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Abstract

A critical issue in the usage of cancer drugs is its association with various adverse events (AEs) in some, but not all,
patients. The National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events (CTCAE) is a
controlled terminology for AE classification and analysis in cancer clinical trials. The Ontology of Adverse Events
(OAE) is a community-based ontology in the domain of AEs. In this study, OAE was first updated by including AE
severity grading and OAE-CTCAE mapping. An OAE subset containing CTCAE-related terms and their associated
OAE terms was generated to facilitate term usage. A use case study based on a published cancer drug clinical trial
demonstrates that OAE provides better hierarchical representation, includes semantic relations, and supports
automated reasoning. Demonstrated with a single patient analysis, the OAE framework supports precision
informatics for representing AEs and related genetic and clinical conditions in individual patients treated with
cancer drugs.

Introduction

While cancer drugs play a critical role in treating cancer patients, the adverse events (AEs) associated with cancer
drugs can be very detrimental. As a result, the surveillance and analysis of cancer drug AEs are important to
improve public health. To support such surveillance and analysis, it is critical to maintain proper terminology and
documentation. A foundation of AE reporting and analysis is the controlled terminology of various AEs. MedDRA
[1], WHO-ART [2], and the Common Terminology Criteria for Adverse Events (CTCAE) [3] are commonly used
AE controlled terminology systems. These controlled terminologies tend to have drawbacks, such as missing term
definitions, poorly defined hierarchies, and lack of semantic relations among terms across hierarchies [4].
Ontologies have been proposed and developed to address these drawbacks [4-6].

As a product of the US National Cancer Institute (NCI), CTCAE is a specialized controlled terminology that
provides the standardized classification of AEs of drugs used in cancer therapy. CTCAE has substantially evolved
since its inception in 1983. Initially published in 2009, CTCAE v4.0 lists 790 AE terms, and each of these AE terms
may be associated with a range of severity grades [7]. Most US and UK cancer drug trials encode their observations
based on CTCAE.

The Ontology of Adverse Events (OAE) is a community-based open source ontology that logically represents
various AEs [6]. OAE represents various AEs based on patient anatomic regions and clinical outcomes, including
symptoms, signs, and abnormal processes. In OAE, an AE is defined as a pathological bodily process that occurs
after a medical intervention (e.g., drug treatment). By logically linking the medical intervention, patient, patient
conditions, and AE outcomes, OAE provides a robust framework that supports systematic analysis of AE case
classification and analysis. With over 5,000 terms, OAE has been used in many scenarios [6, 8-10]. Figure 1 shows
the general OAE model of an adverse event of a human patient treated with a drug. Specifically, a human patient is
administered a drug in order to treat a specific disease (e.g., cancer). The drug has its active chemical ingredient,
dose, and it is administered through a specific route (e.g., oral). After an incubation time, the patient will experience
a specific adverse event(s) that occur in a specific anatomic location. The patient conditions (e.g., age, gender, and
disease) may affect the drug treatment effectiveness as well as AE outcomes. Even for the same type of AE, there
exist different severity grades (as detailed later in this paper).

To support ontology interoperability, in addition to its own terms, OAE imports many terms from existing
ontologies such as Basic Formal Ontology (BFO) [11], Ontology for Biomedical Investigations (OBI) [12], and
Ontology for General Medical Science (OGMS) [13] (Figure 1). For example, OAE imports many terms from the
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upper level BFO [11] and aligns with BFO [6]. Both administration and drug AE are classified as BFO:‘process’.
On the other hand, the drug administration is subclass type of OBI:‘planned process’ (i.e., a process intentionally
planned by human), and an AE is a subclass of OGMS:‘pathological bodily process’ (Figure 1). The disease, drug,
quality, and anatomical entity can be represented by Disease Ontology (DOID) [14], Drug Ontology (DrON) [15],
Phenotypic Quality Ontology (PATO) [16], UBERON [17], and NCBITaxon [18], respectively (Figure 1). Terms
from these ontologies are semantically linked to provide a comprehensive picture of a drug AE and its associated
drug, drug administration, anatomical location where the AE occurs, and detailed patient conditions (e.g., gender,
age, and health condition).
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Figure 1. OAE modeling of drug AE and related terms in a systematic framework. The terms inside boxes are
ontology classes, and terms in the middle of arrows are relations (i.e., object properties). The boxes with blue text
indicate patient information, and the boxes with red text represent AE-related terms. See more explanation in the
text.

