structuring, and describing all of its constituent
parts including data, models, methods and maps. They also

assist with describing how these constituent parts interact

together, or are linked. For the purposes of this paper,

we focus on how key formatting standards, metadata check-

lists and ontologies support model and data handling.

The implementation of these standards ensures that the

data, models, methods and maps that are structured and

described are FAIR: Findable, Accessible, Interoperable and

Reusable [1].

Standards are often defined for communities on two levels:

(i) through standardization communities at an official stan-

dards developing organization, such as the International

Organization for Standardization (ISO), as well as national

or regional (e.g. European) standardization bodies or (ii)

bottom-up through grass roots activities emanating from the

scientific communities within a field, such as the COMBINE

Network (COmputational Modelling in BIology NEtwork).

The ISO technical committee for biotechnology standards

(ISO/TC 276) has recently established a new working group

for ‘Data processing and integration’ (WG5), which has the

potential to impact the Human Physiome by defining an

umbrella framework for modelling standards. Starting from

existing community standards that are already used by special-

ists within the diverse sub-domains, this standardization panel

is currently developing a meta-standard guideline for the con-

sistent application of community standards. This new ISO

standard will define a framework of minimal requirements

and rules for the standardized and coherent formatting of bio-

logical data and resulting computer models, as well as for the

standardized description of their corresponding metadata.

This also will comprise standardized workflows for the struc-

tured processing, storing, integration and dissemination of

the data, models and metadata.

Grass roots standards activities are often driven directly

by the needs of the researchers within the research field them-

selves. Indeed, grass roots activities are often comprised of

the researchers actively working in the field of research

itself. One of the more prominent communities that affects

the Human Physiome is the COMBINE (http://co.mbine.

org/). COMBINE originates from a functional grouping of

standards developing communities in biology [2], together

they drive the establishment and adoption of a range of stan-

dards [3]. Part of the adoption process of standards is making

sure that they are discoverable.

It is often difficult for researchers to be able to identify

suitable standards for use within their field, as availability

is not enough. Other researchers within the field also need

to use the standards, and there has to be software to facili-

tate the generation and exchange of standardized data and

models. Initiatives such as Biosharing.org assist with

making standards more discoverable, by cataloguing and

describing many of the standards available to bio-researchers.

It has currently over 600 standards catalogued for life,

environmental and biomedical sciences [4]. The experience

of researchers within the field, however, is still often the

most reliable source.

Here we introduce the standards most relevant to the

Human Physiome, and its community. The use of standards

in physiome-style modelling is well established for encoding

some aspects of the mathematical models (e.g. [5–8]). These

standards allow us to go beyond simple mathematical model

descriptions, by enhancing the reproducibility of studies,

which can be exchanged between tools and research groups.

http://co.mbine.org/
http://co.mbine.org/
http://co.mbine.org/
http://rsfs.royalsocietypublishing.org/
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2.1. The Human Physiome’s key standards for
modelling

The COMBINE initiative was established to coordinate com-

munity standards and formats for computational models for

generation and adoption [2,3,9]. Some of the COMBINE core

standards, such as CellML and SED-ML, are most relevant to

this work, and the related FieldML standard is being devel-

oped to replace the range of ad hoc file formats currently

used for sharing, archiving and exchanging field-based

spatial models.
Interface
Focus

6:20150103
2.1.1. CellML
CellML ([10] http://cellml.org/) is an XML-based format for

encoding mathematical models in a modular and composable

manner. Primarily used for describing systems of differential

algebraic equations, CellML provides the syntactic constructs

to describe mathematical equations in a modular framework

called components. Components can then be defined in one

location and re-used in many other locations via an import

mechanism [11]. CellML requires all variables and numerical

quantities in a model to be associated with physical units (the

dimensionless ‘unit’ is available for quantities that have no

physical interpretation). This is an essential feature when

composing a model from multiple child models, where the

same quantity could be defined with compatible but different

physical units [12].
2.1.2. The simulation experiment description markup language
The simulation experiment description markup language

(SED-ML [13]; http://sed-ml.org/) is an XML-based format

for encoding the description of a computational simulation.

Typically used with an XML-based model description format

(i.e. CellML or the systems biology markup language

(SBML)), SED-ML allows for the description of applying a

numerical algorithm to a mathematical model in order to

perform a given task. Tasks may be nested to allow the compo-

sition of relatively simple tasks into increasingly complex

simulations. Mechanisms exist in SED-ML to apply pre-proces-

sing steps to a model prior to executing a simulation task and

also to apply post-processing to the raw simulation results.

Rudimentary support is available in the SED-ML specification

for describing the specific outputs desired from a simulation

experiment (two- (2D) or three-dimensional (3D) plots and

arbitrary reports). SED-ML is still in the early stages of develop-

ment, and while it is able to encode common simulation

experiments well, there is still much work to do in order to pro-

vide more comprehensive simulation experiment descriptions.

