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ABSTRACT

Objective: To build a knowledge base of dietary supplement (DS) information, called the integrated Dletary Sup-
plement Knowledge base (iDISK), which integrates and standardizes DS-related information from 4 existing
resources.

Materials and Methods: iDISK was built through an iterative process comprising 3 phases: 1) establishment of
the content scope, 2) development of the data model, and 3) integration of existing resources. Four well-
regarded DS resources were integrated into iDISK: The Natural Medicines Comprehensive Database, the
“About Herbs” page on the Memorial Sloan Kettering Cancer Center website, the Dietary Supplement Label
Database, and the Natural Health Products Database. We evaluated the iDISK build process by manually check-
ing that the data elements associated with 50 randomly selected ingredients were correctly extracted and inte-
grated from their respective sources.

Results: iDISK encompasses a terminology of 4208 DS ingredient concepts, which are linked via 6 relationship
types to 495 drugs, 776 diseases, 985 symptoms, 605 therapeutic classes, 17 system organ classes, and 137 568
DS products. iDISK also contains 7 concept attribute types and 3 relationship attribute types. Evaluation of the
data extraction and integration process showed average errors of 0.3%, 2.6%, and 0.4% for concepts, relation-
ships and attributes, respectively.

Conclusion: We developed iDISK, a publicly available standardized DS knowledge base that can facilitate more
efficient and meaningful dissemination of DS knowledge.

Key words: dietary supplements, knowledge representation, terminology, RxNorm, unified medical language system

INTRODUCTION or administered to the body that contain a “dietary ingredient.”
The Dietary Supplement Health and Education Act (DSHEA) of This includes vitamins, minerals, amino acids, and herbs or botani-
1994 defines dietary supplements (DS) in part as products ingested cals, as well as other substances that can be used to supplement the
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diet.! The National Health and Nutrition Examination Survey, a na-
tionally representative, cross-sectional survey, has reported that
49% of the total US population uses DS (males 44%, females
53%).2 DS are primarily considered as food, compared to prescrip-
tion and over-the-counter drugs, and are regulated by the FDA un-
der a different, less stringent set of rules. Additionally, the use of DS
is often self-initiated rather than based on clinicians’ recommenda-
tions. This results in unique challenges pertaining to efficacy, safety,
regulatory policies, and clinical practices for various stakeholders,
such as researchers, clinicians, and consumers.® For example, there
are around 23 000 emergency department visits per year resulting
from DS-related adverse events.* These challenges underscore the
need for accessible resources for consumers and prescribers to safely
select DS if they are desired.

There are several commercially and publicly available resources
covering DS ingredients and products. The Natural Medicines Com-
prehensive Database (NMCD)® is a commercial ingredient-level
database, built on evidence-based data and represented in free text
monographs. The “About Herbs” page on the Memorial Sloan Ket-
tering Cancer Center (MSKCC) website® is a free resource for con-
sumer and healthcare professionals to find information on using
common herbs and other DS. The Dietary Supplement Label Data-
base (DSLD)” includes full product labels with detailed ingredient
information for over 76 000 DS products marketed in the US. The
products are further categorized using Langual codes, a thesaural
system originally generated for describing data about food.®® The
Natural Health Products Database (NHP), comprised of the Natural
Health Product Ingredients Database'® and the Licensed Natural
Health Products Database,!! contains information about natural
health products that have been issued a product license by Health
Canada, including data such as geographic area of origin, ingredient
category, and dose forms.

Standardized biomedical terminologies and ontologies have facil-
itated cross-platform communicability and the reuse of knowledge,
alleviating challenges associated with increasingly computerized
clinical data. A few well-established and commonly employed termi-
nology resources are the Unified Medical Language System
(UMLS),* RxNorm,'® the Medication Reference Terminology,*
the Medical Dictionary of Regulatory Activities (MedDRA),'S and
the Anatomical, Therapeutic, and Chemical classification system/
Defined Daily Dose.'® However, standardized knowledge represen-
tation is still lacking in the DS domain. According to our previous
studies, none of the supplement databases or existing terminologies
comprehensively covers supplement terms'”>'8
mation (eg, effectiveness, safety) is often incomplete.'® Furthermore,

and the related infor-

these resources are not built on standardized knowledge representa-
tion principles and are thus unable to communicate with other ter-
minologies or across systems and healthcare organizations.?® A
standardized terminology of DS would support informatics research
related to DS, such as the mining of DS use status from clinical

