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1 Biomedical terminologies and ontologies can be rep
which nodes represent concepts (e.g., the organ kidne
toma). Throughout this paper, we use relationship to ref
in ontologies (e.g., location of). In contrast, we use rela
between two concepts linked by some relationship (e
blastoma”). In the literature, relationships are some
whereas relations also correspond to assertions, facts
triples.
a b s t r a c t

Objectives: This paper proposes a novel semantic method for auditing associative relations in biomedical
terminologies. We tested our methodology on two Unified Medical Language System (UMLS) knowledge
sources.
Methods: We use the UMLS semantic groups as high-level representations of the domain and range of
relationships in the Metathesaurus and in the Semantic Network. A mapping created between Metathe-
saurus relationships and Semantic Network relationships forms the basis for comparing the signatures of
a given Metathesaurus relationship to the signatures of the semantic relationship to which it is mapped.
The consistency of Metathesaurus relations is studied for each relationship.
Results: Of the 177 associative relationships in the Metathesaurus, 84 (48%) exhibit a high-degree of con-
sistency with the corresponding Semantic Network relationships. Overall, 63% of the 1.8 M associative
relations in the Metathesaurus are consistent with relations in the Semantic Network.
Conclusion: The semantics of associative relationships in biomedical terminologies should be defined
explicitly by their developers. The Semantic Network would benefit from being extended with new rela-
tionships and with new relations for some existing relationships. The UMLS editing environment could
take advantage of the correspondence established between relationships in the Metathesaurus and the
Semantic Network. Finally, the auditing method also yielded useful information for refining the mapping
of associative relationships between the two sources.

Published by Elsevier Inc.
1. Introduction

1.1. Objectives

The general framework of this study is the development of a
methodology for the auditing of associative (or non-hierarchical)
relations1 in large biomedical terminologies for completeness and
accuracy. Most research on terminology/ontology auditing focuses
primarily on evaluating terminologies with respect to their hierar-
chical structure [1–8]. This is not surprising, since the backbone of
most biomedical terminologies is the isa relationship [9,10] (and, to a
lesser extent, the part of relationship [11,12]). Still, some terminol-
ogies also contain associative relationships such as treats and causes
Inc.

er).
resented as directed graphs in
y and the disease nephroblas-
er to the links among concepts
tion to refer to the association
.g., ‘‘kidney location of nephro-
times also called predicates,
and subject-predicate-object
that cut across the hierarchical structure of a given terminology
[13]. What is more, relationships such as these may be found in
relations expressing significant biomedical knowledge that cannot
always be captured strictly in terms of hierarchical relations. So,
while hierarchical relationships in terminologies warrant a great
deal of interest, insufficient attention has been paid in the termi-
nology literature to associative relations [14], perhaps because
the methods used for auditing associative relations in terminolo-
gies are not as well understood as those used for auditing hierar-
chical relations.

This paper proposes a novel semantic method for auditing asso-
ciative relations in biomedical terminologies. We tested our meth-
odology on two Unified Medical Language System (UMLS)
knowledge sources. Our motivation in undertaking this work in
the context of the UMLS is to help achieve greater consistency be-
tween the Metathesaurus and the Semantic Network. We have
done this by providing a framework for auditing associative rela-
tions in these two knowledge sources.

1.2. Overview of the UMLS Metathesaurus and Semantic Network

In this study, we use the Unified Medical Language System
(UMLS) as a test bed for developing a methodology for auditing
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associative relations. The UMLS Metathesaurus contains some 1.5
million concepts derived from close to 150 biomedical and health
related terminologies [15,16]. The Metathesaurus is not intended
to represent a single consistent view of the world of biomedicine
but rather to preserve the many views represented in its source
vocabularies [17]. The UMLS Semantic Network, on the other hand,
consists of 135 semantic types and 54 relationships and is intended
to provide a consistent categorization of all concepts represented
in the UMLS Metathesaurus [18]. The Semantic Network presents
a high-level view of the world of biomedicine that is sufficiently
general to categorize a wide range of terminologies in multiple do-
mains. Two single-inheritance hierarchies, one for entities and an-
other for events, make up the Semantic Network. The 135 semantic
types are linked together through the isa relationship and form a
hierarchy that allows semantic types to inherit properties from
higher-level semantic types. In addition to the isa relationship,
there is a set of 53 associative (or non-hierarchical) relationships
in the Semantic Network, grouped into five major categories:
‘physically related to’, ‘spatially related to’, ‘temporally related
to’, ‘functionally related to’ and ‘conceptually related to’. The
Semantic Network relations in which these relationships partici-
pate represent general, high-level biomedical knowledge, such as
Body Part, Organ or Organ Component location of Neoplastic Process.

In the UMLS, semantic types are used to categorize concepts in
the Metathesaurus through categorization links assigned by the
UMLS editors. That is, every Metathesaurus concept is assigned
to at least one semantic type, independently of its hierarchical po-
sition in a source vocabulary. Fig. 1 shows the two-level structure
of the UMLS. The rationale for this two-level structure is to provide
a uniform semantics to the concepts regardless of the particular
structure of the source vocabulary [19]. At the Metathesaurus level,
there are a number of relations among concepts (derived from the
individual source vocabularies), such as ‘‘kidney location of nephro-
blastoma.” However, unlike the categorization link between Meta-
thesaurus concepts and semantic types, there is no direct link
between the Metathesaurus relationships and Semantic Network
relationships. One consequence of this is that it is difficult to pro-
vide a uniform semantics between the Semantic Network relation-
ships and the Metathesaurus relationships. As illustrated in Fig. 1,
one auditing method for the UMLS is to simply check the compat-
ibility between a relationship asserted between two concepts in
the Metathesaurus and the possible relationships defined in the
Semantic Network between the semantic types of these two con-
cepts. Intuitively, the Metathesaurus relationship is expected to
be either equivalent to or more specific than the Semantic Network
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Fig. 1. Two-level structure of the UMLS. Each Metathesaurus concept is assigned to one o
the Semantic Network and indicate possible relationships between concepts.
relationship. However, since no equivalence or subproperty associ-
ations are defined between relationships across the two levels of
the UMLS, validation on a large scale is not easily accomplished.

Finally, the Semantic Network possesses an additional layer of
structure in the form of fifteen high-level semantic groups, which
are a coarse-grained set of semantic type groupings designed using
the following principles: semantic validity, parsimony, complete-
ness, exclusivity, naturalness and utility [20]. The semantic groups
are useful in a number of applications including improved visuali-
zation [21] and (as we suggest in this paper) relation auditing.

