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Scope and Focus
This document contains the descriptions of various ontologies that were examined; reasons for
selecting a subset of these ontologies, and an argumentation and documentation of how these
ontologies were combined to create a HuBMAP Ontology. Please note that much of the
discussion below is focused on kidney anatomy, given that we are initially prototyping the CCF
on existing and expected kidney data. This specific focus should also make the discussion below
more concrete.

Introduction
To determine how to create a HuBMAP ontology, we examined pre-existing ontologies as well
as methodologies for creating ontologies. We decided to work with pre-existing ontologies as the
basis for our ontology and developed a rationale for what pre-existing ontologies we want to use.
Furthermore, we classified the ontologies and ranked them so that it becomes clear about how we
select terms from the ontologies. Because we have multiple uses for the ontologies, we extended
prior methodologies to create single “slim” ontologies that bundle subsets of large, complex
ontologies (e.g, (Davis, Sehgal, and Ragan 2010)), to develop a new methodology to combine
subsets of multiple ontologies into “slim” ontologies. With these methods, we also created a
release of the ontology for v0.1.0. Going into the future, we developed a roadmap for the tasks
necessary to reach v0.5.0 for the end of Y1 of HuBMAP.
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Rationale for selecting ontologies
In attempting to create an ontology, we found that we had to reconcile multiple goals that were
not always in full alignment. We tried to determine what makes a “good” ontology that could
satisfy identified needs, including:

1. Ease of navigation: Some ontologies have additional layers of hierarchy that are difficult
to navigate. We may want to implement “views” that act as fast shortcuts to critical
elements of the ontology or data attributes. We leverage existing ontologies (or parts
thereof) to serve as these shortcuts

a. MeSH: /Urogenital System/Urinary Tract/Kidney
b. NCIT: /Anatomic Structure, System, or Substance/Organ/Kidney
c. FMA: /Anatomical Entity/Physical anatomical entity/Material anatomical

entity/Anatomical Structure/Postnatal anatomical structure/Organ/Solid
organ/Parenchymatous organ/Corticomedullary organ/Kidney

d. BRENDA (BTO): /tissue, cell types, and enzyme sources/animal/whole
body/gland/excretory gland/kidney

e. UBERON: /BFO_0000002/BFO_0000004/anatomical entity/material anatomical
entity/anatomical structure/multicellular anatomical structure/organ/compound
organ/cavitated compound organ/kidney

f. KTAO: /entity/continuant/independent continuant/kidney
2. A balance of visual clarity and detail: We do not want two items (“left kidney” and

“right kidney”) that clutter data organization and browsing, nor do we want a listing of
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every fact about a kidney. We do not want to flatten our information, nor do we want
every possibility of “adjective + noun” for a given noun.

3. Completeness: Recording of all relevant biological knowledge for the data HuBMAP
expects to obtain

a. We want to have all the terms written down and without uncertainty on the
potentially missing terms. Some ontologies only cover particular organs and may
omit some relevant scientific knowledge.

b. Of MeSH, NCIT, FMA, BRENDA, UBERON, and KTAO, only MeSH and
BRENDA (BTO) had finer-scale details besides “adult mammalian kidney”, “left
kidney”, “mesonephros”, “metanephros”, “pronephros”, and “right kidney”.

4. Crosswalks, interlinking, or cross-references with other ontologies:
a. Not all ontologies record their “crosswalks” between equivalent terms in different

ontologies, but UBERON provides some excellent crosswalks.
b. We need to ensure that each term that we add has the relevant crosswalks between

the ontologies that we are using.
5. Widespread prior adoption: Ideally, we adapt ontologies that are widely used by the

community so as to ensure the acceptance of the HuBMAP ontology by the wider
community.

6. Permissive licensing:We anticipate that the HuBMAP data and ontologies will be used
in third-party and derivative projects. Therefore, we must prioritize ontologies and
technologies with permissive, non-cumbersome reuse policies.

a. Open source is preferred (for software and ontologies), and permissive data
licenses (e.g., CC0 or CC-BY) is preferred for data.
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b. Software license proliferation is a risk: if the HuBMAP ontology is built from
components with too many licenses, it can become impossible for end users to
completely determine their rights and restrictions, which hinders adoption and
community contributions. It also increases the risk that some components of the
CCF are legally incompatible with other components of the CCF.

c. Ontologies with restrictive and confusing reuse criteria should be only used as a
last resort, or with direct negotiations of a license exception. This includes
scenarios where an open source ontology / software component is less feature
complete than an encumbered one, but the open choice can be readily extended to
recover the missing features.

