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Abstract 

PubChem (https://​pubch​em.​ncbi.​nlm.​nih.​gov) is a public chemical information resource containing more than 100 
million unique chemical structures. One of the most requested tasks in PubChem and other chemical databases 
is to search chemicals by name (also commonly called a “chemical synonym”). PubChem performs this task by looking 
up chemical synonym-structure associations provided by individual depositors to PubChem. In addition, these syno-
nyms are used for many purposes, including creating links between chemicals and PubMed articles (using Medical 
Subject Headings (MeSH) terms). However, these depositor-provided name-structure associations are subject to sub-
stantial discrepancies within and between depositors, making it difficult to unambiguously map a chemical name 
to a specific chemical structure. The present paper describes PubChem’s crowdsourcing-based synonym filtering 
strategy, which resolves inter- and intra-depositor discrepancies in synonym-structure associations as well as in the 
chemical-MeSH associations. The PubChem synonym filtering process was developed based on the analysis of four 
crowd-voting strategies, which differ in the consistency threshold value employed (60% vs 70%) and how to resolve 
intra-depositor discrepancies (a single vote vs. multiple votes per depositor) prior to inter-depositor crowd-voting. 
The agreement of voting was determined at six levels of chemical equivalency, which considers varying isotopic 
composition, stereochemistry, and connectivity of chemical structures and their primary components. While all four 
strategies showed comparable results, Strategy I (one vote per depositor with a 60% consistency threshold) resulted 
in the most synonyms assigned to a single chemical structure as well as the most synonym-structure associations dis-
ambiguated at the six chemical equivalency contexts. Based on the results of this study, Strategy I was implemented 
in PubChem’s filtering process that cleans up synonym-structure associations as well as chemical-MeSH associations. 
This consistency-based filtering process is designed to look for a consensus in name-structure associations but cannot 
attest to their correctness. As a result, it can fail to recognize correct name-structure associations (or incorrect ones), 
for example, when a synonym is provided by only one depositor or when many contributors are incorrect. However, 
this filtering process is an important starting point for quality control in name-structure associations in large chemical 
databases like PubChem.
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Medical Subject Headings (MeSH), Database search

Introduction
PubChem [1–3] is a public repository of information on 
chemical substances and their biological activities, devel-
oped and maintained by the U.S. National Institutes of 
Health. Since its launch in 2004, PubChem has grown 
rapidly and serves as a key chemical information resource 
for many research areas such as cheminformatics, 
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chemical biology, and drug discovery. PubChem organ-
izes its data into multiple data collections [4–6], includ-
ing Substance, Compound, BioAssay, Protein, Gene, 
Pathway, Cell Line, Taxonomy, and Patent. Substance 
[4] archives chemical substance information provided 
by individual data contributors. Compound [4] stores 
unique chemical structures extracted from the Substance 
database. The descriptions and results of biological assays 
on chemical substances are contained in the BioAssay 
database [5]. The Protein, Gene, Pathway, Cell Line, and 
Taxonomy collections [6] contain chemical information 
specific to a given biological target (i.e., protein, gene, 
pathway, cell line, and taxon), along with annotations 
about the target, collected from curated and authoritative 
data sources. The Patent data collection provides chemi-
cals mentioned in a patent, as well as the patent meta-
data (e.g., the title, abstract, inventor, assignee, and the 
priority/filing/grant/publication dates). Various aspects 
of PubChem, including data contents and organization, 
interfaces, programmatic access, and other relevant tools 
and services, are described in detail by our previous 
papers [1, 7–10].

One of the most common tasks requested by users 
of PubChem, as well as other chemical databases, is to 
search for chemical structures using a chemical name 
query. Performing this task requires the mapping of 
chemical names (also called “synonyms”) to chemical 
structures. In PubChem, the chemical name-structure 
associations are provided by individual data contributors. 
These associations are looked up when a PubChem user 
queries a chemical name to retrieve the corresponding 
chemical structure. In addition, these synonyms are used 
to generate associations between chemicals in PubChem 
and scientific articles in PubMed via Medical Subject 
Headings (MeSH) terms [11], where MeSH is a manu-
ally curated thesaurus used to index MEDLINE content 
within PubMed by the National Library of Medicine 
(NLM). MeSH consists of sets of terms naming descrip-
tors in a hierarchical structure that permits searching at 
various levels of specificity, and many of these terms are 
chemical names. The primary terms in the MeSH vocab-
ulary are called “Headings” or “Descriptors”. [There are 
also Supplementary Chemical Records (SCRs) that are 
mapped to one or more Descriptors and these are used 
by MeSH to index chemicals and drugs. See also: https://​
www.​nlm.​nih.​gov/​mesh/​intro_​record_​types.​html] Each 
MeSH Heading has a short description or definition, 
links to related headings, registry numbers (if applica-
ble), and a list of synonyms or very similar terms (known 
as “entry terms”). When a PubChem chemical name 
matches a MeSH heading or one of its entry terms or 
registry numbers, an association is created between the 
MeSH heading and the chemical structure represented 

by the synonym. These chemical-MeSH associations are 
used in turn to computationally generate associations 
from a chemical in PubChem to PubMed articles linked 
with the MeSH Heading associated with that chemi-
cal [12]. The resulting chemical-publication associations 
allow users to quickly retrieve a list of publications that 
are related to a given chemical [12].

As pointed out in several studies [13–17], mapping 
chemical names to chemical structures is very error-
prone, raising concerns over data quality in many public 
databases. Ideally, a chemical name should be as specific 
as possible, allowing one to identify its corresponding 
chemical structure without ambiguity. However, because 
depositor-provided synonym-structure associations 
stored in PubChem have considerable discrepancies 
within and between depositors, it is difficult to associate 
a chemical name to a specific chemical structure unam-
biguously. These discrepancies in the synonym-structure 
associations may be classified into two different types: 
(1) intra-depositor discrepancy and (2) inter-depositor 
discrepancy. Whereas the intra-depositor discrepancy 
occurs when a depositor assigns a single chemical name 
to different chemical structures, the inter-depositor dis-
crepancy refers to the case in which different deposi-
tors use the same chemical name to represent different 
chemical structures. It should be noted that these dis-
crepancies refer to the ambiguity of the association of 
a depositor-provided synonym with multiple chemical 
structures, as opposed to a chemical structure associ-
ated with multiple synonyms, because a chemical struc-
ture can have many names that specifically represent that 
structure (e.g., methyl alcohol and methanol refer to the 
same chemical structure).

Resolving the intra- and inter-depositor discrepancies 
in synonym-structure associations is an important part 
of data quality assurance efforts in PubChem. To achieve 
this, PubChem uses a synonym-structure association 
filtering process, which tries to assign each depositor-
provided synonym to only one chemical structure, using 
a “crowdsourcing” approach. The term “crowdsourcing”, 
first coined by Howe [18], refers to the “outsourcing” of 
tasks to an “undefined public” (the crowd), rather than to 
a specific group of people. While the concept of crowd-
sourcing can date back from as early as the late seven-
teenth century [19], the global spread of the internet has 
made crowdsourcing increasingly common, with a well-
known example being Wikipedia. The scientific commu-
nity has also been employing this technique to tackle a 
wide range of problems [20–31]. Importantly, crowd-
sourcing has been suggested as a way to improve the 
quality of data in large databases [32–39].

