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Abstract

The Ontology for Biomedical Investigations (OBI) underwent a focused review of assay
term annotations, logic and hierarchy with a goal to improve and standardize these
terms. As a result, inconsistencies in W3C Web Ontology Language (OWL) expressions
were identified and corrected, and additionally, standardized design patterns and a for-
malized template to maintain them were developed. We describe here this informative
and productive process to describe the specific benefits and obstacles for OBI and the

universal lessons for similar projects.

Introduction

Experimental assays are central to biomedical research.
They are used to generate data in a wide range of research
domains, and the type of assay, inputs, devices used
and protocols all impact the reliability, interpretation and
reusability of the data generated. Describing assays using
ontological realism provides a mechanism for capturing
data provenance as well as facilitating the ability to inte-
grate, search and compare the results of different studies
and investigations (1). As a result, the need to formally
represent assays drove the creation of the Ontology for
Biomedical Investigations (OBI), and accordingly, assays
are the core components of OBI.

OBI (http://obi-ontology.org/) has existed as a commu-
nity volunteer project for >10 years, with the main objective
of providing standardized ontology terms to model biomed-
ical investigations (2). Its first official release was in 2009
(3). OBI covers all phases of the investigation process,
including planning, execution, analysis and reporting. OBI
contains terms related to the material entities and infor-
mation that participate in investigations, as well as the
roles and functions that material entities can play and
that can be realized during the investigation. ‘Assay’ in
OBI is defined as ‘a planned process with the objective to
produce information about the material entity that is the
evaluant, by physically examining it or its proxies’. In the
latest OBI release (http://purl.obolibrary.org/obo/obi/2020-
08-24/obi.owl), 897 terms out of a total of 2939 classes are
assays or are assay related, such as the reagents and devices
used in specific assay types.

The terms in OBI were added over the years by many dif-
ferent researchers working on projects with diverse needs
and perspectives. Currently, terms are typically requested
via a term tracker (https:/github.com/obi-ontology/obi/
issues) and vetted on weekly web-based OBI developer
conference calls. This process has evolved as the ontol-
ogy grew and as different contributors joined and left.
The majority of this work was driven by specific projects
needing investigation-related terms, resulting in a mem-
ber of the project becoming active in OBI development
for a limited period of time. Thus, many of the terms in

OBI were added by project members by following their
projects’ own personalized design patterns. This is typical
of community-driven ontologies and is not necessarily bad,
as OBl exists to serve all research communities and requires
actual use cases to be of value and to test the logic behind
the hierarchy. However, the result is a lack of uniformity
of design patterns over the various portions of the ontology
and presents challenges to developing continuity of design
pattern development as contributors come and go.

During the generation of the assay terms, OBI devel-
opers identified that many assay terms shared common
design patterns. Therefore, a Quick Term Template was
initially employed to add sets of assay terms following the
same pattern, using a tab-delimited format file (4). How-
ever, due to the needs of various applications and lack of
easy-to-use tools, some assay terms were added to OBI
that did not follow the shared pattern. Furthermore, dif-
ferent OWL expressions were used to represent the same
pattern.

The uUse of the ontology has continued to grow and
mature as the volunteer community maintaining OBI has
also become more stable and experienced. More than 30
projects have contributed to OBI, and new projects con-
tinue to join (3). After OBI grew to include a substantial
number of terms, it became apparent that a comprehensive
review of the assay terms was warranted to promote further
use and growth of OBL. The goals of this concentrated assay
review were to compare existing design patterns, to iden-
tify and correct inconsistencies of OWL expressions among
terms, to formalize a template to facilitate easier addition
of new terms, to ensure that all assays were represented
consistently in OWL and to perform a general philosoph-
ical review of the existing assay term logic and hierarchy.
Thus, the specific targets of the review were the assay terms,
as well as all of their attributes, including textual definition,
axioms, examples, synonyms, etc. This was a very informa-
tive process that took place over several years and fostered
much discussion. Here, we describe this process and relate
its success in improving OBI. Our experiences were very
positive, and we have begun to adopt the same review pro-
cess in other areas of OBI. We advocate for developers of
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other ontologies to consider performing similar review and
standardization activities.

Materials and methods

Identification of assay concepts

OBI developers retrieved all assay terms, along with their
associated annotations and axioms from the OWL for-
mat ontology and placed them into a spreadsheet format
file. The spreadsheet format was chosen to facilitate group
review and easily identify discrepancies between rows and
columns, especially for missing information.