1.3. Principles for auditing associative relations

1.3.1. Formal methods for auditing associative relations
In order to handle the size and complexity of terminologies,

methods based on description logic have been developed to audit
large biomedical terminologies—i.e., to verify and maintain (logi-
cal) consistency and semantic correctness of their contents [22–
26]. For the most part, these studies have focused primarily on con-
cept hierarchies. That said, there exist description logic-based tools
such as Protégé-OWL that possess the capabilities to audit rela-
tions along the lines of the principles we lay out below. For this
study, some thought was given to using a description logic-based
approach to auditing Semantic Network relations, but we deter-
mined that the source materials used were not amenable to strict,
logic-based approaches. The reason for this is that the UMLS con-
tains a diverse range of biomedical terminologies and coding sys-
tems not all of which are suited for logic-based approaches [27],
so our challenge was to develop a method for auditing sources that
would approximate many of the features of the logic approaches.

1.3.2. Relationship signatures
Our auditing method takes advantage of the formal notion of a

relationship signature defined in [28, pp. 478–480] as a key ele-
ment of Sowa’s conceptual graphs. For the purposes of this study,
a relation can be thought of as a subject-predicate-object triple,
where the predicate is a relationship such as treats that relates
the subject of the relation to its object. For example, in the relation
(Pharmacologic Substance, treats, Pathologic Function), treats is the
relationship, Pharmacologic Substance is the subject and Pathologic

Function is the object.
In order to identify inconsistencies in these relations, a relation-

ship signature is introduced for each relationship that specifies
what types of biomedical entities can be related to one another
via a given Semantic Network relationship. In this paper, we take
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advantage of the fact that every semantic type in the Semantic Net-
work is a member of a semantic group and use these semantic
groups to define the signatures of each Semantic Network relation-
ship.2 Relationships may have more than one semantic group
signature.

The use of relationship signatures here is similar to the use of
domain and range statements in formalisms such as RDFS (Re-
source Description Framework Schema) [30] and OWL (Web Ontol-
ogy Language) [31]. For a given predicate (or what we call a
relationship), it is possible in RDFS to declare the class of the sub-
ject (i.e., domain) and the class of the object (i.e., range) for any tri-
ple in which that property is a predicate. Nevertheless, these
formalisms are too strong for our purposes. In RDFS/OWL, domain
and range declarations are used to draw inferences about the val-
ues of the subject and object of a triple.

In contrast, we use relationship signatures as constraints. In
other words, relationship signatures are used to simply identify
whether or not a given Metathesaurus relationship is consistent
with a given Semantic Network relationship. From the point of
view of this audit, in order for a Metathesaurus relationship to be
consistent with the corresponding Semantic Network relationship,
it is necessary that there be a match between their signatures. Con-
versely, for a Metathesaurus relationship to be inconsistent with
the corresponding Semantic Network relationship it is sufficient
that there be no match between their signatures.

1.3.3. Relationship hierarchies
Just as it is possible to organize concepts into hierarchies, so too

is it possible to organize relationships into hierarchies. In the case
of a concept hierarchy, one concept, c1, is a subclass of (i.e., is more
specific than) another concept, c2, only if every instance of c1 is nec-
essarily an instance of c2. For example, in the Semantic Network,
Human is a subclass of Mammal, which means that every instance
of Human is necessarily an instance of Mammal. Relationship hierar-
chies can be defined in a similar fashion. For example, if we assert
that treats is a subproperty of affects and c1 treats c2 then necessarily
c1 affects c2.

When mapping Metathesaurus relationships to Semantic Net-
work relationships, we established equivalence and subproperty
associations between a given Metathesaurus relationship and the
corresponding Semantic Network relationship. Because we use sig-
natures based on mutually exclusive semantic groups to represent
the domain and range of these relationships, we can simplify the
conditions above and exploit them for auditing purposes. In prac-
tice, for a Metathesaurus relationship to be equivalent to or a sub-
property of a Semantic Network relationship, it is necessary (but
not sufficient) that the two relationships share at least one
signature.

2. Background

2.1. Related work

There are a number of previous publications in the area of ter-
minology/ontology auditing. Much of this research focuses on eval-
uating terminologies with respect to their hierarchical structure.
Cimino [3,4] and Chen et al. [32] identify inconsistencies between
the hierarchical relations in the UMLS Metathesaurus and the
Semantic Network in order to audit Metathesaurus hierarchical
relations. Bodenreider et al. [33], Ceuster et al. [2,34], Campbell
et al. [35] and Wang et al. [8] audited the hierarchical relations
in SNOMED CT. Auditing of cycles in of hierarchical relations in
2 Other groupings of semantic types (e.g., [29]) could also support the definition of
signatures.
the UMLS is discussed in [36,37]. The focus of our study, however,
is the auditing of associative (not hierarchical) relations in biomed-
ical terminologies, which is intended to complement work on
auditing hierarchical relations.

Less work has been done on terminology auditing from the per-
spective of associative relations. Campbell et al. [35] used lexical
techniques between concepts with common substrings in SNOMED
CT to identify potential missing associative (as well as hierarchical)
relations. Wang et al. [8] and Min et al. [7] used a partition of a
hierarchy of SNOMED and NCI Thesaurus, respectively, into areas
of concepts with the same relationships to uncover missing and
incorrect associative relations. Cohen et al. [38] audited the Gene
hierarchy of NCI Thesaurus for missing associative relationships,
using knowledge from the NCBI Entrez Gene database and the Bio-
logical Process hierarchy in the NCI Thesaurus. These research
studies differ from our own insofar as we focus on identifying
inconsistencies in mappings between the computed signatures of
Metathesaurus relationships and Semantic Network relationships.
Cimino [3], however, infers associative relations between semantic
types of the UMLS Semantic Network from Metathesaurus rela-
tions between concepts participating in those semantic
relationships.

More generally, this paper is a contribution to the study of rela-
tionships in terminologies [39,40] and extends previous work on
the consistency of relations between the UMLS Metathesaurus
and Semantic Network [41]. The methodology used for this audit
was developed in part based on the fact that the source materials
do not easily support a logic-based approach. That said, logic-based
approaches to auditing terminologies/ontologies represent an
important area of research. Schulz et al. [42] and Rogers et al.
[43] used description logic techniques to audit the Read Codes.
Cornet and Abu-Hanna [44] implemented DICE TS in Protégé
Frames to audit the hierarchical relationships in DICE.

2.2. Mapping Metathesaurus relationships to the Semantic Network

In previous work [45], we explored a number of methods (both
automated and manual) for establishing links (i.e., equivalent to or
subproperty of) between Metathesaurus relationships and Seman-
tic Network relationships. In the current paper, we take advantage
of subsequent work done where the authors manually linked each
(semantically significant) Metathesaurus relationship to a corre-
sponding Semantic Network relationship. The total number of
Metathesaurus (2008AA) relationships is 255, of which 177 were
deemed semantically significant and were mapped to Semantic
Network relationships. Those relationships that did not map to
the Semantic Network exemplified three types of properties. Some
indicated a lexical property, e.g., noun form of, british form of; others
related in some way to the information model of the system from
which they were derived, e.g., patient demonstrates knowledge of
nutrition outcome of nausea; and the remainder were relevant to
vocabulary management; e.g., sib in branch of, classifies. Table 1
shows the distribution of the full set of Metathesaurus relation-
ships. Our auditing experiments were conducted using solely those
Metathesaurus relationships that are semantically significant. Our
mapping of these 177 relationships to Semantic Network relation-
ships yielded the distribution according to the high-level relation-
ship categories shown in Table 2.

