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A b s t r a c t Objective: To develop and test an auditing methodology for detecting errors in medical
terminologies satisfying systematic inheritance. This methodology is based on various abstraction taxonomies that
provide high-level views of a terminology and highlight potentially erroneous concepts.

Design: Our auditing methodology is based on dividing concepts of a terminology into smaller, more manageable
units. First, we divide the terminology’s concepts into areas according to their relationships/roles. Then each
multi-rooted area is further divided into partial-areas (p-areas) that are singly-rooted. Each p-area contains a set of
structurally and semantically uniform concepts. Two kinds of abstraction networks, called the area taxonomy and
p-area taxonomy, are derived. These taxonomies form the basis for the auditing approach. Taxonomies tend to
highlight potentially erroneous concepts in areas and p-areas. Human reviewers can focus their auditing efforts on
the limited number of problematic concepts following two hypotheses on the probable concentration of errors.

Results: A sample of the area taxonomy and p-area taxonomy for the Biological Process (BP) hierarchy of the
National Cancer Institute Thesaurus (NCIT) was derived from the application of our methodology to its concepts.
These views led to the detection of a number of different kinds of errors that are reported, and to confirmation of
the hypotheses on error concentration in this hierarchy.

Conclusion: Our auditing methodology based on area and p-area taxonomies is an efficient tool for detecting
errors in terminologies satisfying systematic inheritance of roles, and thus facilitates their maintenance. This
methodology concentrates a domain expert’s manual review on portions of the concepts with a high likelihood of
errors.
� J Am Med Inform Assoc. 2006;13:676–690. DOI 10.1197/jamia.M2036.
Introduction
Terminologies are increasingly used in biomedical and
health care applications. With the awareness of their value,
more institutions, in government, academia, and industry,
are allocating resources needed for the design of various
terminologies. The belief that these investments are more
than made up for, in operational cost-savings and improved
quality of care, is spreading.

Much of the time and effort in terminology development is
spent on increasing coverage of various biomedical areas
with the addition of new concepts and relationships. Further
resources are invested in classification tools, user-friendly
interfaces, servers, etc. But very little has been directed
toward auditing of terminology content. While we have
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recently seen a surge in papers on auditing techniques for
terminologies (see Background), there does not seem to be a
wide-spread commitment in the terminology industry to
making auditing an important part of the design, develop-
ment, and maintenance phases. We believe that recognizing
the importance of auditing as an integral part of the termi-
nology design life cycle is critical for the terminology
industry (see Background).

Auditing large terminologies is a major challenge facing the
medical informatics community. Due to the size and com-
plexity of terminologies, it is unavoidable that errors will
occur. To demonstrate this point, we set out to search for
errors in one of the new generation of terminologies, the
National Cancer Institute Thesaurus (NCIT). For details, see
Background. For this purpose a proper auditing methodol-
ogy is required.

In this paper, we present an auditing methodology for
terminologies satisfying systematic inheritance of roles
(relationships). Our auditing methodology comprises two
major phases: (1) the automated preparatory phase; and
(2) the manual guided-discovery phase. Phase (1) consists
of 4 steps. First, the terminology is divided into groups of
concepts with the same roles. This division provides
structurally uniform collections of concepts. From this
division, the second step constructs a compact abstraction
network, called an area taxonomy. Third, the division is
refined into groups of concepts called p-areas that are

both structurally uniform and singly rooted. Finally, an
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enhanced abstraction network, called the p-area taxonomy,
is derived.

It is very difficult to comprehend terminologies because they
are typically huge in size (number of concepts) and have
high complexity (proportional to the number of relation-
ships).1 Auditing, which requires comprehension, is even
more difficult since it is like finding needles in a haystack, as
the target of the search is unknown and usually no semantic
or structural guidance exists. The two taxonomies derived in
Phase (1) provide compact, comprehensible views of the
terminology, and tend to highlight its relevant features,
while hiding unimportant details.

In Phase (2)—the actual auditing phase—elements of the
p-area taxonomy are used to guide the auditor to suspicious
parts of the terminology. For example, our previous experi-
ence with a related methodology2 in the context of the MED3

has shown that areas of small size tend to denote irregular-
ities in the terminology and therefore may reveal errors. The
p-area taxonomy readily exposes such situations to the
auditor. An application of our methodology to a sample
hierarchy of the 2004 NCIT is presented. An analysis of the
errors found is also presented.

Background
Importance of Auditing Terminologies
The common perception in the terminology “industry,”
reflected in anecdotal evidence, is that customers want to
increase coverage, and this is what they are willing to pay
for. Note that when we refer to the terminology “industry,”
we include departments in corporations, government agen-
cies, hospitals, and academic institutions that design, main-
tain, and use terminologies. If a customer discovers an error
and complains about it, it will be fixed. But undertaking an
extensive auditing effort is typically not what the customer
wants.

Such a situation is common in emerging industries, but not
in mature ones. For example, as the software industry
matured, different models for software life cycle processes
have been developed. However, in recent years it has
become clear that no such model is complete without
activities dedicated to assuring the correctness of the soft-
ware. Typically, software life cycle models list auditing as
part of quality assurance, one of the support activities.4 It is
normally assumed that a software quality assurance audit is
performed by a team that is independent of the development
team. Life cycle models have also been expanded to knowl-
edge-based systems, such as in an application of auditing in
the development of knowledge-based expert systems for
business and finance.5 We observe that auditing has been
typically absent from the life cycle of many ontologies,
terminologies, and controlled vocabularies, and that this
omission needs to be rectified. Auditing is essential since
terminologies underlie decision-support systems, clinical
patient records, health care administrative systems, etc., and
errors in a terminology will propagate to errors in these
systems, which in turn may result in endangering the life or
quality of life of a patient.