Tool developers are encouraged to encode as much of their

simulation experiment description as possible in SED-ML and

make use of extensions to encode the remainder, and thus

help the standard evolve to meet the needs of the community.
2.1.3. FieldML
FieldML [14,15] is a declarative language for building hierarch-

ical models represented by generalized mathematical fields.

FieldML can be used to represent the dynamic 3D geometry

and solution fields from computational models of cells, tissues

and organs. It enables model interchange for the bioengineering

and general engineering analysis communities.
2.1.4. Pharmacometrics markup language
Pharmacometrics markup language (PharmML) [16] is an

exchange format for encoding of models, associated tasks

and their annotation as used in pharmacometrics, developed

by the DDMoRe consortium (http://ddmore.eu/), an Euro-

pean Innovative Medicines Initiative (IMI) project (http://

www.imi.europa.eu/). It provides the means to encode phar-

macokinetic and pharmacodynamic (PK/PD) models, as well

as clinical trial designs and modelling steps. Thus, ParmML,

for example, allows the standardized mathematical descrip-

tion of the time course of effect intensity within a certain

tissue or organ or even the whole body in response to admin-

istration of a drug dose.

2.1.5. Other standards
COMBINE has other core standards which are less directly

relevant to the Human Physiome, but nevertheless important

within the field. These include standards for biological path-

way exchange (BioPAX, [17]), systems biology models

(SBML, [18]), the graphical display of models (SBGN, [19])

and synthetic biology (SBOL, [20]). An overview about COM-

BINE formats and other community standards for modelling

can be found in the NormSys registry (http://normsys.h-its.

org), a freely available online resource that not only lists the

standards, but also compares their major features, their poss-

ible fields of biological application and use cases (including

model examples), as well as their relationships, commonal-

ities and differences.

2.2. Describing the model
In the previous sections, we introduced the standards by

which we are able to encode, archive, share and re-use math-

ematical models and numerical simulations (collectively

called the computational model here) relevant to the Human

Physiome. While data encoded in these formats provide the

essential basis for realizing the quantitative Human Phy-

siome, additional information is needed in order to better

describe the computational models to allow others to cor-

rectly interpret or apply existing models in their own novel

context. These descriptions are known as metadata, and

there is a relevant checklist that provides guidelines on the

minimum amount of information required in order to under-

stand a model (MIRIAM [21])

A prime example of such additional information is the

link between the computational model and the actual biology

being modelled. An unambiguous description of the biology

can be achieved through the annotation of entities in the com-

putational model using widely used biological ontologies.

For example, UniProt [22] or the Protein Ontology [23] can

be used to uniquely identify proteins in a particular biologi-

cal context which can then be linked to specific entities in the

computational model. Similarly, the Gene Ontology [24,25]

could be used to identify specific genes or cellular com-

ponents and the Foundational Model of Anatomy (FMA,

[26]) can be used to localize an entity in the computational

model to specific spatial location or anatomical structure.

The entities in the computational model may be specific vari-

ables, identified parts of a model, or even entire models. For

some early examples, see [27–30].

Having a computational model annotated with its corre-

sponding biological description then allows us to link

entities in the computational model with experimental or

http://cellml.org/
http://cellml.org/
http://sed-ml.org/
http://sed-ml.org/
http://ddmore.eu/
http://ddmore.eu/
http://www.imi.europa.eu/
http://www.imi.europa.eu/
http://www.imi.europa.eu/
http://normsys.h-its.org
http://normsys.h-its.org
http://normsys.h-its.org
http://rsfs.royalsocietypublishing.org/
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clinical observations. By establishing such linkages, we are

able to allow, for example, model parameters to have their

value defined from an external (and potentially remote) data-

base. Such external databases could be compilations of

experimental recordings or real-world clinical data from elec-

tronic health record (EHR) systems or clinical registries of

population health information.

The experimentally obtained kinetic data that describe the

dynamics of biochemical reactions (e.g. metabolic or signal-

ling reactions within a cellular network), for instance, can

be obtained from databases such as SABIO-RK ([31];

http://sabiork.h-its.org). This manually curated database

contains data which are either extracted by hand from the

scientific literature [32] or directly submitted from laboratory

experiments [33]. The database content includes kinetic par-

ameters in relation to the reactions and biological sources,

as well as experimental conditions under which they were

obtained and is fully annotated to other resources, making

the data easily accessible via web interface or web services

for integration into the computational models. Through

export of the data (together with its annotations and

SABIO-RK identifiers for tracing back to the original dataset)

in standardized data exchange formats like SBML this allows

the direct data integration into models.

Four major resources of data can be identified: clinical data,

laboratory data, sample data and trial data. Each of these groups

implicates particular challenges with regard to data quality. The

clinical data in health records are mainly recorded for billing

and quality control, the ‘secondary use’ in clinical or biomedical

research is not intended. Using these data in research calls for

measures safeguarding completeness, documented provenance

and appropriate accuracy [34]. Integration of EHR data requires

considerable effort in mapping and alignment of the data [35].