In this paper, we present a basis for PubChem’s 
crowdsourcing-based synonym filtering strategy, which 
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resolves inter- and intra-depositor discrepancies in syn-
onym-structure associations as well as in the chemical-
MeSH associations. Based on the results of this study, we 
discussed the synonym-filtering scheme currently imple-
mented in PubChem since 2011.

Methods
Synonym data and pre‑processing
The present study considered the synonym-structure 
associations for the substances that were successfully 
standardized through the PubChem structure stand-
ardization process [40]. This does not include substances 
with “auto-generated” structures. Because chemical 
structure information is not required for data submis-
sion to PubChem, some substances have no depositor-
provided structures. For these substances, when the data 
contributor opts in, PubChem performs automated 
structure assignment based on depositor-provided syno-
nyms, as explained in more detail elsewhere [40]. Those 
with auto-generated structures were excluded to avoid 
potential bias that may affect the consensus of synonym-
structure associations among depositors. There were 10.3 
million substances with auto-generated structures, which 
corresponded to 4.5% of all 229.5 million substances in 
PubChem (as of June 2017).

All synonyms for the substances considered in this 
study were downloaded from the PubChem Substance 
database (in June 2017). These synonyms were pre-
processed, by changing all lower-case letters (a–z) to 
the upper-case letters (A–Z) and then converting curly 
brackets “{}” and square brackets “[]” into rounded brack-
ets “()”. All MeSH headings, terms, and substance names 
were downloaded from the MeSH database [11], and pre-
processed in the same way as the PubChem synonyms.

Tracking of data associated with a synonym
Comparing synonym-structure associations between 
different substance depositors in PubChem involves 
two important issues. First, because of the absence of 
universal standards or rules for chemical structure rep-
resentation, different PubChem depositors adopt dif-
ferent approaches based on their organizational needs, 
frequently leading to different representations for an 
“identical” chemical structure. PubChem addresses this 
issue through structure standardization [40], in which 
depositor-provided chemical structures in the Substance 
data collection are validated and normalized, and unique 
standardized structures are extracted and stored in the 
Compound data collection. Records in the Substance and 
Compound collections are assigned to numeric identi-
fiers, called substance identifier (SID) and compound 
identifier (CID), respectively. It should be emphasized 
that, because there are no general rules for structure 

standardization, the uniqueness of chemical structures 
in the PubChem Compound collection is very subjective. 
More detailed information on PubChem structure stand-
ardization is described elsewhere [40].

The second issue is the perception of the “sameness” 
of chemical structures. For example, different deposi-
tors have different views on how to treat stereochemistry, 
isotopism, and tautomerism when determining whether 
two chemicals are the same as each other. To address this 
perception of”sameness”, PubChem allows users to find 
identical molecules in the following contexts:

•	 same, connectivity: the molecules that have the same 
chemical connectivity, ignoring isotopes and stereo-
chemistry.

•	 same, stereo: the molecules that have the same con-
nectivity and stereochemistry, but ignoring isotopes.

•	 same, isotope: the molecules that have the same con-
nectivity and isotopes, but ignoring stereochemistry.

•	 same, any tautomer: the molecules are tautomers of 
each other (when ignoring isotope and stereochem-
istry), especially when considering the presence of 
heating, solvents, and/or a catalytic amount of acid 
or base.

These different contexts of the chemical equivalency 
of PubChem Compound records are illustrated in Fig. 1, 
with tryptophan as an example. Note that, if chemical 
structures in the PubChem Substance database have the 
same connectivity, stereochemistry, and isotopes after 
standardization, they are assigned to a common identi-
fier (i.e., to the same CID) in the PubChem Compound 
database, and the association between their SIDs and 
this CID is generated. As a result, any two CIDs in the 
PubChem Compound database cannot simultaneously 
have the same connectivity, stereochemistry, and isotope. 
It is also noteworthy that PubChem merges different 
tautomeric forms of a given chemical into a single repre-
sentative form through the chemical structure standardi-
zation process [40]. However, whereas this process works 
well for most chemical structures in PubChem, there are 
some edge cases, in which different tautomers are stand-
ardized into different forms, as exemplified in Fig. 1.

The ambiguity of synonym-structure associations may 
also arise from how to deal with mixtures or salt forms 
of a molecule. For example, although the drug name 
“Lipitor” is typically used to refer to the active ingredi-
ent “atorvastatin calcium”, it is also often used to indicate 
“atorvastatin” because the atorvastatin moiety of atorvas-
tatin calcium is the primary ingredient attributed to the 
pharmacological effects of the drug. To help resolve such 
ambiguities, when a molecule has one or more covalent 
units, PubChem determines a parent component of the 
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molecule, which is conceptually the important part of 
the molecule. Specifically, a parent compound must have 
at least one carbon atom and contain at least 70% of the 
heavy (non-hydrogen) atoms of all the unique covalent 
units (ignoring stoichiometry).

In the present study, the synonym–SID pairs were 
generated only for synonyms from SIDs with associ-
ated CIDs. For each of the synonyms, its associated 

depositor ID and SID were stored. In addition, stand-
ardized chemical structures in the PubChem Com-
pound database were also tracked at six different levels 
of chemical structure equivalency (Table  1), using dif-
ferent “flavors” of CACTVS hash codes [41, 42], which 
are computed for each standardized structure and used 
for the final mapping from substance records to entries 
in the Compound database at the end of the structure 
standardization process [40].

Fig. 1  Different contexts of the “sameness” of chemical structures in PubChem. Tryptophan (CID 1148) and the other seven CIDs are tautomers 
of each other when isotope and stereochemistry are ignored (the “same, any tautomer” level). They are divided into two groups at the “same, 
connectivity” level. The group of five CIDs are further broken down at the “same isotope” and “same stereo” levels. See text for the definition 
of the four contexts of the “sameness”
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Four crowd‑voting schemes for resolving 
synonym‑structure discrepancies
Synonym-structure discrepancies may be resolved using 
a crowd-voting strategy that looks for a consensus among 
different PubChem depositors on what chemical struc-
ture a given synonym refers to. In designing such a vot-
ing strategy, it is necessary to consider how to deal with 
intra-depositor discrepancies that may exist even within 
data from the same depositor. The two simplest ways 
to address this issue are the “one vote per depositor” 
and “many votes per depositor” approaches. In the “one 
vote per depositor” approach, an intra-depositor voting, 
which looks for a consensus within the depositor on the 
synonym-structure association, is performed for each 
depositor, and then only one structure per depositor 
determined from the intra-depositor voting is used for a 
subsequent inter-depositor crowd-voting. On the other 
hand, in the “many votes per depositor” approach, the 
intra-depositor discrepancies are ignored and all chemi-
cal structures from each depositor are used for the inter-
depositor crowd-voting.