In our view, terminologies are now being created by a
maturing industry. To support this claim, we note the recent

emergence of a generation of medical terminologies satisfy-
ing the desiderata of Cimino.6 These terminologies have
sound theoretical models such as description logics7,8 and
frames.9 Examples include the Systematized Nomenclature
of Medicine Clinical Terms (SNOMED CT),10 the Founda-
tional Model of Anatomy (FMA),11 the National Cancer
Institute Thesaurus (NCIT),12 Lab LOINC,13 and the Medical
Entities Dictionary (MED).3 They all have accompanying
software tools—either commercial or of commercial quali-
ty—that provide users with convenient interfaces: e.g., Pro-
tégé14 used for FMA, and Apelon’s Terminology Develop-
ment Environment (TDE)15 used for SNOMED and NCIT.
These terminologies tend to be of substantial size and
complexity, and they keep growing; e.g., the recent version
(January ’06) of SNOMED contains over 366,000 concepts,
while the January ’03 version contained only about 344,000
concepts. Similarly, NCIT has grown in two years from
about 25,000 concepts to 42,404 concepts.

Our research group, jointly with J. J. Cimino and G. Hripc-
sak of Columbia University, distributed a questionnaire
about Unified Medical Language System (UMLS)16,17,18 us-
ers’ applications and priorities to the UMLS users mailing
list. We received 70 responses. Three questions dealt with
auditing. Two asked to what extent the user is bothered by
a list of twelve kinds of errors, with the choice of answers:
“not at all,” “a little,” “moderately,” and “a lot,” coded by
the values 0, 1, 2, and 3, respectively. It became clear from
the results that there is a demand for high-quality auditing.
For example, the average user is “bothered moderately” by
incorrect hierarchical relationships (1.97), incorrect associa-
tive relationships (2.11), incorrect semantic-type assign-
ments (2.15), missing hierarchical relationships (1.86), and
missing semantic-type assignments (1.76). For the other
kinds of errors, the average user was bothered to an extent
that is between “a little” and “moderately” (1.46).

Furthermore, the responding UMLS users clearly saw audit-
ing as a high priority since, on average, they would allocate
35% of a putative NLM budget to auditing, the highest of all
given options by a large margin. The three trailing catego-
ries, “designing a derived terminology,” “improving inter-
faces,” and “extending coverage,” were assigned only 24%,
20%, and 16% of the budget, respectively.

In summary, the results of our study showed that users of
the UMLS care about eliminating errors and would like to
see a substantial portion of the available budget allocated to
auditing activities for quality assurance. These results con-
firm our claims that UMLS users are demanding serious
auditing efforts so they can rely on the represented knowl-
edge with a reasonable level of confidence. It is a research
issue whether users of other medical terminologies share
similar opinions to those expressed by the UMLS users in
our study.

Terminology Auditing Methodologies
Researchers have developed different methodologies to help
with auditing terminologies. For the UMLS alone, we find a
variety of approaches. For example, semantic methods19

have been used to detect classification errors. Techniques
have been developed for finding cycles,20 reverse hierarchi-
cal relationships,21 concept redundancy and ambiguity,22

and redundant categorization.23 The UMLS Semantic Net-

work (SN)24 was revised through the reclassification of the
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semantic types.25 Object-oriented models have been em-
ployed to support navigation, maintenance, and audit-
ing.26,27 A method to find undetected synonymy in the
UMLS has been developed.28 A technique,29 based on the
notion of an SN metaschema,30 has been applied to the
UMLS.

Furthermore, terminological, ontological and linguistic tech-
niques were utilized to audit the NCIT and SNOMED.31–34

A technique based on an object-oriented database represen-
tation2 has been developed for auditing the MED.3 Other
techniques have been used to find errors caused by design
problems in the Gene Ontology.35–38 Error detection39 for
the Diagnoses for Intensive Care Evaluation (DICE) Sys-
tem40 is based on migration to description logic.

NCI Thesaurus
The National Cancer Institute Thesaurus (NCIT) was de-
signed in response to a need for a consistent, shared vocab-
ulary for the various projects and initiatives at the NCI, as
well as in the broader cancer research community. The NCIT
covers clinical and basic research as well as administrative
terminology.

The NCIT’s design is based on description logic. It has a tool
for automatic classification couched in this model. The NCIT
has defined and inferred versions. The defined version is the
one containing the assertions made about each concept by
the editors. The inferred version additionally includes asser-
tions and tree placements inherited during DL classification.
In this paper, we used the inferred version of the NCIT to do
our analysis.

The NCIT’s data model consists of four basic elements:
concepts, kinds, roles, and properties.41 The foundational
unit of information is the concept. There are 42,404 concepts
organized into 21 disjoint hierarchies, covering different
subject areas such as Biological Process, Genes, and Gene

F i g u r e 1. Examples of an area taxonomy and p-area tax
Products. Each hierarchy consists of IS-A relationships be-
tween child and parent concepts forming a directed acyclic
graph (DAG). The largest hierarchy, Diseases, Disorders,
and Findings, contains 9,613 concepts. Roles describe se-
mantic (non IS-A) relationships between concepts and are
inherited by a child concept from a parent concept along the
IS-A hierarchy. For example, the concept Malignant Breast
Neoplasm* has the role located in connecting it to Breast. Since
Breast Ductal Carcinoma IS-A Malignant Breast Neoplasm, it
inherits the role located in with the target Breast.

Each concept is associated with exactly one of 21 disjoint sets
called kinds, representing major subdivisions of the NCIT,
e.g., the Biological Process Kind and the Gene Kind. Prop-
erties are used to describe a concept. Examples include:
definition, preferred name, synonyms, and semantic type.

Methods
Dividing a Terminology into Areas
Our terminology-dividing methodology is based on the
notions of area, structure,30 and root, defined as follows:

Definition 1 (Area): An area is a group of all concepts that
have exactly the same roles.

Definition 2 (Structure): The structure of a concept (and an
area) is the set of its roles.

Hence, an area of a terminology is structurally uniform.

Definition 3 (Root of an Area): A concept X in an area A is
called a root of A if no parents of X are in A.

