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BACKGROUND: Extraction of toxicological end points from primary sources is a central component of systematic reviews and human health risk
assessments. To ensure optimal use of these data, consistent language should be used for end point descriptions. However, primary source language
describing treatment-related end points can vary greatly, resulting in large labor efforts to manually standardize extractions before data are fit for use.
OBJECTIVES: To minimize these labor efforts, we applied an augmented intelligence approach and developed automated tools to support standardiza-
tion of extracted information via application of preexisting controlled vocabularies.

METHODS: We created and applied a harmonized controlled vocabulary crosswalk, consisting of Unified Medical Language System (UMLS) codes,
German Federal Institute for Risk Assessment (BfR) DevTox harmonized terms, and The Organization for Economic Co-operation and Development
(OECD) end point vocabularies, to roughly 34,000 extractions from prenatal developmental toxicology studies conducted by the National Toxicology
Program (NTP) and 6,400 extractions from European Chemicals Agency (ECHA) prenatal developmental toxicology studies, all recorded based on
the original study report language.
RESULTS: We automatically applied standardized controlled vocabulary terms to 75% of the NTP extracted end points and 57% of the ECHA
extracted end points. Of all the standardized extracted end points, about half (51%) required manual review for potential extraneous matches or inac-
curacies. Extracted end points that were not mapped to standardized terms tended to be too general or required human logic to find a good match. We
estimate that this augmented intelligence approach saved >350 hours of manual effort and yielded valuable resources including a controlled vocabu-
lary crosswalk, organized related terms lists, code for implementing an automated mapping workflow, and a computationally accessible dataset.
DISCUSSION:Augmenting manual efforts with automation tools increased the efficiency of producing a findable, accessible, interoperable, and reusable
(FAIR) dataset of regulatory guideline studies. This open-source approach can be readily applied to other legacy developmental toxicology datasets,
and the code design is customizable for other study types. https://doi.org/10.1289/EHP13215

Introduction
Extraction of toxicological end points from primary sources,
including legacy historical datasets, is a central component of sys-
tematic review and human health risk assessments.1 Augmented
intelligence approaches can leverage computational resources to
enhance and support human intellect in more efficiently and effec-
tively curating and annotating high-quality in vivo toxicology stud-
ies. Developmental and reproductive toxicity (DART) studies
comprise a critical component of hazard and risk assessments
aimed at determining whether a chemical poses a risk to the devel-
oping fetus, maternal health, or the reproductive system.2 Animal
studies examining DART outcomes have been conducted for deca-
des, many of which are stored in legacy reports and other forms of
electronic documents, such as results from National Toxicology
Program (NTP) teratology studies, housed within the publicly

accessible Chemical Effects in Biologic Systems (CEBS) data-
base.3 Such historical datasets, especially studies conducted accord-
ing to specific testing guidelines, are invaluable in contemporary
research endeavors, particularly to the computational and predictive
toxicology scientific communities. However, extracting and anno-
tating the data in an efficient and standardized manner remains
a barrier to harmonizing toxicology data for use in predictive
frameworks.

DART study data are particularly crucial for informing on
potential hazards and in both predictive research and regulatory
contexts, as these studies encompass numerous critical windows
of exposure and sensitive periods of development as well as
potential impacts on maternal health and reproductive function.4

The maternal-fetal unit is considered uniquely vulnerable to
environmental insults, and exposures during development may
adversely impact perinatal and latent health outcomes for both
the mother and offspring. Further, offspring exposed to stressors
during sensitive periods of development are predisposed to
heightened risk for adverse health outcomes later in life.5 A large
body of epidemiological studies support associations between
developmental chemical exposures and later life diseases, par-
ticularly concerning aspects of neurodevelopment (e.g., prenatal
exposures to organophosphate pesticides and altered IQ and
cognitive development in children) and impacts from exposure
to endocrine disrupting compounds (EDCs) (e.g., exposure to
EDCs leading to higher incidence of cardiometabolic diseases,
cancers, and reproductive dysfunction).6,7 Animal testing data
from DART studies are considered relevant for understanding
potential developmental and other health impacts on humans
because overt teratological, reproductive, or systemic effects at
higher doses may be sentinels for subtle changes at lower, more
human-relevant exposures.8,9
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The mammalian reproductive cycle and embryo-fetal develop-
ment is vulnerable to chemical exposure at multiple stages, and
DART studies provide data needed to assess myriad outcomes that
include:

• Maternal effects: litter loss/resorptions/fetal death, systemic
toxicity (e.g., elevated liver enzymes), postpartum health
effects (e.g., cardiovascular disease), lactational impairment
(e.g., impacts offspring postnatal development)

• Developmental effects: short-term/immediate health outcomes
for offspring: teratogenicity, death, preterm, low birth weight;
latent health effects: altered timing of puberty, neurobehavioral
outcomes, adult health outcomes (e.g., diabetes, cardiovascular
disease, metabolic syndrome)

• Reproductive effects: fecundity/fertility/sterility resulting from
in utero or postnatal exposures

• Transgenerational effects: developing offspring (F1) impacted
by exposure that leads to alterations in biology carried on to
F2 (e.g., F1 female in utero exposures that effect developing
F2 oocytes)
As such, DART study data have the potential to inform policy

decisions that have far-reaching public health impact, and the har-
monization of these data would provide a strong anchor for under-
standing variability of traditional mammalian toxicology tests and
supporting validation of alternative methods and computational/
predictive modeling. Existing efforts to establish scientific confi-
dence in alternatives such as embryonic stem cell-based assays,10,11

small model organisms,12 and pathway-based integrated strategies
leveraging high-throughput screening data13 rely heavily upon
highly curated reference data that ideally cover a range of chemical
exposures and properties.10,14,15 In the context of risk assessment,
using in vivo DART studies conducted according to testing guide-
lines to calculate relevant dose-response parameters (such as refer-
ence doses or benchmark doses) is considered the most protective
approach by regulatory authorities such as the US Environmental
Protection Agency (EPA).16 This concept is especially pertinent
when applied to computational methods that use datasets compiled
from methodologically consistent studies to predict developmental
toxicity of under- or unstudied chemicals.17 Consistent language for
end point descriptions is required for extracted data to be compara-
ble across studies and to provide robust reference datasets to per-
form analyses including identification of chemical- or species-
specific effects, validation of new approaches, and computational/
predictive modeling, but this is often lacking even across studies
conducted according to the samemethodology.

Thus, standardized extraction of DART study data from legacy
reports summarizing studies conducted according to regulatory
guidelines or other “high-quality” studies (i.e., confirmed by experts
to comply with relevant guideline criteria) into databases using uni-
fied end point terminology is a pressing need. Specifically, to ensure
that data are optimally useful across human and machine applica-
tions, they need to be findable, accessible, interoperable, and reus-
able (FAIR). TheUSEPA has annotated a number of DART studies
in their ToxRefDB, but broader FAIR efforts have been stymied by
the absence of a tool for harmonized, standardized annotation and
an agreement on which terms to use. This lack of standardization,
stemming from divergent language used to describe study parame-
ters and end points, has so far inhibited crosstalk among individual
studies and resources, preventing meaningful synthesis of data
across studies.18,19

To combat this issue, harmonized vocabularies or ontologies can
be implemented to ensure standardized annotation of extracted data
and to facilitate semantic interoperability across studies, ultimately
generating a computationally friendly database.20 Ontologies are
defined here as common, controlled knowledge representations
designed to facilitate knowledge transfer and computer reasoning.21

Ontologies are built upon “controlled vocabularies,” which are
defined here as collections of standardized terms that consistently
describe data.22 Examples of controlled vocabularies amenable to
describing DART study data include the Unified Medical
Language System (UMLS)23,24 and the Organization for
Economic Cooperation and Development (OECD) harmonized
templates.25 A harmonized lexicon that includes hierarchical rela-
tionships developed specifically for application to DART data can
be found in the German Federal Institute for Risk Assessment
(BfR) DevTox Project.26,27

Here, we used an augmented intelligence approach to address
the challenge of harmonizing extracted data across studies in a
two-phase mapping exercise. In the first phase, we developed a
crosswalk (an annotation of the overlap between controlled
vocabularies) between:

1. UMLS terms relevant to prenatal developmental endpoints
2. OECD harmonized template terminology for the prenatal

developmental study design
3. The BfR DevTox database lexicon
In the second phase, we designed annotation code to automate

the use of the crosswalk in standardizing primary source language
extracted from high-quality DART studies.