21-23 the discovery DS adverse effects®*>°

reports, and drug interac-
tions?” from the literature, and assess the effectiveness of DS for var-
ious conditions.?®?° Furthermore, a structured and searchable
knowledge base of DS-related information, such as drug interactions
and uses, would help clinicians and consumers make informed deci-
sions regarding the usage of DS. It is thus necessary to develop a
structured and standardized data store of DS-related information in
order to facilitate the search and retrieval of DS information by a
wide range of users.

There has been some previous work on the knowledge represen-

tation of DS and related substances. Sharma and Sarkar developed a

thesaurus of DS terms for identifying DS mentions in adverse event
reports, but their work did not address the integration of related
data elements such as adverse effects and interactions.®® Similarly,
the Normalized Chinese Clinical Drugs (NCCD) knowledge base
published by Wang et al was built by integrating data from various
resources and representing it following the RxNorm model in order
to improve interoperability.*! Like Sharma and Sarkar’s work, how-
ever, NCCD is primarily a thesaurus, and its domain is Chinese clin-
ical drugs, not DS. In other related domains, the WATRIMed
knowledge graph compiles information on West-African herbal tra-
ditional medicine into a standardized data model** and the Romedi
dataset of French clinical drugs was created by integrating data from
publicly available resources, standardizing it according to the
RxNorm model, and linking it to existing terminologies.>?

To fill the gap in DS knowledge representation, we present the
first integrated DIetary Supplement Knowledge base (iDISK), which
encompasses both a terminology of DS ingredients and a structured
knowledge base of DS-related information. iDISK was built accord-
ing to established terminology and ontology development guidelines
and definitions®* by integrating knowledge from existing DS resour-
ces and representing it in a standardized and structured form. The
iDISK data elements are further linked to existing controlled vocab-
ularies thus increasing interoperability, a fundamental element for
successful health information exchange.

MATERIALS AND METHODS

iDISK was developed by integrating essential DS information from
multiple commonly used and well-trusted DS resources (ie, NMCD,
MSKCC, DSLD, and NHP) into a common data model. NMCD is a
commercial and subscription-based resource, and we have arranged
an agreement with its copyright holder, Therapeutic Research Cen-
ter (TRC), according to which we may publicly redistribute the
NMCD information as represented in iDISK. iDISK was built in 3
phases, illustrated in Figure 1: 1) establishment of the scope of
iDISK, 2) development of the data model by domain experts, and 3)
creation of iDISK by integrating data from existing DS resources, in-
cluding mapping to existing biomedical terminologies. In the rest of
this paper, we use italics to denote instances of iDISK data elements
and brackets are used to denote collections of data elements such as
attributes [attribute: “value”] and relationships [subject, relation-

ship, object].

Phase 1: establishment of scope

To date, none of the available online resources fully represent DS
knowledge in a complete and standardized form. To address this,
we planned to create iDISK as a comprehensive and structured DS
knowledge base by integrating related terms from different resources
and mapping relevant terms to existing standardized terminologies
such as the UMLS and MedDRA. The current iDISK version is pri-
marily focused on DS ingredients, their attributes (eg, the type of the
ingredient, the UMLS semantic type), and related concepts (eg, DS
products, diseases, symptoms).

Phase 2: development of the data model

The iDISK data model was inspired by the RxNorm'® model of data
representation with the addition of other relevant concepts related to DS
ingredients. RxNorm is developed by the US National Library of Medi-
cine as a part of the Unified Medical Language System (UMLS). It pro-
vides a normalized naming system for drugs which supports semantic
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Figure 1. Overview of the design and creation of iDISK.

interoperatability between 16 drug terminologies and pharmacy knowl-
edge bases. As the normalization of DS ingredient names is a major con-
tribution of iDISK, it is in this respect similar to RxNorm. We created
the iDISK data model through a methodological and iterative process
centered around the scope as described in Phase 1, according to the
knowledge gained from our previous study on DS knowledge represen-
tation'® and the information available from the data sources. The devel-
opment process entailed repeated discussions and consensus among a
team of researchers, which included informaticists (RR, RZ, JV), physi-
cian informaticists (RR, TA, GM) and physicians/pharmacologists
(TA, JB).