A terminology is divided so that each concept belongs to one
and only one area according to its structure. We assign a
name to an area that consists of the list of its roles inside
braces. The area with no roles is named Ø (empty set).
Figure 1(a) shows the division of a sample abstract termi-

*A capitalized italic font is used for concepts. Role names will be

.

italicized and start with a lowercase letter.
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nology into four areas. Areas are shown as boxes. An IS-A
link from a concept to another concept in the same area is
indicated by indentation. B and C are grouped into the area
with the name {r1} since both of them have only the role r1. C
is indented relative to B, because C IS-A B. Similarly, D, E,
and F are in the area with the name {r1, r2}, and G, H, I, and
J are in the area {r3}. An IS-A link from a concept to another
concept in a different area is indicated by a thin arrow. Thus
there is a thin arrow from D to B. Concept A is in the area Ø
because it has no roles at all. The symbols “*” and “�” will
be explained later. In Figure 1(a), D and E are the roots of {r1,
r2}. The concept A is the root of Ø and the concept B is the
root of {r1}. G and J are the roots of {r3}.

We repeat that all the concepts within an area’s box share the
same structure. This is due to the inheritance of roles along
the IS-A hierarchy that enables the structural division into
areas. If inheritance can be interrupted, e.g., by a blocking
mechanism as in the UMLS Semantic Network,24 then the
division into groups of concepts with identical roles is more
problematic.30

The division into areas lends itself to a useful kind of
abstraction diagram that we call the area taxonomy (AT). The
AT serves as a compact, high-level representation of the
terminology and shows the distribution of its roles. Specif-
ically, the AT is a DAG of area nodes (Figure 1(b)). An area
(a node) is displayed as a bold box and is named by the list
of roles of all its concepts. Nodes can be connected to other
nodes via child-of relationships, which serve as abstractions
of the underlying IS-As in the terminology. Specifically, one
node X is child-of another node Y if a root of X has an IS-A
relationship to some concept in Y. A child-of link is shown as
a bold arrow. Note that the concept in Y need not be a root.
The area {r1} is a child-of Ø because B IS-A A, where B is the
root of {r1} and A is in Ø.

Definition 4 (Introducing concept): A concept at which one
or more new roles are introduced into the terminology is
called an introducing concept.

In every area, the root is, by definition, an introducing
concept because it introduces one or more new roles. The
only reason why this concept is a root—and is not in its
parent’s area—is that it introduces new roles. Other roles
may be inherited.

Role-introduction points are highlighted by placing a “*”
next to the name of any role introduced at a root of the
particular area. The concept B is an introducing concept for
the role r1 while both G and J are introducing the role r3. We
note that for some areas there are several introduction
patterns for the same structure. In Figure 1(a), the role r1 in
{r1, r2} is inherited from B by root D but introduced by root
E. Role r2 is introduced at both roots D and E. In such a case
of varying introduction patterns for a role (e.g., r1), we mark
the role with “�” instead of “*” in the area name. For
example, in the area name {r1

�, r2*} in Figure 1(a), r1 is
marked by a plus sign.

To illustrate the above definitions, we show the areas of a
few concepts from the NCIT’s Biological Process hierarchy
in Figure 2. Some concepts are not displayed, and their
absence is marked by “. . .”. Figure 2 shows concepts in four
areas. Due to the long area names we have also numbered

the areas: AREA (1) Ø, AREA (2) {has initiator process*, has
result process*}, AREA (3) {has initiator chemical or drug*, has
initiator process, has result process, is part of process*}, and
AREA (4) {has associated location*, has initiator process�, has
result process�}.

There are 15 concepts in AREA (2), all of which share the
same structure comprising these two roles. Similarly, the
three concepts Tumor Initiation, Transformation, and Malig-
nant Conversion of AREA (3) share the same four roles. In
fact, each area has a structurally uniform set of concepts. The
child-of from AREA (3) to AREA (2) is due to the IS-A from
the root Tumor Initiation to the root Pathogenesis, while the
IS-A relationship from Pathogenesis to Pathological Process is
responsible for the child-of from AREA (2) to AREA (1).

Dividing an Area into P-Areas
An area of a terminology is by definition structurally uni-
form. However, an area might not be semantically uniform
in the sense of having a unique root concept that generalizes
all its descendants in the area. A unique root can convey the
semantics of the whole group. For example, the unique root
Pathogenesis of AREA (2) conveys the general semantics of
all concepts in its area. When a role can be introduced at
multiple points in the IS-A hierarchy, as in the NCIT, then an
area may have multiple roots.

As we shall see later, the NCIT area {has associated location*}
has a group of 19 concepts rooted at Cellular Process and
another group of eight rooted at Neurologic Process. Obvi-
ously, both these groups are semantically uniform, but the
area is not.

Therefore, we further divide areas into concept groups,
called partial areas (p-areas), that are structurally uniform and
singly-rooted. A p-area is named after its unique root since
the root generalizes all the p-area’s other concepts.

Definition 5 (P-area): A p-area in an area A is a group of
concepts that contains only one root X and all descendants
of X in A.

We can further divide the areas in Figure 1(a) into six
p-areas according to the roots A, B, E, G, and J (Figure 1(c)).

F i g u r e 2. Area Taxonomy with a few areas and their
concepts.
The division of areas into p-areas leads to an expanded,
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two-level AT that we call the p-area taxonomy (PAT). The
PAT is a DAG, with p-areas represented as nodes and
connected to other p-areas via child-of relationships. One
p-area X is a child-of another p-area Y if the root concept X
has an IS-A relationship to some concept in Y. To capture the
additional level of division, p-areas are grouped into the
AT’s areas. In a PAT diagram, areas are displayed as boxes
(Figure 1(d)). A “small caps” font will be used for p-areas.
The p-areas of an area are drawn as boxes inside their
respective area boxes. The child-of links are displayed as bold
arrows. The name of a p-area is identical to the name of its
root. Therefore, a p-area box contains the name of its root,
which conveys the essence (semantics) of the group. The
number in parentheses represents the number of concepts in
the respective p-area, including the root. The PAT offers a
view that provides both relationship distribution informa-
tion across the entire terminology and further hierarchical
grouping information within areas.