We examined the performance of the controlled vocabulary
crosswalk and associated annotation code in standardizing end point
language from primary source extractions derived from high-
quality (guideline or sufficiently compliant with guidelines) DART
studies, specifically prenatal developmental toxicity studies per-
formed by the NTP or submitted to the European Chemicals
Agency (ECHA).We explored an augmented intelligence approach
to automate applying the crosswalk to the extracted end point lan-
guage to optimize what is conventionally a labor-intensive process
and examined the potential utility in future data extraction, compu-
tation, and modeling endeavors. This approach allowed for cross-
study comparison, integration, and standardized end point annota-
tion of reference in vivo studies, with a focus here on DART end
points, and aligns with the guidance established by the FAIR Data
Principles.28 The crosswalk, organized terminology related terms
lists, annotation code, and resulting standardized developmental
toxicity datasets are provided as open-access resources to the scien-
tific community. We also provide a glossary of terms (Table 1) and
an acronym list (Table 2) for reference.

Methods

Initial Data Curation
Study sources. The NTP Electronic Library (NELI),33 an internal
NTP resource that requires system access and thus is not accessible
to outside users, was searched by database administrators for all
studies tagged as prenatal dose range-finding studies and full prena-
tal developmental toxicity study reports (also referred to as embryo-
fetal developmental studies, teratology studies, or Segment II stud-
ies) prepared by the NTP (OECD test guideline 41434). Modified
one-generation-type studies were not included in this evaluation
(OECD test guideline 44335).

The ECHA database of Registration, Evaluation, Authorisation
and Restriction of Chemicals (REACH)36 study results was searched
for chemicals with available prenatal dose range-finding and devel-
opmental toxicity studies. Chemical dossiers that were identified to
have data published in the open literature were identified, and rele-
vant references were retrieved. References were reviewed by NTP
to determine those of sufficient quality that warranted further data
extraction (see Table 3).

Study requirements and extraction. Studies that met the study
design requirements above were reviewed by subject matter experts
(Ceger, Hamm, Kleinstreuer, Blake, McIntyre, and Sutherland) to
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ensure that they met all additional minimum criteria for inclusion
approved by the NTP, described in Table 3. Studies that met these
requirements were considered of sufficient quality to include in fur-
ther analyses.

Study metadata was extracted from each study that fulfilled
all the criteria and included information such as chemical name,
study identifiers, administration route and method, and treatment
duration. For all treatment-related effects, the description of the end
pointwas copy/pasted (“extracted”) tomaintainfidelity to the original
study report language. While dose-response data (e.g., dose, mean
responses, standard deviation, and statistical significance) were
extracted into the database, that information was not the focus of this
effort. The effort focused on prenatal developmental toxicology end
points, though some other DART end points (namely, reproductive
and maternal) were extracted if they were present in a study. All
extracted informationwas compiled into a data set and is available for
public access through the Data Sets tab on the Integrated Chemical
Environment (https://ice.ntp.niehs.nih.gov/datasetdescription) by
clicking on Developmental and Reproductive Toxicity (DART) in
the DownloadData Sets table.

Vocabulary Crosswalk
This section describes the methods that apply to the first mapping
phase of the project.

Selection and curation of individual source vocabularies.
We selected three sources of controlled vocabularies to use
for mapping the prenatal developmental toxicology end points:
a) Unified Medical Language System (UMLS), b) The BfR
DevTox Project, and c) OECD Harmonized Templates. Further
details on each resource and our methods for developing the
crosswalk are described below. The UMLS terms were chosen to
facilitate joining with resources such as US EPA’s ToxRefDB,18
a digital repository of in vivo toxicity study results24; OECD ter-
minologies were chosen to facilitate international regulatory har-
monization with data submitted under OECD Harmonized
Templates through REACH; and the lexicon from the BfR
DevTox Project was chosen as a bespoke tool created by experts
in the field of teratology and tailored for prenatal developmental
toxicology assessments. For ease of reference throughout this pa-
per, from here on out we will refer to all three resources used in
the crosswalk as “controlled vocabularies.”

UMLS (Unified Medical Language System). We used a
subset of UMLS that was applied to ToxRefDBv2.0 as described
in Watford et al.24 to facilitate future cross-referencing and merg-
ing between the extracted NTP/ECHA developmental toxicology
data and ToxRefDB and because the UMLS terms used in
Watford et al. are a list curated for the purposes of describing
animal toxicology data reported in guideline study designs used
in pesticide regulatory programs (i.e., inclusive of systemic,

Table 1. Glossary of terms.

Term Description

Annotation code Code written in Python 3 (version 3.7), an open-source scripting language, to match extracted end points to terms in the
controlled vocabulary crosswalk.

Combination word A word used in developmental toxicology treatment end points that contains both a localization within the body (e.g.,
head) and an observation description (e.g., small) in their definition (e.g., microcephaly). One of four types of words
found in the user-defined look up lists (defined below).

Controlled vocabulary An authoritative set of terms selected and defined based on the requirements set out by the user group. Used to ensure
consistent indexing (human or automated) or description of data or information. Controlled vocabularies do not neces-
sarily have any structure or relationships between terms within the list.29,30

Crosswalk A spreadsheet file that includes all three controlled vocabularies and shows how terms in each vocabulary were matched
to each other according to the rules described in Table 4.

Crosswalk compatible A term that did not get automatically mapped by the annotation code and to which only one UMLS term was applied
manually; only one DevTox and only one OECD term are associated with that UMLS term in the crosswalk and are
pulled in by default. If a term is not crosswalk compatible, then the appropriate DevTox and OECD terms are manually
applied.

Concept unique identifiers (CUIs) Unique identifiers assigned to concepts in UMLS (e.g., “C0015392” is the CUI for “eye”). A concept represents a single
meaning and contains all words/phrases that express that meaning.

Data frame A two-dimensional data structure with rows and columns (often used in Python’s most common data analysis and manip-
ulation tools).

Developmental toxicology The study of the potential for substances to cause birth defects and other signs of toxicity during embryo-fetal
development.31

Harmonized vocabulary Combination of multiple languages into a single comparable view building from the components of each.32

Localization word A word used in developmental toxicology treatment end points that describes a place within the body (e.g., head).
Natural language processing A branch of computer science and linguistics that focuses on enabling computers to read, understand, process, and ana-

lyze human language.
Observation word A word used in developmental toxicology treatment end points that describes a state of a body part (e.g., the word

“small” in “small head”).
Ontology A formal representation of a body of knowledge within a given domain, in a computer-readable format. Ontologies usu-

ally comprise a set of terms or concepts with relations that operate between them.30
Predictive toxicology Multidisciplinary approach to toxicology that uses innovative approaches to predict human-relevant health effects from

exposure to substances.
Root words Words where variations on that word, such as adjectives and plurals, are also expected to be relevant (e.g., duplicat*)
Standardized language Language that uses a common set of terms across datasets or resources.
Targeted review Purposeful reviewing of specific end points known to be more susceptible to errors (e.g., end points related to “small” or

“large”).
Unique word A word used in developmental toxicology treatment end point whose meaning is not made up of a localization and obser-

vation but is rather a stand-alone concept (e.g., “mortality”).
User-defined look-up lists A collection of common words used in developmental toxicology treatment end points, linked with associated words [e.

g., “retina” and “eye” (linked together) and “non-live” and “dead” (linked together)]. There are 4 lists: Localization
list, Observation list, Combination list, and Unique words list (defined separately).