In both the intra- and inter-depositor voting schemes, 
an agreement was reached when more than a certain per-
centage of all chemical structures associated with a given 
synonym are the same structures. This strategy raised 
two important questions: what “percentage threshold” 
should be used and what the meaning of the “same” 
structures should be. While the choice of a threshold for 
agreement is inevitably arbitrary, two different thresholds 
(60% and 70%) were tested. [As a side note, the choice 
of 60% and 70% thresholds reflect a major consideration 

that most chemical names have relatively few data con-
tributors such that most chemical names have very few 
cases that can pass a larger than 50% majority threshold 
when the vote is not unanimous, e.g., 2-out-of-3, 3-out-
of-4, 3-out-of-5, 4-out-of-5, etc.] As a result, four voting 
scenarios, designated as Strategies I through IV, were 
tested in the present study, as summarized in Table  2. 
In addition, the sameness of chemical structures was 
determined at six different levels, using the six levels of 
compound hash codes of the standardized structures in 
PubChem associated with a given synonym (as shown in 
Table 1). The initial step of the voting considered all CID 
hash codes of the structures associated with the synonym 
to check whether the percentage of a certain CID hash 
code exceeds the threshold for agreement. If such a CID 
existed, it was considered that there was an agreement 
that the synonym best represents the chemical structure 
represented by that CID hash code. If no CID exceeds 
the threshold, it was considered that no agreement was 
reached at this “sameness” level, and then another vot-
ing at a different “sameness” level was performed using 

Table 1  Six flavors of chemical structure information used to determine chemical equivalency

The different degrees of “sameness” used in this study were designed to preserve (to the extent possible) the stereospecificity of a chemical name. If structural 
consistency was not found at a given level, the next most specific level of “sameness” was used, where the order of specificity was (with the first being most specific 
and the last being the least specific): CID > STE > PCID > PSTE > CON > PCON

Abbreviation CACTVS hash code used Description

CID CID hash code In addition to atom connectivity, both isotopism and stereochemistry are considered to deter-
mine chemical structure equivalency. In practice, this category can be further classified into two 
categories: (1) CID-STD, in which indicates unanimity in synonym-structure association (mean-
ing that the structure standardization alone can disambiguate synonym-structure association) 
and (2) CID-FILT, in which a consensus in synonym-structure association is reached at a level 
less than 100% (meaning that both structure standardization and synonym filtering are necessary 
to disambiguate synonym-structure association

STE CID stereo hash code In addition to atom connectivity, stereochemistry is considered to determine chemical structure 
equivalency. Information on isotopes is ignored

PCID Parent CID hash code Applicable only to multicomponent compounds. Same as CID, except that the parent compound’s 
hash code is used

PSTE Parent CID stereo hash code Applicable only to multicomponent compounds. Same as STE, except that the parent compound’s 
stereo hash code is used

CON CID connectivity hash code Only atom connectivity is considered for chemical structure equivalency. Neither stereochemistry 
nor isotopism is considered

PCON Parent CID connectivity hash code Applicable only to multicomponent compounds. Same as CON, except that the parent com-
pound’s connectivity hash code is used

Table 2  Four different crowd-voting strategies tested in the 
present study

Strategy Number of votes per 
depositor

Consistency 
threshold (%)

I Single 60

II Single 70

III Multiple 60

IV Multiple 70
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all CID stereo (STE) hash codes associated with the syno-
nym. If no agreement was found, the voting was then fur-
ther repeated at the other levels of “sameness” [i.e., in the 
order of same parent CID (PCID) → parent CID stereo 
(PSTE) → CID connectivity (CON) → parent CID con-
nectivity (PCON)], until an agreement was reached (see 
Table 1). If no agreement is found, then no CIDs are asso-
ciated to the given synonym chemical name.

MeSH filtering
In this study, each MeSH heading is assigned to an 
integer identifier, called MNID (which means “MeSH 
numeric ID”). It is a numeric representation of a MeSH 
unique ID (which begins with a letter). For example, 
MNIDs 68001241 and 2009860 (for aspirin and sildena-
fil citrate) are equivalent to MeSH unique IDs “D001241” 
and “D000068677”, respectively. The use of MNIDs 
(rather than MeSH unique IDs) speeds up database 
queries, especially when joining multiple tables. They 
originate from and are used by the NCBI MeSH Entrez 
interface (https://​www.​ncbi.​nlm.​nih.​gov/​mesh).

The associations between PubChem compound records 
(represented by CID) and MeSH records (represented 
by MNID) were created by matching the filtered syno-
nyms from each of the four filtering strategies (strategies 
I through IV in Table 2) with MeSH headings and their 
entry terms and registry numbers. This often resulted in 

a compound being associated with many MeSH records, 
although it was desired to provide PubChem users with 
the most relevant MeSH heading for a given chemical. 
Therefore, the CID-MNID associations were filtered 
further using crowd-voting with a consensus threshold 
of 50%. This MeSH filtering effectively prevents a com-
pound from being associated with more than two MeSH 
records.

Results
Statistics of unique synonyms and synonym‑SID pairs
The Substance database had 229.5 million substance 
records at the time of initial paper writing (in June 2017). 
Among them, 220.5 million substances were successfully 
standardized through the PubChem structure stand-
ardization process [40], leading to 88.9 million unique 
structures in the Compound database. The depositor-
supplied synonyms for the 220.5 million SIDs that had 
associated CIDs were downloaded and pre-processed as 
described in the “Methods” section, resulting in 137.6 
million unique synonyms and 155 million synonym-SID 
pairs (see Fig.  2). About 94% of these synonyms (129.6 
million synonyms) occurred only once in the Substance 
database and it is reasonable to map these synonyms to 
the structures represented by their associated SIDs. On 
the other hand, 7.9 million synonyms (5.8% of all unique 
synonyms) occurred multiple times, and are associated 

Fig. 2  Number of unique depositor-provided chemical synonyms (left) and synonym-SID pairs (right). In the left panel, “single” (blue) and “multiple” 
(red) indicate unique chemical synonyms that occur only once and multiple times, respectively. In the right panel, “single” and “multiple” represent 
the synonym-SID pairs that involve the unique synonyms occurring once and multiple times, respectively

https://www.ncbi.nlm.nih.gov/mesh
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with 16.9 million SIDs, giving rise to 25.4 million syno-
nym-SID pairs (16.4% of all synonym-SID pairs). These 
synonyms are potentially subject to intra- and/or inter-
depositor inconsistencies in the name-to-structure map-
ping, which the synonym cleaning process described in 
this paper aims to address.