The final data model is given in Figure 2. iDISK is comprised of
4 data elements: concept, atom, relationship, and attribute, each of
which is assigned a unique identifier. iDISK has 7 concept types, de-
scribed in Table 1. A concept is a collection of atoms, which encode
the synonymous names denoting that concept. Each atom is a
unique combination of a term (eg, an ingredient name), a term type
(the role of an atom in its source, eg, scientific name or common
name), a data source (eg, DSLD), and a source code (the unique
identifier which allows an atom to be tracked back to its source).
Relationships connect concepts with the relationship type specifying
the meaning and direction of the connection. A total of 6 unique
relationship types are used to establish relationships between
concepts: is_effective_for, has_therapeutic_class, has_adverse_effec-
t_on, has_adverse_reaction, has_ingredient, and interacts_with.
Concepts and relationships can have 1 or more attributes, whose

value is free text. The attributes used in iDISK are described in Table 2.
In Figure 3, we populate the data model with Alfalfa as a representa-
tive example of how iDISK represents DS information in a structured
and consistent format.

Phase 3: creation of iDISK

The iDISK build process is split into 3 steps, illustrated in the Phase 3
section of Figure 1: data collection and preprocessing, creation of iDISK
data elements from the source data, and matching and merging synony-
mous data elements. These steps are described in detail below.

Data collection and preprocessing

The data were collected from each resource as follows. NMCD: We
obtained data from the NMCD API with permission from the TRC.
DSLD: Data were obtained from the DSLD data release (https://
www.dsld.nlm.nih.gov/dsld/searchdownload.jsp#general). Product
information was obtained via the DSLD API which provides a richer
representation than the data release (https://www.dsld.nlm.nih.gov/
dsld/faq.jsp#10). MSKCC: With permission, we developed a web
scraper to obtain the ingredient monographs listed on the “About
Herbs” page (https://www.mskcc.org/cancer-care/diagnosis-treat-
ment/symptom-management/integrative-medicine/herbs/search).
NHP: Ingredient and product information was obtained from the
NHP data extract (https://www.canada.ca/en/health-canada/services/
drugs-health-products/natural-non-prescription/applications-submis-
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Figure 2. The iDISK data model.

has adverse effect on

Table 1. The concept types present in iDISK, along with their descriptions and examples. Following the Unified Medical Language System
(UMLS), concepts are collections of synonymous terms, called atoms, which are integrated from various sources. We therefore also pro-
vide the section in the data sources from which atoms for the corresponding concept were extracted

iDISK Concept Type Description Example Source Corresponding Section in
Source
Semantic dietary sup- A non-branded, individual dietary supplement Ginkgo Biloba DSLD Synonym
plement ingredient ingredient. NHP Common name, Proper name
(SDSI) NMCD Also known as, Synonym,
Taxonomical synonym,
Scientific name
Dietary supplement A product that is marketed as a dietary Vitamer Laboratories ~ DSLD Product name, Brand name
product (DSP) supplement by its manufacturer. Glucosamine NHP Product name
Chondroitin
Complete
Disease (DIS) A disease or condition that may be treated by a Emphysema NMCD Effectiveness
given dietary supplement. MSKCC Purported uses
System organ class The broad biological or organ system in which Gastrointestinal NMCD Adverse effects
(SOC) the adverse effect manifests.
Pharmacological drug A prescription or over-the-counter drug, Aspirin NMCD Interactions with drugs
(PD) expressly intended to treat or prevent disease. MSKCC Herb-drug interactions
Therapeutic class (TC)* A broad classification of the function of a Analgesic NMCD Mechanism of action
dietary supplement.
Signs/symptoms (SS) The physical manifestation of an adverse effect. ~ Nausea MSKCC Adverse reactions