Whole words Words within the user-defined look up lists that are expected to stand alone and only be relevant with the current word
form (e.g., large), as opposed to root words (defined above).

Note: OECD, Organization for Economic Cooperation and Development; UMLS, Unified Medical Language System.
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reproductive, and developmental effects).24 “Terms” used by
Watford et al. comprised a list of >3,000 unique combinations of
1,800+ UMLS Concept Unique Identifiers (CUIs), where one to
six CUIs were packaged into a single text string to describe a single
biological outcome (e.g., a developmental finding of a narrow aor-
tic arch would be represented by the UMLS “term” “UMLS;
C0000768;CUI;Congenital Abnormality|UMLS;C0003489;CUI;
Aortic arch structure|UMLS;C1261287;CUI;Stenosis”).24 For this
project, we used a subset of the full list relevant to the end points
found in the study designs described above (360 “terms” related to
maternal, reproductive, and developmental effects). Each term in
this subset contained CUIs exactly as derived in Watford et al.,
denoting whether the effect was related to congenital, maternal,
gross pathology, histopathology, or organ-specific effects. Congenital
terms typically indicated a body localization and an observed effect;
however, some terms indicated either just a localization (e.g., UMLS;
C0000768;Congenital Abnormality|UMLS;C0015392;CUI;Eye) or
just an observed effect (e.g., UMLS;C0000768;CUI;Congenital
Abnormality|UMLS;C0019080;CUI;Hemorrhage). Because the goal
was to use the UMLS terms as applied to ToxRefDB, we used the
controlled vocabularywithout any project-specific refinements.

BfR DevTox Project. The BfR DevTox Project aims,
among other goals, to harmonize nomenclature used to describe

developmental effects across laboratory studies to increase consis-
tency across regulatory classifications for teratogenicity.26,27,37 We
used the BfR DevTox vocabulary as available in version 3.1, which
includes a hierarchically structured lexicon of harmonized terms.
The end points were divided into a three-part hierarchy: structure
(e.g., external, visceral, skeletal, and maternal-fetal), localization
(e.g., eye, femur, and lung), and observation (e.g., large, misshaped,
and absent) Terms were considered inherently congenital-related
unless the structurewas “maternal-fetal,”which facilitated compari-
son to the “congenital” terms from the ToxRefDBUMLS subset. To
allow for an effect thatwas specific to a localization but not an obser-
vation, we added “NULL” terms to this controlled vocabulary by
combining each structure and localization and leaving off an obser-
vation. This created localization-only terms (e.g., Visceral-Head-
NULL).

OECD. The OECD has developed Harmonised Templates
(OHTs) for standardized reporting of health effect test results and
methods. We translated the template for OHT74 “Developmental
toxicity/teratogenicity,” the template associated with OECD test
guideline 414,34 into a spreadsheet, preserving the four-part hier-
archical nature of the end point reporting. Endpoints were catego-
rized by fetal vs. maternal and abnormality vs. toxicity. Fetal end
points were then categorized by structure (external, visceral/soft
tissue, skeletal) and then by localization. The OHT74 controlled
vocabulary did not include standardized terms for reporting
observations.

Crosswalk of the three controlled vocabularies. The set of
terms from each controlled vocabulary was represented in a
spreadsheet or a template, which we reviewed and adjusted to fit
into a hierarchical structure of relevant terms to facilitate compar-
ison across vocabularies. This mostly included separating fetal
from maternal effects and localizations (e.g., liver, brain) from
observations (e.g., enlarged, small), but the specific details and
processing varied by vocabulary.

After processing the controlled vocabularies as described
above, we mapped the three of them to one another to create a con-
trolled vocabularies “crosswalk” designed for use by the annota-
tion code (described below in section “Annotation Automation”)
in extracted end point mapping. Because UMLS was the primary
controlled vocabulary of interest and developmental and reproduc-
tive terms were most relevant for the prenatal developmental end
points in the extracted data, UMLS terms designated under
ToxRefDB’s end point categories “developmental” and “reproduc-
tive” served as the backbone to the crosswalk. The goal was to
have eachUMLS term separately pairedwith the best possible BfR
DevTox term and best possible OECD term, organized in a spread-
sheet. A “best” term ideally was an exact match in meaning. When
exact matches for UMLS terms did not exist (using the same terms
or direct synonyms), a set of standard crosswalk conventions were
followed to consistently select the “best” BfR DevTox and OECD
matches, which could be closely related in meaning or of disparate
degrees of specificity and result in oneUMLS termmapping to sev-
eral BfR DevTox and/or OECD terms or vice versa, as seen in
Figure 1. Whether a term pairing was an “exact”match or a differ-
ent type of “best” match was captured in labels for each pairing
(e.g., the label “related term” was used in the crosswalk to denote
matches between related but not exact matches (e.g., pallor vs. dis-
colored). Table 4 specifies the labels used to denote the various
types of mappings that can be found in the crosswalk.

BfR DevTox and OECD terms were separately mapped to
UMLS developmental and reproductive terms in separate spread-
sheets so that each UMLS term was independently matched to a
BfR DevTox term and to an OECD term.

In cases where best matches were of disparate degrees of
specificity resulting in one-to-many or many-to-one mappings,

Table 2. Acronyms.

Acronym Definition

AI Augmented intelligence
AOP-Wiki Adverse Outcome Pathway Wiki
CCNet Cambridge Cell Networks
CEBS Chemical Effects in Biologic Systems
CUIs Concept Unique Identifiers
DART Developmental and reproductive toxicity
DTT Division of Translational Toxicology
ECHA European Chemicals Agency
EDCs Endocrine disrupting compounds
FAIR Findability, accessibility, interoperability, and reuse
BfR German Federal Institute for Risk Assessment
NIH National Institutes of Health
NIEHS National Institute of Environmental Health Sciences
NICEATM NTP Interagency Center for the Evaluation of Alternative

Toxicological Methods
NTP National Toxicology Program
NELI NTP Electronic Library
OECD Organization for Economic Cooperation and Development
OHTs OECD Harmonised Templates
REACH Registration, Evaluation, Authorisation and Restriction of

Chemicals
UMLS Unified Medical Language System

Table 3. Prenatal developmental toxicity study requirements for inclusion.

Study Parameters Criteria

Species Rats, mice, or rabbits
Route of administration to

dams/does
Oral gavage, feed, water, inhalation, or sub-

cutaneous injection
Doses tested At least one dose and concurrent control

group
Number of dams/does

tested
Minimum of six viable pregnant females

per dose and control group at the end of
the study

Dosing window Dosing occurs between gestational day 0 to
parturition (single “day” treatment is
acceptable)

Maternal end points Toxicological end points (e.g., weight gain)
and clinical observations performed and
noted (e.g., clinical signs of toxicity,
food and/or water consumption)

Fetal end points Litter measurements performed and noted
(e.g., live/dead, malformations, sex ratio)
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each individual mapping was made on a separate spreadsheet
row, resulting in multiple rows of the crosswalk containing the
same UMLS term but different BfR DevTox/OECD term(s) or
vice versa (see Figure 2).

Terms from each vocabulary that did not map to terms from
either of the other two vocabularies remained in the crosswalk
without matches so as to be available for use in extracted end
point mapping. This included UMLS terms designated by
ToxRefDB as end point categories other than “developmental”
and “reproductive,” UMLS developmental and reproductive terms
that did not have any appropriate BfR DevTox or OECD matches,
and BfR DevTox and OECD terms without a matching UMLS
developmental or reproductive term.