It is worth mentioning that the majority of synonyms 
that occur only once are various types of identifiers used 
by data sources, such as product identifiers from chemical 
vendors’ catalogs, record identifiers from scientific data-
bases, sample identifiers from high-throughput screening 
facilities, and the like. The association of these identifiers 
with chemical structures is defined by the individual data 
sources. Strictly speaking, these identifiers are not chem-
ical names, although the data depositors submit them as 
chemical synonyms. Another type of synonym typically 
occurring only once in PubChem is systematic chemi-
cal names generated from chemical structures using a 
computer program. While little ambiguity exists in what 
structures these systematic names mean, they are often 
long (and therefore less likely to be used for user queries 
and shared/reused as synonyms). For example, the sys-
tematic IUPAC name for “lipitor” (atorvastatin calcium; 
CID 60822) is “calcium; (3R,5R)-7-[2-(4-fluorophenyl)-
3-phenyl-4-(phenylcarbamoyl)-5-propan-2-ylpyrrol-
1-yl]-3,5-dihydroxyheptanoate”, which is 116 characters 
long. Short(er) names are often preferred (by humans 
and machines) and chemicals that have lots of informa-
tion are often assigned short names, such as “lipitor” in 
the example above. Indeed, the most common chemi-
cal name queries are common names (e.g., “glucose”) or 
brand names (e.g., “lipitor”). These types of names are 
also frequently used by many PubChem depositors and 
hence subject to greater variability and ambiguity in their 
association with chemical structures, which is addressed 
(in part) by our crowdsourcing-based synonym filtering 
process.

In Fig.  3, the distribution of the per-synonym SID 
and CID counts before synonym filtering are compared 
with the values after filtering using Strategy I. Because 
the after-filtering distributions from Strategies II, III, 
and IV were very similar to those from Strategy I, they 
are not shown here but provided as a supplementary 
material (Additional file  1). Whereas most synonyms 
were associated with only a few SIDs before filtering, 
some appeared for more than 10,000 SIDs. It is note-
worthy that the Substance database contains redundant 
structures submitted by individual data contributors 
and that PubChem’s standardization process takes care 
of this redundancy by extracting the unique chemical 
structures from the Substance database and storing 
them in the Compound database. Therefore, the CID 
count per synonym is expected to be smaller than the 

SID count per synonym, as shown in Fig.  3. However, 
many synonyms before filtering are still associated with 
as many as hundreds of or even thousands of CIDs.

Figure  4 lists the top-50 depositor-provided syno-
nyms associated with the largest number of CIDs 
before synonym filtering, along with the number of 
associated SIDs and CIDs, exemplifying common issues 
concerning depositor-provided synonyms. Many syno-
nyms in PubChem are not chemical names, but molec-
ular formulas (e.g., “C9H11NO2”) or abbreviations 
(e.g., “NAG” for “N-Acetyl-d-Glucosamine”; “CLA” for 
“Clarithromycin” or “Chlorophyll A”). [It is notewor-
thy that these abbreviations are also used as chemical 
identifiers in other scientific databases: for example, 
both “NAG” and “CLA” are used as ligand codes in the 
Protein Data Bank.] Sometimes, depositor-provided 
synonyms end with a word like “analog”, “analogue”, or 
“derivative” (often abbreviated as “deriv.”, or “der.”). Such 
synonyms are more like descriptions, rather than chem-
ical names. With that said, the use of a short descrip-
tion as a chemical name (e.g., “PROTOPORPHYRIN IX 
CONTAINING FE” (140 CIDs)) is also common.

Interestingly, a group of the most commonly occur-
ring synonyms before filtering includes “NULL” (4,610 
SIDs), “Not Available” (1,867 SIDs) and its abbrevia-
tions such as “N/A” (6,869 SIDs) and “N.A.” (128 SIDs) 
(see Fig.  4). Another abbreviation for “Not Available” 
is “NA” (7,081 SIDs), which is also used as the atomic 
symbol of sodium by some data contributors. As a 
result, the chemical structures associated with “NA” 
include sodium atom/ion as well as other structures 
whose names are indicated as “NA” by data depositors. 
Another interesting aspect is that some synonyms were 
presumably error messages thrown out while chemi-
cal names were generated using a computer program. 
Because data sources often deal with millions of chemi-
cals, it is not feasible to manually curate their names. 
Yet, it should be relatively easy for data sources to 
check if many records are associated to the same chem-
ical name. As a best practice, users of chemical name 
generation software should be aware of and check for 
the chemical name generation failure output.

As exemplified in Fig.  4, depositors may provide vir-
tually anything as chemical names, including molecu-
lar formulas, abbreviations, general descriptions, and 
error messages. Ideally, the PubChem synonym filtering 
process should be able to detect and remove these non-
chemical names from depositor-provided synonyms. 
However, it also sheds light on the varied use cases for 
so-called “chemical names” across chemistry that blur the 
lines between a chemical name and a chemical descrip-
tion, with annotation and metadata often included in the 
context of a chemical synonym.
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Crowd‑voting for resolving synonym‑structure discrepancy
Table 3 summarizes the results of the synonym filtering 
through four crowd-voting strategies. While Strategies 
I and III filtered out ~ 230 thousand synonyms, Strate-
gies II and IV filtered out ~ 300 thousand synonyms. 
This is due to Strategies II and IV using a higher con-
sensus threshold (70%) than the other two strategies 
(60%). When Strategies II and IV are employed, it is 
much more difficult to reach a consensus on the syno-
nym-structure correspondence, increasing the number 
of synonyms filtered out. For the same reason, Strate-
gies II and IV resulted in fewer synonyms associated 

with a single CID than Strategies I and III. One could 
argue that any consensus threshold > 50% should be suf-
ficient; however, PubChem aspires for more than a sim-
ple majority to form a consensus. Yet, a super majority 
is difficult to achieve in practice given the relatively 
infrequent use of the same chemical name by multiple 
data contributors. Thus, when considering this case of 
relatively few (e.g., between three and five) data con-
tributors of the same chemical name, a minimum of 
2-out-of-3, 3-out-of-4, and 3-out-of-5 are considered 
as being sufficient for there to be a consensus between 
data contributors at a 60% threshold; whereas a 70% 

Fig. 3  Distribution of the per-synonym SID and CID counts before and after synonym filtering using Strategy I: (a) the number of SIDs per synonym 
and (b) the number of CIDs per synonym. [The distributions for the other three filtering strategies considered in the present study are provided 
as a supplementary material (Additional file 1).]
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threshold would require 3-out-of-3, 3-out-of-4, and 
4-out-of-5 for there to be a consensus.

On the other hand, whether to resolve intra-depositor 
discrepancies (i.e., single vote vs. multiple votes) made a 
relatively small impact on the filtering results, compared 

to the effects of the consensus threshold, although the 
multiple-votes approaches (Strategies III and IV) filtered 
out more synonyms. A notable difference between the 
single-vote and multiple-votes approaches was that the 
single-vote approach increased the number of synonyms 

Fig. 4  Top-50 depositor-provided chemical synonyms associated with the largest number of unique structures before synonym filtering, 
along with the number of associated PubChem SID and PubChem CID records
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with a single SID, whereas such an increase was not 
observed from the multiple-vote approach. This happens 
when one depositor associates a synonym with a sin-
gle SID and another depositor associates that synonym 
with multiple SIDs (for simplicity, suppose that they are 
depositors A and B, respectively). For depositor B, the 
intra-depositor consensus cannot be reached, and all 
its synonym-SID associations are ignored in the subse-
quent inter-depositor voting stage. As a result, only the 
synonym-SID association from depositor A is considered 
in the inter-depositor voting and included in the filtered 
synonym list.