Abbreviations: DSLD, Dietary Supplement Label Database; MSKCC, Memorial Sloan Kettering Cancer Center; NHP, Natural Health Products Database;
NMCD, Natural Medicines Comprehensive Database.
*The NMCD “Mechanism of Action” section, in fact, describes the therapeutic class of the DS (as opposed to a literal description of the pharmacologic mecha-

nism), hence the name of the iDISK concept type.

sions/product-licensing/licensed-natural-health-product-database-

data-extract.html).

While the ingredient information from NMCD and MSKCC
could be used directly, that from DSLD and NHP required addi-

tional preprocessing. Many of the ingredient names in DSLD include

extraneous information such as dosage (eg, “500 mg Aloe Vera”),
product name, and preparation information (eg, “Dehydrated
Barley Grass”). We therefore defined a set of regular expressions to

020Z Ay 80 UO Jasn saniD uim] - Bjosauully Jo AlsiaAiun Aq ZE00v2S/6ES// Lz AorNsqe-aonie/elwel/woo dnoolwapese//:sdyiy Woly papeojumoq



Journal of the American Medical Informatics Association, 2020, Vol. 27, No. 4 543

Table 2. The iDISK concept attributes and relationship attributes

Associated Concept /

Attribute Description Relationship Source(s)
Concept Attributes(s)
Source Material Source of the ingredient. SDSI MSKCC
UMLS Semantic Type One of the broad categories described in the UMLS Semantic SDSI UMLS
Network.
Ingredient category Ingredient category classification by DSLD. SDSI DSLD
Background A summary of information about this ingredient, including its SDSI NMCD, MSKCC,
origination, uses, constituent parts, etc. NHP
Safety A summary of the safety concerns in using this ingredient. SDSI NMCD, NHP
Mechanism of action Mechanism by which an active substance produces an effect on a living ~ SDSI MSKCC
organism or in a biochemical system.
Product Type Langual type classification by DSLD. DSP DSLD
Relationship Attributes(s)
Interaction Rating Expert-reviewed, evidence-based likelihood of the occurrence of an PD / interacts_with NMCD
interaction between a DS and a drug. Possible values are Likely,
Probable, Possible, Unlikely.?
Interaction Severity Expert-reviewed, evidence-based severity of the interaction, if it PD / interacts_with NMCD
occurs. Possible values are High, Moderate, Mild, Insignificant.”
Effectiveness Rating Expert-reviewed, evidence-based likelihood of effectiveness of a DS for DIS / is_effective_for NMCD

a given disease or condition. Possible values are Likely, Probable,

Possible, Unlikely.?

Abbreviations: DIS, Disease; DSLD, Dietary Supplement Label Database; DSP, Dietary Supplement Product; MSKCC, Memorial Sloan Kettering Cancer Cen-
ter; NHP, Natural Health Products Database; NMCD, Natural Medicines Comprehensive Database; PD, Pharmacological drug; SDSI, Semantic Dietary Supple-

ment Ingredient; UMLS, Unified Medical Language System.
“Possible values are adapted from NMCD.

Relationship between concepts

Atom membership

Medicago sativa

Scientific Name

Purple medick
Synonym

Mapping to external 7
terminologies

Figure 3. The iDISK data model populated with data about Alfalfa.

remove dosage, product names, legal information (eg, ™, ®, ©), and
unwanted punctuation. We further preprocessed the ingredient
names by removing dose forms and plant preparations listed by the
Australian Therapeutic Goods Administration (TGA).?® Some

~——has therapeutic clas:

——has adverse reaction.

~——has adverse effect on

* ingredjem:‘_

DSLD ingredient names contain additional synonyms in parenthe-

ses, for example, “African Mango (Irvingia gabonensis) extract.”
We developed an additional regular expression system to extract the
text in parentheses which we then treated as a separate synonym.
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We filtered the extracted parenthetical text using the TGA list of
plant parts as well as the regular expressions for dosage and legal in-
formation so as to not extract parenthetical text as in “Acai (fruit)
extract” and “infusion (1:6000) of Agrimonia eupatoria” which
often appear in the DSLD data. NHP contains a variety of nonsensi-
cal ingredient names such as “8” or “%.” We therefore developed a
set of patterns that removed any ingredients whose names were less
than 2 characters, contained only numeric characters, or only punc-
tuation.