User-Defined Look-up Lists
To be able to link the language of the primary source extracted
end points to the crosswalk, we developed “user-defined look-up
lists” in a spreadsheet format. We identified common words used
in the extracted end point descriptions and within the controlled
vocabularies, paired them with associated terms [these terms
could be different spellings of the same word, direct synonyms,
or simply related terms (e.g., leg and limb)], and stored them in
four separate lists: Localization, Observation, Combination, and
Unique words (see example excerpts in Figure 3):

1. Localization words describe the physical location of the
observed effect (e.g., limb).

2. Observation words describe the observed effect, independ-
ent of location (e.g., small).

3. Combination words are single words that include a localiza-
tion and an observation in their meaning (e.g., micromelia).

4. Unique words contain an entire endpoint concept within
their definition and do not contain a localization and obser-
vation (e.g., resorption).

Related terms were limited for our purposes to words that can
be used in place of the starting word and lead to an accurate con-
trolled vocabulary match. This means that for a word to be a
“related term” it cannot be more specific than the starting word or
there is a risk of false positive controlled vocabulary matches
(e.g., “eye” cannot be replaced with “retina” without risking
applying a “retina” vocabulary term to an eye extracted end point

BfR DevTox Vocabulary

UMLS Vocabulary
Example (Codes and Definition):

• C0000768 | C0015392 | C0332197:
• Congenital Abnormality | Eye | Absent

• C0000768 | C0015392 | C0332197:
• Congenital Abnormality | Eye | Agenesis

OECD Vocabulary
Example (Code and Definition):

• O74.186.66: Fetuses | Fetal abnormalities | External eye

Example (Code and Definition):

• 3.1032.5002: Visceral Eye Absent 

BfR DevTox Vocabulary

UMLS Vocabulary
Example (Codes and Definition):

• C0000768 | C0018798 | C0456389:
• Congenital Abnormality | Heart | Size OECD Vocabulary

Example (Code and Definition):

• O74.186.95: Fetuses | Fetal abnormalities | Visceral/soft tissue | Cardiovascular

Example (Code and Definition):

• 3.1047.5088: Visceral | Heart |  Large
• 3.1047.5211: Visceral | Heart |  Small 

Figure 1. Conceptualization of one-to-many and many-to-one crosswalk mappings. The top half of Figure 1 illustrates an example of a one-to-many match
where a less specific Unified Medical Language System (UMLS) term mapped to multiple, more specific German Federal Institute for Risk Assessment (BfR)
DevTox terms. Both BfR DevTox terms are equally relevant to the UMLS term. The bottom half of the figure is an example of a many-to-one match where
multiple UMLS terms map to the same BfR DevTox term and to the same Organization for Economic Cooperation and Development (OECD) term.

Table 4. Definitions of labels given to vocabulary crosswalk matches.a

Label Definition

Exact Terms match identically on localization and
observation.

Mapped to a higher
level

UMLS term was more specific than available
BfR DevTox /OECD terms. For BfR DevTox
terms, UMLS terms were mapped to “NULL”
codes created by combining a BfR DevTox
structure and localization with no observation.

Mapped to all
possibilities

UMLS term included a localization but no obser-
vation. The UMLS term was mapped to all
BfR DevTox terms for the localization.b

Mapped to all relevant
end points

UMLS term had more than one BfR DevTox/
OECD match. The UMLS term was mapped
to all BfR DevTox/OECD matches.

One step The best BfR DevTox/OECD match for the
UMLS term is not an exact match and
requires one mental step to make the
connection.c

Related term BfR DevTox term is an exact match to the
UMLS term meaning but uses different (syn-
onymous) words.

Other The observation portion of the UMLS term is
“other.” These UMLS terms were mapped to
BfR DevTox “NULL” codes created by com-
bining a BfR DevTox structure and localiza-
tion with no observation.

Note: BfR, German Federal Institute for Risk Assessment; OECD, Organization for
Economic Cooperation and Development; UMLS, Unified Medical Language System.
aNote that additional labels were used to label and track rows of UMLS terms that did
not receive BfR DevTox/OECD term matches. These can be found in the supplemental
materials.
bThis method of mapping was designed for use with the annotation code. It ensured
extracted end points were matched to the best available UMLS term when a specific
BfR DevTox term but no specific UMLS term was available.
cThese decisions were made using expert subjectivity within the context of this project.
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that is not about retinas, but “retina” can be replaced with “eye”
and a resulting controlled vocabulary match of an “eye” term to a
“retina” end point would not be inaccurate, just less precise).

To facilitate various search methods for a word, including
stemming, the Observation, Localization, and Combination
word lists include two types of words: root words (noted with
an asterisk) and whole words (no asterisk). Stemming involves
the use of root words, where variations like adjectives and plu-
rals are also considered relevant (e.g., duplicat*), whereas
whole words are intended to remain pertinent solely in their
current word form (e.g., large).

Annotation Automation
This section describes the methods that apply to the second map-
ping phase of the project.

We used Python 3 (version 3.7), an open-source scripting lan-
guage, to develop code to match extracted end points to terms in

the controlled vocabulary crosswalk by employing several widely
used libraries (e.g., Pandas, re) and applying rule-based logic.
The logic underlying the annotation code is illustrated in Figure 4
and described in detail below.

Underlying logic. First, the annotation code reads in the pri-
mary source extraction file as a data frame. Extraction data must
be formatted such that the treatment-related end points appear in
one column, with one row per extracted end point. The code then
searches for the user-defined look-up list words within the
extracted end points, one list at a time. For root words, the code
includes a function that identifies if the word appears regardless
of characters surrounding that word. For whole words, the code
includes a function to use regular expressions to require nonletter
characters (such as spaces and punctation) before and after the
lookup word. After both functions run to find the user-defined
look-up list words in an extracted end point, all words found are
concatenated into four lists of found words that are specific to
that extracted end point row: found words from the localization

BfR DevTox Vocabulary
• 3.1032.5211:

• Visceral | Eye | Small
• 3.1032.5002:

• Visceral | Eye | Absent
• 3.1032.5211:

• Visceral | Eye | Small
• 3.1032.5002:

• Visceral | Eye | Absent

UMLS Vocabulary
• C0000768 | C0015392 | C0332197:

• Congenital Abnormality | Eye | Agenesis
• C0000768 | C0015392 | C0332197:

• Congenital Abnormality | Eye | Agenesis
• C0000768 | C0015392 | C0332197:

• Congenital Abnormality | Eye | Agenesis
• C0000768 | C0015392 | C0332197:

• Congenital Abnormality | Eye | Agenesis

OECD Vocabulary
• O74.186.66:

• Fetuses | Fetal abnormali�es | External eye
• O74.186.66:

• Fetuses | Fetal abnormali�es | External eye
• O74.186.108:

• Fetuses | Fetal abnormali�es | Visceral/so� �ssue eye
• O74.186.108:

• Fetuses | Fetal abnormali�es | Visceral/so� �ssue eye

Figure 2. Example section of the completed crosswalk and the first phase of mapping. This figure illustrates the first mapping phase where we developed a
crosswalk (an annotation of the overlap between controlled vocabularies) between the three vocabularies. It illustrates both a complex and a simple mapping.
The four rows contain the same Unified Medical Language System (UMLS) term, as the mapping for the UMLS term was a one-to-many match for both
German Federal Institute for Risk Assessment (BfR) DevTox and Organization for Economic Cooperation and Development (OECD). The result of combining
the mappings into one crosswalk is four rows, each with a different combination of BfR DevTox and OECD terms paired to the same UMLS term. The BfR
DevTox and OECD terms are not paired to one another but to the UMLS term only. This means the crosswalk should be read left to right but only from
UMLS to BfR DevTox and UMLS to OECD separately as indicated by the arrows. This design ensures the annotation code that the crosswalk was designed
for will be able to find the best matches from each vocabulary for a given extracted end point. Details on how the code works to do this are presented in section
“Annotation Automation.”