In the Figure 1 modeling, the relation ‘preceded by’ is used to link drug administration and drug AE. This relation is
simply a temporal relation that indicates the drug AE occurs after the drug administration. The usage of this relation
is aligned with the FDA definition that a drug AE does not have to be causal. It means that the drug administration
does not have to be the cause of the AE. An AE may be just part of a disease process that started with the patient
treated with the drug. For example, a patient who has gastric cancer and is treated with a drug has gastrointestinal
bleeding. The bleeding AE may be caused by the gastric cancer or the drug usage. If we do not know the cause, we
can use the relation ‘preceded by’. To represent a defined causal relation, OAE uses the relation ‘induced by’, which
is a special subclass of the ‘preceded by’ relation [6]. If we know a causal relation between the drug administration
and the bleeding, the relation ‘induced by’ can be used.

In addition, OAE and CTCAE may assign term hierarchies differently. For example, In CTCAE, ‘Rash pustular’
(CTCAE code E11545) is asserted as a subclass of ‘Infections and infestations’ in CTCAE (Figure 2A). This
assertion is questionable since not every rash pustular is associated with an infection. CTCAE includes three other
types of rash where ‘Rash acneiform’ and ‘Rash maculo-papular’ are under ‘Skin and subcutaneous tissue
disorders’, and ‘Papulopustular rash’ is under ‘Infections and infestations’. However, CTCAE does not have a class
called ‘rash’ (Figure 2A). In contrast, OAE has ‘rash AE’ (OAE_0000528) and over ten specific subclasses of ‘rash
AE’ (Figure 2B). Such comparisons suggest possible issues with CTCAE classifications and broader coverage of
OAE.

Since CTCAE is commonly used in cancer drug AE reporting, we hypothesized that the CTCAE-OAE mapping
followed by OAE-based analysis would improve cancer drug AE classification and analysis and support
personalized pharmacovigilance investigation. Not all drug-treated patients will experience AEs. For patients under
different conditions, the AE patterns may vary greatly, and should be investigated by considering different variables
including personal conditions and drug usage. To address this hypothesis, we updated OAE with a systematic
CTCAE-OAE mapping strategy and applied the updated OAE to two different use cases to demonstrate how OAE
supports better cancer drug AE classifications and personalized drug-AE case representation.
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Figure 2. CTCAE and OAE term hierarchy comparison. This comparison uses the Grade 2 pustular rash AE as the
example. (A) CTCAE hierarchy. Rash pustular is under ‘Infection and infestation’. (B) OAE hierarchy. OAE

includes the term ‘rash AE’ while CTCAE does not have a matching term.

+- Blood and lymphatic system disorders

Methods

OAE ontology visualization and editing. The Protégé OWL editor (http://protege.stanford.edu/) was used for
ontology visualization and editing.

OAE modeling of AE severity and semi-automatic OAE-CTCAE mapping. We first generated an OAE design
pattern that represents AE severity. Our OAE severity representation strategy is similar to the CTCAE severity
grading in terms of severity definitions, but also differs in terms of their classification and usage. The CTCAE
source studied in this project primarily comes from the CTCAE 4.0.3, which is the version available in NCBO
Bioportal (http://bioportal.bioontology.org/ontologies/ CTCAE). To ensure high quality of the OAE-CTCAE
mapping, manual curation was applied to annotate individual CTCAE records and map the records to OAE. The
annotations, such as, definition, definition source, MedDRA ID, etc., were manually obtained from either CTCAE or
online resources, and the mapped results along with the annotated information were initially represented in a pre-
defined Excel template. After second review, the Excel data were then automatically converted to an OWL file using
the Ontorat software program [19], and merged to OAE. A Java-based program was developed to automatically
assign severity axioms to OAE terms to indicate possible grades for specific OAE AE terms.