Before synonym filtering, 129.6 million synonyms 
(94.2%) were associated with only one SID, and there-
fore one CID (Table 3). These synonyms are mapped to 
the structures represented by their SIDs after structure 
standardization (i.e., the CIDs). These synonyms are not 
appropriate to process through the crowdvoting-based 
synonym filtering approach, which looks for a consensus 
among multiple name-structure associations. However, 
the majority of the synonyms appearing only once are 
identifiers used in various chemical databases and ven-
dor catalogs and machine-generated systematic IUPAC 
names.

Among those associated with multiple SIDs, an addi-
tional seven million synonyms are associated with a 
single CID, meaning that the synonym unanimously rep-
resents the same standardized structure. When these 
synonyms are fed to the synonym filtering process, they 
reach a consensus at the 100% threshold (because there 
is only one CID for these synonyms). These cases are 

special cases in synonym filtering because the synonym-
structure association is disambiguated through structure 
standardization alone prior to crowd-voting. With that 
said, the synonyms whose meanings were disambiguated 
at the CID level of chemical equivalency can be further 
classified into two groups:

•	 Those disambiguated with a name-structure asso-
ciation consensus of 100% (i.e., those disambiguated 
through structure standardization alone) (denoted as 
“CID-STD”).

•	 Those disambiguated with a consensus of less than 
100% (denoted as “CID-FILT”).

Table 4 and Figure 5 compare the number of synonyms 
resolved at each level of chemical equivalency (Table 1). 
Most synonyms were disambiguated at the CID level 
(corresponding to the CID-STD and CID-FIL combined). 
Especially, the fact that the largest number of synonyms 
are resolved at the CID-STD level indicates the impor-
tance of structure standardization upon the cleaning 
of name-structure associations. The smallest number 
of synonyms are resolved at the STE and PSTE levels, 
indicating that stereochemistry is a common issue in 
synonym-structure mapping (especially when consider-
ing the count of consistency cases resolved at the CON 
and PCON levels, where variability in stereochemistry is 
allowed, among other aspects).

Figure  6 lists synonyms associated with 15 CIDs or 
more after synonym filtering using any of the four strate-
gies. For all four strategies, the synonym with the most 

Table 3  Synonym counts before and after synonym filtering using four different strategies

The differences in synonym counts are computed by subtracting the pre-filtering values from the post-filtering values

Before filtering After filtering

Strategy I Strategy II Strategy III Strategy IV

Synonym counts before and after filtering

 Synonyms before filtering 137,555,572 – – – –

 Synonyms filtered out – 226,814 300,697 234,216 313,773

 Synonyms remained – 137,328,758 137,254,875 137,321,356 137,241,799

 Synonyms with a single SID (A) 129,609,358 129,613,056 129,613,155 129,609,358 129,609,358

 Synonyms with multiple SIDs (B = C + D) 7,946,214 7,715,702 7,641,720 7,711,998 7,632,441

  - Assigned to a single CID (C) 7,045,461 7,437,677 7,288,184 7,429,005 7,268,388

  - Assigned to multiple CIDs (D) 900,753 278,025 353,536 282,993 364,053

 Synonyms with a single CID (E = A + C) 136,654,819 137,050,733 136,901,339 137,038,363 136,877,746

Synonym count differences between before- and after-filtering

 Synonyms with a single SID (ΔA) 3698 3797 0 0

 Synonyms with multiple SIDs (ΔB = ΔC + ΔD)  − 230,512  − 304,494  − 234,216  − 313,773

  - Assigned to a single CID (ΔC) 392,216 242,723 383,544 222,927

  - Assigned to multiple CIDs (ΔD)  − 622,728  − 547,217  − 617,760  − 536,700

 Synonyms with a single CID (ΔE = ΔA + ΔC) 395,914 246,520 383,544 222,927
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CIDs after filtering was “124-07-2 (Parent)”, associated 
with 25 CIDs after all filtering. These CIDs are various 
salt forms of octanoic acid (CID 379), whose CAS registry 
number is “124-07-2”. It seems to be a common practice 
that mixtures or salts are designated with the synonym 
of their major component. The synonym with the second 
most CIDs was “Vitamin B12”, which was associated with 
22 CIDs. Some of these CIDs are mixtures containing 

Vitamin B12, while others correspond to structures with 
the same connectivity and different stereo specifications.

Crowd‑voting for MNID‑CID mapping
In PubChem, MNID-CID mapping is done through two 
steps. First, filtered synonyms are matched with MeSH 
headings, entry terms, and registry numbers. If a match 
is found, an association is created between the MNID 
and the CID associated with the matched synonyms. In 
the second step, the generated MNID-CID associations 
are passed through MeSH filtering, which restricts a 
given CID to have no more than two MNIDs.

The impact of synonym filtering and MeSH filter-
ing upon CID-MNID associations are summarized in 
Table 5. As shown in Table 5, when unfiltered synonyms 
were used, matching between unfiltered synonyms and 
MeSH terms resulted in 89,086 MeSH records being 
associated with any CID. Among them, 38,751 MeSH 
MNIDs (43%) were associated with multiple CIDs. Syno-
nym filtering (without MeSH filtering) reduces this num-
ber to ~ 20 thousand, depending on the filtering strategies 
employed. It indicates that the MNID-CID associations 
became more specific upon synonym filtering. 

The use of the unfiltered synonyms for generating 
MNID-CID associations resulted in 9583 CIDs being 
associated with multiple MNIDs, which corresponds to 
6% of all CIDs with MNIDs (Table 5). The synonym fil-
tering reduced them to about four thousand CIDs, and 
the subsequent MeSH filtering further reduced them 
to around seven hundred CIDs. Note that the MeSH 

Table 4  Number of synonyms that were successfully assigned 
to chemical structures as a function of level of chemical 
equivalency context during the synonym filtering, where the 
consistency order of CID > STE > PCID > PSTE > CON > PCON was 
used (CID being the most specific and PCON the least specific) 
and where consistency is reported only at the first most specific 
level of chemical equivalence

See the text and Table 1 for the description of the three-letter abbreviations, 
which represent different chemical equivalency contexts

Context Strategy I Strategy II Strategy III Strategy IV

CID 7,441,375 7,291,981 7,428,814 7,268,223

 - Standardization 7,045,461 7,045,461 7,045,461 7,045,461

 - Synonym filter-
ing

395,914 246,520 383,544 222,927

STE 1439 1741 1478 1948

PCID 93,566 113,122 95,301 116,681

PSTE 41 62 46 80

CON 174,717 225,459 177,679 231,353

PCON 8262 13,152 8680 14,156

Total 7,719,400 7,645,517 7,711,998 7,632,441

Fig. 5  Synonym counts disambiguated for different chemical equivalency contexts considered during the synonym filtering using four strategies. 
See Tables 1 and 2 for the definition of the six chemical equivalence contexts and the four synonym filtering strategies. The largest number 
of synonyms are disambiguated at the CID level, while the least number of synonyms are disambiguated at the STE and PSTE levels
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filtering effectively restricts that a chemical can be asso-
ciated with no more than two MeSH records, because the 
consensus threshold for MeSH filtering was ≥ 50%.