In some cases, Metathesaurus relationships were lexically
equivalent to existing Semantic Network relationships. For exam-
ple, ingredient of, manifestation of and tributary of exist in the Seman-
tic Network, and they are Metathesaurus relationships, as well.
Examining the use of Metathesaurus relationships reveals, how-
ever, that the same relationship name does not always indicate
the same semantics. For example, the Metathesaurus relationship
contains is actually used to mean—and was therefore mapped to—



Table 2
Result of mapping Metathesaurus relationships to the Semantic Network high-level
relationship categories.

High-level Semantic
Network category
mapped to

Number of Semantic
Network relationships
mapped to

Number of
Metathesaurus
relationships

Percentage
(%)

conceptually related
to

10 49 28

functionally related to 15 80 45
physically related to 7 14 8
spatially related to 2 24 14
temporally related to 2 10 5
Total 36 177 100

Table 1
Distribution of Metathesaurus (2008AA) relationships. Auditing experiments were
done using the 69% of Metathesaurus relationships that mapped to the UMLS
Semantic Network.

Metathesaurus relationship
type

Number of Metathesaurus
relationships

Percentage
(%)

Mapped to Semantic
Network

177 69

Lexical property 12 5
Information model 26 10
Vocabulary management 40 16
Total 255 100
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ingredient of, rather than contains in the sense of the Semantic Net-
work where it is defined as: ‘‘Holds or is the receptacle for fluids or
other substances.” The Semantic Network definition for ingredi-

ent of is: ‘‘Is a component of, as in a constituent of a preparation”,
and this is the sense in which the Metathesaurus contains was used.

All Semantic Network relationships are explicitly defined in the
Semantic Network distribution files. Our mapping of Metathesau-
rus relationships to the Semantic Network would have been con-
siderably eased if the same had been true for the Metathesaurus
terminologies.3 In practice, our approach to mapping Metathesaurus
relationships to Semantic Network relationships relies on the man-
ual examination of a sample of Metathesaurus relations in which a
given relationship participates, from which the domain and the
range of the relationship are established. For example, the Metathe-
saurus relationship gene encodes gene product is defined between
some gene (e.g., KLK15 Gene) and some protein (e.g., Kallikrein 11).
The Metathesaurus relationship is then manually associated with
the corresponding high-level relationship category in the Semantic
Network, based on domain and range information. In the example
above, gene encodes gene product is identified as a functional relation
(functionally related to). Finally, whenever possible, we explore the
relationship hierarchy in the Semantic Network to find a match for
the Metathesaurus relationship. Among the subproperties of func-

tionally related to, we identify produces as a close match, defined as
‘‘Brings forth, generates or creates. This includes yields, secretes,
emits, biosynthesizes, generates, releases, discharges and creates.”
Because gene encodes gene product is more specific than produces, we
make it not equivalent to, but a subproperty of produces.

Fig. 2 shows the existing Semantic Network relationships. The
177 semantically significant Metathesaurus relationships mapped
to a total of 36 of the 53 associative Semantic Network relation-
3 National and International standards groups have recognized this problem, and
they encourage explicit definitions of associative relationships. For example, the
ANSI/NISO standard on controlled vocabularies states: ‘‘The associative relationship is
the most difficult one to define, yet it is important to make explicit the nature of the
relationship between terms linked in this way and to avoid subjective judgments as much
as possible; otherwise, RT [related term] references could be established inconsistently.”
[13p.63].
ships. Indicated in parentheses after each relationship is the num-
ber of Metathesaurus relationships mapped to each Semantic
Network relationship. As shown in Fig. 2, no Metathesaurus rela-
tionship corresponded to 17 Semantic Network relationships dis-
tributed among the five major categories of relationships.
Examples of such Semantic Network relationships include issue in,

interconnects, adjacent to, complicates and carries out. Fig. 3 shows the
overall distribution of the mappings. For each of ten Semantic Net-
work relationships only one Metathesaurus relationship was
mapped to it. For example, the Metathesaurus relationship reformu-

lation of mapped to the Semantic Network relationship derivative of,
and this was the only relationship that mapped to that particular
Semantic Network relationship. By contrast, fully twenty-two
Metathesaurus relationships mapped to the Semantic Network
relationship location of, including, for example, disease has associ-

ated anatomic site, gene found in organism and indirect procedure

site of.

3. Methods

The method used for auditing Metathesaurus relations can be
summarized as follows. All relations from both the Metathesaurus
and the Semantic Network are transformed into signatures, an ab-
stract representation of the kinds of entities involved with each
relationship. More specifically, we use semantic groups to charac-
terize entities in the domain and in the range of the relationships.
Once the signatures have been established for all relationships, we
compare the signature(s) of each Metathesaurus relationship to the
signature(s) of the Semantic Network relationship mapped to.
Fig. 4 illustrates the process. Shared signatures are indicative of
consistent relationships, which is a necessary, but insufficient con-
dition for the validity of the mapping between Metathesaurus and
Semantic Network relationships. In contrast, discrepancies in the
signatures can reveal inaccurate relations in the Metathesaurus,
inaccurate mapping between Metathesaurus and Semantic Net-
work relationships, wrong concept categorization, missing rela-
tions in the Semantic Network, or any combination thereof.

3.1. Creating signatures

As already noted, relations can be thought of as triples (ed, r, er)
in which ed and er are entities and r is a relationship. In the Meta-
thesaurus, concepts stand in relation to other concepts and rela-
tions are of the form (cd, r, cr), where cd and cr are concepts. In
contrast, the entities related by Semantic Network relations are
semantic types, with relations of the form (td, r, tr). Metathesaurus
concepts are categorized with semantic types from the Semantic
Network and semantic types are partitioned into clusters called
semantic groups. The signature of a relationship r is a pair of
semantic groups (gd, gr), where gd is the semantic group of the en-
tity in the domain and gr the semantic group of the entity in the
range of the relationship. A given relationship may have more than
one signature.