An important feature of CTCAE is its classification of AE severity. Specifically, the CTCAE v4.0 includes Grades 0
through 5 with unique clinical descriptions of severity for each AE based on the general guideline: Grade 0 — signs
and symptoms within normal limits; Grade 1 - Mild AE; Grade 2 - Moderate AE; Grade 3 - Severe AE; Grade 4:
life-threatening or disabling AE; and Grade 5 - Death related to AE [7].

Corresponding to the six grades of severity in CTCAE, OAE also has 6 grades of ‘AE severity’. However, OAE and
CTCAE implement the severity grades differently. The OAE ‘AE severity’ is a subclass under the term ‘process
quality’ (PATO_0001236). The term ‘process quality’, imported from the PATO, represents a quality which inheres
in a process. For example, ‘skin ulceration’ includes five grades (Figure 3A).

To represent a specific AE severity, OAE uses two approaches. First, for an AE with a defined severity range, OAE
uses an axiom with the relation term ‘has participant quality’ to link the AE and a severity grade of the participant
undergoing the AE process. For example, OAE defines an axiom of ‘skin ulceration AE’:

‘has participant quality” some (‘AE severity G1 " or ‘AE severity G2~ or ‘AE severity G3~ or ‘AE severity
G4’ or ‘AE severity G5°)
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The second approach in OAE for severity representation is to generate specific subclasses with severity specifically
defined. For example, OAE represents 4 different subclasses of ‘skin ulceration AE’ corresponding to the Grade 1-4
of this AE (Figure 3B).
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Figure 3. Comparison of AE severity definitions in CTCAE and OAE. (A) CTCAE term ‘Skin ulceration’ and its
five grades. (B) OAE term ‘Skin ulceration’, all its child terms, and related axioms. Ontofox was used to extract all
children under ‘skin ulceration AE’ and all their related terms and axioms from OAE. The Ontofox output was
displayed in Protégé OWL editor, and the screenshot was taken from the display. The OAE annotation includes its
mapping to CTCAE ontology term ID. The linkage of the OAE term to the AE severity grade is logically defined
using the new relation ‘has participant quality’. The ulcer diameter is included in another axiom to specify the
Grade 2 severity. OAE does not include ‘Grade 5 skin ulceration AE’ as explained in the text.

"adverse event occurs in' some 'skin of body" Axioms

"hair AE' or "nail AE" or "skin AE" inherited from
ancestors

Note that we did not generate a class ‘Grade 5 skin ulceration AE’ because Grade 5 always means death. Since our
‘skin ulceration AE’ axiom has shown Grade 5 is possible, we do not need to generate a specific term for Grade 5.
However, OAE represents Grade 1-4 individually (Figure 3B) since each of the grades has its specific criterion other
than the general grade definitions. For example, according to CTCAE definition, Grade 2 skin ulceration AE shows
a combined area of ulcers <I cm and nonblanchable erythema of intact skin with associated warmth or edema. In
align with the CTCAE definition, we represent such a case in OAE with a specific class “Grade 2 skin ulceration
AE’ (OAE_0002618) (Figure 3B). In addition, OAE includes an ontological axiom to logically represent the ulcer
size criterion of “Grade 2 skin ulceration AE’:

‘results in formation of” some (ulcer and ‘has diameter in cm’ some decimal[>0, <1])

With the above axiom, when the ulcer diameter is measured, an OAE-based grading system will be able to
automatically classify the ulceration with a Grade 2 severity. The CTCAE does not include such an axiom
definition, and its usage requires manual interpretation.

Generation, deposition, and query of CTCAE-related OAE subset view (CTCAE-OAEview). Ontofox [20] was
used to generate an OAE subset view that contained all CTCAE-matched OAE terms and their associated OAE
terms. The CTCAE-OAEview was then deposited to the Ontobee linked ontology server [21] at
http:// www.ontobee.org/ontology/CTCAE-OAEview. Ontobee SPARQL (http://www.ontobee.org/spargl) was used
to query CTCAE-OAEview for addressing various questions.