Localizations
Localiza�on Synonym
Eye
Cranium Cranial
Digit* Phalange*
Lens Eye
Re�na Eye

Observations
Observa�on Synonym
Absence Missing
Absence Agenesis
Duplicat* Double
Large Big
Reduced Number Fewer

Combo Words
Combo Word Localiza�on Observa�on
Acephaly Head Absent
Adactyly Digit Absent
Anophthalmia Eye Absent
Anophthalmos Eye Absent
Anury Tail Absence

Unique Words
Unique Word Synonym

Non-Live Dead Fetuses

Saliva�on Drooling

Premature Birth Delivered Early

Dams Died Mortality

Dead Or Removed Mortality

Figure 3. Example excerpts from the four User-Defined Look-Up Lists. Excerpts showing words and related terms from each of the four User-Defined Look-
Up Lists: Localization words, Observation words, Combination words, and Unique words. These lists serve as input files to the annotation code, which uses
these lists to link the extracted end points to the controlled vocabulary terms in the controlled vocabulary crosswalk. The process relies on Boolean logic (i.e.,
the asterisk represents wildcard searching where any word that includes the letters before the asterisk will be identified).
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look-up list, the observation look-up list, the combination look-
up list, and the unique word look-up list.

After the code has generated the found words lists, the code
brings in the related terms paired to these words by looking in the
User-Defined Look-up Lists data frame and appends all of the
paired related terms to the list of found words. The initial found
words as well as the related terms are appended into a final list of
found words that serve as output to the results, again grouped
into four lists.

Using the words found in the steps above, the code searches
the controlled vocabulary crosswalk for combinations of words
found in the lists. The code first searches solely the UMLS terms
and identifies a matching combination if one of the following
three sets of logic are fulfilled:

1. A term in the controlled vocabulary crosswalk contains a
localization and an observation included in the found word
list.

2. A term in the controlled vocabulary crosswalk contains a
combination word included in the found word list or its
equivalent localization and observation.

3. A term in the controlled vocabulary crosswalk contains a
unique word included in the found word list.

The processing follows a sequence of three distinct passes,
each aligned with one of the controlled vocabularies: UMLS,
BfR DevTox, and OECD. In the first pass, if a UMLS term ful-
fills one of the sets of logic, it is returned as one potential match
to the extracted end point. The code will return all UMLS

matches it finds BfR DevTox term(s) and OECD term(s) that are
mapped in the crosswalk to the UMLS term match(es). To
account for the variation of term specificity across controlled
vocabularies, once this UMLS pass has been completed, the code
repeats the process searching the BfR DevTox terms using the
same logic rules and returns any BfR DevTox matches as well as
the OECD and UMLS terms crosswalked to the BfR DevTox
matches. This entire process is repeated for a third time searching
the OECD terms.

Finally, the code deduplicates the matches so that any unique
term is not returned as a match more than once. The result is
structured so that each extracted end point row has a new column
with all unique UMLS term matches, a new column for all unique
BfR DevTox term matches, and a new column for all unique
OECD term matches. Additional columns are paired with each
term match column to indicate the number of terms returned
from the associated vocabulary.

The resulting data frame of the process described above is
exported for user review and processing.

Refinement and application.We ran the annotation code iter-
atively on the NTP developmental toxicity primary study extrac-
tion file to optimize the user-defined look-up lists for the
extracted end points. We manually reviewed each run output for
quality and list refinement in order to improve both recall and
precision. To refine the lists, words were removed from the user-
defined look-up lists if the quality check found that they were
resulting in more false positive matches than true matches (e.g.,

BfR DevTox

Example:

3.1032.5211 Visceral|Eye|Small

3.1161.5211 Visceral|Lens|Small

OECD 74

Example:

O74.186.66 Fetuses|Fetal Abnormali�es|External|Eye

Primary Source Extracted Endpoints

Example:

Fetuses with small eyes

User-Defined Look-Up Lists:
• Localiza�ons
• Observa�ons
• Combo Words
• Unique Words

Example:

• Localiza�ons
Eye, eyes

• Observa�ons
Small, agenesis

• Combo Words
microphthalmos

• Unique Words
---

UMLS Vocabulary

Example:

UMLS;C0000768;CUI;Congenital Abnormality|
UMLS;C0015392;CUI;Eye| UMLS;C0000846;CUI;Agenesis

UMLS;C0015392;CUI;Eye| UMLS;C4086369;CUI;Gross 
Pathology Result| UMLS;C0392756;CUI;Reduced|
UMLS;C0456389;CUI;size

UMLS;C0000768;CUI;Congenital Abnormality|
UMLS;C0015392;CUI;Eye| UMLS;C0023317;CUI;Lens,
Crystalline| UMLS;C0700321;CUI;Small

Search for word matches (exact
matches or synonyms)

Cross-walked

Apply x to y

Controlled vocabularies

Primary source extrac�ons

User-defined look-up lists

1

2

3

Figure 4. Illustration of the annotation code logic and the second phase of mapping. This figure illustrates a simplified version of the three-step approach taken
by the code to match extracted end points to terms from each of the three controlled vocabularies. The code completes step 3 three times, each time replacing
which controlled vocabulary it searches for matches. The code then pulls in the terms from the other two controlled vocabularies that are linked in the cross-
walk to any found matches. During this process if a UMLS term is not found, the code will pull in BfR terms based on an OECD match or an OECD term
based on a BfR match. After the code runs on the three controlled vocabularies, the code will use the crosswalk between vocabularies to search for matches.
After the conclusion of the process, the end points may have more than a single match (e.g., a UMLS term can have many matches in OECD or BfR). Note:
BfR, German Federal Institute for Risk Assessment; OECD, Organization for Economic Co-operation and Development; UMLS, Unified Medical Language
System.
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we removed localized alopecia terms to prevent false positive
matches while keeping a correct general alopecia term).
Additionally, words were added to the user-defined look-up lists
if extracted end points were unmatched and the addition of the
end point’s content (localization, observation, combination, or
unique word) to the appropriate list would not result in false posi-
tives (e.g., terms “number of females” and “number of males”
were added to match with sex ratio). Once the user-defined look-
up lists were optimized, we prospectively applied the code to the
ECHA developmental toxicity primary study extraction file and
evaluated the performance of the automated standardized term
mapping workflow.

Manual Mapping and Curation of Terms
Extracted end point rows that did not automatically receive con-
trolled vocabulary terms using the approach described above
were manually reviewed and matched to controlled vocabulary
terms. As seen in Figure 5, rows that did not receive UMLS terms
were addressed first. If those same rows also had not been
matched to BfR DevTox and/or OECD terms, the crosswalk was
applied to the manually entered UMLS terms where possible to
match the extracted end point to BfR DevTox and/or OECD
terms. If application of the crosswalk was not possible, BfR
DevTox and OECD terms were then manually selected and
entered. For consistency of mapping, the following set of deci-
sions was devised and followed:

1. Controlled vocabulary terms were not applied to extracted
endpoints if the controlled vocabulary term was more spe-
cific than the extracted endpoint.

2. Extracted endpoints that included the phrase “examined
for” were mapped according to the phrase that follows the
word “for.”

3. All fetal extracted endpoints were mapped to at least one
congenital UMLS term. If UMLS terms less specific than
the extracted endpoints needed to be applied to meet this
requirement, the less specific UMLS terms were applied
according to the following logic:
• If there was not a congenital UMLS term for either the
localization or the observation of the fetal extracted end-
point, the general congenital abnormality “other” term
(UMLS;C0000768;CUI;Congenital Abnormality|UMLS;
C0205394;CUI;Other) was applied along with any appli-
cable gross pathology and/or histopathology terms.