Creation of the iDISK data elements

In order to facilitate downstream processing, such as mapping to
existing terminologies and the merging of synonymous concepts, the
data output by the previous step was converted to match the iDISK
data model. This was achieved by creating an iDISK data element
(atom, concept, attribute, or relationship) for each source data point.

i. Atoms and concepts: A concept was created for each ingredient
and product listed in each data source by 1) creating an atom
for each synonym listed in the data source for the ingredient or
product and 2) collecting these atoms together. The locations in
the data sources from which these synonyms were obtained are
given in Table 1. An atom was designated “preferred” for a
concept if it is the primary name for the corresponding entry in
the source database (eg, the name in the header of the ingredient
monograph).

ii. Concept attributes: These were created by extracting the rele-
vant free text from each concept’s source data. For example, the
DSLD monograph for Alfalfa gives its ingredient category as
“botanical.” This text was paired with the Alfalfa concept to
form the attribute [ingredient category: “botanical”]. The
UMLS semantic type attribute of the semantic dietary supple-
ment ingredient (SDSI) concept is an exception to this process.
We created these attributes by mapping the SDSI preferred
name to the UMLS (described below) and extracting the seman-
tic types of the matched UMLS entry.

iii. Relationships and relationship attributes: Each data source con-
tains 1 or more of the relationship types. These are contained,
for example, in the columns in the data extract or the sections
in the ingredient monograph. Thus for each concept we gener-
ated a set of candidate relationships. As relationships connect 2
concepts, we first create a concept for the object of the relation-
ship from the value in the data source. This object concept con-
tains only 1 atom and is assigned a concept type to fit the
implied relationship. For example, “contraceptives” is listed as
a possible drug interaction for Alfalfa in NMCD (Figure 3). As
the object of the interacts_with relationship must be a drug, we
created a pharmacological drug (PD) concept with a contracep-
tives atom. We then created a relationship between the subject
and object concepts and assigned any attributes specified by the
data source. Extending the above example, this results in the re-
lationship [Alfalfa, interacts_with, contraceptives| with the rela-

high]  and

tionship  attributes

[interaction_rating: moderate].

[interaction_severity:

After creating the iDISK data elements, we mapped each concept
to either the UMLS or MedDRA as specified by the data model. We
used QuickUMLS to map to the UMLS as it has been shown to out-
perform MetaMap on multiple tasks.** System organ class (SOC)
concepts were mapped to MedDRA and, there being only 17 unique
values present in NMCD, a physician informaticist (RR) confirmed

the mapping manually. Atoms were created for each of the resulting
mappings and added to the corresponding concept. In addition to fa-
cilitating interoperability between iDISK and other systems, these
mapped atoms serve as normalized terms for the concepts which fa-
cilitated the discovery of synonymous concepts discussed in the next
section.

Matching and merging concepts across data sources

The result of the previous step is a set of concepts from each data
source. However, there is significant overlap in the concepts across
the source databases as well as duplicate concepts within each data-
base. It was therefore necessary to discover synonymous concepts and
merge them. Intuitively, 2 concepts would be synonymous if they
share 1 or more synonyms. However, a preliminary review of the
matches produced using this method revealed a large number of incor-
rect matches due to over-general or incorrect synonyms in the data
sources. For example, DSLD contains “vitamin” as a synonym of
both “vitamin D” and “vitamin A,” leading to an incorrect match us-
ing this method. We found the following more restrictive criteria ef-
fective according to a preliminary review of the matches. Two
concepts were considered synonymous if 1) the preferred name of 1
concept occurs in the atoms of the other and 2) the concepts are
mapped to the same UMLS or MedDRA entry. In the case where the
mapping tool failed to map a concept, the system uses just the first cri-
terion. For example, say the atoms of the “Acai” concept in NMCD
are (Agai, Acai, Acai extract) (the preferred name in bold) and it is
mapped to the UMLS concept C3850037 (Acai Berries), and the syno-
nyms of the “Euterpe oleracea” concept in DSLD are (Acai, Agai, Eu-
terpe oleracea, Assai), and it is also mapped to C3850037. In this case
the preferred name of the first (A¢ai) appears in the synonyms of the
second, satisfying criterion 1; and they are mapped to the same UMLS
concept, satisfying criterion 2, so the 2 monographs match.