3.1.1. Creating signatures for Semantic Network relationships
The Semantic Network comprises 558 relations asserted be-

tween semantic types (SRSTR file), of which 135 are taxonomic
relations (i.e., relations involving the relationship isa) and 423 are
associative relations. 49 of the 53 Semantic Network associative
relationships participate in these 423 relations. Relations asserted
at a high-level are inherited along the subsumption hierarchy of
the semantic types. For example, from the relation (Pharmacologic

Substance, treats, Pathologic Function), additional relations involving
the relationship treats are inferred among the descendants—direct
or not—of Pharmacologic Substance and Pathologic Function. Such
relations include (Antibiotic, treats, Disease or Syndrome), where Anti-



associated_with (none)
…..conceptually_related_to (21) 
..........property_of  (11) 
..........conceptual_part_of  (5) 
..........evaluation_of  (2) 
..........measures   (1) 
..........diagnoses   (3) 
..........issue_in   (none)
..........derivative_of  (1) 
..........developmental_form_of (none)
..........degree_of   (1) 
..........measurement_of  (none)
..........method_of   (2) 
..........analyzes   (2) 
....................assesses_effect_of (none)

…..physically_related_to  (2)
..........part_of   (3) 
..........contains   (1) 
..........consists_of   (2) 
..........connected_to  (none)
..........interconnects  (none)
..........branch_of   (1) 
..........tributary_of  (1) 
..........ingredient_of  (4) 

…..temporally_related_to (none)
..........co-occurs_with  (9) 
..........precedes   (1) 

…..spatially_related_to  (2)
..........location_of   (22) 
..........adjacent_to   (none)
..........surrounds   (none)
..........traverses   (none)

…..functionally_related_to (5)
..........manifestation_of  (4) 
..........affects   (19) 
....................manages  (none)
....................treats   (3) 
....................disrupts  (7) 
....................complicates  (none)
....................interacts_with  (none)
....................prevents  (1) 
..........occurs_in   (13) 
....................process_of  (1) 
..........uses   (8) 
..........indicates   (3) 
..........result_of   (7) 
..........brings_about  (2) 
....................produces  (3) 
....................causes  (3) 
..........performs   (none)
....................carries_out  (none)
....................exhibits  (1) 
....................practices  (none)

Fig. 2. Semantic Network relationships with number of Metathesaurus relationships (in parentheses) mapped to each relationship. A total of 177 Metathesaurus
relationships mapped to 36 Semantic Network relationships.
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biotic and Disease or Syndrome are descendants of Pharmacologic Sub-

stance and Pathologic Function, respectively. The fully inherited list
of relations in the Semantic Network is provided as part of the
UMLS distribution (SRSTRE2 files). There is a total of 6752 (asserted
and inherited) relations between semantic types, of which 500 are
taxonomic relations. Each one of the 135 semantic types is associ-
ated with one (and only one) of the 15 semantic groups. For exam-
ple, Antibiotic belongs to the semantic group Chemicals and Drugs.4

In order to create the signature of a given Semantic Network
relationship, we start by collecting all the relations in which this
4 Chemicals and Drugs is the official name of the semantic group representing the
union – not intersection – of semantic types for chemicals and for drugs.
relationship participates. Each relation (td, r, tr) is transformed into
a signature r (gd, gr) by identifying the semantic groups gd and gr

corresponding to the semantic types td and tr, respectively. For
example, the signature of the relationship treats created from the
relation (Pharmacologic Substance, treats, Disease or Syndrome) is
(Chemicals and Drugs, Disorders) because Pharmacologic Substance

and Disease or Syndrome belong to the semantic groups Chemicals

and Drugs and Disorders, respectively. Fig. 5 shows all the signatures

for the Semantic Network relationship treats.

No semantic types are associated with 5 Semantic Network rela-
tionships (functionally related to, physically related to, spatially related to,
temporally related to and brings about). In order to compute the sig-
nature of these relationships, we assumed that their domain and
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Fig. 4. Comparing signatures across two knowledge sources. Metathesaurus and
Semantic Network relationship signatures are compared.
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range would be the union of the domains and ranges of the rela-
tionships they subsume. For example, brings about subsumes pro-

duces and causes. The relations involving produces include (Fully

Formed Anatomical Structure, produces, Body Substance) and causes

participates in the relation (Bacterium, causes, Pathologic Function).
Therefore, although not explicitly represented in the Semantic Net-
work, we assumed the existence of relations such as (Fully Formed

Anatomical Structure, brings about, Body Substance) and (Bacterium,
brings about, Pathologic Function) to create the following signatures
for brings about: (Anatomy, Anatomy) and (Living Beings, Disorders),
respectively.

3.1.2. Creating signatures for Metathesaurus relationships
The method for creating signatures for Metathesaurus relation-

ships is similar to that described for Semantic Network relation-
ships. A minor difference is that Metathesaurus concepts are
linked to semantic groups not directly, but through the semantic
Fig. 5. All signatures for the Semantic Network relationship treats. Signatures involve ch
other living beings.
types. As a consequence, concepts first need to be linked to their
semantic type(s), and each semantic type to its semantic group.
While many concepts have more than one semantic type, only
1208 of the 1.5 M Metathesaurus concepts have more than one
semantic group. In most cases, a given relation is transformed into
one signature, but relations involving concepts with multiple
semantic groups result in several signatures. As it is the case with
Semantic Network relationships, in most cases, Metathesaurus
relationships also have more than one signature. For each signa-
ture of a given relationship, we tally how many individual relations
contributed to this signature, in order to determine, for example,
whether one particular signature is most frequent for this
relationship.

For each Metathesaurus and Semantic Network relation (e1, rd,
e2), there is also a reciprocal relation (e2, ri, e1), where ri is the in-
verse of rd. For example, the Metathesaurus relation (Lung, loca-

tion of, Radiation pneumonitis) is mirrored by a relation (Radiation
pneumonitis, has location, Lung). In order to avoid double counting,
we eliminated the inverse relations from the dataset. In practice,
we selected the direct relation (e1, rd, e2) as the one for which the
Metathesaurus relationship rd was mapped to a direct relationship
from the Semantic Network. From the two relations above, we se-
lected the former, because the Metathesaurus relationship loca-

tion of was mapped to the direct Semantic Network relationship
location of. Moreover, several copies of the same direct relation
may be represented in the Metathesaurus when this relation is car-
ried by multiple translations of a given source vocabulary, since
translated terms are integrated as synonyms in the Metathesaurus
and share the same concept unique identifier. We therefore elimi-
nated from our UMLS dataset the various translations of MeSH,
MedDRA and SNOMED CT, keeping the English version as the
reference.