The most common terms were identified among the
components of logical axioms in the spreadsheet: ‘eval-
uant’, ‘analyte’, ‘input’, ‘output’, ‘objective’, ‘material
processing technique’, ‘detection technique’, any ‘reagent’
or ‘device’ terms used in the assay and ‘parent class’. There
was a great deal of variety in the properties utilized by any
given term. The majority of assay terms, however, had
a core set of six key annotation properties: ‘ontology id’,
‘label’, ‘definition’, ‘definition source’, ‘example of usage’
and ‘term editor’. Some terms also contained ‘alternative
term’, particularly for terms that may have different mean-
ings across different communities, or ‘editor note’, for those
terms that may still be in process or if they involved a great
deal of discussion. We also included ‘has curation status’
as a required annotation to be made consistent as part of
this process. All terms and axioms were represented in sep-
arate columns of the spreadsheet and targeted for further
review. Some example terms as they looked at the start of
this process are shown in Table 1.

Review of assay terms

Once all needed information was retrieved, we set out to
systematically review all terms in depth and apply edits
as needed. Weekly web calls focused on this activity for
30 weeks and additionally, a face-to-face meeting was held
with this assay review as the primary agenda item. Approx-
imately 20 active OBI developers were involved at the face-
to-face meeting. OBI development tracker items (https:/
github.com/obi-ontology/obi/issues) and/or group emails
were used to reach OBI contributors not present on calls or
at the in-person meeting for their input on term reviews and
editing. Related tracker items are shown in Supplementary
Table S1.

Discussions related to all aspects of assay terms were
documented in weekly agenda documents in the form of
Google docs, by tracker items, and OBI developer group
emails. Every row and column of the sheet of assays was
reviewed for format, accuracy, spelling, missing data and

inconsistencies.

We focused first on studying and discussing the set of
existing design patterns used by different assay types to
improve and standardize these design patterns to be consis-
tent and also to accommodate the needs of the vast majority
of assay terms. After we finalized the design patterns, we
then reviewed the OWL expressions used to represent the
patterns, with attention paid to any inconsistent implemen-
tation. Missing axioms and annotations were also identified
and remedied. Additionally, annotations associated with
assay terms were also reviewed and improved, such as
adding missing ‘example of usage’ or ‘definition source’
and making the wording of ‘definition’ more uniform,
precise and complete across all assays. In some cases, new
annotations were added as needed to further clarify the
intended meaning of a term.

For example, the ‘measurand role’ was added to specify
what was being measured in assays, having the objec-
tive to measure the magnitude/concentration/amount of
something that is the measurand.

The editing of assay terms was performed as a large
group, by select subject matter subgroups and by indi-
vidual editors. Active editing was performed on calls, at
the face-to-face meeting and offline by individuals tasked
with specific terms, sets of similar terms and/or particular
attributes. For example, a contributor with subject matter
expertise in genetics was assigned to review all polymerase
chain reaction (PCR)-related assay terms. Similarly, all tex-
tual definitions were edited by a single person for spelling
and grammar. After editing offline, each individual or sub-
group presented their findings and edits for discussion with
the larger OBI developer community. If certain problems
required further research and/or discussion, we reached out
to appropriate experts and/or the original term creator or
submitter for resolution.

In addition to more scientific and controversial discus-
sions related to assay terms, we performed basic level
‘cleaning’ of terms in the form of spelling and grammar
corrections, as well as ensuring that each term was com-
plete as far as the core set of six properties. This was largely
completed by individual developers being assigned to a spe-
cific attribute to manage. In some cases, this process was as
simple as adding capitalization. In others, it required in-
depth research, for example, to identify and add relevant
‘example of usage’ or ‘definition’ annotations when none
were present. This process, thus led to the need to identify
subject matter experts (SMEs). In order for an ontology
to be accepted by the scientific public as the resource for
a given field, SMEs are a requirement. Because OBI is
the cross-disciplinary standard for representing biomedical
investigations, and as such, covers diverse fields of research,
editing assay types requires a wide range of expertise. Con-
sequently, not all currently active OBI developers at any
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(objective specification]

O - process

O - material entity
O - information or role

ital - relation

4——has participant

realizes

has_specified_input

has role

material entity

A

Figure 1. Original assay design pattern (3).

given time will have expertise regarding any given assay
term present in OBI. The existing assay types were assigned
to the most suitable currently active developers at the time
of the assay review, based upon their scientific background.