7. Active maintenance:We seek ontologies that have not been abandoned, but rather are
under active development and maintenance, because:

a. We expect new terms to come along as scientific knowledge advances, thus
requiring updates, and

b. We need to have software to create the ontologies instead of editing manually to
ensure that new terms from the dependent ontologies become integrated into the
HuBMAP ontology

8. Mature ontologies: On the other hand, as consensus emerges with a community and
software bugs are eliminated, we expect development and maintenance activity to slow.
Thus, it is important not to dismiss ontologies with low activity and assume community
abandonment, but recognize that this may rather be a sign of maturity.
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Proposed Ontologies
We have the following list of proposed ontologies to use, along with their key roles within the
HuBMAP CCF ontology:

1. Anatomic/Phenotypic
a. Uber-anatomy Ontology (UBERON) to describe anatomy (Mungall et al. 2012)
b. Phenotype And Trait Ontology (PATO) to describe large scale biological

phenotypes (G. V. Gkoutos, Schofield, and Hoehndorf 2018)
c. Foundational Model of Anatomy (FMA) as a subset of UBERON (Rosse and

Mejino 2003)
d. Human Phenotype Ontology (HPO) so we can know about sample origin

(Robinson et al. 2008)
2. (Sub-)Cellular

a. Cell Ontology (CL) to describe cellular properties (Bard, Rhee, and Ashburner
2005)

b. Gene Ontology (GO) to describe genes and many subcellular properties
(Ashburner et al. 2000)

c. Chemical Entities of Biological Interest (ChEBI) to describe chemical properties
(Degtyarenko et al. 2008)

d. RNA Ontology (RNAO) to describe RNA (Hoehndorf et al. 2011)
e. Protein Ontology (PR) to describe proteins (Natale et al. 2011)
f. Cell Behavior Ontology (CBO) to describe how cells are operating at the cellular

level and up (Sluka et al. 2014)
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3. Metadata
a. Basic Formal Ontology (BFO) because we need some base for all the ontologies

(Arp, Smith, and Spear 2015)
b. Information Artifact Ontology (IAO) because we need metadata (Smith and

Ceusters 2015)
c. Ontology of units of Measure (OM) (Rijgersberg, Assem, and Top 2013) because

we need units and it has more features than the Units Ontology (UO) (Georgios V
Gkoutos, Schofield, and Hoehndorf 2012)

4. Tissue/Sample Collection
a. Biological Spatial Ontology (BSPO) so we can know about how samples were

sliced (Dahdul et al. 2014)
b. Ontology of Biomedical Investigations (OBI) to describe how the data was

collected (Bandrowski et al. 2016)
c. EDAM because it covers many bioinformatics terms (Ison et al. 2013)

5. Miscellaneous (these terminologies cover many ideas not necessarily covered elsewhere)
a. Medical Subject Headings (MeSH) to cover many labels not otherwise easily

covered (Rogers 1963)
b. NCI Thesaurus (NCIT) to cover many labels not otherwise easily covered

(Fragoso et al. 2004)

Methodology for Ontology Creation
Given that we have multiple requirements for an ontology, we propose creating “slim” ontologies
like those done by the Gene Ontology (GO) (e.g., see (Davis, Sehgal, and Ragan 2010)). GO
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creates subsets of the overall ontology to make it easier to use due to the fact that the end user is
not necessarily interested in the entire ontology. This leads us to a new methodology of creating
multiple ontologies for the HuBMAP CCF. Based upon user surveys of the funded TMCs and
current kidney pilot data, we compiled an initial list of terms that need to go into a base ontology,
those terms are found in pre-existing ontologies, and then merged together into a base ontology.
We note that this list of terms will be grown based upon data. Year 2 will likely need to
coordinate with the tools team to allow TMC end users to report and request missing terms.

Based upon usability testing and development needs of PI Börner’s team, a second list of terms
was created for those terms that are needed for a particular view of the data, e.g., for a given
zoom level, for given cell type(s), or for given chemicals/RNA. This second list of terms then
gets utilized to create a slim HuBMAP ontology.