As shown in Fig. 6, of the 104,675 Metathesaurus relations
involving the relationship may treat, a majority holds between a
emical entities, devices and procedures with disorders, and also living beings with



Fig. 6. Signatures for the Metathesaurus relationship maytreat. A majority holds between a chemical entity and a disorder.
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chemical entity and a disorder, e.g., (Procarbazine 50 MG Oral Cap-
sule, may treat, Brain Neoplasms). The semantic types of the two
concepts are Clinical Drug and Neoplastic Process, respectively. Based
on this relation, the signature of the Metathesaurus relationship
may treat is (Chemical and Drugs, Disorders). Other signatures for
the Metathesaurus relationship may treat include (Devices, Disor-

ders), e.g., from (EPINEPHRINE 1MG/ML INJ,TUBEX,1ML, may treat,
Bronchial Spasm), (Objects, Disorders), e.g., from (ISOCAL LIQUID,-
CAN,240ML, may treat, Burn injury), (Chemical and Drugs, Physiol-

ogy), e.g., from (Cyclophosphamide 50 MG, may treat, Graft
Rejection), (Chemical and Drugs, Living Beings), e.g., from (Colfoscer-
il, may treat, Infant, Newborn), and (Living Beings, Disorders), e.g.,
from (BCG, Live, Montreal Strain, may treat, Bladder Neoplasm).

3.2. Comparing signatures

The mapping created between Metathesaurus and Semantic
Network relationships resulted in associations between relation-
ships across the two knowledge sources. The signatures of a given
Metathesaurus relationship rm are compared to the signatures of
the Semantic Network relationship rs to which this Metathesaurus
relationship was mapped. For example, the Metathesaurus rela-
tionship may treat was mapped to the Semantic Network relation-
ship treats, allowing the 6 signatures of may treat (Fig. 6) to be
compared to the 4 signatures of treats (Fig. 5).

3.2.1. Consistent relationships
When a Metathesaurus relationship rm shares at least one signa-

ture with the Semantic Network relationship rs to which it is
mapped, we consider that the semantics of the Metathesaurus
relationship rm is consistent with that of the Semantic Network
relationship rs. This condition is necessary, but not sufficient, for
the mapping to be valid. From a quantitative perspective, we count
not only how many signatures are shared between rm and rs, but
also how many relations contributed to these shared signatures,
relative to the total number of relations for this Metathesaurus
relationship. We consider rm highly consistent with rs if at least
75% of the Metathesaurus relations involving rm have a shared sig-
nature with rs. For example, may treat is mapped to treats, and, as
shown in Fig. 7, these two relationships have two signatures in
common: (Chemical and Drugs, Disorders) and (Devices, Disorders).
Together, these two signatures represent 96.6% of all Metathesau-
rus relations involving may treat. Therefore, may treat is deemed
consistent with treats (despite the fact that four of the six signa-
tures observed for may treat are not signatures of treats). The con-
sistency between the two relationships helps confirm the validity
of the mapping of may treat to treats.

3.2.2. Inconsistent relationships
A Metathesaurus relationship rm is inconsistent with the

Semantic Network relationship rs to which it is mapped when less
than 75% of the Metathesaurus relations involving rm have a shared
signature with rs. In such cases, we first consider the total number
of relations in which relationship rm participates, in order to prior-
itize the auditing effort. For example, the Metathesaurus relation-
ship has time modifier shares no signatures with the Semantic
Network relationship has property to which it was mapped. While
generally worrisome, this inconsistency will not immediately be
the focus of our auditing effort, because has time modifier actually
participates in only four of the 1.8 M associative relations in the
Metathesaurus.

3.2.3. Dominant signature
Another characteristic used to direct our auditing effort is the

existence of one dominant signature for a given Metathesaurus
relationship. A signature is dominant for a given relationship if at
least 75% of all relations in which this relationship participates have
this signature. For example, among the six signatures for the Meta-
thesaurus may treat shown in Fig. 6, the dominant signature is
(Chemical and Drugs, Disorders), corresponding to 94.2% of the rela-
tions involving may treat. Metathesaurus relationships with one
dominant signature are generally semantically homogeneous. In
contrast, the existence of several large groups of relations with dis-
tinct signatures for a given Metathesaurus relationship may rather



Fig. 7. Comparing the signatures of maytreat and treats. Two shared signatures correspond to 96.6% of the Metathesaurus relations involving maytreat: the two relationships
are consistent.
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be indicative of heterogeneous semantics for this relationship,
especially if the various groups of relations correspond to different
source vocabularies. We hypothesize that when one dominant sig-
nature captures a large proportion of the relations for a given Meta-
thesaurus relationship but does not match the signature(s) of the
Semantic Network relationship to which it was mapped, the map-
ping is inaccurate and needs to be revisited. For example, a majority
of the relations for the Metathesaurus relationship biological pro-

cess has initiator chemical or drug have the signature (Physiology,

Chemical and Drugs), which does not match the signatures of the
Semantic Network relationship brought about by to which it was
mapped.

Finally, the mapping of Metathesaurus relationships to top-le-
vel relationships in the Semantic Network is considered with spe-
cial attention. As noted before, the semantics of most top-level
Semantic Network relationships is not asserted, but reconstructed
from that of the descendants of the particular top-level relation-
ship. Therefore, because mapping a given Metathesaurus relation-
ship to a top-level Semantic Network relationship implies that
there was no specific descendant of this Semantic Network rela-
tionship we could have mapped to, it is likely that the semantics
of the Metathesaurus relationship is not covered by that of the
top-level Semantic Network relationship. In this case, the Semantic
Network should be, not only linked to, but potentially enriched
with the corresponding relationship.

4. Results

In the following, we report the results of transforming associa-
tive Metathesaurus and Semantic Network relations into their sig-
natures, and we report the consistency of the mappings according
to several criteria.

4.1. Distribution of signatures

The transformation of the 177 semantically significant Metathe-
saurus relationships and the 53 associative Semantic Network rela-
tionships into their signatures resulted in the distribution shown in
Fig. 8. The majority of the 177 Metathesaurus relationships have up
to four signatures, while the Semantic Network relationships have
on average five signatures. Additionally, however, as many as 13
Metathesaurus relationships have 20 or more signatures. Examples
of these latter are component of, measures, interprets and related to.
One Metathesaurus relationship, associated with, has 91 signatures.
One top-level Semantic Network relationship, functionally related to,
has 140 signatures. This can be explained by the fact that this rela-
tionship subsumes many other relationships, and its signatures re-
sult from computing the union of the signatures of the
relationships that it subsumes.

4.2. Mapping consistency

We evaluated the mapping of Metathesaurus relationships
to Semantic Network relationships by comparing their semantic
signatures. We investigated overall consistency in a variety of
ways, including overall degree of consistency, degree of consis-
tency according to high-level Semantic Network categories
mapped to, according to the dominant signature of a Metathe-
saurus relationship, and, finally, according to the number of
sources that contributed a particular Metathesaurus
relationship.

4.2.1. Overall consistency
The consistency of the mapping is shown in Table 3. The table

shows that 48% of the mappings are highly consistent (with at least
75% of their relations being consistent). 11% show some consis-
tency, and in 41% of the cases there is no overlap at all in the sig-
natures of the Metathesaurus relationship and the Semantic
Network relationship to which it was mapped. In addition to
assessing the consistency of Metathesaurus relationships, we also
evaluated the consistency of the Metathesaurus relations in which
these relationships participate. Overall, 63% of the 1.8 M associa-
tive relations in the Metathesaurus are consistent with relations
in the Semantic Network.