As in the area taxonomy, we use a “*” to indicate the p-area
where a role is introduced. The lack of a “*” means the role
is inherited. Note that the “�” in the AT is disambiguated in
the PAT. Each root of a p-area has a distinct introduction
pattern. Areas with a “�” in their names are divided into
several parts of a specific introduction pattern, separated
from one another in the PAT diagram by a dashed line. Each
of these parts includes the p-areas of the corresponding
introduction pattern. Figure 1(c) shows that the area {r1

�,
r2*} in Figure 1(a) is separated (by the dashed line) into two
parts: {r1, r2*} for the p-area D and {r1*, r2*} for the p-area E
with child-of relationships to the p-areas B and A, respec-
tively.

The PAT for Figure 2 appears in Figure 3. (Note that Figures
2 and 3 are excerpts of the complete AT and PAT for the
Biological Process hierarchy shown in Figures 4 and 5,
respectively.) For some areas, there is only one root imply-
ing that the concepts of such an area are not only structurally
uniform but also semantically uniform due to the fact that all
are specializations of the root. Such areas have only one
p-area named after their respective roots. In other words, the
area box contains only one p-area box. This is the case for

F i g u r e 3. Excerpt of PAT.
AREA (1)—Biological Process, AREA (2)—Pathogenesis, and
AREA (3)—Tumor Initiation. Some areas, however, have
several roots. In AREA (4), each of the three concepts is a
root and constitutes a p-area. Each of these three p-areas has
a uniform semantics captured by its name. Moreover, we see
two different role introduction patterns, graphically sepa-
rated by a dashed line. For the left two p-areas, has associated
location is introduced, while has initiator process and has result
process are inherited. This is denoted as {has associated
location*, has initiator process, has result process}. For B-Lym-
phoma Development on the right of the dashed line, all three
roles are introduced, since Pathologic Process in Ø has no
roles. This is denoted as {has associated location*, has initiator
process*, has result process*}. Thus, the area is divided by the
dashed line into two parts according to the introduction
pattern. Each part contains the proper p-areas with separate
child-of’s according to the parent of the root. In this way, the
“�” notation in the area’s name is disambiguated. No plus
sign appears in the PAT.

The process of dividing the terminology into areas and
p-areas as well as the design of the AT and PAT was fully
automated. The programs to carry out these tasks were
written in PERL and contain 700 lines of code. They took two
weeks to write, test, and debug. The AT and PAT diagrams
were manually created using the Visio graphical tool. An
advantage of the AT and PAT is in providing groupings of
similar concepts into small collections. Furthermore, the
taxonomies guide the auditor to concentrate on groups of
concepts with higher likelihood of errors, as discussed
below.

Auditing Methodology
Our “divide and conquer” auditing methodology first di-
vides the terminology into areas and into p-areas. Then the
conquer phase utilizes these p-areas to expose errors, other-
wise buried undetected in the complex terminology. The AT
and PAT are typically smaller than the original concept
network. These compact views allow the terminologies’
auditors to see it in a new, different light. These views can
help in the orientation to and navigation of the terminology
in the auditing process. Looking at the concepts, grouped
according to their structure and root, can help in exposing

problems.
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In the first part of the manual auditing phase, we utilize the
notion of “concept similarity” to identify omissions and
misplacements of concepts. Two concepts are structurally
similar if they share the same set of roles and are thus in the
same area. Two concepts in the same area are called seman-
tically similar if they share the same root and are in the same
p-area. If we find that two concepts, similar in their essence,
are in different p-areas in the PAT (or, worse, in different
areas), there may be some inconsistencies or errors for some
of these concepts. For example, Inhaling and Respiration (see
Figures 6 and 7) are similar in essence, but are in different
areas. Also, if a concept similar in its essence to concepts of
a p-area is missing from that p-area or from the terminology
overall, this may indicate an unjustified absence. For exam-
ple, the concept Exhaling, related to Inhaling, is missing from
the NCIT.† It is easier and more effective for an auditor to
detect irregularities when reviewing relatively small areas
and p-areas of similar concepts, due to the limited capacity
of human comprehension and memory.

Due to the limited resources available for auditing and the
desire to optimize their impact, our methodology is in-
tended to check a limited number of concepts whose prob-

F i g u r e 4. AT for the Biological Process hierarchy.
†Corrected by Nicole Thomas, an NCIT editor, following our report.
ability of being erroneous is high. Our techniques are
designed to use automated means to identify groups of
concepts with high likelihoods of errors, where the manual
review is to be concentrated.

The second part of the audit phase follows this approach
and focuses on “small” p-areas, having very few concepts.
Our previous experience2,27,29 suggests that whenever we
have small groups of “similar” concepts, there is a high
likelihood that these groups represent irregularities that are
manifestations of errors more severe than omissions and
misplacements of concepts. The reason for this is as follows.
If a p-area exists due to its legitimate structure and seman-
tics, then there would probably be quite a few, or at least
several concepts, in it. For example, the legitimate p-area
Subcellular Process(87) (see Figure 6) contains the largest
number of biological process concepts at the subcellular
level. On the other hand, a p-area containing only one or two
concepts may indicate an error where no concepts at all
should be grouped in the particular manner. For example, in
the p-areas Inhaling(1) and Ejaculation(1) (see Figures 6
and 7), the concepts are missing a role and therefore end up
in erroneous p-areas by themselves. In our auditing meth-
odology, we especially need to examine all concepts in the

PAT’s small p-areas.
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In the following, we will need to denote the number of
p-areas within areas and concepts within p-areas.

Definition 6 (Size): The size of a p-area (area) is its number
of concepts.

Definition 7 (Cardinality): The cardinality of an area is its
number of p-areas.

Definition 8 (k� -p-area): A k�-p-area is a p-area of size k or
less.

Note that we use overline k� to indicate integers and differ-
entiate them from “p” (partial). Example: a 3�-p-area is a
p-area that has 1, 2, or 3 concepts.

Definition 9 (m� -area): An m� -area is an area of cardinality m
or less.

Definition 10 (m� -k� -area): An m� -k�-area is an m� -area that
consists of k�-p-areas only.