When reviewing ontologies, we found that ontologies covered different domains and also had
some convergent evolution towards similar solutions to commonly encountered problems. Thus,
multiple ontologies partially but not fully address the CCF needs, and it is more productive to
adapt a “nearly perfect” ontology than it is to additionally search for a (likely non-existent)
perfect ontology. Indeed, it is infeasible to find and review all bio ontologies at a fine level of
detail. Instead, we supplemented our combined 10+ years of domain expertise with six months of
additional searching to find and adopt widely-used ontologies that cover most of the terms that
we need to cover, and then extended them as needed. We plan to report missing terms from our
extensions back to these ontologies in the future, to help maintain compatibility with community
standards. With this short list of ontologies, we could rank them to determine which ontologies
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we should look at first. We created this ranking based on the presence of crosswalks between
ontologies and sufficient specification of terms.
Since we will provide multiple views, we can easily provide multiple lists and thus generate
multiple ontologies. As we can translate the base ontology into a DAG (directed acyclic graph)
(Peng, Jiang, and Radivojac 2018), we can easily remove edges to create an ordered tree or
forest. We adopted Python as the programming language of choice because of strong graph
theory libraries, ease of prototyping, and well-developed OWL libraries. To create the base CCF
ontology, we went through the following procedure:

1. We used the Ontospy Python package to load an ontology (e.g., UBERON) and sort it
into different classes (each ontological term has its own class) and keep track of the
triples associated with each class (Pasin n.d.). We picked Ontospy because it interfaced
well with RDFLib.

2. We created a spreadsheet with a list of desired ontological terms with their corresponding
ID numbers. The mapping between each term and its ID was purposely done manually:
automated methods (such as BioPortal’s annotator) returned too many results or incorrect
results. (A pending need would be an ontological annotator that understands aspects of
the terms’ author’s background.) Each term also indicated whether descendant terms of
that term should be included in the ontology. The spreadsheet was then exported into
CSV to be read. We used a spreadsheet to make term entry easy for domain experts.

3. Using OWL elements, we created a directed graph (though not necessarily acyclic) where
the edges:

a. Created from “X rdfs:subClassOf Y” representing a directed edge from Y to X
b. Created from “X BFO:partOf Y” representing a directed edge from Y to X,

although we needed to go through triples that involved “node owl:OnProperty
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BFO:partOf”, “node owl:someValuesFrom Y”, and “X rdfs:subClassOf node”
where node was usually an unidentified/unnamed element.

c. Later on, we did not create and then removed edges representing from “X
owl:equivalentClass Y” as Protégé will normally create an edge between these
nodes as this dramatically decreased navigability.

d. We created these edges so as to have a more complete graph.
4. We checked the list of input terms and compared that against the list of terms in our

ontologies.
a. We output as a warning those list of nodes that cannot be used. We add this to a

list of terms to ignore.
b. The user needs to determine what needs to be done: Either edit the input list or

somehow add the term to an ontology that we can read in.
5. We assigned weights to the edges. The weights went up for increasing order of

importance. Arbitrarily picked factors of 5-20 were involved in scaling up to emphasize
certain policies.

a. We assigned to each edge a numerical weight to favor certain edges over other
edges.
i. Edges created from a subClassOf element received a weight of 1
ii. Edges created from a partOf element received a weight of 20
iii. We assigned these weights to separate the values and to emphasize

part-ness vs. subclass-ness.
b. We added additional weight to certain edges to emphasize connections from

particular nodes, namely those nodes that are are key “root nodes” of the
ontology. This includes two of the major HuBMAP organs: kidney and heart.
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i. Outward edges from key nodes (e.g. the node of a particular organ)
received an additional weight of 100. Key nodes are specified in the list of
input terms under the “Parent ID” term (and its associated “Parent Name”
term).

ii. We computed simple paths from each requested node term to each
emphasized node (if possible) and gave each edge in every simple path an
additional weight of 500.

c. To create the “insertion” points for the various organs, we added even more
weight to a single simple path connecting each of the key “root nodes” to the node
“anatomical system”.
i. The “anatomical system” node serves as the entry bode for the entire body.
ii. Since there can be multiple simple paths between each key “root node”

and “anatomical system”, we picked the shortest simple path between
those two nodes. If multiple simple paths had the same shortest length, we
picked the first one that was found.

iii. All edges along this single simple path received an addition weight of
5000.

6. We then created a subgraph of the original graph, only selecting those nodes that were
either nodes in the original list of ontological terms, ancestors of those nodes, or
descendants of those nodes. This creates a “slim” ontology that is relevant for HuBMAP.