0

5

10

15

20

25

30

35

40

45

50

1 2 3 4 5 6 7 8 9 11 12 13 14 15 16 17 19 20-140

N
um

be
r o

f r
el

at
io

ns
hi

ps

Number of signatures

Distribution of the number of signatures per relationship

Metathesaurus

Semantic Network

Fig. 8. Distribution of the number of signatures for Metathesaurus relationships compared with Semantic Network relationships. The majority of the 177 Metathesaurus
relationships have no more than four signatures, while the Semantic Network relationships have on average five signatures.

Table 3
Overall consistency of mapping Metathesaurus relationships to the Semantic
Network.

Consistency with Semantic
Network

Number of Metathesaurus
Relationships

Percentage
(%)

High-consistency 84 48
Some consistency 20 11
No consistency 73 41
Total 177 100
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4.2.2. Consistency of mappings to top-level Semantic Network
relationships

In some cases, a Metathesaurus relationship was mapped di-
rectly to a top-level Semantic Network relationship because no
suitable more specific relationship was available. 30 relationships
were directly mapped to these high-level relationships as follows:
21 were mapped to conceptually related to, 5 to functionally related to;
2 to physically related to; and 2 to spatially related to. None was
mapped directly to temporally related to. 20 (66%) of these relation-
ships are not consistent with the Semantic Network relationship
mapped to.

4.2.3. Consistency and dominant signature
One hundred and forty-seven (83%) of the 177 Metathesaurus

relationships have a dominant signature. For the remaining 30
relationships no single signature was significantly more frequent
than any of the other signatures. Of those that have a dominant sig-
nature, 76 (52%) are consistent with the Semantic Network rela-
tionship mapped to and 71 (48%) are not.

4.2.4. Consistency according to number of sources
Table 4 shows the consistency according to the number of

sources in which a particular Metathesaurus relationship occurs.
Table 4
Consistency according to number of Metathesaurus sources. The majority of
Metathesaurus relationships occur in only one source.

Number of
sources

Number of
relationships

High-consistency
(%)

Some
consistency (%)

No consistency
(%)

1 161 48 9 43
>1 16 38 44 18
One hundred sixty-one (91%) of the 177 relationships occur in only
one Metathesaurus source, while only 16 occur in multiple sources.
The degree of consistency with Semantic Network relationships
varies as shown in the table.
5. Discussion

5.1. Interpretation of findings

5.1.1. Variability in number of signatures
We hypothesized that if a relationship had a large number of

signatures, this would likely be indicative of inconsistent map-
pings. The assumption is that the larger the number of signatures,
the more likely it is that the relationship has imprecise or hetero-
geneous semantics. This hypothesis does not appear to have been
borne out. Some of the very high-frequency relationships have a
large number of signatures and yet the mapping was either highly
or moderately consistent. For example, clinically associated with has
88 signatures and yet it has a mapping consistency rate of 75%. A
low number of signatures alone is also not necessarily a good pre-
dictor of a consistent mapping. For example, both allelic variant of

and chemotherapy regimen has component have a small number of
signatures and, yet, they have no consistency with the relation-
ships mapped to.

5.1.2. Consistency of mappings
There are thirty-three Metathesaurus relationships that have

greater than 10,000 relations represented in the Metathesaurus.
These thirty-three relationships account for almost 88% of the total
1.8 million relations. Fig. 9 shows, at a glance, the consistency of
the mappings for these high-frequency relationships. The left-hand
side of the graph (in red) shows the number of inconsistent rela-
tions for the relationship; the right hand side (in green) shows
the number of consistent relations, and on the far right the name
of the Metathesaurus relationship is listed together with the per-
centage of consistent relations and the number of signatures for
each of the relationships.

Overall, twenty-two (67%) of the Metathesaurus relationships
that have greater than 10,000 relations are highly consistent
(P75% consistency as indicated on the right hand side of Fig. 9)
with the Semantic Network relationships to which they
were mapped. Note that the highest frequency Metathesaurus
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relationship is ingredient of. It is represented by 210,740 relations
and has a total of 17 signatures. For 91% of its relations, there is
consistency with the Semantic Network relationship to which it
has been mapped.

Of the eleven that are not highly consistent (<75% consistency
as indicated on the right hand side of Fig. 9), six (18%) have no
overlap with the signatures of the Semantic Network, two (6%)
have a very small overlap, and three (9%) are moderately consis-
tent. Because of their high-frequency, these eleven relationships
are strong candidates for further investigation and potential
modification.
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disproportionately worse than mappings to other high-level categories.
5.1.3. Dominant signatures
For each of the 90 relationships that have a frequency of 1000

relations or more, we investigated whether its dominant signature
matched the signatures of the Semantic Network relationship to
which it was mapped. Fifty-seven (63%) of the ninety relationships
have dominant signatures that match the signatures of the Seman-
tic Network relationships to which they were mapped. Thirty-three
(37%) are inconsistent.

The majority, 17 of the 33 inconsistent mappings, are mappings
to semantic network relationships in the ‘conceptually related to’
high-level category, and another 11 are mappings to the ‘function-
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ally related to’ category. The remainder were either mapped to a
relationship in the ‘spatially related to’ or ‘temporally related to’
categories. This is in contrast with the overall mappings for all
177 relationships. (See Table 2).

Fig. 10 indicates that mappings to the ‘conceptually related to’
category are disproportionately worse than mappings to the other
high-level categories. Eight of the seventeen inconsistent map-
pings in the ‘conceptually related to category’ are in the very
high-frequency category and have already been discussed above.
Another group of relationships in this category occur in the NCI
thesaurus and they are of the general form such that a disease ex-
cludes a particular anatomic entity, either as its origin or as its ana-
tomic site. An example is disease excludes abnormal cell. The
dominant signature of this relationship is (Disorders, Anatomy)
which does not match the signatures of the conceptual relationship
mapped to. It is not clear what the correct answer is in this case.
While, on the one hand, an ‘‘exclusion” can be seen as a conceptual
notion, it is not obvious that the relations in which the Semantic
Network relationship participates should be modified to accommo-
date this relationship. For these cases, a clarification from the
developers of the source vocabulary would be welcome.

5.1.4. Distribution across sources
Sixteen (9%) of the total 177 Metathesaurus relationships occur

in more than one source. Table 5 shows the number of sources
from which these relationships derive and the percentage of rela-
tions that are consistent with the Semantic Network. Six of the
relationships that occur in more than one source are highly consis-
tent; seven have some level of consistency, and three are not con-
sistent at all. The semantics of relationships such as ingredient of,
manifestation of, part of and location of seems consistent across
vocabularies. In contrast, the semantics of relationships such as
component of and contains is not. While we hypothesized that a
large number of sources would potentially lead to inconsistent
mappings, it would appear that the number of sources alone does
not predict whether a mapping will be successful or not.