The same applies for data from registries, as was exemplified

for arthritis registries [36].

The quality of laboratory data is affected by metrological as

well as methodological issues. Standard laboratory parameters

are mostly validated by inter-laboratory tests which are meant

to enable traceability and comparability of the reported results

[37,38]. However, laboratory data are not necessarily compar-

able, particularly when multiple laboratories using different

assays are involved [39]. Long-term observational studies

additionally suffer from the lack of continuity in the laboratory

methods applied [40,41]. Analysis of non-standard analytes or

using not fully validated research methods aggravates the dif-

ficulties. Yet a major problem arises already before the samples

have entered the laboratory. Sample collection, handling and

processing can tremendously impact subsequent analysis and

produce erroneous results. Extensive documentation and

tight control of the preanalytical phase are imperative to

enable later assessment of the quality of laboratory data [42].

When samples are obtained from sample repositories like bio-

banks, appropriate documentation is compulsory. For this

purpose, data formats have been proposed already [43–45]

but are rarely implemented. Occasionally, the integration of

data from different studies is inevitable in order to achieve sig-

nificant case numbers. Harmonization and integration of data

from heterogeneous sources can pose substantial challenges

demanding for powerful tools [46].

Considering the above enumerated problems, it is apparent

that the quality issue in biomedical data can at present not be

regarded as solved. Substantial effort is still required to develop

standards, interfaces and specifications fostering data quality
and encouraging their use. While these issues of data quality

are important and highly relevant when using the data, we

are able to begin linking entities in the computational models

to the underpinning source or representative data.

In the biomedical informatics domain, health information

are most commonly structured and codified by purpose

specific standards (e.g. HL7, openEHR) and clinical termi-

nologies (e.g. ICD, SNOMED CT, LOINC) [47,48]. While

computational physiology and bioinformatics communities

make good use of Semantic Web technologies for data rep-

resentation, discovery, integration and inferencing, there is

limited use in healthcare delivery. Therefore, the challenge is

to make the connection with health information systems. For

this to happen, use of shared ontologies for annotating both

computational models and clinical information together with

the use of clinical information modelling standards such as

openEHR [49] will be important. An example would be linking

of a medical observation, such as a pathology test result or a

clinical diagnosis, that could be represented by a formal infor-

mation model (an openEHR Archetype [50]) which can be

encoded by both LOINC or SNOMED CT that defines clinical

meaning and FMA that links to the COMBINE family of stan-

dards. This Archetype then can be used to find relevant clinical

information given a biological meaning or a particular model

metadata annotated by shared ontologies.

In achieving this, it is important that the underlying

standards allow the computational model to be defined inde-

pendent of a particular parametrization of the model. Thus,

allowing mathematical models to be individualized to specific

experimental or clinical data from a relevant data source. It

would also be desirable for SED-ML to allow the selection of

such parameter values to be defined as part of the simulation

experiment—and in fact this is one of the key features being

developed for future versions of SED-ML—but for now this

falls into the realm of tool-specific functionality.

Similar to the parametrization of the computational model,

the actual protocol being used in a given simulation exper-

iment should be separate to the model. This allows the

definition of common protocols which can then be applied to

a range of models or even a particular model across a range

of parametrizations (such as selections from a population dis-

tribution). One example of this in practice is the concept

known as functional curation or virtual experiments [51–53].

We are now able to define computational models, describe

the relevant biological information, and beginning to link the

model to specific parametrizations and protocols. The final

information that is required for all this to be really useful is

the provenance—or origin—of the knowledge. In order to

correctly apply the computational model and associated infor-

mation in a given (potentially novel) scientific context it is often

essential to know where, when, how and by whom a given

piece of knowledge was obtained. Maintaining, presenting

and curating such provenance information falls into the

realm of repositories.
3. Discovering, sharing, archiving and reusing
the Human Physiome

In the previous section, we introduced the wide range of stan-

dardization efforts relevant to the Human Physiome, including

mathematical models, simulation experiments and their associ-

ated metadata. As the Human Physiome can only be realized

http://sabiork.h-its.org
http://sabiork.h-its.org
http://rsfs.royalsocietypublishing.org/


Table 1. A listing of resources closely related to the Human Physiome community.

resource description link

BioModels Database [54] a repository of computational models of biological processes. Models described from

the literature are manually curated and enriched with cross-references. The

BioModels Database is a static archive of the models with periodic releases of the

database made available in the Public Domain.

http://www.ebi.ac.uk/

biomodels-main/

JWS Online [55] systems biology tool for the construction, modification and simulation of kinetic

models and for the storage of curated models.

http://jjj.mib.ac.uk/

The Drug Disease Model

Resources (DDMoRe)

Repository

provides a platform for sharing computational models used to describe the

interactions between drugs and patients. This public, open-access repository

allows users to encode their model in a single format that can be converted

seamlessly and executed in commonly used software packages. The system can

host both, publicly shared and private models and can store models in PharmML

or MDL.