7. Using the created weighted directed subgraph, we computed a maximum cost
arborescence or a maximum cost branching depending on the nomenclature. Such a
branching is critical for creating a navigable ontology.
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8. We removed from the branching any terms that should be ignored. These terms can come
either from user input or from previously identified terms to be ignored (such as invalid
input choices).

9. We removed from the branching various edges:
a. All incoming edges to the major organ nodes to ensure that we have these nodes

be root nodes in the ontology. Using this branch, we computed the edges present
in the original graph and not present in the modified branching to determine the
list of edges that need to be removed from the graph representing the ontology.
We wanted to remove these edges to improve navigability.

b. We also removed edges from nodes that were not ancestors of the initial input
terms when using the graph computed from maximum cost branching. We termed
those nodes that are ancestors (in the branching) or the terms themselves the
nodes that “support” the ontology.

10. We further removed the triples associated with all of the edges that needed to be removed
and saved the resulting ontology to a file. Because we used Ontospy, which in turn uses
RDFLib, we easily saved the ontology in the RDF/XML format. This can easily be
changed in the input parameter file. We removed the triples to make the ontology nicer
for display purposes.

11. We also created a partonomy where we essentially replace the subClassOf relationship
with the part_of relationship. This becomes non-trivial due to how nested all the terms
are.

The UBERON ontology also has triples that are of the format “X oboInOwl:hasDbXref Y”
where X is the UBERON term and Y is a term in another ontology. Thus, we can easily create
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graphs of other ontologies, add edges in the graph representing UBERON from UBERON nodes
to nodes in the other ontologies.

Ontology Usage
To make use of the ontology, we recommend that users find the relevant term and then use
identifiers from the ontology to perform semantic annotation. Users should use the rdfs:label as a
human readable term and oboInOwl:id as a machine readable term. For navigation purposes,
users should follow rdfs:subClassOf elements and BFO “part of” elements
(http://purl.obolibrary.org/obo/BFO_0000050) as these are the edges of the graph between the
different nodes of terms.

Inherited Hierarchies
Since we are using previously created ontologies, we inherit their hierarchies when we create the
HuBMAP ontology. As these hierarchies take the form of directed graphs, we have some
freedom to choose paths through the graph as path from an organ root node to a node that comes
from the list of parts of an organ. For v0.1.0, we simply picked one path through the ontologies
to create our edges for navigation purposes. We will investigate in the future if some paths are
better than others.
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Open Questions
We need to determine how to integrate in specific terms from individual ontologies. While more
detailed, some of these ontologies are not fully open source (LungMAP) or have other
challenges.

Ontologies for individual organs
We have identified and are assessing organ-specific ontologies for prototyping the kidney, but we
still have open questions:

1. Kidney can use KTAO (He et al. 2018), and it has so far met the annotation needs
communicated to the CCF team. We will want to consult domain experts to discover any
missing terms.

2. We have not yet identified a Heart ontology satisfying the 8 rationale criteria above to
date. We have created a prototype ontology (a short list of terms) as extracted from
interactions with the Heart TMC. It will be a continuing challenge to select an
appropriate ontology.

Ontologies for provenance
As we work on developing the data pipelines, we will need to work more on metadata and data
provenance. We are looking at using these ontologies/data terminologies:
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c. Information Artifact Ontology (IAO)
d. Ontology of units of Measure (OM)

https://www.zotero.org/google-docs/?vm91pq


1. Software Ontology (SWO) (Malone et al. 2014)
2. EDAM (Ison et al. 2013)
3. VIVO (Ding, Mitchell, and Corson-Rikert 2011)
4. ORCID (Not an ontology per se, but useful)(“ORCID” n.d.)
5. Dublin Core (Not an ontology per se, but useful) (“DCMI: Home” n.d.)
6. PAV Ontology (Ciccarese et al. 2013), see

https://github.com/pav-ontology/pav/blob/2a7653affb2870576120b2425e8e0f93e0c41a4
4/pav.rdf for an example with ORCID.

Crosswalks / MetaData mapping
UBERON has numerous crosswalks already included, especially with FMA, which includes
some terms not in UBERON. We would like to establish a database of these crosswalks so that
they can be automatically added to the ontologies as terms are added. There are also prior
methods that perform ontology alignment (such as LOOM) and this should be a productive
avenue in the future. Furthermore, we investigated Machine learning (ML) and unsupervised
ontology matching using Natural Language Processing (NLP) (Arguello Casteleiro et al. 2018;
Kolyvakis, Kalousis, and Kiritsis 2018).
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