In later sections, we will use 3�-3�-areas to test the following
two hypotheses.

Hypothesis 1: The probability of erroneous concepts is higher
for k�-p-areas with small k than for k�-p-areas with large k.

Hypothesis 2: The likelihood of errors in concepts of a
k�-p-area with small k is higher in an m� -area with low m than

F i g u r e 6. A portion of the PAT for the Biological Proces
in an m� -area of high m.
In Hypothesis 2, we further differentiate between small p-areas
in areas of high cardinality and low cardinality. In the first case,
we have many concepts sharing the same structure and being
hierarchically independent of one another, which is a likely
configuration. An example of such an area is {has associated
location�, is part of process�} (see Figure 5), which has 43 p-areas,
33 of which have only one or two concepts. Only one error was
discovered in the 124 concepts of this area.

In the second case, we encounter one or very few hierarchi-
cally related concepts with a unique combination of roles.
The rare occurrence of the structure of this p-area may
indicate an error. Consider, for example, the single concept
Transcription initiation in its p-area (see Figure 5). This p-area
is the only one in {has associated location, has result process*, has
result chemical or drug*, is part of process}. As a matter of fact,
the role with the target Transcription should be is part of
process instead of has result process (as is the case in the new
release of the NCIT). After this change, this p-area will
belong to {has associated location�, has result chemical or drug*,
is part of process}, which already has nine p-areas (see Fig-
ure 5).

Following our two hypotheses, our auditing methodology
concentrates the typically limited time available for an

archy.
expert’s manual review on the p-areas with a relatively high
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likelihood of errors. To test these two hypotheses, we
conducted an extensive audit of one of NCIT’s hierarchies,
auditing all its p-areas, small and large.

Results
AT and PAT for an NCIT Hierarchy
We have chosen to demonstrate both the AT and PAT for the
BP hierarchy of the NCIT’s 2004 release. Figure 4 shows the
AT organized by levels according to the number of roles.
There are 7 roles, numbered from 0 to 6, defined for the
concepts of the BP hierarchy. The levels of the AT are labeled
0 to 5 according to the number of roles in each. The 589
concepts in the BP hierarchy are grouped into 37 areas (see
Figure 4). For example, 38 concepts are grouped into {has
associated location*}. For each area, we list the cardinality (i.e.,

F i g u r e 7. Descendants of Organismal Process in (a) NCIT
its number of p-areas).
Figure 5 shows the PAT for the BP hierarchy. Due to lack of
space, Figure 5 does not show all p-areas. Omitted p-areas
are in Figure 6 in a subhierarchy of the PAT used later for
auditing. The numbers in parentheses are the total numbers
of concepts in the respective p-areas. The previously men-
tioned area {has associated location*} (Figure 6) is further
divided into nine p-areas: cellular process(19),
virus-cell membrane interaction(5), blood circula-
tion(1), digestion(1), urination(1), respiration(1),
neurologic process(8), uterine swelling(1), and an-
giogenic inhibition(1).

As for an example of the separation of an area according to
different introduction patterns, the area {has associated loca-
tion�, is part of process�} in Figure 5 is separated into three
different parts: {has associated location, is part of process*} with

rchy indented format, and (b) Selected areas and p-areas.
19 p-areas; {has associated location*, is part of process} with 22
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p-areas; and {has associated location*, is part of process*} with
two p-areas, whose roots introduce both roles since their
parents are in Ø.

The child-of relationships in a PAT are defined from p-area to
p-area (Figure 1) as described in the Methods section.
However, the number of such relationships in a large PAT
makes their complete display impractical. The division of an
area into different parts, according to the introduction
pattern of its p-areas, enables a more compact display.
Instead of many child-of relationships emanating from each
p-area of a part of an area, we display only a single child-of
from that part to the unique part of another area containing
the target p-areas of all the original child-of’s. For example,
see the child-of from the {0*, 3, 6} part with the two p-areas,
myelopoiesis(5) and leukopoiesis(1), to the area {3*, 6},
with 3 p-areas, in Figure 5. This area, in turn, has a unique
child-of to area {6*} since it has a unique introduction pattern.
This graphical convention enables the display of a large,
complex PAT without cluttering it with an excessive number
of lines.

Figure 7 shows Organismal Process and all its 40 descendants.
Figure 7(a) displays them in an indented hierarchy format,
provided by the NCIT interface,12 and Figure 7(b) displays
them as a collection of 19 p-areas grouped into nine areas. In
the next subsection, we will utilize this figure to demonstrate
different kinds of errors that we have found with the use of
our auditing methodology. In the root area Ø of the PAT, the
“. . .” denotes the fact that we only list concepts that are
descendants of Organismal Process, not all the concepts. Note
also that the other areas in Figure 7 may be incomplete since
some of their concepts are not descendants of Organismal
Process. The reader is invited to audit the indented list in
Figure 7(a) to see how many of the errors can be found
without our technique.

We use various fonts in Figure 7 to highlight concepts that
are different from the rest of the concepts in the same p-area.
We also use the same font to highlight groups of concepts
similar in essence but in different areas, e.g., Inhaling and
Respiration. These fonts will help to highlight errors de-
scribed in the next subsection.

Errors Found in P-areas
We will demonstrate various kinds of modeling errors
exposed by the small groups of similar concepts, repre-
sented by the AT and PAT. As mentioned above, it is easier
to find missing concepts, missing roles, or erroneous con-
cepts by comparing groups of structurally and semantically
similar concepts. Furthermore, auditors can easily find in-
consistencies among concepts if concepts, similar in their
essence, are not in the same area or p-area. If for one concept
a role exists while for a similar concept it does not, this may
suggest that the latter is missing that role. Auditing was
performed by H. Min and Y. Chen, both of whom studied
medicine in China. Much of our demonstration is focused on
Figure 7. However, in order to test our hypotheses, we have
reviewed all p-areas, large and small, of all areas in the BP
hierarchy. In our report, we emphasize explicitly the cases of
3�-3�-areas.