Implementation and maintenance of assay terms

As part of the axiom review, it became clear that an auto-
mated template to maintain these term design patterns was
necessary. ROBOT (a recursive acronym for “ROBOT is an
OBO Tool”) is an open source tool for automating ontology
development tasks that allows users to generate ontology
terms with shared common design patterns automatically
in tabular templates (5). We employed the ROBOT tool
to apply the efforts of this project back into OBI and to
maintain consistency going forward. The ontology edi-
tor Protege was used to review the OWL file generated
by ROBOT with the Hermit reasoner to confirm that the
inferred hierarchy of assay terms was as expected (6).

Results

Some aspects of the approach we took for the OBI assay
term review generated a significant amount of discussion
due to disagreement among the developers. The most con-
tentious aspects were the axioms that should be included in
a common assay template. Axioms are the way logical def-
initions of ontology terms are represented in OWL. These
computer-interpretable definitions are critical to the value
of an ontology. They represent the relationships between
terms and provide the ability to reason across the ontol-
ogy. The axioms of assay terms at the outset of this review
were highly variable, with some only having a single is_a
relationship with its parent term, while others were quite
complex defining ‘input’, ‘output’ and ‘device’, as well as
‘evaluant’. A primary goal of this project was to establish a

achieves_planned_objective

evaluant role

is about

planned process

has part

GO:biological process
or molecu!ar function

has_specified_output

\:; about

information content entity J

standard axiomatic design pattern for all assay terms, so a
great deal of attention was paid to this aspect of the review.
Here we present the most interesting aspects of the assay
term review process used to establish a stable assay design
pattern.

Extensive discussion among OBI developers determined
the main axiom components needed to describe any assay
term. Some developers wanted to be more inclusive and
include a larger number of axioms, while others wanted
to create the most simplified template possible that could
handle the majority of existing assay terms. On review, we
found the main components of many assay terms in OBI
to be ‘output’ and ‘inputs’ such as ‘evaluant’, ‘reagent’,
‘analyte’ and ‘device’. Sometimes ‘objective’ was also used.
Axioms that were sometimes used, but did not make it into
the standardized template were ‘target entity’ and ‘material
processing technique’, as these did not seem to be relevant
to a significant number of assays, despite being important
for some assays. Prior to this assay review, OBI’s general
design pattern existed as shown in Figure 1, illustrating
how these components worked together to form a typical
assay.

Input and output

Assays are modeled to have materials (‘material entity’)
that act as ‘input’ to the experimental assay and that have
specified roles within the assay, such as the role ‘evalu-
ant’. The ‘output’ of an assay is the data generated by the
assay. We specified the relationship between the inputs and
the outputs and the roles they play using logical axioms,
for example, ‘has_specified_output some (measurement
datum)’. All assays were then reviewed to determine if they
did or should specify ‘input’ and ‘output’, as well as what
roles each input should play. An important aspect of our
process was testing if all axioms specified for a given assay
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type held for all instances of that type. For example, the
assay type ‘enzyme-linked immunosorbent assay’ (ELISA)
may be used in one scenario to measure antibody binding
to a protein, but protein cannot be stated to be an ‘input’
for all ELISA assays, as another equally valid scenario is the
use of an ELISA to measure antibody binding to a peptide,
rather than to a protein. This illustrates the need for SMEs
when formulating terms in OBI.

Evaluant

We defined ‘evaluant’ as ‘A role that inheres in a material
entity that is realized in an assay in which data is generated
about the bearer of the evaluant role’. An example of the
‘evaluant role’ is ‘blood serum specimen’ for ‘measuring
glucose concentration in blood serum assay’, as this assay
is intended to always generate data about a blood speci-
men. The use of the ‘evaluant role’ in assay axioms was
variable among assays, being used by only 29 assay terms.
Many assay terms used this role in the following format:
‘has_specified_input some (“X” and (has_role some “eval-
uant role”))’. The use of ‘evaluant role’ in general and
with each assay being reviewed was discussed and edited as
needed.