• If a fetal extracted endpoint included both a specified local-
ization component and a specified observation component
but the observation component could not be matched to a
congenital UMLS term for that localization, the UMLS term
that pairs “congenital”with the given localization and the ob-
servation “other” was applied (e.g., UMLS;C0000768;CUI;
Congenital Abnormality|UMLS;C0015392; CUI;Eye|
UMLS;C0205394;CUI;Other).

• If a fetal extracted endpoint included a specified localization
component but not an observation component, the UMLS
term that pairs just a “congenital” with the given localiza-
tion (i.e. there is no observation component) was applied
(e.g., UMLS;C0000768;CUI;Congenital Abnormality|
UMLS;C0015392;CUI;Eye).

• If a fetal extracted endpoint did not specify a localization
or an observation, the plain congenital UMLS term was
applied (UMLS;C0000768;CUI;Congenital Abnormality).

Quality Assessment of Results
Extracted end points that received controlled vocabulary terms
from the annotation code were reviewed for accuracy. This qual-
ity assessment included both targeted and nontargeted review.
Targeted review was intentional examination of specific types of
end points that were known to result in superfluous mappings
(such as maternal end points, end points related to size, weight,
or pregnancy) and of results that contained UMLS gross pathol-
ogy or histopathology terms. Rows selected for targeted review
were methodically revisited by type to make standard changes
(e.g., removing all congenital vocabulary terms from maternal
end points). Nontargeted review was a quality check on a random
5% of the end points not included in the targeted review. Both tar-
geted and nontargeted rows were reviewed and assessed to ensure
they followed the mapping decisions outlined above. Inaccurate
and/or extraneous controlled vocabulary terms were removed.
Correct but missing controlled vocabulary terms were added
where necessary.

Results

Study Extractions
A total of 111 studies, representing 58 different substances, were
retrieved from the NELI database of NTP study reports. Based on
the methods and study criteria detailed above, information from

No

Yes
Yes

Yes

No

Apply 
Crosswal

k

Did the 
extracted effect 
receive a UMLS 

term via 
automa�on?

Manually 
map to 
UMLS

Did extracted endpoint 
receive BfR DevTox and 

OECD terms?

Are the terms 
Crosswalk 

Compa�ble?±

No

Manually
Map BfR
DevTox/

OECD terms

Terms from 3 
controlled 

vocabularies applied 
to all rows where 

possible

Apply 
Crosswalk

Figure 5.Manual mapping workflow of extracted end points not standardized to controlled vocabulary terms by the automated annotation code. Crosswalk
compatible is defined as all three conditions being met: a) did not receive a Unified Medical Language System (UMLS) term from code, b) has only one
UMLS term applied, and c) applied UMLS term crosswalks to no more than one German Federal Institute for Risk Assessment (BfR) DevTox and one
Organization for Economic Cooperation and Development (OECD) term.
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106 developmental toxicity studies (23 of which were range-
finding studies) was extracted. These studies represented a total of
57 different chemicals. Extraction of all study information and ani-
mal data produced a spreadsheet containing >30,000 data rows. A
total of 66 articles in the ECHA database were reviewed by NTP
subject matter experts, again to determine adherence to minimum
study protocol criteria for guideline-like prenatal developmental
toxicity studies. Forty-eight articles were identified as having suffi-
cient study quality (i.e., meeting all criteria in Table 3) to warrant
extraction. These articles represented 57 different single chemicals
and five mixtures containing two components. Extraction of all
ECHA study information and animal data produced a spreadsheet
containing >6,000 data rows. All extracted information is avail-
able at https://ice.ntp.niehs.nih.gov/datasetdescription by clicking
on “Data” and then the Developmental and Reproductive Toxicity
(DART) file in the DownloadData Sets table.

Vocabulary Crosswalk
In the output of the first mapping phase, the two controlled
vocabulary mappings (from UMLS to BfR DevTox and UMLS
to OECD) were combined into one spreadsheet to form the com-
plete crosswalk such that the BfR DevTox and OECD terms that
relate to the same UMLS term were on the same row(s), though
effort was not made to ensure that the BfR DevTox and OECD
terms on the same individual row logically relate to one another.
This design means the crosswalk reads by UMLS term rather
than by row and reads from UMLS on the left across to BfR
DevTox in the center and OECD on the right separately rather
than straight across from left to right (see Figure 2 and Excel
Tables S1 and S2).

This design allows the annotation code to match an extracted
end point to all exact or related terms from anywhere in the cross-
walk, as well as to match an extracted end point to the best possi-
ble term from a controlled vocabulary that lacked an exact match,
if there was an exact or related term match from another con-
trolled vocabulary.

Of the 360 UMLS terms associated with developmental and
reproductive end points, we were able to map all to at least one
BfR DevTox term or at least one OECD term; the vast majority
(81%) were mapped to both. Of the UMLS terms, all received
OECD mappings while 22 reproductive terms and 48 general
terms without specified localizations did not receive BfR DevTox
mappings. To accomplish the mappings, 582 unique BfR DevTox
terms were used, including 42 of the created “NULL” terms (local-
izations lacking observations), and 66 unique OECD terms were
used; 1,395 BfR DevTox terms and 44 OECD terms were left
unmapped to UMLS terms due to differences in specificity between
the end points contained within each list.

User-Defined Look-up Lists
The four user-defined look-up lists, Localizations, Observations,
Unique Words, and Combo Words, were of varying lengths as
seen in Table 5. The lists can be found in supplemental material
(Excel Tables S3–S7). These lists were reviewed by subject mat-
ter experts and found to cover a comprehensive range of expected
developmental, teratogenic, and reproductive end points and are

therefore useful for future study extraction efforts. Further, the
content of the user-defined look-up lists can be readily adapted to
correspond to other study types.

Annotation Code
The code, developed with readability and reuse in mind, was writ-
ten to be an intuitive workflow that follows human-readable logic
and where the inputs can be adjusted as needed. As detailed in
“Methods” and represented in Figure 4, the code begins with read-
ing into Python the Microsoft Excel spreadsheet input files from
the primary source extractions, and then converts the inputs into
three separate data objects: a) a data frame for the extractions,
b) the four user-defined look-up lists, and c) the controlled vocabu-
lary crosswalk. Then, in short, the code a) reads the extraction file
row by row, b) searches each extracted end point for words found
in the user-defined look-up lists, and then c) matches the found
words in the extracted end point with words in the controlled vo-
cabulary crosswalk. Due to the generalizable nature of the code,
each of these three data objects/processes could be adapted for
future projects, e.g., using the existing user-defined lookup lists
and crosswalk to automate mapping of extracted information from
published developmental toxicity studies identified via systematic
literature review, expanding the crosswalk to map terminologies
from another developmentally relevant controlled vocabulary, or
adjusting all three inputs to cover other toxicological study types.

The annotation code is a .py file that was tested in Python 3.7,
utilizing several mainstream libraries. The .py file “DevTox_
AutomationPilot_02_27_2020” is available in a github repository
(see https://github.com/NIEHS/DevToxAutoStandardization) and
is also included in supplemental materials (see Supplemental
Material, DevTox_AutomationPilot_02_27_2020_python code).

Controlled Vocabulary Application
Of all extracted end points from both datasets, 3% (1,269 out of
40,531) were not developmental or reproductive end points (e.g.,
“number of does treated”). Of the extracted end points remaining,
75% (25,023 out of 33,365) from the NTP dataset received standar-
dized controlled vocabulary mappings via the annotation code,
where 40.5% (13,522) were extracted end point types that required
manual review through targeted review and 34.5% (11,501) did not
require manual review. Of the 25% (8,342) not mapped by the
code, 19.8% (6,594) were able to be manually mapped to specific
terms using manual decision making and 1.8% (589) were mapped
to reproductive terms, while the remaining 3.4% (1,159) were at
best able to bemanuallymapped to generic terms.