5.2. Implications

As mentioned earlier, the consistency between Metathesaurus
and Semantic Network associative relations assessed through the
auditing process is only a necessary condition to the validity these
relations. Therefore, the auditing process aims not at establishing
semantic consistency, but rather at identifying inconsistencies,
indicative of some semantic mismatch between the two knowl-
edge sources. The auditing process has exposed a variety of errors,
Table 5
Relationships that occur in more than one source in the Metathesaurus. The number
of sources alone does not predict whether a mapping is successful or not.

Relationship Number of sources Number of relations Consistency (%)

ingredient of 6 210,740 91
measures 6 48,854 8
evaluation of 5 1771 66
analyzes 5 46,203 0
part of 5 71,038 94
associated with 5 63,500 58
has dose form 4 88,803 0
location of 3 20,174 97
manifestation of 3 39,599 96
component of 3 119,177 7
method of 3 68,994 46
result of 2 4 75
conceptual part of 2 335 1
form of 2 1245 0
contains 2 2203 8
property of 2 48,795 97
including some errors in the mapping process, as well as quality is-
sues in the Metathesaurus. In addition, the investigation of incon-
sistencies indicated, on the one hand, some potential modifications
to the Semantic Network and, on the other, to some necessary clar-
ifications by the developers of a Metathesaurus source vocabulary.

5.2.1. Mapping issues
A majority of high-frequency Metathesaurus relationships are

consistent with the Semantic Network relationships to which they
were mapped, which helps confirm the validity of the mapping.
When this is not the case, however, it is possible that we made
an error in the original mapping. The mapping needs to be reeval-
uated in light of the auditing results of the associative relations.

For example, the Metathesaurus relationship chemotherapy regi-

men has component has five signatures. Its dominant signature (Pro-

cedures, Chemicals and Drugs) does not match the signatures of the
Semantic Network relationship, conceptual part of, to which it was
mapped. An example relation is busulfan/cyclophosphamide/etopo-
side chemotherapy regimen has component Busulfan. A better mapping
might have been to the Semantic Network relationship uses, which
does have the expected signature.

5.2.2. Quality issues in the Metathesaurus
The auditing approach proposed in this paper is also sensitive to

inaccurate associative relations in the Metathesaurus and inaccu-
rate concept categorization. In this case, it will falsely identify
inconsistencies between Metathesaurus and Semantic Network
relationships. Identifying such errors is indeed one of the expected
benefits of auditing associative relations. Some quality issues in the
Metathesaurus are illustrated in this section.

5.2.2.1. Inaccurate Metathesaurus relations. The Metathesaurus rela-
tionship measures was mapped to the Semantic Network relation-
ship of the same name. It has 50 signatures with the majority of
its relations derived from LOINC or a LOINC collaborative vocabu-
lary. It does not have a dominant signature, and its most frequent
signature (Chemicals and Drugs, Physiology) does not match the
signatures of the Semantic Network relationship, measures. Some
examples from LOINC are:

� Chlorine measures Chlorine:Mass Concentration:Point in
time:Water:Quantitative

� Surgical approach measures Surgical approach:Type:Point in
time:Surgical procedure:Nominal

� Viscosity measures Viscosity:Viscosity:Point in time:Whole
blood:Quantitative

One issue here is that this relationship is used in LOINC to rep-
resent numerous distinct senses. Another, more acute problem is
that the LOINC relationship is recorded ‘‘backwards” in the Meta-
thesaurus.5 For example, viscosity does not measure, but is rather
measured by a viscosity measurement laboratory test. After correct-
ing its direction, the Metathesaurus relation Viscosity:Viscosity:Point
in time:Whole blood:Quantitative measures Viscosity becomes consis-
tent with the Semantic Network relationship measures through the
shared signature (Procedures, Phenomena).

5.2.2.2. Concept categorization. The Metathesaurus relationship
method of was mapped to the Semantic Network relationship of
the same name. In almost half of the cases (46%), the mapping
was consistent. Its most frequent signature (Procedures, Proce-
5 Version 2008AA of the UMLS Metathesaurus asserts Viscosity measures Viscos-
ity:Viscosity:Point in time:Whole blood:Quantitative. Previous versions of the Metathe-
saurus asserted this relation in the opposite direction (Viscosity:Viscosity:Point in
time:Whole blood:Quantitative measures Viscosity).
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dures) matches the signature of the Semantic Network relation-
ship. In contrast, the signature (Procedures, Physiology) derived
from LOINC relations does not. Two examples illustrate:

� Serum Bactericidal Test method of Almecillin:Susceptibility:Point in
time:Isolate + Serum:Ordinal:SERUM BACTERICIDAL TITER

� Agar diffusion method of Cefamandole:Susceptibility:Point in
time:Isolate:Quantitative or Ordinal:Agar diffusion

The definition of method of in the Semantic Network (‘‘The man-
ner and sequence of events in performing an act or procedure”) is
consistent with another use in LOINC between a particular method
(e.g., Serum Bactericidal Test) and the laboratory procedures in
which this method is used. However, some laboratory entities in
LOINC are typed as Clinical Attribute, rather than Laboratory Proce-

dure. Since the semantic type Clinical Attribute is part of the seman-
tic group Physiology, and not Procedures, the signature obtained
from these relations does not match any signatures for method of

in the Semantic Network.

5.2.3. Potential additions to the Semantic Network
Unlike the Metathesaurus, the Semantic Network has not grown

significantly during the past decade. On the one hand, the Semantic
Network represents high-level, definitional knowledge and its size
is purposely kept to a minimum. Therefore, fewer changes are ex-
pected over time. On the other hand, semantic types expected to
support the categorization of Metathesaurus concepts and Seman-
tic Network relationships should reflect salient information in the
Metathesaurus, which prompted the addition of the semantic type
Drug Delivery Device and relationships tributary of, for example. Var-
ious changes have been suggested (e.g., for genomics [46]) and dis-
cussed at a workshop in 2005 [47]. However, the absence of clear
use cases and the potential need for re-categorizing thousands of
Metathesaurus concepts have precluded the implementation of
such changes.

More fundamentally, the underlying question is whether the
Semantic Network is a top-level ontology for the biomedical do-
main [48] and should provide a prescriptive organizational struc-
ture for Metathesaurus concepts and relations, or, as it is the
case now, is should be used only as a loose reference. The for-
mer use would require a mapping between Metathesaurus and
Semantic Network relationships and the addition of new Seman-
tic Network relations to accommodate equivalent relations in the
Metathesaurus. The role played by the Semantic Network in the
Metathesaurus editing environment would also need to be mod-
ified if semantic consistency between the two structures were to
be enforced. In fact, such a prescriptive role of the Semantic Net-
work might be fundamentally incompatible with the original
goal of the Metathesaurus to accommodate all relations from
its source vocabularies. However, we believe that enriching the
Semantic Network with new relations and taking greater advan-
tage of the Semantic Network in the Metathesaurus editing envi-
ronment would significantly benefit semantic consistency in the
UMLS.