Analyte

‘Analyte role’ is defined in OBI as ‘A measurand role
borne by a molecular entity or an atom and realized in
an analyte assay which achieves the objective to mea-
sure the magnitude/concentration/amount of the analyte
in the entity bearing evaluant role’. ‘Analytes’ are used
to group a large branch of OBI assays deemed ‘analyte
assay’ that are defined as ‘An assay with the objective
to capture information about the presence, concentration,
or amount of an analyte in an evaluant’. This is a use-
ful distinction because it allows users of the ontology to
find all assays having the same ‘analyte’ and to identify
differences between similar assays having different ‘ana-
lytes’. Many children of this branch do not specify an
input that plays the ‘analyte role’, although one is implied
in that all ‘analyte assays’ result in information regarding
an ‘analyte role’ (achieves_planned_objective some analyte
measurement objective). The use of the role of ‘analyte’
by all analyte assays was reviewed and edited as part of
this process whenever a specific ‘analyte’ could be identi-
fied and agreed upon. The particular ‘molecular entity’ or
‘atom’ relevant to a given assay was assigned as the ‘ana-
lyte’. If an assay was understood to require an ‘analyte’,
but could not be inferred from its axioms to be a child of
‘analyte assay’, it was reviewed to determine if the assay
did actually require an ‘analyte’ and/or if the assay axioms
required edits to ensure it would be inferred as an ‘analyte
assay’.

Reagent

The role of ‘reagent’ is played by ‘material entities’ that are
not being evaluated by the assay, but are still important to
the ability to perform the assay. Assays may also specify
one or more ‘reagents’ whenever they are always used by
a given assay type, for example, ‘chromium release assay’
will always utilize the ‘reagent’ of ‘chromium-51" as this is
integral to this assay type. Axioms involving ‘reagents’ were
also evaluated as part of this overall process and edited as
needed.

Device

Four hundred and seventy-six ‘device’ terms are present
in OBL They are infrequently specified in assay axioms
simply due to the possibility that many assays may be
performed using different kinds of ‘devices’. For exam-
ple, a “cell proliferation assay’ can be performed using a
‘cytometer” when simply counting the cells, but can also
be performed using a ‘radiation measurement device’ when
cells are radiolabeled. However, ‘device’ terms are present
in OBI because they can be useful for specific projects and
78 assays are stated to use specific ‘devices’. For example,
a ‘flow cytometry assay’ is always performed using a ‘flow
cytometer’. Many different specific flow cytometers exist as
children of ‘flow cytometer’ for cases where one may want
to describe the use of a particular brand or type of flow
cytometer, such as ‘FACS Canto’. ‘Devices’ are modeled as
‘(has_specified_input some X) and (realizes some (function
and (“inheres in” some X)))’.

Objective

The ‘objective’ of an assay is defined as ‘an objective
specification to determine a specified type of information
about an evaluated entity (the material entity bearing eval-
uant role)’. Fifty-three assays specified the ‘objective’ that
the assay was intended to achieve at the start of our
review. Some assays modeled the ‘objective’ as using the
class axiom ‘achieves_specified_objective some “X*” while
others stated what the resulting assay-generated data are
about using ‘has_specified_output some (information con-
tent entity and is about some biological_process)’, or some
assays specified both. This was largely due to who submit-
ted the assay term, rather than a philosophical difference.
However, it is possible for one to use the same assay with
very different ‘objectives’. For example, an ELISA may be
performed with the purpose to determine if a serum sample
from dengue-infected subjects contains antibodies binding
to a specific dengue protein. Alternatively, an ELISA may
be performed to determine if a sample of T cells are pro-
ducing interleukin-2. Collectively, it could be said that the
‘objective’ of both scenarios was to determine if a chemi-
luminescent reaction took place, which does not convey
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the true ‘objectives’ of researchers performing either assay.
‘Objective’ is currently mainly used for automatic classi-
fications, where a variety of different assays that achieve
the same ‘objective’ can be grouped together. For example,
both ‘transcription profiling by RT-PCR assay’ and ‘tran-
scription profiling by array assay’ achieve the ‘objective’ of
‘transcription profiling identification’.

Design pattern

Through close manual inspection of each of the reviewed
features of assays as discussed above, two new major design
patterns were established, one for general assays and one
for analyte assays. The general assay design pattern is
shown in Figure 2A. Highlights of this pattern are the
reuse of terms from other ontologies, the consistent use
of annotations across a wide variety of assay types and
comprehensive use of axioms. For example, in the ‘DNA
sequencing assay’, a ‘DNA sequencer’ has the ‘device’,
‘DNA extract’ plays the ‘evaluant’ role and the ‘output’
of the assay is ‘DNA sequence data’. Figure 2B demon-
strates an example analyte assay, ‘ATP bioluminescence
assay’ where ATP is the analyte.