http://repository.ddmore.eu

The VPH-Share Portal an online environment for the development, construction and storage of workflows

for biomedical research and modelling. It is designed to support researchers,

clinicians and software developers sharing their resources and provides an online

infrastructure which allows users to share and access biomedical data, tools and

workflows. VPH-Share was created through a 4-year, European FP7 funded

project, which brought together 21 international partners from industry, academia

and healthcare.

https://portal.vph-share.eu

The p-medicine portal provides an integrative platform to clinicians, patients and researchers to collaborate,

share data and expertise, and use tools and services to improve the personalized

treatment of patients. The current version of the portal contains an initial

functionality of the p-medicine security framework, data mining tools, p-medicine

Workbench, Ontology Annotator as well as ObTiMA, an ontology-based clinical

trial management system for designing and conducting clinical trials.

http://p-medicine.eu/tools/

p-medicine-portal/

The Quantiative Kidney

DataBase [56,57].

makes kidney-related physiological data easily available. The emphasis is on

published experimental results relevant to quantitative renal physiology, with a

particular focus on data relevant for evaluation of parameters in mathematical

models of renal function.

http://physiome.ibisc.fr/

qkdb/

The Kidney Systems Biology

Project

makes available curated transcriptomic and proteomic databases for the various renal

tubule epithelia compiled from published papers.

http://helixweb.nih.gov/

ESBL/Database/
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by a large and collaborative community of scientists working in

concert, a given piece of work or knowledge has to be efficiently

distributed within this community. In the following, we present

some recent developments that allow scientists to not only repro-

duce previous work, but also re-use it with confidence. These

developments also start to allow the linkage between mathemat-

ical models and experimental and clinical data, which is an

essential requirement for the realization of the Human Physiome.

Scientists archiving their work in accessible data reposi-

tories is the first step. Beyond archiving, scientists need to

be able to discover, interrogate and use the wide range of

data and knowledge being discovered throughout the

Human Physiome community. Such discovery relies exten-

sively on the semantic description of the computational

data stored in the repositories, whereas the re-use relies on

the data being encoded in a standard format. The semantic

description allows not only the fact that some piece of knowl-

edge exists, but potentially also the provenance and

description of that data will provide scientists with further
information as they judge whether the data are suitable for

their needs. Thus, the infrastructural tools supporting the

repositories need to provide access to a range of supporting

information and metadata as well as the actual data.

Here we describe two large repositories commonly used

in the Human Physiome community as well as introducing

several related resources relevant to this context which

address different aspects of the Human Physiome. A listing

of further resources closely related to the Human Physiome

community is available in table 1.
3.1. Physiome model repository
The Physiome Model Repository (PMR, https://models.phy-

siomeproject.org/) is a free and open repository for archiving,

sharing and discovering data relevant to computational

physiology and related fields [58,59]. All content in PMR is

stored in version-controlled workspaces, and specific revi-

sions of a workspace can be exposed with a persistent URL

https://models.physiomeproject.org/
https://models.physiomeproject.org/
https://models.physiomeproject.org/
http://www.ebi.ac.uk/biomodels-main/
http://www.ebi.ac.uk/biomodels-main/
http://www.ebi.ac.uk/biomodels-main/
http://jjj.mib.ac.uk/
http://jjj.mib.ac.uk/
http://repository.ddmore.eu
http://repository.ddmore.eu
https://portal.vph-share.eu
https://portal.vph-share.eu
http://p-medicine.eu/tools/p-medicine-portal/
http://p-medicine.eu/tools/p-medicine-portal/
http://p-medicine.eu/tools/p-medicine-portal/
http://physiome.ibisc.fr/qkdb/
http://physiome.ibisc.fr/qkdb/
http://physiome.ibisc.fr/qkdb/
http://helixweb.nih.gov/ESBL/Database/
http://helixweb.nih.gov/ESBL/Database/
http://helixweb.nih.gov/ESBL/Database/
http://rsfs.royalsocietypublishing.org/
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and customisable presentation via the web interface. Software

clients are able to interact with PMR via a range of web ser-

vices. An RDF-based knowledgebase is also available in

PMR, which indexes identified annotations from all work-

spaces for the latest revision and across all exposed

revisions. Queries can be submitted against this knowledge-

base to discover and locate relevant data, models or other

artefacts stored in the repository to which the user has access.

All data in PMR is located inside a workspace. PMR pro-

vides an access control framework that allows users to

manage access options to their workspaces (private, shared

with specific users or groups (with read and/or write

access), publicly readable). The contents of a workspace are

managed with a distributed version control system which

enhances both the collaborative development of the artefacts

stored therein and the management of the provenance of all

data in the workspace [60]. The ability to embed workspaces

within workspaces ensures that existing data can easily be re-

used. Furthermore, such embedded workspaces are essen-

tially recorded as a link to a specific revision of the source

workspace and any change in the version linked to (such as

updating to a newer revision) is recorded in the history of

the workspace, thus ensuring that changes are accurately

recorded in the workspace provenance.