Figure 7 shows the distribution of the MNID counts 
per CID and the CID counts per MNID before and 
after synonym filtering. Because the four filtering 
strategies showed similar results in general, only the 
data for Strategy I are shown in Fig.  7 and those for 
the others are included as a supplementary material 
(see Additional file 1). Figure 8 lists the top-50 MeSH 

records associated with the most CIDs before filtering, 
and their fate after filtering. As shown in Fig. 7, some 
MeSH records were associated with hundreds or thou-
sands of CIDs without any filtering. These extreme 
cases include “lecithins” (MNID 68054709) and “tri-
glycerides” (MNID 68014280), which were associated 
with 1,140 CIDs and 285 CIDs, respectively (see Fig. 8). 
MeSH records like “lecithins” (MNID 68054709) and 
“triglycerides” (MNID 68014280) represent a group 
or class of chemicals, rather than a specific chemical, 

Fig. 6  Synonyms associated with 15 CIDs or more after synonym filtering using any of the four different strategies, along with the number of SIDs 
and CIDs before and after filtering. The synonyms are sorted by the largest value among the after-filtering CID counts for the four filtering strategies



Page 13 of 22Kim et al. Journal of Cheminformatics           (2024) 16:69 	

they were associated with many CIDs before filtering. 
These associations were removed during the filtering. 

One noticeable observation from Fig. 8 is that some 
MeSH records representing very simple molecules 
(e.g., MNID 68019815 for “oxalic acid” or MNID 
67030544 for “formic acid”) were associated with mul-
tiple CIDs even after the Synonym/MeSH filtering. It 
is primarily due to a MeSH record not representing a 
single term but a group of related terms. That is, in 
the context of this work, a MeSH record may repre-
sent a group of related chemicals. For example, MNID 
68019815 (oxalic acid) has more than 40 entry terms, 
including “oxalic acid”, “dilithium oxalate”, “diammo-
nium oxalate”, “chromium oxalate”, “chromium (2+) 
oxalate”, “chromium (3+) oxalate (3:2)”, etc. All terms 
are used for generating the CID-MNID associations. 
As a result, many MeSH records are associated with 
multiple CIDs even after synonym filtering and MeSH 
filtering. It is noteworthy that this one-to-many rela-
tionship may involve close analogues that cannot be 
considered the same at any of the six levels of chemi-
cal equivalency considered in this study (see Table 1). 
For instance, the MeSH heading “sildenafil citrate” 
(MNID 2009860) has entry terms like “desmethyl-
sildenafil” and “homosildenafil”, which are similar to 
but distinct chemicals from “sildenafil”. Therefore, this 
MeSH heading is linked to the PubChem compound 
records corresponding to those analogues (e.g., CID 
135455980 for desmethylsildenafil and CID 135565273 
for homosildenafil) as well as those for sildenafil (CID 
135398744) and its citrate salt (CID 135413523).

Discussion
Implementation of synonym filtering process in PubChem
This study tested two consensus thresholds for crowd-
voting. In practice, a threshold of 60% requires that at 
least two out of three depositors (or three out of four, 
or three out of five, …) should agree on what chemical 
structure a synonym means. A threshold of 70% means 
that at least three out of four depositors (or four out 
of five, or five out of six, …) should agree to reach the 
consensus. Our study demonstrated that the use of the 
lower consensus threshold makes it easier to reach the 
consensus, resulting in more synonyms being assigned 
to a single CID (see Table  3). It also disambiguated 
more synonym-structure associations (see Table  4). 
Resolving intra-depositor discrepancies before inter-
depositor voting (Strategies I and II) gave better results 
than the multiple-vote-per-depositor approach (Strate-
gies III and IV). These observations provide a basis for 
the per-synonym filtering protocol currently imple-
mented in PubChem, which is summarized in Fig.  9. 
The protocol consists of the following three main steps.

1.	 Depositor-provided synonyms are classified into four 
groups, according to the number of sources that pro-
vided the synonyms and the number of SIDs associ-
ated with the synonyms.

•	Group A: A synonym in this group is provided 
by a single depositor and associated with only 

Table 5  Statistics for MNID-CID mapping through synonym filtering and MeSH filtering using four different approaches

See the text for the description of each filtering Strategy type

Unfiltered Strategy I Strategy II Strategy III Strategy IV

Without MeSH filtering

 MNIDs with CID(s) 89,086 87,548 86,510 87,450 86,355

 MNIDs with a single CID 50,335 67,029 65,348 66,781 65,021

 MNIDs with multiple CIDs 38,751 20,519 21,162 20,669 21,334

 CIDs with MNIDs 160,184 116,805 118,940 117,714 120,006

 CIDs with a single MNID 150,601 112,506 114,820 113,428 115,957

 CIDs with multiple MNIDs 9583 4299 4120 4286 4049

With MeSH filtering

 MNIDs with CID(s) 86,895 85,122 84,212 85,058 84,098

 MNIDs with a single CID 50,715 65,640 63,924 65,384 63,580

 MNIDs with multiple CIDs 36,180 19,482 20,288 19,674 20,518

 CIDs with MNIDs 159,958 116,733 118,871 117,645 119,940

 CIDs with a single MNID 158,187 116,038 118,177 116,938 119,246

 CIDs with multiple MNIDs 1771 695 694 707 694
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one SID. The synonym has neither intra- nor 
inter-depositor discrepancy.

•	Group B: A synonym in this group is provided by 
multiple depositors and each depositor provides 
only one SID for it. Therefore, the synonym does 
not have intra-depositor discrepancy, but has 
inter-depositor discrepancy.

•	Group C: A synonym in this group is provided 
by a single depositor, but the depositor associ-
ates the synonym with multiple SIDs. The syn-
onym has intra-depositor discrepancy, but no 
inter-depositor discrepancy.

•	Group D: A synonym in this group is provided 
by multiple depositors and some or all sources 

give multiple SIDs for it. Therefore, the synonym 
has both intra- and inter-depositor discrepancy.

2.	 Synonym-structure discrepancy checking is per-
formed against the synonyms in Groups B, C, and 
D. This step consists of two smaller steps: the intra-
depositor discrepancy checking (step 2A in Fig.  9) 
against the Group C and D synonyms and the inter-
depositor discrepancy checking (step 2B) against the 
Group B synonyms as well as those group C and D 
synonyms that passed through step 2A. For each 
synonym, step 2 is repeated over the six consistency 
levels (in the order of CID > STE > PCID > PSTE > CO
N > PCON) until a consensus is reached on the syn-

Fig. 7  Distribution of the CID counts per MNID and the MNID count per CID: a The number of MeSH IDs (MNIDs) associated with a given CID and b 
the number of CIDs associated with a given MNID
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onym-structure association. A consistency threshold 
of 60% is used for both the intra- and inter-deposi-
tor discrepancy resolutions. If both intra- and inter-
depositor discrepancy is resolved at any chemical 
consistency level, the synonym is considered clean 
and used in the next step. The synonyms whose asso-

ciated structures are inconsistent at all six consist-
ency levels are discarded.