OAE application use case studies. Two use cases were analyzed. First, a randomized, multicenter, placebo-
controlled phase 2 study of a cancer drug clinical trial was used for testing the application of the newly updated
OAE in cancer clinical trial AE analysis [22]. This case study demonstrated how OAE could be used to support AE
and AE grading hierarchical classification from a cancer clinical trial. The second use case reported a single patient
treated with selumetinib [23] and illustrated the application of the OAE framework for a single patient, personalized
pharmacovigilance study.
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Results
OAE-CTCAE mapping and annotation results

Using our semi-automatic annotation methods, we have established in OAE the OAE-CTCAE mapping for all the
CTCAE terms. Many CTCAE terms like “Blood and lymphatic system disorders, Other, specify” are not included in
OAE because this term is not specific and does not meet the requirement of generating a new ontology class term.
According to our OAE modeling design of AE severity as described earlier, only those grade-specific terms with
details more than the general grade definitions were mapped and included in OAE as OAE classes. Those grade-
specific CTCAE terms that do not contain additional information than the common Grade definitions (e.g., those
terms with Grade 5) were not included in OAE. Overall, we added 1,140 grade level terms to OAE.

We also generated a CTCAE-related OAE subset view (CTCAE-OAEview) that includes all CTCAE-related OAE
terms and the OAE terms associated with these CTCAE-related terms. The generation of such OAE subset (or
“view”) supports easy usage of the CTCAE-mapped OAE system for cancer drug clinical trials and cancer drug AE
case reporting and analysis. In addition, we can better study the CTCAE-related OAE subset to clarify the coverage
of  the CTCAE system. The CTCAE-OAEview  has  been  deposited on  Ontobee
(http://www.ontobee.org/ontology/CTCAE-OAEview). CTCAE-OAEview includes 3,267 CTCAE-associated OAE
terms. Among these terms, there are 2,169 terms with “OAE ” prefix, 854 terms with “UBERON ” prefix (for
anatomic location), and other terms from different ontologies (Figure 4A).
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Figure 4. CTCAE-OAEview information and its SPARQL query demonstration. (A) CTCAE-OAEview statistics
page information on its Ontobee website (http://www.ontobee.org/ontostat/ CTCAE-OAEview). (B) SPARQL query
of the CTCAE-OAEview using Ontobee SPARQL website (http://www.ontobee.org/spargl). This query identified
all the terms directly under ‘rash AE’ in CTCAE-OAEview.

Use case demonstrating the advantages of OAE-based hierarchical classification

We applied our OAE-CTCAE mapping method to study the AEs reported in a paper published in The Lancet
Oncology [22]. Since there was no targeted therapy for KRAS-mutant non-small-cell lung cancer (NSCLC), this
clinical study tested whether selumetinib plus docetaxel had a good effect on KRAS-mutant NSCLC. KRAS,
encoding for the protein K-Ras that regulates cell division, is the most frequently mutated oncogene in NSCLC.
Both selumetinib and docetaxel are antineoplastic drugs. Selumetinib is a potent, selective, orally available, ATP-
independent inhibitor of mitogen-activated protein kinase kinase 1 and 2 (MEK1/MEK?2), two essential mediators in
the activation of the RAS/RAF/MEK/ERK pathway [24]. Inhibition of both MEK1 and 2 by selumetinib prevents
cellular proliferation in various cancers. Docetaxel binds to and stabilizes tubulin, thereby inhibiting microtubule
disassembly and resulting in cell death. This study found that selumetinib plus docetaxel had promising efficacy but
was associated with a higher number of AEs compared to docetaxel alone. Overall, 26 AEs associated with two
groups of cancer treatments: selumetinib plus docetaxel, and placebo + docetaxel [22].
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Figure 5. OAE-based classification of adverse events shown in a cancer drug clinical trial. The 26 CTCAE-defined
AEs came from Table 8 of the paper [22] were classified using CTCAE or OAE. (A) CTCAE hierarchy of 20 AEs
reported in the paper. Note that 6 out of 26 terms in the paper could not be found from CTCAE. (B) Asserted
hierarchy of the 26 terms and their associated terms in OAE. (C) Inferred hierarchy using a reasoner in the Protégé
OWL editor. See the text for detailed explanation. Note that for (B) and (C), the Ontofox tool
(http://ontofox.hegroup.org/) was then used to generate the hierarchical structure of the subset of OAE that contains
all the 26 AE terms and the other OAE terms related to these 26 AE terms.