The PMR also provides the ability to mark a specific revi-

sion of a workspace for publication as what is termed an

exposure (in software engineering, this can be thought of as

being similar to making a software release). When users

create exposures they are able to flag specific artefacts in

the workspace to be processed for display via the PMR web-

site and made available via the webservice interface.

Examples of such processing are: the generation of compu-

tational code from CellML models; converting various text

formats to HTML for rendering in the web browser and ren-

dering WebGL scenes in HTML pages to display interactive

FieldML finite-element models. Users are able to manage

access to their exposures in the same manner as for work-

spaces. If sufficient information are provided during the

exposure creation process, COMBINE archives can also be

generated and made available via the exposure.

The combination of community standards for encoding

computational models together with semantic web and soft-

ware development tools enables PMR to provide a unique

resource for archiving, sharing, reusing and discovering a

range of data relevant to the Human Physiome.
3.2. FAIRDOM
The FAIRDOM project is a European effort to establish integrated

data and model management service facilities for Systems

Biology and Synthetic Biology (http://fair-dom.org). The initiat-

ive works together with stakeholders towards FAIRer

management; that is to make data, operating procedures and

models better Findable, Accessible, Interoperable and thereby

Reusable. It is, in part, an answer to the scientific community’s

need for reproducible research [61–63]. In a practical sense, it

offers researchers software platforms and tools that assist with

collecting and annotating data, integrating the data into models,

and storing models in a central hub which functionally structures

and links models, data and operating procedures using the

Investigation . Study . Assay framework [64–66]. Laboratory

data collection and post-processing is supported by openBis

[67], while the processed data, model and operating procedure
storage is handled by the FAIRDOMHub (http://www.fairdom-

hub.org), an instance of the software SEEK (http://www.

seek4science.org/) [68]. The integration of gateways to other sys-

tems biology platforms allows, for example, seamless handling

and simulation of models in SYCAMORE [69] or JWS Online

[55], as well as visualization of networks in Cytoscape [70].

SEEK is applied as a central data management system for

large-scale research initiatives like the German Virtual Liver

Network (http://www.virtual-liver.de/) and European

research networks like European Research Area Networks

(e.g. ERA-Net for Systems Biology Applications), the former

SysMO project (Systems Biology of Microorganisms) or

NMTrypI (New Medicines for Trypanosomatidic Infections),

as well as Synthetic Biology Centres at Manchester (SynBio-

Chem) and Edinburgh (SynthSys). To this end the resource

is ideal for supporting the Human Physiome, owing to its

flexibility in collection, annotation, storage and distribution

of data, models and operating procedures.

The FAIRDOM project also offers services for curation,

training and assistance with data management plans for

European research projects; runs workshops and summer

schools to expand the expertise and knowledge about man-

agement strategies within the systems biology community;

and contributes to public policy and standards setting for

research asset management. FAIRDOM is a component of

the initiative ISBE (Research Infrastructure for Systems

Biology) as discussed later.

3.3. COMBINE archive and research object
The collections of data, models, operating procedures and

associated descriptions that comprise published studies

within projects such as the Human Physiome is growing in

complexity. Exchanging these complex collections between

researchers without compromising their meaning, and how

they interrelate is difficult. The COMBINE archive is the con-

cept of a single file in which the various documents required

for a modelling and simulation study are bundled together,

including all relevant information [71]. This provides a con-

venient method for transporting a reproducible study

between software tools and scientists. Research Object

(http://researchobject.org/) [72] is a general-purpose solution

to contextualize the research findings of studies, compatible

with the COMBINE archive [71]. Data, models, operating pro-

cedures, maps, metadata and more are packaged in a single

archive. The archive includes descriptions of all the assets it

contains, and how these are interrelated. This allows the

export and transfer of information between researchers, with-

out the risk of losing the original context, ensuring that

researchers can be more confident in using the data/models/

maps/operating procedures contained within it in a valid way.

3.4. All the support under one umbrella: infrastructure
for systems biology Europe

The landscape that supports the success of projects like the

Human Physiome is very complex. All of the standards, soft-

ware, data and model management platforms, and expertise

are very distributed, and often dependent on short-term

funding. If a single cog of the support network fails, then

vital research like the Human Physiome can experience

delays and limitations in what it can achieve. In order to

address this issue, Europe is looking towards establishing

http://fair-dom.org
http://fair-dom.org
http://www.fairdomhub.org
http://www.fairdomhub.org
http://www.fairdomhub.org
http://www.seek4science.org/
http://www.seek4science.org/
http://www.seek4science.org/
http://www.virtual-liver.de/
http://www.virtual-liver.de/
http://researchobject.org/
http://researchobject.org/
http://rsfs.royalsocietypublishing.org/
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Research Infrastructures, which can support, maintain, assist