Missing Roles:

From the PAT (Figure 6), we see that inhaling(1) in {is part

of process*} contains only one concept Inhaling. The same is
true for respiration(1) in {has associated location*} (see Figure
7(b) highlighted with italics). Respiration has the role has
associated location to Lung. These two related concepts Inhal-
ing and Respiration are in different areas. As noted, this may
indicate some inconsistency or error. We see that inhaling is
a part of the process of respiration. However, Inhaling is
missing the role has associated location to Lung, which is the
target of this role for Respiration. Inhaling will have two roles
after we add this new role to it. Since its parent Organismal
Process does not have any roles, both roles should have been
introduced at Inhaling. The concept Inhaling should thus be
moved from its original area to {is part of process*, has
associated location*}.

Another p-area in {is part of process*} contains only one
concept Ejaculation which is part of Reproduction. But Ejacu-
lation is also missing the role has associated location to the
concept Male Reproduction System. After moving these two
concepts to {is part of process*, has associated location*}, the area
{is part of process*} in Figure 7(b) becomes empty and does
not appear in the revised Figure 8, reflecting the changes.
We note that this area will still exist in the AT and the PAT
due to other p-areas.

We found that seven concepts in four 3�-p-areas, cellular
stress(1) in {has result process*}, cellular stress re-
sponse(2) in {is part of process*}, cancer cell growth
regulation(3) in {has initiator process*, is part of process*}, and
oxidative stress(1) in {has initiator chemical or drug*, has
result process}, are missing the role has associated location with
the value Cell. Cancer Cell Growth and Cellular Infiltration in Ø
have the same mistake. It is interesting to note that the role
has associated location is from a dependent process entity to
an independent anatomical structure entity. We observe a
parallel between the structural and ontological constraints.
The issue of missing roles in SNOMED has been discussed
previously.34

Missing Synonyms:

The above concept Inhaling does not have any synonyms.
However, inhaling is part of the concept Respiration in {has
associated location*}. Thus Inspiration, obviously referring to
the same part of respiration, should be a legitimate synonym
of Inhaling.

This example was brought up since it is related to a
previously discussed missing role error, and because it
exposes an inconsistency in the choice of names for concepts.
Altogether, we found 70 missing synonyms for the BP
hierarchy of the NCIT. However, we are not counting those
as errors, and do not include them in the error analysis
tables in the Discussion section. As another example, G1
phase, G2 phase, and Interphase in the p-area cell cycle
stage(11) are missing G1 period, G2 period, and Resting Phase
as synonyms, respectively.

Missing Concepts:

Respiration consists of two parts, inspiration and expiration,
which are synonyms for the concepts Inhaling and Exhaling,
respectively. These last two concepts should be in one area
since they are similar in essence. From the PAT, we see that
exhaling(1) is missing from the area that inhaling(1) is
located in, and in fact from the NCIT altogether. The concept
Exhaling with the synonym Expiration should also be added

as part of respiration to the same area as Inhaling.† As
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another example, the cell cycle includes interphase (which
can be divided into four steps: G0 phase, G1 phase, S phase,
and G2 phase) and cell division phase. After we examined
all concepts in the p-area cell cycle stage(11), we found
that G0 Phase is missing from the NCIT. As with synonyms,
we do not include missing concepts in the error analysis
tables of the Discussion section.

Concept Redundancy:

We mention the following redundancy error and missing
synonyms, which are not from the BP hierarchy, due to
their critical importance to NCI interests. In the Properties
or Attributes hierarchy of the NCIT, there are two con-
cepts, Benign and Non-Malignant, listed as children of
Disease Morphology Modifier. They are synonyms, as both
of them have an identical definition: “not cancerous.” So
only one concept should appear. The other one should be
a synonym. Furthermore, Not Cancerous and Noncancerous
should appear as synonyms, too. As a matter of fact, there
is in the NCIT a concept Mouse Noncancerous Conditions
whose name contains such an extra synonym. Note that if
a cancer researcher searches for all benign diagnoses, all
those listed as Non-Malignant, Not Cancerous, and Noncan-
cerous will be missed.

Missing Parent:

In the BP hierarchy, there are only four concepts with
multiple parents in the following p-areas: leukocyte traf-
ficking(1) in {has associated location, is part of process*}, tumor
immunity(1) in {has result process*}, inflammation pro-
cess(1) in {is part of process*}, and the root of cancer cell
growth regulation(3) in {has initiator process*, is part of
process*}. As the NCIT allows multiple parents, this low
number raises concerns that there should probably be more

Table 1 y Analysis of errors by p-area size

P-area size
# P-

areas
Total #

Concepts
Erroneous
Concepts

Percentage
of Errors

1 141 141 18 13%
2 18 36 3 8%
3 15 45 6 13%
4-6 10 47 1 2%
7-15 10 112 0 0%
16-20 4 74 1 1%
21-50 1 47 14 30%
more than 50 1 87 1 1%
Total: 200 589 44 7%

Table 2 y Distribution of areas by their cardinality and

Area
ardinality

m
#

Areas

Areas with Small P-are

# m-3�-areas
#

Concepts Err

1 15 13 18
2 1 1 2
3 5 4 13
4 1 0 0
5 4 2 12
6-10 7 1 11
11-15 3 1 13
16-45 1 0 0

Total: 37 22 69 13
concepts of this sort. This is especially true since the same
process can have different aspects such as structural, func-
tional, and clinical that can be reflected by the appropriate
parents. For example, the parents of Inflammation Process are
Multicellular Process (structural) and Pathologic Process (PP)
(clinical). The parents of Cancer Cell Growth Regulation are
Cell Proliferation Regulation (functional) and PP (clinical). The
fact that three of these concepts have the same ancestor, PP,
suggests that more descendants of PP may have more than
one parent as well.

After we examined all children of PP, we found that
according to the NCIT definition, Autoimmune Process is an
immune response and should therefore also be a child of
Immune Response. Another example occurs with Necrosis (in
the p-area cellular process(19) of {has associated location*}).
Necrosis is a pathological process caused by the progressive
degradative action of enzymes and is generally associated
with severe cellular trauma. Therefore, it is missing PP as
another parent. For an alternative modeling approach, see
the Discussion section.