3.	 Filtered synonyms are generated by combining the 
Group A synonyms and those that passed through 
Step 2. The associations of these synonyms with their 
consensus structures are used to create the filtered 

Fig. 8  The number of CIDs associated with selected MNIDs before and after synonym and MeSH filtering. The selected MNIDs are the top-50 MNIDs 
with the most CIDs before filtering. The abbreviations “w/o MF” and “w/ MF” stand for “without MeSH Filtering” and “with MeSH filtering”, respectively
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synonym list for each compound (using the CIDs of 
the consensus structures).

  

CID‑to‑MNID mapping
PubChem creates the Compound-to-MeSH mapping 
from filtered synonyms. When any filtered synonym of a 
compound matches any entry terms or registry numbers 
of a MeSH record, an association between the compound 
and MeSH records is created. Multiple CID-to-MeSH 

links may be generated via multiple filtered synonyms. 
Only the links upon which at least half of the deposi-
tors agree are selected. This MeSH filtering step restricts 
a compound to be associated with up to two MeSH 
records.

Access to depositor‑provided synonyms
As shown in Fig.  10, the filtered synonyms for a com-
pound can be found under the “Depositor-Supplied Syn-
onyms” section of its Compound Summary page. When 
a filtered synonym of the compound matches an entry 

Fig. 9  Implementation of the crowd-voting-based synonym filtering protocol in PubChem. The protocol consists of three major steps: (1) 
classifying synonyms into four groups, (2) resolving intra- and inter-depositor discrepancies, and (3) generating the filtered synonym set. See text 
for details
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term of a MeSH record, all entry terms for that MeSH 
record are presented in the “MeSH entry terms” sec-
tion. This section may present up to two MeSH records 
because of the MeSH filtering with a consensus threshold 
of 50%. On the other hand, the Substance Record page of 
a substance shows the unfiltered synonyms provided by 
the depositor who submitted that substance.

Depositor-provided synonyms are indexed for chemi-
cal search by name through the NCBI Entrez text and 
numeric search system [43, 44]. In Entrez, one can limit 
the search to an aspect (often referred to as a field) of 

the records, by using the Entrez index correspond-
ing to that field. Figure 11 displays Entrez indices used 
for searching chemicals by name. An Entrez index is 
specified by suffixing the chemical name query with 
the name of the index enclosed with the square bracket 
(e.g., aspirin[synonym]). The Entrez index “Synonym” 
invokes a search for chemicals that contain the query 
string in one of its synonyms (that is, partial match-
ing). The Entrez Index “CompleteSynonym” is used to 
search for chemicals whose synonym exactly matches 
the query chemical name. It should be noted that, both 

Fig. 10  Partial screenshot of the Compound Summary page for acetaminophen (CID 1983), accessible at the: https://​pubch​em.​ncbi.​nlm.​nih.​gov/​
compo​und/​1983#​secti​on=​Synon​yms. The subsection “MeSH Entry Terms” presents all entry terms for the “acetaminophen” record in MeSH (MNID 
68000082). The “Depositor-Supplied Synonyms” subsection lists depositor-provided synonyms filtered using the crowd-voting strategy described 
in this paper

https://pubchem.ncbi.nlm.nih.gov/compound/1983#section=Synonyms
https://pubchem.ncbi.nlm.nih.gov/compound/1983#section=Synonyms
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Entrez indices “Synonym” and “CompleteSynonym” 
invoke a search against filtered synonyms in the Com-
pound database, while these indices look up unfiltered 
synonyms in the Substance database. To search against 
unfiltered synonyms in the Compound database, 
Entrez indices “DepositorSynonym” or “Depositor-
CompleteSynonym” should be used. An Entrez Index 
“MeSHTerm” is used to search the Compound database 
for chemicals annotated with a MeSH term that par-
tially (or fully) matches the query.

The PubChem Identifier Exchange Service (https://​
pubch​em.​ncbi.​nlm.​nih.​gov/​idexc​hange/) [10] converts 
one type of identifier for a given set of chemical struc-
tures into a different type of identifier for identical or 
similar chemical structures. This tool can be used to 
convert a set of chemical synonyms into their chemi-
cal structures (represented by CIDs, SMILES or InChI 
strings). In the initial step, the input chemical syno-
nyms are mapped with the filtered synonyms of the 
existing compounds in PubChem. Then, the mapped 
compounds are subject to the requested operation 
(e.g., getting identical or related compounds) and the 
resulting records are returned in a specified format 
(e.g., CIDs, SMILES, InChI). In essence, the Identifier 
Exchange Service allows the user to readily perform a 
batch of chemical name searches. More detailed expla-
nation of this tool can be found in our recent paper 
[10].

Depositor-provided synonyms may be retrieved pro-
grammatically through PUG-REST [45, 46], which is a 
Representational State Transfer (REST)-like interface 
[47, 48]. It also supports search by chemical name. Note 
that filtered synonyms are retrieved for compounds or 
looked up during search against the Compound data-
base through PUG-REST. In contrast, it is unfiltered 
synonyms that are retrieved or looked up when the 
user deals with records in the Substance database. The 
MeSH entry terms associated with a CID (the upper 

portion of Fig.  10) can be downloaded through PUG-
View [49], which is another REST-like interface spe-
cialized in accessing the annotations for a PubChem 
record.

In addition, all PubChem’s unfiltered and filtered syn-
onyms are freely available for bulk download within the 
PubChem FTP site (these files are available at this loca-
tion: https://​ftp.​ncbi.​nlm.​nih.​gov/​pubch​em/​Compo​und/​
Extras/).

Limitation of synonym filtering
PubChem’s synonym filtering process is designed to 
check the consistency of chemical synonym-structure 
associations provided by depositors, but not the accuracy 
of them. Checking the accuracy of synonym-structure 
associations inevitably requires substantial manual cura-
tion efforts in addition to cross-comparison to curated 
and authoritative data sources. However, manual cura-
tion is not a feasible option because PubChem contains 
many millions of compounds. In addition, many com-
pounds contain hundreds of synonyms provided by hun-
dreds of depositors and are not found in any curated and/
or authoritative data sources. With that said, the syno-
nym filtering process is a critical step in data quality con-
trol of PubChem name-structure relationships.