For the ECHA dataset, 57.1% (3,369 out of 5,897) of extracted
end points received standardized controlled vocabulary mappings
via the annotation code, where 17% (1,005) were extracted end
point types that required manual review through targeted review
and 40.1% (2,364) did not require manual review. Of the 42.9%
(2,528) not mapped by the code, 20.3% (1,198) were able to be
manually mapped to specific terms using manual decision making
and 5.2% (305) were mapped to reproductive terms, while the
remaining 17.4% (1,025) were at best able to be manually mapped
to generic terms. The results for both datasets combined, as well as
the breakdown by dataset, can be found in Figure 6. We estimate
that the application of the automated term standardization work-
flow reduced time spent standardizing the language for these two
datasets by 54%, from 656 to 304 h, assuming 1 min per manual
extraction and 30 s per manual review.

Standardized Datasets
The high-quality developmental toxicity animal study datasets
resulting from the second mapping phase, the application of the

Table 5. Number of terms and associated terms for the four user-defined
lookup lists.

Lists Number of terms Number of associated terms

Localizations 295 75
Observations 302 129
Unique words 96 72
Combo words 55 55
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automated annotation tool, are now computationally accessible
due to the standardized terminologies used. These datasets are pro-
vided as a resource to the scientific community and may be
accessed via the Integrated Chemical Environment (https://ice.ntp.
niehs.nih.gov/). Work is underway to combine information from
these studies with other databases (e.g., ToxRefDB) and apply
them to projects such as computational elucidation of adverse out-
come pathways, identification of reference compound sets for vali-
dation of new approach methodologies, and analysis of animal
study variability and effect incidence.

Discussion
The creation and implementation of an automated process to anno-
tate extracted DART data from select sources, using a terminology
crosswalk which unified three independent sets of controlled vocab-
ularies, allowed for efficient end point standardization of primary
source extracted end points. Data for this study came from two refer-
ence databases containing guideline range-finding and prenatal de-
velopmental toxicity animal studies. The methods developed here
resulted in high-fidelity extracted end point mappings that reduced
time spent standardizing the language for the datasets by an

estimated 352 h, assuming 1 min per manual extraction and 30 s per
manual review. In particular, the tools we built enabled the direct
comparison of end points across studies through unified controlled
vocabularies and provide a powerful framework upon which future
data extractions can be organized and standardized.

The controlled vocabulary crosswalk was developed with a
subset of the UMLS terms used in annotating ToxRefDB2.0 serv-
ing as the primary vocabulary, with BfR DevTox and OECD
terms mapped onto the UMLS terms. All UMLS terms, which
represented maternal, reproductive, and developmental end
points, were mapped to at least one BfR DevTox or one OECD
term, and nearly all (81%) were mapped to a term from both BfR
DevTox and OECD. The 19% not mapped to both are a combina-
tion of 22 reproductive terms that are out of the scope of the BfR
DevTox vocabulary and 48 terms consisting of observations
without specific localizations (e.g., bent skeletal bone). While
BfR DevTox was specific to developmental toxicology and
tended to be more specific to fetal abnormalities, OECD terms
were structured around test guideline 414 and therefore included
effects beyond those measured in fetuses (e.g., maternal toxicity,
reproductive effects). OECD also included less-specific terms,
tending to combine multiple effects in broader categories. These

Mapped by 
automa�on

Manually mapped 
to general or 

reproduc�ve terms

Manual decision 
making required for 

accurate matches

Overall 72.3%
(28,392/39,262)

7.8%
(3,078/39,262)

19.8%
(7,792/39,262)

NTP Dataset 75.0%
(25,023/33,365)

5.2%
(1,748/33,365)

19.8%
(6,594/33,365)

ECHA Dataset 57.1%
(3,369/5,897)

22.6%
(1,330/5,897)

20.3%
(1,198/5,897)

Automated 
mapping 

without manual
review required

Automated 
mapping with 
manual review 

required

No automated 
mapping: required 
manual mapping

Overall 35.3%
(13,865/39,262)

37.0%
(14,527/39,262)

27.7%
(10,870/39,262)

NTP Dataset 34.5%
(11,501/33,365)

40.5%
(13,522/33,365)

25.0%
(8,342/33,365)

ECHA Dataset 40.1%
(2,364/5,897)

17.0%
(1,005/5,897)

42.9%
(2,528/5,897)

Figure 6. Results of automated controlled vocabulary term application (annotation code) and impact on manual effort requirements. The top table in Figure 6
provides the breakdown of extracted end points automatically mapped to controlled vocabulary terms by the code (green) vs. extracted end points that were not
automatically mapped and instead required manual mapping (blue). Extracted end points required manual mapping because the extracted end points did not
have precise controlled vocabulary term matches and could either only be mapped to general and reproductive terms (8%) or could be mapped to more specific
terms but only by using human logic (20%). The bottom table in Figure 6 illustrates the breakdown of manual effort required when using the automated annota-
tion code. Manual effort was eliminated for the 35% of extractions that were automatically mapped via the annotation code and did not require manual review,
halved for the 37% of extractions that were automatically mapped via the annotation code but did require manual review, and unaffected for the 28% of extrac-
tions that required manual mapping.
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features allowed for mapping to the reproductive and less-
specific UMLS terms.

Due to the logic of the annotation code built to account for
variance in specificity of terms across the three controlled vocab-
ularies, no BfR DevTox or OECD term that was more specific
than the UMLS term of interest was mapped to the UMLS term,
making the specific nature of BfR DevTox terms prohibitive in
mapping with these non-location-specific UMLS terms. The
specificity of the BfR DevTox terms, however, lead to more exact
or related mappings between UMLS and BfR DevTox terms than
found between UMLS and OECD, which often had broader
OECD terms mapped to more specific UMLS terms. A nuance to
the rule about specificity was that it did not apply to scenarios
where the concept of a UMLS term could be captured by a com-
bination of BfR DevTox or OECD terms (e.g., UMLS terms for
“size” were paired with BfR DevTox terms for both “large” and
“small”). Given the difference in numbers (e.g., BfR DevTox has
1,621 more terms than the UMLS subset used in this effort) and
specificity of terms within each controlled vocabulary, not all
BfR DevTox and all OECD terms were needed to map all UMLS
terms, but they remained in the crosswalk for use by the annota-
tion code in mapping the primary source extractions. Keeping
these terms in the crosswalk combined with the cyclical nature
of the code ensured that any exact or related matches to extracted
end points from any of the three controlled vocabularies would
be found regardless of whether there was a UMLS match for the
extracted end point while limiting extraneous matches where the
controlled vocabulary term was too specific for the extracted end
point (e.g., a controlled vocabulary term for “arm” vs. an
extracted end point that only specifics “limb”).

The resulting crosswalk that unified and standardized the three
controlled vocabularies is a powerful tool that could be used to
combine datasets that have already been mapped to individual ter-
minologies contained therein, such as studies that have been
described and submitted to regulatory authorities using the OHT74
form or studies in EPA’s ToxRefDB coded using UMLS terms.
Using UMLS as the backbone for the crosswalk also extended the
utility of the other two controlled vocabularies since UMLS cross-
referencing is included in the NCI Thesaurus project supporting
the largest collection of open biomedical ontologies (http://www.
obofoundry.org/), which is almost entirely lacking in toxicological
ontologies.