After the OAE-CTCAE mapping, we could use the CTCAE and OAE hierarchical structures to classify the 26 AEs
and their top-level AEs (Figure 5). Interestingly, CTCAE4 only includes 20 of the 26 terms reported in the paper
(Figure 5A) [22], while OAE includes all these 26 AE terms. In addition, our OAE-based AE analysis system
demonstrated that OAE at least has the following advantages compared to the CTCAE alone:

First, OAE provides additional intermediate layers in the AE hierarchy that supports enhanced AE classification. For
example, OAE includes an additional layer ‘abnormal defecation AE’ that covers two subclasses - constipation and
diarrhea AEs. The combination of these two subclasses in the treatment group makes up to (32% + 73% =) 105% of
AE occurrence rates (Figure 5B), suggesting the high susceptibility of this treatment to the abnormal defecation AE.
The 105% AE occurrence rate was likely because some patients might have these two AEs simultaneously or at
different points in time during the trial. To handle the temporal occurrence of AEs, OAE provides a mechanism to
record the time and time period during which an AE occurs (Figure 1) [6].

Second, unlike CTCAE, OAE supports inferred hierarchy generation based on semantic axiom definitions. For
example, although OAE does not assert the term ‘hematology investigation result abnormal AE’ as a subclass of
‘hematopoietic system AE’ (Figure 5A), such a subclass relation is inferred using a semantic reasoner (Figure 4C).
Note that this term ‘hematology investigation result abnormal AE’ is not an AE term reported in Table 8 of the
paper. However, its usage allows the clear classification of this term in OAE.

Third, unlike CTCAE, OAE includes many semantic relations that logically link different AE terms. For example,
OAE provides the following axiom: ‘neutrophil count decreased AE’: 'is evidence of' some 'meutropenia AE'. This
relation closely links the laboratory count to the neutropenia AE.

In addition, the updated OAE ontology represents different grades of severity. While the contents of defining
different grades of severity are the same between OAE and CTCAE, OAE uses its own strategy in representing
different grades of severity as detailed earlier in this article. The use case paper summarizes the numbers of cases in
Grade 3-4 of 26 different AEs [22]. Such grading results could have been done easily using the OAE grading
strategy. As exemplified earlier, one advantage of the OAE grading system is that by measuring some parameter
values (e.g., ulcer diameter), OAE will be able to automatically identify the grading level of an AE (e.g., ulceration).
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Personal informatics use case demonstrating OAE-based modeling of patient AE after cancer drug treatment

As shown in Figure 1, OAE provides a logical framework that semantically links different variables (e.g., drug
features, drug treatment detail, and patient conditions) with the AE outcomes. Each of these variables may affect the
final AE outcome. For example, the drug ingredient, the usage of drug, the human quality (e.g., age, gender,
concurrent disease, and disease severity) may all affect the outcome of the adverse event.

To show how the OAE-based framework supports practical use case, we used OAE to model a use case of
selumetinib treatment on a patient with recurrent low-grade serous ovarian carcinoma (LGSOC) with KRAS
mutation [23]. After treatment with selumetinib for more than 7 years, this patient’s tumor has not progressed and
the patient has maintained a good general condition without severe toxicities. A next-generation sequencing study
showed that her tumor included a G12V mutation in KRAS [23]. Overall, the patient’s LGSOC carcinoma had not
progressed, and the patient experienced several mild AEs over the many years of therapy. The most notable AEs
were intermittent rashes (grade 2 at the maximum) at anatomically disparate areas including the trunk, chest, and
eyelids. She also intermittently experienced grade 1 stomatitis. Figure 6 demonstrates the OAE modeling of the AE
process of this LGSOC patient treated with selumetinib.
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route (OAE) since June 2008 controlled (OAE)

Figure 6. OAE-based instance level modeling of a drug AE from a selumetinib-treated patient. The boxes with blue
text indicate patient information. The boxes with red text represent AE-related terms.