The auditing process revealed several cases where either the
addition of a new Semantic Network relationship or additional
relations for existing relationships might be considered. The Meta-
thesaurus relationship has dose form was mapped to conceptu-

ally related to. It occurs in four sources and has twelve signatures.
Its most frequent signature (Chemicals and Drugs, Chemicals and

Drugs) does not match the signatures of the Semantic Network
relationship to which it was mapped. An example is: Mebendazole
100 MG Chewable Tablet, has dose form, Chewable Tablet. Because the
Semantic Network does not have a relationship of the appropriate
specificity, we mapped to a top-level relationship, which itself does
not have the relevant signature. Similarly, drug contraindicated for
was mapped to conceptually related to. It occurs in one source and
has twelve signatures. Its dominant signature (Chemicals and

Drugs, Disorder) also does not match the signatures of the relation-
ship to which it was mapped. An example is: Fluphenazine drug con-

traindicated for Brain Damage, Chronic. Both of these Metathesaurus
relationships might well be candidates for addition to the Semantic
Network. More generally, the eleven Metathesaurus relationships
that have greater than 10,000 relations and are not highly consis-
tent (shown in Fig. 9) should be examined for potential addition
to the Semantic Network.

The 75 signatures of the Metathesaurus relationship co-occurs -

with are consistent for 73% of their relations, and this is close to the
threshold for being highly consistent. Nonetheless, it was worth
considering why 27% of its relations are inconsistent with the
Semantic Network relationship of the same name to which it was
mapped. Its most frequent signature (Disorders, Disorders) does
match the signatures of the Semantic Network relationship, so
the mapping appears to have been reasonable. Almost 15% of the
relations involve procedures, and these are not consistent with
the current Semantic Network relationship. An example is, Total
excision of stomach NOS co-occurs with Esophagojejunostomy. These
cases would argue for the addition of new relations to the existing
Semantic Network relationship, co-occurs with. Currently this rela-
tionship only allows two signatures (Disorders, Disorders) and
(Physiology, Physiology).

5.2.4. Needed clarifications in a source vocabulary
The auditing process revealed unclear semantics of the Meta-

thesaurus relationships. For example, the relationship component of

has the second most frequent number (119,177) of relations over-
all, and it has very low (7%) consistency with the Semantic Net-
work relationship to which it was mapped. Notice that it has a
very high-number (49) of signatures. This relationship was
mapped to conceptual part of in the Semantic Network. It appears
in three sources, with the majority (83%) of the relations and signa-
tures (90%) derived from LOINC. There is no dominant signature,
which would seem to indicate either that this relationship has a
very broad semantics or that this single relationship represents
numerous distinct senses. Some examples of its use in three vocab-
ularies are shown below.

� Blood component of Blood in gastric contents measurement
(SNOMED CT)

� Pharmaceutical Preparations component of Urine drug screening
(LOINC)

� Methotrexate component of COMVP protocol (National Cancer Insti-
tute’s Physician Data Query)

The high-frequency relationship class of occurs only in LOINC.
Its most frequent signature (Procedures, Physiology) does not
match the signatures of the relationship to which it was mapped,
conceptually related to. Again, this is a case of potentially broad
semantics inhering in a single relationship.

Some examples from LOINC are:

� Ambulance claims attachment class of Rationale for scheduled
transport:Type:Point in time:EMS transport:Nominal

� Radiology studies class of MRI of larynx
� Antimicrobial susceptibility class of Acyclovir:Susceptibility:Point in

time:Isolate:Quantitative or Ordinal

The Metathesaurus relationship analyzes was mapped to the
Semantic Network relationship of the same name. It occurs only
in LOINC or a LOINC collaborative vocabulary. It has 45 signatures,
the most frequent being (Physiology, Anatomy), but no dominant
signatures.
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Some examples from LOINC are:

� Coding system.current:Type:Point in time:Race:Nominal analyzes

Racial group
� Body surface area formula:Type:Point in time:Formula:Nominal:�

analyzes Mathematical formula
� Bacteria identified^^^6:Presence or Identity:Point in

time:Burn:Nominal:Culture analyzes Burn injury

The Semantic Network relationship analyzes has only two signa-
tures (Procedures, Anatomy) and (Procedures Chemicals and Drugs)
and these are not compatible with the LOINC use of this relation-
ship. In this case, there seems to be a mismatch in the meaning
of the relationship itself. A definition of the relationship from the
developers might assist in ensuring a better mapping.

6. Conclusions

The problems that were revealed by the auditing process de-
scribed in this paper not only highlight some specific problems
and errors in our mapping, but they also lead us to make a
number of recommendations. First, and, perhaps, most helpful
for ensuring consistency of mapping between terminologies,
would be a recommendation that developers explicitly define
not only the concepts in their terminologies, but also the rela-
tionships that link those concepts. Any terminology alignment
effort would benefit enormously if all terminology developers
would agree to this basic requirement. Second, just as we iden-
tified some problems in the Metathesaurus source vocabularies,
we also identified some possible improvements to the Semantic
Network. The Semantic Network would benefit from being ex-
tended with several new relationships and with new relations
for some existing relationships. Finally, the UMLS editing envi-
ronment could take advantage of the correspondence estab-
lished between relationships in the Metathesaurus and the
Semantic Network and could potentially validate new relations
as they enter the system, rather than relying exclusively on a
post-processing auditing step.

In this paper we developed a semantically-based method for
auditing associative relations in biomedical terminologies.
Importantly, these terminologies participate in the Unified Med-
ical Language System (UMLS). This has the consequence that
each of the terminologies has been enriched in a variety of
ways. For our purposes, the enrichment of concepts by semantic
types is the critical foundation on which we have built what we
believe to be a novel auditing method. While our auditing was
specifically directed to the results of a process that mapped
associative relationships from a variety of sources to the UMLS
Semantic Network, in principle, it could be applied to the map-
ping, or alignment, of any set of associative relationships to any
other set. The only requirement would be that the participating
terminologies have benefited from the semantic typing of their
concepts. If that criterion has been met, then the auditing pro-
cess can take advantage of our methodology for creating and
subsequently comparing the semantic signatures of the relation-
ships that have been mapped to each other.

Our auditing process revealed a certain level of consistency in
our mapping, but it also uncovered a number of problems. This is
exactly the role of an auditing process. Ideally, the process vali-
dates the work that has been done, but when it does not, it high-
lights areas for improvement. The auditing process will only be
successful if it is seen as an iterative, rather than a one-time pro-
cess. That is, once the auditing identifies the problems, attempts
should be made to resolve them, and then the auditing cycle
should begin again.
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