Standardized language is critical for the ability to compare
studies within or across databases and ultimately facilitates sub-
sequent analyses and data applications. Such downstream appli-
cations include calculating chemical- and species-specific effects,
interrogating variability of mammalian toxicity studies, establish-
ing reference datasets for validation of new approaches, and com-
putational modeling, among others. Standardized nomenclature
has been implemented in numerous other scientific disciplines
including genetics, systems biology, histopathology, and clinical
medicine. Within the field of toxicology, the ToxWiz ontology
developed by Cambridge Cell Networks (CCNet) harmonized
multiple controlled vocabularies to unify three major categories
of interest (effects/outcomes, target proteins/genes, and chemical
structures). In doing so, the ToxWiz ontology is well-suited for
predicting toxicological effects as well as interrogating modes of
action.38 The approach described here is complementary to
ToxWiz in that it similarly harmonized multiple controlled
vocabularies but is specific to developmental toxicity. However,
the challenges highlighted and addressed here are common across
many study types and applications, i.e., variation in primary
source language describing end points and specificity of end
points, outcomes, or treatment-related effects, which can stymie
automated data extraction mapping workflows. The approach

outlined in this work successfully implemented multiple strat-
egies to overcome these challenges (illustrated by the numerous
mapping conventions presented in Table 4) and minimize the
extent of manual labor required to generate data that is fit for use.

One of the strengths of this work is its adherence to the FAIR
Guiding Principles28 for data science stewardship, meaning that
the methodology itself and the extracted data are findable, acces-
sible, interoperable, and reusable. Thus, the annotation code used
here could be applied as-is to other databases of regulatory guide-
line DART study end points (e.g., OECD TG 414 studies) and
would be expected to yield similarly successful results. The struc-
ture of the code also enables easy expansion beyond developmen-
tal toxicology end points for application to other study types,
where the user would simply utilize appropriate user-defined
look-up lists with related terms and desired controlled vocabula-
ries for mapping. For example, localization and observation lists
can be used for any toxicity data that can be described in terms of
localizations and observations (e.g., neoplastic and nonneoplastic
lesions such as hepatocellular adenoma or cardiomyocyte atro-
phy, respectively), while the “unique list” could be used to
describe other types of toxicological end points (e.g., functional
end points such as locomotor activity or acoustic startle response).
The interoperability and reusability of the methods used here
imparts a high degree of versatility that expands beyond the field
of developmental and reproductive toxicity.

Of the two datasets used here, the NTP dataset realized a
higher percentage of extracted end points mapped by the code to
controlled vocabulary terms than the ECHA dataset did (75% and
57%, respectively). This was expected as the annotation code
developed for automated end point mapping was optimized for
the NTP dataset. Extracted end points from both datasets that
were not standardized by the code were either reproductive or too
general to be mapped to a single or closely matched controlled
vocabulary end point (e.g., “number of fetuses with abnormal
organ”) or required the use of human logic to make a match (e.g.,
deciding the best match for a “globular shaped heart” extraction
was a controlled vocabulary term for “misshapen heart” or decid-
ing the best match for a “blue nose” extraction was a controlled
vocabulary term for “skin discoloration”) and therefore not
expected to be standardized. The code performance on the ECHA
dataset indicates the potential for its utility across other develop-
mental toxicity databases as-is or with some modifications.

When adapting the annotation code, steps can be taken to
improve upon results seen in this work. First and foremost, the
user-defined look-up lists that feed into the code should be tai-
lored to the content of the extracted data if the content veers from
prenatal developmental toxicology. As mentioned, the approach
is not constrained by the study type, but expert knowledge is
required to develop or identify the most appropriate vocabularies
or ontologies for the study type and dataset of interest.
Familiarity with the study designs and how the original toxicity
end points are represented in the database is also helpful. For
example, if the original data were collected from guideline stud-
ies, then it is more likely that the end point language is standar-
dized than if the data were collected from a variety of journal
articles. Experts can also advise if other elements of the study
design are relevant for interpreting the end point language, such
as a consideration of life stage during which the end point data
was collected, dosing strategies, or genetic background of the ani-
mal strains. Taken together, future expansion of this approach
would need to consider the complexity of toxicological data and
unique study designs that require customization of the user-
defined lookup lists.

Also, key to the success of the code is the quality of the
extracted end points, which we found to be the driving factor for
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determining the amount of manual review needed. Misspelled
words in the extractions were not able to be automatically
mapped. Spell checks of the extracted end points, or incorporat-
ing common misspellings of end points as related terms, could
overcome this limitation. In the same vein, eliminating nonend-
points and out-of-scope end points from the dataset before begin-
ning would decrease the time spent to resolve those end points.
Ideally, toxicological study authors would utilize controlled
vocabularies or ontologies proactively when publishing datasets
to minimize errors and maximize the utility of the data for use in
other applications, instead of retroactively applying to published
datasets. This along with approaches such as publishing supple-
mental materials in structured data formats, building and using
high-quality data dictionaries, and preparing data for publication
in open access repositories would increase adherence with FAIR
principles and are all parts of the consideration of data manage-
ment and sharing that is now required for all National Institutes
of Health (NIH)-funded research as of January 2023.

Another way to increase manual hours saved would be to
limit results that require manual review through targeted applica-
tion, such as by using the code only on fetal outcomes and not on
maternal end points. Alternatively, additional logic could be
added to distinguish between maternal and fetal extractions and
between maternal and fetal controlled vocabulary terms. Even
within prenatal toxicology, more words in the user-defined look-
up lists used here could be adapted into root words or paired with
more related terms. In addition, the code could be appended to
only use crosswalk matches labeled as “exact” if a stricter stand-
ardization was desired. Logic could also be added to determine
appropriate application of gross pathology and histopathology
terms. Improvements could also be made to the logic for mapping
organ weight end points and pregnancy-related end points. For
this effort, improved logic to eliminate the need for manual
review would have saved an additional ∼ 180 h (assuming 1
min/30 s for extraction/review).

Contexts in which this approach could be applied, adapted or
as-is, might include when legacy data has already been extracted
into a database or system of some kind, and there is interest in
making that data interoperable with other systems. Using a cross-
walk to link one knowledge system to another can facilitate
semantic interoperability across systems, which is essential to
leverage existing legacy data for analyses and decision making.
For example, US EPA’s ToxRefDB includes legacy prenatal
developmental toxicity study data, which can now be combined
with the NTP and ECHA prenatal developmental toxicity data
reviewed in this effort, to create a larger integrated dataset.
Datasets like this can be used to better understand the develop-
mental effects of chemicals and to make more informed decisions
to protect public health. Adding more controlled vocabularies to
the crosswalk could link these data to other systems, such as the
Collaborative Adverse Outcome Pathway Wiki (AOP-Wiki)
(http://aopwiki.org), so that legacy testing data could be linked to
specific key events of an AOP to better understand mechanisms
of developmental toxicity. Additional vocabularies could also
expand the application of this approach to other knowledge
domains, such as by linking to genes. Based on our experience in
this effort, these expansions and applications would benefit from
an augmented intelligence approach integrating subject matter
expertise to ensure that the connections are scientifically accurate
and not perpetuating errors or mismatches.

Here, we present methods for automatically standardizing the
annotation of developmental toxicity end points extracted frompri-
mary sources and a resulting FAIR dataset that is computationally
accessible. This work developed and implemented a controlled vo-
cabulary crosswalk to ensure consistent language in end point

descriptions in the final dataset and automated over 70% of the
term mappings using annotation code that is intuitive, extensible,
and reusable. The resulting dataset allowed for direct comparison
across studies, which will serve as an indispensable tool in estab-
lishing reference datasets for validation of new approaches, com-
putational modeling, and systematic reviews for human health risk
assessment. Importantly, the engineering of the annotation code
can be easily modified for application to other study types to sup-
port improved utility of legacy datasets in future analyses.

Supplemental Materials
The annotation python code is available as supplemental material
(DevTox_AutomationPilot_02_27_2020_python code) and on the
National Institute of Environmental Health Sciences (NIEHS)’s
public GitHub in the DevToxAutoStandardization repository
(https://github.com/NIEHS/DevToxAutoStandardization). The re-
pository also contains a Microsoft Excel document with user-
defined look-up lists and the vocabulary crosswalk utilized in this
study. This Excel file is also included as Excel Tables S1–S7. The
Excel crosswalk columns are defined in the included README.
Each of the user-defined look-up lists has its own sheet. The format
of these sheets is compatible with the code.
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