We performed the above check for each pair of concepts across
each data source. The result of this step is a number of sets of synon-
ymous concepts. Each of these sets was merged into a single concept
by combining the atoms, attributes, and relationships of the individ-
ual concepts in that set. After merging, we updated the subject of
each relationship to be the new concept and updated the object con-
cept as it was itself merged with other concepts. After 2 or more con-
cepts are merged, the resulting concept will have more than 1 atom
that is preferred. In order to determine which preferred atom should
be used as the default, we rank them according to their source. We
use the following ranking, from most to least preferred: UMLS/Med-
DRA, NMCD, MSKCC, DSLD, NHP.

DS products were not matched in this version of iDISK. DSLD
covers US products while NHP covers Canadian products. Because
the US and Canada have very different DS labeling regulations,
products of the same name across these 2 resources may have con-
flicting label information.

Evaluation

The iDISK build process was evaluated by manually checking that
the data elements in the final database were correctly extracted and
integrated from the source data. We randomly selected 50 out of
4208 DS ingredient concepts for manual review. The manual review
of these 50 concepts involved checking their associated 3632 atoms,
2422 relationships, and 1645 attributes against the source from
which they were extracted. Due to the size of the task, it was split
between 4 health informaticists (RR, YW, SZ, and YR), who labeled
each iDISK data element as either “correct” or “incorrect” accord-
ing to whether it was correctly extracted from the associated source
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data. Accuracy was computed as the percentage of data elements
with a “correct” label. We provide separate extraction accuracies
for the atoms from each source database, as well as for each rela-
tionship and each attribute.

RESULTS

iDISK contains 144 654 unique concepts, including 4208 DS ingre-
dient concepts and 137 568 DS product concepts, as well as
709 675 relationships and 84 674 attributes. Table 3 compares the
number of concepts and attributes in iDISK to those extracted from
the source databases. NHP provided the greatest number of ingredi-
ent concepts (3485) and product concepts (82 112) of all 4 data
sources. NMCD, however, had the most comprehensive informa-
tion, providing many of the relationships and attributes. The UpSet
plot® in Figure 4 shows the number of SDSI concepts containing in-
formation merged from each data source. This figure shows that
while NHP provided the greatest number of ingredient concepts,
over two-thirds of these were unmatched to any other concept from
the other data sources.

As illustrated in Table 4, accuracy across the DS data elements in
iDISK demonstrates that the data extraction and integration meth-
ods used to create iDISK are effective, achieving accuracies in the
range 89.6%-100%. Note that the number of data points for the
Source material, Background, Safety, Mechanism of action, and

Langual Product type attributes is low (< 100). However, since
these attributes were extracted directly and without modification
from the source databases, we do not expect much, if any, extrac-
tion error for these values.

DISCUSSION

iDISK integrates DS-related information from 4 well-regarded DS
resources. As such, it contains more comprehensive information
than any of the individual data sources. Furthermore, by standardiz-
ing this information according to a data model and linking it to
existing controlled vocabularies, it renders this information more
searchable and improves interoperability. iDISK’s terminology of
DS ingredients can facilitate information retrieval of DS mentions
from other resources, such as biomedical literature or electronic
health records, and the inclusion of related information can assist
clinicians and consumers find pertinent information about various
supplements.