with coordination and ensure sustainability of these key

resources. ISBE (http://isbe.eu/) is one such emerging

effort to establish a research infrastructure and works

towards generating centralized services that support systems

biology research across Europe. Once fully established, it will

provide services to support a broad cross-section of systems

biology research from storing, sharing and interoperating

research assets; data generation for model integration; stew-

ardship and standardization of research assets; modelling

services; and, finally, education and training. This support

will make it easier for researchers from a range of back-

grounds to work together within the systems physiology

community, as well as improving the quality of data and

models constructed, published and archived in the long-

term, in the physiology community, as well as systems

biology in general. ISBE is currently in a ‘Light’ phase, build-

ing capacity and working towards full implementation. Over

time infrastructures like ISBE will make realization of projects

like the Human Physiome easier and more reliable.
4. Standardizing the Human Physiome: putting
the resources into practice

4.1. Building multiscale models
CellML, as described above, allows a modular approach to

model building via imports of separately defined component

modules, facilitated by annotation of model variables and
parameters so that imported components can be inserted auto-

matically into the composite model [73,74]. In this section, we

show how composite multiscale models can be constructed

from CellML and FieldML models. We first deal with

lumped parameter models based on ODEs and algebraic

equations that can be encoded in CellML. The CellML

models can be extended to include spatially distributed

FieldML models where these are needed.

First, some definitions:

Compartments are well-mixed regions of cells, tissues or

organs that represent either specific locations or more generic

locations that can exist in multiple parts of the body. Variables
are quantities that have units and fixed or variable numeric

values and can be associated with compartments. Parameters
are variables with fixed values. Models contain one or more

equations in these variables and can stand alone or be associated

with one or more compartments. Until filled with variables and

equations, compartments are just empty containers.

Note that the term ‘well-mixed’ signifies that to an accep-

table approximation in the model, the variables within a

compartment are distributed homogeneously throughout

that compartment. Of course no biological region is perfectly

homogeneous and, if necessary, a well-mixed compartment

can be replaced by more than one compartment or by a

spatially distributed model where concentration gradients

are governed by diffusion equations. However, it is often

useful to start with a simple lumped parameter compartment

model in order to understand basic mechanisms.

Modularity is an important aspect of multiscale modelling

and we create composite models by importing other more

http://isbe.eu/
http://isbe.eu/
http://rsfs.royalsocietypublishing.org/
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basic models, as we will demonstrate. Model reduction can also

be used to simplify a model for computational efficiency. But

model expansion is equally important—there may be situations

where more biophysical detail is called for under certain con-

ditions, or spatial fields need to be considered as part of a model.

Reactions are the binding and unbinding of chemical

species (almost always catalysed by an enzyme) and are

always reversible under the appropriate conditions. When

models include reactions, it is usually with equations that

express mass conservation of chemical species and use

either first order mass action kinetics or a steady state version

in the form of an equilibrium equation. Note that it is often

useful in diagrams to show the transfer of mass, energy or

information across compartment boundaries and we use

arrows to indicate the movement of variables across compart-

ment boundaries, sometimes with the flux (time-varying flow

of a variable) written beside the arrow. The direction of these

arrows is just for explanatory reasons to show normal direc-

tions of movement—the fluxes could be in the reverse

direction if conditions allowed it.

The formulation of a model and its encoding in CellML

and/or FieldML is a completely separate exercise from the

numerical solution of that model. Once a model is formu-

lated, it can be solved by any solver that can handle the

syntax of the model encoding languages and the range of

mathematical operators expressed in a given model. The

verification of the solver is an important but separate issue.
We now illustrate, via the example of acid–base physi-

ology and the control of pH, how the use of standards and

infrastructure described above can empower experimental

biological research. Some of these models use molecular com-

ponents, while others are treated in a more empirical ‘black-

box’ fashion—possibly to be replaced at a later stage with a

more mechanistic model when the physiological data

become available to justify this, or the questions being

asked of the model require this level of detail.
4.2. Acid – base physiology
Oxidative metabolism in tissue provides the bulk of the

body’s energy currency (ATP) by oxidizing carbohydrates

and fats to carbon dioxide and water. To get rid of this meta-

bolic waste product, CO2 is transferred from the tissues to the

lungs via the blood, primarily in the form of bicarbonate

(HCO3
�) and carried primarily by red blood cells (RBCs).

The formation of HCO3
� from CO2 via the CO2 hydration

reaction is catalysed by carbonic anhydrase (CA):

CO2 þH2O,
CA

HCO3
� þHþ: ð4:1Þ

This generates large quantities of Hþ in the blood. Buffering

this Hþ—i.e. controlling pH within the narrow range compa-

tible with life1—requires multiple weak acids and bases to be

present in blood [75]. Understanding acid–base physiology,

https://models.physiomeproject.org/workspace/27e
https://models.physiomeproject.org/workspace/27e
https://models.physiomeproject.org/workspace/27e
http://rsfs.royalsocietypublishing.org/
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therefore, requires models of several organs: the muscles (as

the major source of metabolism and hence metabolic waste

products), the lungs (to exhale CO2) with the respiratory

centre in the mid-brain to control respiration rate, the

stomach where acid is excreted to maintain a low pH

environment hostile to bacteria, the pancreas (where

HCO3
� is excreted to neutralize stomach acid passed in the

chime to the small intestines), the kidneys (to recover filtered

HCO3
� generate new HCO3

� and excrete filtered buffers)

and the arterial, capillary and venous components of the cir-

culation system (each as homogeneous systems containing

blood plasma and RBCs). These six organs or organ systems

are illustrated, with their inputs and outputs, in figure 1.