Incorrect IS-A:

Senile Corneal Change, in the root area of the BP hierarchy, is
a child of PP; but this is incorrect. Senile corneal change is
part of the normal aging process. It is neither abnormal nor
pathologic (a manifestation of disease). The correct place-
ment of Senile Corneal Change is as a child of Aging-Related
Process (and as a sibling of Aging) in the same area.†

The parent of Tumorigenesis in the p-area oncogenesis(6) is
Oncogenesis, in the area {has associated location*, has initiator
chemical or drug*, has initiator process, has result biological
process} (Figure 5). This represents an incorrect IS-A relation-
ship because Tumorigenesis has Oncogenesis as a synonym.

Redundant Target:

The concept Phagocytosis of the p-area phagocytosis(1) is
in the area {has associated location, has initiator chemical or
drug*, has initiator process*, is part of process*}, with only

ber of 3�-p-areas
Other Areas

% of
Errors

# Other
Areas

#
Concepts

#
Errors

% of
Errors

39% 2 62 14 23%
50% 0 0 0 0%
15% 1 25 1 4%

0% 1 18 0 0%
17% 2 18 0 0%
0% 6 130 4 3%
8% 2 138 12 9%
0% 1 129 0 0%

Table 3 y Analysis of errors in 3�-p-areas of different
kinds of areas

# P-
areas

#
Concepts

Erroneous
Concepts

Percentage
of Errors

In 3�-3�-areas 27 33 10 30%
In Other areas 147 189 17 9%
Total: 174 222 27 12%
num
as

#
ors

7
1
2
0
2
0
1
0

19% 15 520 31 6%
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two p-areas. It has two target values for the role has
associated location, Cell and Phagocytic cell. The first target
Cell should be removed from this role since the other
target, Phagocytic cell, is more specific. This and some
other errors were corrected in a later release of the NCIT
independent of our work while some of our reported
errors are still under consideration.††

Testing the Hypotheses
We formulated two hypotheses concerning the concentra-
tion of errors in specific kinds of p-areas. To test the
hypotheses on a small portion of the NCIT, we audited all
p-areas of the BP hierarchy. We concentrated our analysis
on 3� -3� -areas, which often represent some kind of irregu-
larity.

In Table 1, we give a breakdown of the p-areas according
to their size. In Table 2, we show a breakdown of the areas
by their cardinality. We further distinguish between areas
with only 3� -p-areas and other areas. In Table 3, we
concentrate just on the 3� -p-areas. Thus, the last row in
Table 3, which shows the information regarding all such
p-areas, reflects the sums of the first three rows of Table 1.
In Table 3, we present the distribution of the 174 3� -p-
areas, between two kinds of areas, according to their
cardinality. In the first row, we consider only 3� -3� -areas.

F i g u r e 8. Areas and p-areas of the Organismal Process s
††Nicole Thomas, personal communication.
There are 27 such p-areas in 18 3� -3� -areas (see first three
rows in Table 2, 13�1�4�18) consisting of a total of 33
concepts, ten of which (30%) are erroneous. In the second
row, we consider all other areas. That is, cases where an
area’s cardinality is larger than three (e.g., the area {has
result biological process} contains five 3� -p-areas; see Figure
6) or cases where an area contains k�-p-areas with k larger
than three (e.g., the area {has associated location�, has
initiator chemical or drug*, has initiator process, has result
process} has three p-areas, but one is a 6� -p-area and
another is an 18� -p-area; see Figure 5). There are 147 such
3� -p-areas with 189 concepts, 17 of which (9%) are errone-
ous.

Discussion
Interpretation
Our division methodology relies on structural similarity
of concepts, as it groups all concepts into areas and
further divides areas into p-areas which display semantic
similarity of their concepts. For example, the resulting
division of the BP hierarchy of NCIT contains 37 areas and
200 p-areas. Based on this, we derived the AT and PAT of
the BP hierarchy. The two compact, abstract diagrams
help in comprehending and managing the terminology.

Auditing a whole terminology, or even substantial parts of

rarchy after corrections.
it, is an overwhelming task due to its size and complexity.
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Also, auditing resources are typically limited. Thus, our
auditing methodology is designed to focus the limited
available resources for manual editing on relatively small
parts of the terminology with high likelihood of errors. The
purpose of such a focus is to maximize the impact of a
limited auditing effort. This approach of our methodology
was expressed by the two hypotheses of the Methods
section, the limited testing of which in the small BP hierar-
chy is discussed below.

Our first hypothesis was that the probability of erroneous
classifications and incorrect or incomplete modeling is
higher for small p-areas than for large p-areas. As we see
in Table 1, the percentage of erroneous concepts for
3� -p-areas (about 12%) is high. The percentage decreases
for medium-sized p-areas (2%) and large p-areas (1%).
(The one exception is discussed below.) The results in
Table 1, with the interpretation that small p-areas are
those with up to three concepts, support our first hypoth-
esis and show that for effective and economical auditing,
we should concentrate our effort on smaller p-areas,
where most of the errors are.

One exception is the top-level, singly rooted area Ø (47
concepts) with an error rate of 30%. This area contains
concepts with no roles at all. However, we found that 13
out of the 47 concepts (three of which are highlighted in
Figure 7(b), namely Erection, Ingestion and Lymph Node
Drainage) are missing roles. After adding the missing
roles, these concepts are moved to other areas, leaving
this area with 34 concepts (Figure 8) and one error. The
error percentage of this area is thus reduced to 3%. We
note that there is very little semantic similarity among
concepts in this area because they are located at the top
levels of the hierarchy. This observation is also true
according to the information content matrices of Resnik,42

since the information content of such concepts is low. This
is a very special area, which contains many unrelated
concepts, since there is no unifying structure to make
them similar. That is, although technically all concepts of
Ø share the same empty set of roles, the lack of common
specific roles causes the lack of a unifying structure. We
gather from this that our auditing methodology should be
augmented and special attention paid to Ø.