Error analysis

Figure 4 shows that over 2600 ingredient entries in NHP were not
matched to entries in any other data source. A preliminary review of
these ingredients revealed that many were unmatched because they
were uncommon DS concepts that are not present in the other data
sources, such as “Oryzin” (an enzyme of a type of mold) and

Table 3. The numbers of concepts, relationships and attributes in iDISK by data source

NMCD MSKCC DSLD NHP iDISK
Concepts(s)
Semantic Dietary Supplement Ingredient (SDSI) 955 247 1062 3485 4208
Dietary Supplement Product (DSP) - - 55456 82112 137 568
Pharmacological Drug (PD) 378 215 - - 495
Disease (DIS) 722 201 - - 776
Therapeutic Class (TC) 605 - - - 605
System Organ Class (SOC) 17 - - - 17
Signs/Symptoms (SS) - 985 - - 985
Total concepts 144 654
Relationships(s)
is_effective_for 4307 1056 - - 5363
has_therapeutic_class 5454 - - - 5454
has_adverse_effect_on 3168 - - - 3168
has_adverse_reaction - 2233 - - 2233
has_ingredient - - 335468 354 358 689 826
interacts_with 3076 555 - - 3631
Total relationships 709 675
Attributes(s)
Source Material - - - 5532 5532
UMLS semantic type - - - - 9230
Ingredient Category - - 1121 - 1121
Background 1140 259 - - 1399
Safety 1150 69 - - 1219
Mechanism of action - 258 - - 258
LangualL Product Type - - 55456 - 55456
Interaction_rating 3076 - - - 3076
Interaction_severity 3076 - - - 3076
Effectiveness_rating 4307 - - - 4307
Total attributes 84 674

The numbers in the columns for each data source represent the number of concepts extracted from that source, while the numbers in the iDISK column repre-

sent the number of concepts present in iDISK after matching and merging.
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Figure 4. UpSet plot®®

depicting the number of SDSI concepts in iDISK matched and merged from each data source. Connected filled circles indicate the data

sources, with the vertical bars showing the number of SDSI concepts in iDISK with atoms extracted from only those sources and not the others. For example,
iDISK contains 110 SDSI concepts with atoms from all 4 data sources (MSKCC, NMCD, DSLD, NHP), 16 from MSKCC, NMCD, and NHP (not including DSLD), 28
from MSKCC and NHP (not including NMCD and DSLD), and 2693 SDSI concepts sourced only from NHP.

Table 4. Accuracy of the data elements for the 50 concepts evaluated against the relevant source databases

Data element N Accuracy Data element N Accuracy
SDSI Atoms
NMCD 1497 100.0% Attributes®
MSKCC 152 100.0% Source material 9 100.0%
DSLD 1787 99.4% Ingredient category 141 100.0%
NHP 195 100.0% Background 77 100.0%
Average Accuracy 3632 99.7% Safety 58 100.0%
Relationships Mechanism of action 28 100.0%
is_effective_for 874 99.3% Langual Product type 95 100.0%
has_therapeutic_class 409 98.5% Interaction rating 252 99.7%
has_adverse_effect_on 272 100.0% Interaction severity 252 99.7%
has_adverse_reaction 240 89.6% Effectiveness rating 733 99.2%
ingredient_of 277 99.3% Average Accuracy 1645 99.6%
interacts_with 350 92.9%
Average Accuracy 2422 97.4%

Abbreviations: DSLD, Dietary Supplement Label Database; MSKCC, Memorial Sloan Kettering Cancer Center; NHP, Natural Health Products Database;
NMCD, Natural Medicines Comprehensive Database; SDSI, semantic dietary supplement ingredient.

*We do not include the UMLS semantic type attribute as an evaluation of the QuickUMLS tool used; to generate its values is outside the scope of this work.

“Partially hydrolyzed chicken eggshell membrane.” In some cases,
synonymous concepts are present in 2 data sources, but unmatched
due to nonoverlapping synonyms. For example, NHP and DSLD
both contain entries corresponding to the DS ingredient Immortelle
(a type of flowering plant). However, the closest synonyms are
“Helichrysum italicum” in NHP and simply “Helichrysum” in
DSLD, which were not matched using our method, which requires
exact matches between synonym strings.