In this use case, the patient’s drug AEs were linked with the patient’s background, health condition, drug treatment
details, and treatment efficiency (Figure 6). This comprehensive view under the OAE framework provides a
systematic understanding of the patient treatment outcomes and possible variable associations. Note that in this
model, the “intermittent” in the Grade 2 intermittent rash AE case is not modelled in detail here. This paper does not
provide such detail either. For better representation of “intermittent” rash AE, we will need to specify when the rash
occurred and then stopped over the course of drug exposure and over the course of the disease process.

Discussion

The major contributions of this study are multiple. First, OAE was updated to include terms representing different
grades of AE severity. While such severity definition references the CTCAE definitions, the two definition strategies
and their usage still differ in many aspects. Second, we achieved the task of OAE-CTCAE mapping by primarily
using manual curation to obtain high accuracy and also using software tools such as Ontorat to facilitate ontology
editing process. Note that it is possible to use a natural language processing (NLP) method to achieve part of the
manual curation work. However, given the relatively small number of CTCAE terms, we did not perform such a
strategy. Third, an OAE view of the CTCAE-related terms (CTCAE-OAEview) was generated, which provides a
simplified OAE version to support CTCAE-related cancer drug AE data analysis. Finally, two use cases were
applied to demonstrate how the updated OAE system can support AE hierarchical classification and personalized
pharmacovigilance research. Future directions of the OAE-CTCAE mapping project include the completion of an
OAE-based automatic AE grading classification system.

1799



Since a large number of cancer drug AEs are represented using CTCAE, the CTCAE-OAE mapping allows easy
conversion of the CTCAE-reported AE terms to OAE terms, which can then be utilized to support AE hierarchical
classification (Figure 5). Based on the first use case study, we demonstrate the advantages of applying OAE to study
CTCAE-annotated cancer clinical trial results. Our case study shows that after OAE-CTCAE mapping, OAE can be
used to better support AE classification and analysis for cancer clinical trials. Furthermore, since OAE covers more
terms than CTCAE, it is possible to apply OAE to leverage the coverage of AEs in cancer clinical trials. In the
future, we will investigate more use cases, and provide solutions on best usage of both CTCAE and OAE to support
cancer clinical trials.

A major difference between CTCAE and OAE is that CTCAE is a controlled terminology and OAE is an AE-
specific ontology. As a controlled terminology, CTCAE includes only simple and loose ‘is a’ hierarchies. In
comparison, as an ontology, OAE not only includes ‘is a’ hierarchies, but it also allows the generation of robust
axioms that link different terms under different hierarchies [4]. Therefore, unlike CTCAE, OAE provides a platform
to support automatic reasoning. As exemplified by the size-based grading ulcerations, Grade 1 ulceration means that
the formed ulcer diameter is greater than 0 cm but less than 1 cm. The inclusion of this knowledge as a logical
axiom in OAE makes it possible for computers to utilize this and other axioms to automatically reason the Grade 1
ulceration. A reasoning engine can also be developed based on such an ontological system. In the future, we will
generate more axioms and based on them to develop an automatic AE grading classification system and semantic
reasoning engine.

Personalized informatics, which includes systematic individual data analysis, is critical to personalized medicine.
The second use case provided in this report demonstrates that the OAE modeling offers a logic linkage of different
variables of this cancer patient. Such a modeling provides the ability to integrate various types of data, such as
general patient information (sex, gender), medical condition (e.g., concurrent disease, and disease severity), drug
name, drug dose, treatment route, time of drug treatment, or AE symptom occurrence, into a single comprehensive
picture. Such personalized information illustration is different from the traditional method of summarizing results
from pooled patient records. When many patients’ records are available, it is possible to conduct such personalized
record organization for each patient, and develop new statistical methods to better analyze the relations among
variables in different patients. Such a strategy would promote personalized medicine and public health.

Conclusion

The OAE ontology was updated to ontologically represent different AE severity grades and mapped to CTCAE. An
OAE view of the CTCAE-related terms (CTCAE-OAEview) was generated to support better usage of the mapped
information in OAE. Two use cases were applied to demonstrate that the OAE ontology can support cancer drug AE
hierarchical classification and provide a semantic framework for personalized AE information representation and
analysis.
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