There are many sources of Hþ flux across a cell mem-

brane. If JE is the rate of acid extrusion (generally at a

metabolic cost) and JL is the rate of acid loading, the differ-

ence between them drives the time rate of change of pH in

the cell:

dpHi

dt
¼ r

b
ðJE � JLÞ, ð4:2Þ

where r (m21) is the surface to volume ratio of the cell and b

(mM pH21 unit) is the buffering power.2 This is called the

fundamental law of pH regulation [75]. Note that r/b has

units of pH_unit m21 mM21, JE and JL have units of

mol s21 m22 (or mM s21 m) and dpHi/dt has units of

pH_unit s21.

For a particular cell the acid fluxes JL and JE are depen-

dent on a range of protein exchangers, channels and pumps

that reside in the cell membrane and are modelled individu-

ally. For the cells of interest here these are the acid extruding

membrane transporters (NHE, NBC and NDCBE, all driven
by the sodium gradient), the acid loading membrane trans-

porters (NBCe1,2 and AE), and various leak channels and

ATP-dependent pumps (such as HKA and V-type) shown

individually in figure 2. Note that NHE, NBC and NDCBE

depend on the sodium gradient which must be maintained

by the ATP-dependent sodium–potassium exchange pump

NCX, but as we are not tracking sodium or metabolism,

that pump is not included.

The equations governing these exchangers and pumps are

provided in the PMR (https://models.physiomeproject.org/

workspace/27e).

To illustrate how these CellML protein models are linked

with tissue level processes such as those represented by

equations (4.1) and (4.2), we consider three processes that

are each modelled in CellML with separate components.

(1) One is the cellular mechanism of HCO3
� reabsorption in

the kidney. The filtered HCO3
� is combined with Hþ

excreted from the epithelial cell (via the ATP-dependent

H-pump and HKA pump, and the Na-dependent

exchanger NHE) to form CO2 and water (via the CA reac-

tion at the tubule membrane) that diffuses back into the

epithelial cell to then regenerate HCO3
� in the blood

(via the CA reaction in the epithelial cell). The kidney

reclaims virtually all filtered HCO3
�3:

(2) The second is ammonium excretion. The kidney syn-

thesizes NH3=NHþ4 as a urinary buffer to assist with the

excretion of Hþ. Filtered Hþ in the tubule titrates NH3

excreted from the epithelial cell following glutamine

metabolism (which produces both NHþ4 and OH2, thereby

also generating new HCO3
� into the blood). Conversion of

the amino acid glutamine to urea and ammonia, is

https://models.physiomeproject.org/workspace/27e
https://models.physiomeproject.org/workspace/27e
https://models.physiomeproject.org/workspace/27e
http://rsfs.royalsocietypublishing.org/
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catalysed by glutaminase in both the liver and the kidney.

Under conditions of blood acidosis, NHþ4 excretion in the

kidney is enhanced, by upregulating glutaminase pro-

duction to increase NH3 production, and glutaminase

production is correspondingly downregulated in the liver.

(3) The third is titratable acid formation. When the excreted Hþ

combines with filtered buffers other than HCO3
� or ammo-

nia, the outcome is the urinary loss of uncharged weak acid

HA and the generation of new HCO3
� into the blood.4

These three processes are shown in figure 3 together with

the protein level ion exchange models. The corresponding

models are available (https://models.physiomeproject.org/

workspace/27e).

Similar tissue models can be defined for all the other mod-

ules shown in figure 1. The assembly of these into the overall

composite model for acid–base physiology is shown in figure 4.
5. Conclusion
Here we have introduced the standardization efforts most clo-

sely aligned with the Human Physiome along with many

aspects of the supporting infrastructure. These standards

ensure that the models can be curated (i.e. that they work,

have consistent units and obey the laws of physics where

appropriate) and are modular and annotated with supporting

knowledge (to ensure reusability). Along with the standards

comes the need for open source software and web-accessible

repositories built around these standards. We have furthermore

provided an example demonstrating the application of these

standards and supporting infrastructure to a well-known

physiological phenomenon.