ROBOT template

Early on in the review process, we realized the need for
a systematic process to maintain the standardized design
patterns going forward. Thus, we took advantage of the
ROBOT ontology tool (5) and transitioned the spreadsheet
used for manual assay review directly into a ROBOT tem-
plate for automated ontology building. This was easily
done, as ROBOT utilizes a spreadsheet format with anno-
tations and axioms supplied in separate columns. All that
was needed was the addition of a secondary header col-
umn to specify the mapping of the column contents to
either an annotation or axiom, as the current assay template
shown in Supplementary Table S2. The ROBOT template
was then used to facilitate editing of existing terms and,
going forward, to simplify the creation of new assay terms.
New users of OBI can now add their terms to the template,
with all the needed annotations and axioms presented in
the universally understood spreadsheet format. This has
resulted in more complete new term requests and has sped
up the vetting process.

Once ROBOT was adopted, the OBI release process
was updated to take advantage of its features. The OBI
release process now uses ROBOT pervasively—combining
import files and template modules, reasoning and auto-
mated quality control. Being a completely volunteer effort,
this new release process is quite an advantage, allow-
ing faster creation of new terms, now that less technical
developers can perform a release with confidence. The

result is a faster, more consistent release process that
could be performed by a wider number of OBI develop-
ers and represents an unexpected benefit of the review
process.

The guidelines for new OBI terms can be found at http://
obi-ontology.org/page/OBI_term_guidelines, and the grow-
ing library of term templates can be found at https://gi
thub.com/obi-ontology/obi/tree/master/src/ontology/temp
lates.

Discussion

Our OBI assay term review process was an open, collab-
orative effort shared among many volunteer developers,
keeping to the spirit of the OBO Foundry (7). As a result of
this assay review process, existing OBI assay terms were
improved and made more consistent, a new process for
editing and adding terms was adopted (ROBOT), and fur-
thermore, improvements were made to the release process
and guidelines for the creation of new terms. Both the
ontology terms and the OBI community were improved
through this collaborative community effort, which made
developers more aware of terms outside their area of exper-
tise and gave them a better understanding of assay terms
as a whole. By implementing standardized assay patterns,
we were able to adopt the standardized ROBOT assay tem-
plate for use going forward, which greatly improved the
speed of new term requests and build cycles, making the
ontology more responsive to its users. This template is easy
to read by new users of OBI as it exists in a spreadsheet
format. It also makes assay term requirements transpar-
ent. The experience of new users or first-time term requests
is especially improved by the ability to view similar terms
that follow a standard pattern in the template. This directs
new users toward the expectations for annotations and
axioms, making new term requests easier and simpler for
the creator. The time needed to make new term requests
and to incorporate those changes into OBI has drastically
changed via the new release process, which is accessible to
a wider number of developers. This example of ROBOT
usage is illustrative of the benefits of adopting this free
tool, both for the existing ontology developers and for new
users.

We hope that the description of this process is helpful to
other community ontology efforts and potential OBI users.
We would have benefited from performing this review ear-
lier in the life course of OBI, so that more new terms would
have been added in a consistent manner; however, it is diffi-
cult to foresee such future needs, especially with a volunteer
project. It was also difficult to make the time for such a
thorough review when the participants are volunteers with
many other responsibilities. Whenever possible, establish-
ing design patterns early on during ontology development
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Figure 2. New assay patterns. (A). The general assay pattern logically connects the most commonly needed assay annotations. (B). The analyte assay
pattern is distinguished by always including a specific ‘material entity’ playing the ‘analyte’ role. Note that ‘anon’ stands for ‘anonymous node’, which

represents a multi-component axiom that a given class is a subclass of.

and adopting tools that enforce the accepted patterns are
highly recommended. Additionally, because this was such a
useful experience, we have since applied the same process to
other groups of OBI terms that share similar patterns, such
as ‘study design’ and ‘device’, and plan to do the same for
‘material processing’ and ‘data transformation’. As with the
assay term review, the main obstacle will be setting aside
the time needed to tackle each set of terms while maintain-
ing the basic needs of the ontology. Increased funding for
ontologies could mitigate these barriers to quality ontology
development.

Supplementary data

Supplementary data are available at Database online.
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