The imperfect accuracy for SDSI atoms sourced from DSLD
(99.4%) was due to side-case errors during the preprocessing stage.
For example, iDISK incorrectly contains “NITRO2GRANIT” as a
synonym of pomegranate. This occurs because DSLD lists the prod-
uct name “NITRO2GRANIT™” a5 a synonym of pomegranate.
Due to our assumption that the data sources would only list ingredi-

ent names as synonyms, our preprocessing pipeline did not filter out
product names, which means “NITRO2GRANIT” was added as a
synonym after removing the «™”.

Finally, the lower accuracies for relationships (average 97.4%)
compared to other data elements were largely due to errors in map-
ping the object concepts of the relationships to the UMLS. While
QuickUMLS has been shown to outperform MetaMap,*® it is not
without issues. For example, QuickUMLS fails to map the string
“Antigout drugs” extracted from NMCD to the correct UMLS entry
“Antigout Agents” (C4722035), instead mapping it to the general
concept “Pharmaceutical Preparations” (C0013227) which does not
accurately represent the information in the source. Such errors then
propagate to the relationship attributes, which are incorrect if their
associated relationship is incorrect.
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Limitations and future work

The method for matching synonymous concepts is a limitation in
the current version of iDISK. We developed our matching criteria
according to a preliminary review of the matches produced, but a
formal evaluation is needed in the future to assess the performance
of this module fully. We also plan to address this limitation by inves-
tigating methods for matching concepts based on noisy sets of syno-
nyms, such as those we obtain from our data sources.

As discussed in the error analysis, errors in concept mapping are
another limitation in this version of iDISK. These errors affect both the
creation of relationships, which are incorrect when their object con-
cepts are mapped incorrectly, and the matching of concepts, in which
false matches may occur if 2 nonsynonymous concepts are incorrectly
mapped to the same UMLS entry. In the future, we plan to evaluate
QuickUMLS, MetaMap, and other mapping tools to determine the
best tools to use to minimize the mapping error in iDISK.

There are 2 limitations regarding the scope of iDISK. First, be-
cause the information in iDISK is collected from existing resources,
it is necessarily limited to the information available in those resour-
ces. Thus, it is possible that iDISK does not include important infor-
mation related to DS. However, it does provide a foundation for DS
knowledge representation, which can be expanded to include new
data elements and resources as they become available. Second,
iDISK is primarily a DS ingredient knowledge base, and thus con-
tains limited DS product information. We plan to include more
product information (eg, dose, dose form, route, packaging, phar-
macokinetics, licensing) in future iDISK versions, leveraging our pre-

liminary work on the normalization of DS product names.?’

Distribution and maintenance

The iDISK data files and associated code base are publicly available as
described in the “Data Availability” section below. iDISK follows the
semantic versioning system,>” which assigns each version 3 numbers
of the format MAJOR.MINOR.PATCH. Major numbers correspond
to changes incompatible with previous versions, minor numbers to
backwards compatible changes, and patch numbers to bug fixes.
NMCD, MSKCC, and DSLD provide rolling updates to their mono-
graphs while the NHP data extracts are released yearly. In light of
this, we plan to release major iDISK updates when 1 or more of these
data sources changes substantially or when we identify a new data
source. We also plan to continuously improve iDISK via updates to
the build process, such as the improvements to the concept mapping
and matching modules discussed in the limitations section above.

CONCLUSION

We developed the first integrated Dletary Supplements Knowledge
base (iDISK), where DS-related information is represented in a com-
prehensive and standardized form. We achieved this by integrating DS
information from 4 existing and well-established DS resources. iDISK
can serve as a one-stop DS information resource for a wide range of
users, facilitating DS information extraction as well as interoperability
across various DS systems and applications. We will continue to ex-
pand and improve iDISK as new resources become available and new
techniques for data extraction and normalization are implemented.

DATA AVAILABILITY

iDISK is released in 2 formats: a Neo4j database and a set of UMLS-
style pipe-delimited flat files. The current version of iDISK is pub-

licly available for download at https:/doi.org/10.13020/d6bm3v.
The code used to build this release is publicly available at https://
github.com/zhang-informatics/iDISK.
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