It is worth noting that the methods described here 
can be easily defeated when PubChem data contribu-
tors (blindly) copy from each other (which unfortu-
nately happens too often). If an error is copied and 
then contributed to PubChem multiple times, correct 
information can be overwhelmed by the crowd-voting 
scheme from contributors with faulty information. This 
has led PubChem to implement so-called, white-lists 
and black-lists for name-structure associations. When 
an error is reported to PubChem [for example, through 
the NLM Support Center (https://​suppo​rt.​nlm.​nih.​
gov)] and the correct information is known, a white-list 
entry is made to ensure a name-structure association 

Fig. 11  Entrez indices for searching for substance and compound records by chemical synonym or MeSH entry term

https://pubchem.ncbi.nlm.nih.gov/idexchange/
https://pubchem.ncbi.nlm.nih.gov/idexchange/
https://ftp.ncbi.nlm.nih.gov/pubchem/Compound/Extras/
https://ftp.ncbi.nlm.nih.gov/pubchem/Compound/Extras/
https://support.nlm.nih.gov
https://support.nlm.nih.gov
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cannot be changed by erroneous data contributors. 
If the correct information is not known (or cannot be 
mapped to a chemical structure in PubChem), a black-
list entry is made to prevent a name-structure associa-
tion from ever occurring.

It is not hard to imagine various improvements that can 
be made to PubChem crowd-voting-based approaches. 
One key method researched by the PubChem team is to 
group chemical names together that refer to the same 
‘chemical concept’. In this context, a chemical concept is 
nothing more than a group of chemical names that refer 
to the same chemical substance. One can then apply the 
methodology described in this paper to assign a sin-
gle chemical structure to a group of chemical names. A 
problem with this approach is the use of a single chemical 
name to refer to multiple chemical substances. In addi-
tion, there are often multiple (legitimate) chemical struc-
ture representations for the same chemical substance. 
Lastly, such a concept-based approach is very sensitive to 
the highly varied use cases of chemical names and their 
corresponding structural descriptions to varying degrees 
of exactness, such as referring to a drug and its salt form 
in the same manner. While a complete description of this 
"concept" approach is beyond the scope of this work and 
is still a work in progress within PubChem, it builds upon 
the lessons learned and the general applicability to this 
“crowdsourcing” approach of improving the quality of 
name-structure relationships in PubChem.

Filtering non‑chemical names
Sometimes synonyms provided by depositors are not 
necessarily chemical names. Several types of these names 
are often observed, including protein/gene names, anti-
body names, disease names, plant names, and organism 
names. These names are provided together with chemi-
cal structures because they are related to the chemicals 
to some extent. For example, garlic and ginseng are plant 
names and they are commonly assigned to the natu-
ral products (chemicals) extracted from them. For such 
cases, specific vocabularies, such as known gene/pro-
tein/enzyme names (130 thousand from UniProt [50]) 
and organism names (2.5 million from NCBI Taxonomy 
[51]), are harnessed to filter them out. Additionally, there 
are chemical class names that are for a certain type of 
chemicals, rather than for specific chemical substances, 
e.g., “indoles” or “ketones”, which are also filtered out. 
Sometimes a name can legitimately have multi-meanings 
in various scientific fields or subdisciplines. This is espe-
cially true for acronyms and chemical names with five 
characters or less (e.g., “DNA” for “dinitro-aniline”, thus 
any chemical name filtering procedure should be used 
with great caution.

PubChem Search with a chemical name query
PubChem Search, available at the PubChem homepage 
(https://​pubch​em.​ncbi.​nlm.​nih.​gov), is a unified search 
interface that allows users to perform a keyword search 
against PubChem’s multiple data collections (e.g., Com-
pound, Substance, BioAssay, Gene, Protein, Pathway, Cell 
Line, Taxonomy, and Patent). When a keyword query is 
provided, PubChem Search goes through the indexed 
fields of each data collection to identify records contain-
ing the query string and presents matched records from 
each collection. The search result page has tabs that allow 
the user to view the matched records from different col-
lections. In addition, when possible, PubChem Search 
tries to identify the most relevant record and display it at 
the top of the search result page. More detailed explana-
tion on PubChem Search can be found in our previous 
paper [9].

It is worth mentioning that the backend databases used 
by PubChem Search are different from those used by the 
PubChem Entrez interface (see the “Access to depositor-
provided synonyms” section). In PubChem Search, while 
the unfiltered depositor-provided synonyms are indexed 
for the Substance collection, the filtered synonyms are 
indexed for the Compound collection. Other types of 
chemical names and identifiers, collected from authori-
tative sources [such as the U.S. Food and Drug Admin-
istration (FDA)’s UNique Ingredient Identifier (UNII) or 
the European Community (EC) Number] or generated 
with third-party software (e.g., systematic IUPAC names 
or InChI/InChIKey strings), are also indexed for search 
of the Compound collection in PubChem Search. Impor-
tantly, to overcome the limitation of synonym filtering, 
PubChem Search adopts multiple approaches, such as 
the use of blacklists, whitelists, and chemical concepts, 
which are not used in the Entrez search system. There-
fore, the results from PubChem Search and Entrez are 
not always the same.

Conclusion
Mapping from synonyms to chemical structures in 
PubChem relies upon synonym-structure associations 
provided by individual depositors. However, substan-
tial discrepancies exist in these associations within and 
between depositors, resulting in concerns by research-
ers over data quality in PubChem. The present paper 
describes the basis for the PubChem synonym filtering 
process and its application for CID-MNID mapping with 
MeSH.

The PubChem chemical synonym filtering process was 
developed based on the analysis of four different crowd-
voting strategies (Table 2) that utilize the consistency of 
chemical structure associations. The four crowd-voting 
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strategies differ in how to deal with intra-depositor dis-
crepancies (a single vote per depositor vs. multiple votes 
per depositor) and the consistency threshold value used 
(60% vs 70%). The agreement of “voting” was defined at 
six levels, in the order of specificity: same exact struc-
ture (CID), same stereo form (STE), same exact parent 
structure (PCID), same parent stereo (PSTE), same con-
nectivity (CON), and same parent connectivity (PCON) 
(Table 1). While all four strategies showed similar results, 
Strategy I (one vote per depositor with a 60% consistency 
threshold) resulted in the largest number of synonyms 
that can be assigned to a single CID as well as the great-
est number of synonym-structure associations disambig-
uated at the six chemical equivalency contexts. Strategy 
I is employed in the current PubChem synonym filtering 
that is in use today.

The filtered synonyms for each compound can be found 
under the “Depositor-Supplied Synonyms” section of its 
Compound Summary page. When available, the syno-
nyms that match MeSH terms are also displayed under 
the “MeSH Entry Terms” section. On the other hand, the 
“Depositor-Supplied Synonyms” section of the Substance 
Record page of a substance shows all unfiltered syno-
nyms provided for that substance record by the depositor. 
Using Entrez indices listed in Fig. 11, one can search the 
Compound database by either filtered or unfiltered syno-
nym and the Substance database by unfiltered synonym.

The PubChem synonym filtering process is designed to 
look for consensus in name-structure associations, but 
not for its correctness. As a result, it can fail to recognize 
incorrect chemical name-structure associations. How-
ever, this filtering process is an important starting point 
for quality control in name-structure associations in large 
chemical databases like PubChem that have many data 
sources.
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