Biophysically based models of physiological processes cap-

ture physiological phenotype in a quantitative and predictive

form. They should underpin research in physiology in the

same way that nucleotide sequence underpins research in gen-

etics, as there is no other way to deal with the complexity of

physiological systems in a quantitative fashion. Most impor-

tantly, biophysical models bring with them the constraints

on physiological behaviour imposed by the conservation

laws of physics. Physiological function depends on these

laws of nature as much as it depends on molecular biology.
Harmonization and interfacing on the level of data for-

mats and structures, descriptors and metadata represent

just one side of the coin. The quality of the data provided is

an issue of fundamental importance which, as we have

described above, has not yet been resolved satisfactorily.

The diversity of data sources precludes any straightforward

and coherent strategy for maintaining and documenting the

quality of the data. Data quality implies not only fit for use

of the data but also metrological traceability, repeatability,

reproducibility, consistency and comparability. At best

some but not all of the requirements are met by the prevailing

data standards. More work is required to ensure that the

experimental and clinical data underlying the computational

models is not only appropriate for the context in which it is

being used, but is also of sufficient quality for that purpose.

The modelling and simulation standards and their

associated infrastructure, on the other hand, are now well

understood and the largely technical barriers impeding

implementations are rapidly crumbling. The challenge now is

threefold: (i) incentives are needed to persuade modellers to

use the standards in order to ensure that their models are reusa-

ble by others, (ii) a framework is needed to ensure that the

multiscale models developed by independent research groups

can be connected into integrative models of whole body physi-

ology for application to healthcare, and (iii) a concerted effort is

now needed to link the integrative models to electronic health

records so that they can be used in the interpretation of patient

data and clinical decision workflows—not least because the epi-

demic of chronic diseases that confronts the developed world

can only be addressed by methods that deal with highly com-

plex physiological processes involving multiple organs and

tissue types linked to molecular mechanisms.

To address these three related challenges, three new

developments are being explored. One is to establish a new

journal, to be called the Physiome Journal, the second is to

create a new web portal, based on models from the journal,

that provides access to integrative Human Physiome

models, and the third is to join forces with the openEHR

organization5 to develop the means to link VPH/Physiome

models with patient data via electronic health records.

With these new developments we hope to see the adoption

of computational modelling as a standard laboratory instru-

ment throughout the Human Physiome community, and

https://models.physiomeproject.org/workspace/27e
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indeed the wider biological research field. The new web portal

will ensure that it is easy for scientists, and the public alike, to

navigate and exploit the content of the repositories described

here in novel ways that empower experimental biological

research. The Physiome Journal will provide the scientific

‘credit’ that often holds back scientists from adopting or shar-

ing their work in standard formats or public repositories.

Finally, linking closely with the openEHR organization will

enable tighter and more automated integration between

computational modelling and clinical data and practices.

Funding for the standardization and service infrastructures

described here has traditionally relied on a small number of

individuals or relatively short-term projects. In achieving the

goals described above it is hoped that more diverse and long-

term funding sources can be established. The Physiome Journal
and associated web portal, in particular, could provide a cen-

tral core able to attract funding independent of specific

individuals or organizations. Furthermore, the increasing

awareness of reproducibility issues throughout the scientific

community, especially within the funding bodies and govern-

mental organizations, has seen the creation of new funding

streams that may contribute to the maintenance and further

development of this crucial aspect of the VPH endeavour.
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Endnotes
1Binding proteins are heavily influenced by the dissociation of acidic
or basic amino acids, especially histidine, and are therefore depen-
dent on ambient pH. Intracellular metabolism is also influenced by
pH—for example, glycolysis and lactic acid formation are inhibited
by acidosis (and, conversely, stimulated by alkalosis). Kþ channels
in a wide variety of cells are inactivated by acidosis. Hþ affects
smooth muscle in blood vessels (vasoconstriction in pulmonary arter-
ioles and vasodilation in the systemic circulation) and reduces Ca2þ

binding by plasma proteins.
2A buffer is anysubstance that tends to minimize changes in pH by rever-
sely producing or consuming Hþ. The buffering power of a solution is
measured by the amount of added acid or base (per unit volume of sol-
ution) needed to decrease or increase the solution pH by one pH unit. i.e.
a buffer with a high value of b requires a lot of additional acid or base to
produce a unit change in pH. Without CO2=HCO �

3 , the buffering power
of whole blood is about 25 mM pH21 unit (called the non-HCO �

3 buffer-
ing power). Eighty per cent of this non-HCO �

3 buffering power is
associated with the cellular components of blood. [75].
3At 180 l of filtered blood per day with [HCO3

2] ¼ 24 mM, this is 4.32
moles of HCO3

2 per day [75].
4Note that about 70 mmol/day of new HCO �

3 is needed to neutralise
the approximately 70 mmol/day of non-volatile acid—comprised of
approximately 40 mmol/day of non-volatile acid produced (in addition
to CO2) by metabolism, approximately 20 mmol/day of dietary strong
acid, and the intestinal loss of approximately 10 mmol/day of
HCO �

3 . There must also be a corresponding excretion of approximately
70 mmol/day of Hþ into the urine [76].
5www.openehr.org.
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