In Table 2, we explore the number of concepts and errors as
a function of the cardinality of an area and the size of its
p-areas. We see that the likelihood of errors is higher for
areas with relatively small cardinality and small p-areas
versus all other areas. (Note that the 14 errors in the first row
are the exception we just discussed.) The combination of the
two factors is considered in our following discussion of
Hypothesis 2.

Our second hypothesis was motivated by the intention to
further prioritize the auditing of concepts of small p-
areas. Such priority is important when there are not
enough resources to manually audit all the small p-areas.
For example, in our case, the 3� -p-areas add up to 222
concepts (last row of Table 3) which is almost 38% of the
concepts in the hierarchy. Hypothesis 2 means that we
expect a higher likelihood of errors in m� -k�-areas, for small
m and k values. As a consequence of the results in Table 1,

we interpret for the BP hierarchy that small p-areas are
3� -p-areas. For limited testing of Hypothesis 2, we studied
all 3� -p-areas in the BP hierarchy. Table 3 compares the
percentages of errors for 3� -3� -areas versus areas with
larger cardinality or with larger p-areas. As we see from
Table 3, by just checking 33 concepts of the 3� -3� -areas
(about 15%) of the 222 concepts of 3� -p-areas, we find
about 37% of the 27 errors in those concepts. However,
reviewing Table 2, one can take a less strict interpretation
of small cardinality of an area to be five. The results show
a slight trade-off between the recall and the precision
where erroneous concepts are considered relevant.

To demonstrate the impact of the correction of the errors,
Figure 8 shows the division of the descendants of Organismal
Process into areas and p-areas reflecting their structure after
the corrections. Compared to Figure 7(b), the number of
areas was reduced from eight to seven and the number of
2�-2�-areas in Figure 8 was reduced from 5 to 4. These changes
reflect simplifications of the AT and PAT following the
correction of errors. Another change is the reduction of size
in the AT root area Ø from 47 to 34, due to the discovery of
missing roles.

We also found that only four concepts have more than one
parent in the BP hierarchy. This may be a reason for the
relatively low number of errors we found in this hierar-
chy. Typically, many concepts with multiple parents are
more complex due to the compound nature of the con-
cepts and the multiple inheritance of roles from the
different parents. Thus, one expects to find more errors in
a hierarchy with more complex concepts. For comparison,
we used our techniques to explore missing roles in the
Experimental Organism Diagnosis hierarchy of the NCIT
consisting of 1,097 concepts. It contains 237 concepts with
two parents and five with three parents. Using our
methodology, we have found 640 missing roles in 578
concepts, a much higher rate than in the BP hierarchy,
where we found only 38 missing roles (the most common
kind of error).

We note a philosophical difference between our team and
the designers of the NCIT. As a design policy of the NCIT,
all processes in the BP hierarchy that are not categorized as
a PP are understood as normal biological processes. Hence,
parents of concepts in the PP sub-hierarchy can only be
concepts that are categorized as pathologic processes. In
other words, any normal biological process is not an appro-
priate parent for the descendants of PP. According to this,
instead of adding more multiple parents as we suggested,
the NCIT team modified these four concepts to have only
one parent. While we respect this approach, we suggest an
alternative.

In order to solve this modeling problem, we suggest creating
new concepts that are children of both PP and another
normal process. These new concepts and their descendants
can inherit roles from both the pathologic and normal
processes. For example, we would create a new concept
called Cellular Pathologic Process that is a child of both PP and
Cellular Process. Then, we would add the concepts Cancer Cell
Growth Regulation (with its two children) and B-Lymphoma
Development as children of Cellular Pathologic Process. These

concepts will inherit roles from both PP and Cellular Process
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as necessary. This modeling is according to the polyhierar-
chy characteristic of the desiderata.6

Limitation
In auditing, one has to tailor the techniques to the properties
of the terminologies. Different terminologies with different
properties require different auditing techniques. For exam-
ple, some auditing techniques for the UMLS use the assign-
ment of semantic types of the Semantic Network (SN) to the
concepts of the Metathesaurus. Since the SN is a unique
feature of the UMLS, these techniques will be applicable
only for the UMLS.

The auditing technique presented here requires systematic
inheritance of a rich set of named roles along the IS-A
hierarchy. Hence, it is applicable for popular terminologies
enjoying such properties, e.g., NCIT, SNOMED CT,10 which
is the basis for the Veteran Administration’s (VA) internal
Enterprise Reference Terminology and Kaiser’s Convergent
Medical Terminology (CMT), FMA,11 RxNorm,43 MED,3 and
Vocabulary Server (VOSER) terminology,44 which became
the basis for the 3M Healthcare Data Dictionary.45 Although,
the number of such terminologies is not large, they tend to
be recent terminologies which also satisfy the desiderata of
Cimino.6 Following this trend, we expect future terminolo-
gies to satisfy systematic inheritance of a rich set of named
roles and thus be receptive to our structural auditing tech-
nique.

In our technique, because concepts are grouped by their
structure, the attention of domain-expert auditors may be
drawn preferentially to concepts with structure that espe-
cially stands out. Since structural similarity tends to go
along with semantic similarity, reviewers may indeed find
that these concepts are erroneous due to semantic or onto-
logical reasons. (Errors due to ontological reasons have been
found in the NCIT.33) However, our technique will not
uncover semantic or ontological errors for concepts whose
structure is not particularly special.

Another limitation of the study was that the time to com-
plete the actual reviews with the study’s new methodology
was not measured. In addition, the study did not determine
how long it would take to complete the review in the
standard item-by-item manner, using just the IS-A hierarchy
view. Thus, the study did not determine how much im-
provement, time wise, the new methodology accomplishes.
Note that the purpose of our auditing techniques is not to
speed up the auditing, but to improve the efficiency by
detecting more errors.

We tested the hypotheses on error concentrations only for
one small hierarchy of the NCIT. This preliminary testing
confirms our hypotheses. However, a much more exten-
sive study of more and larger hierarchies of the NCIT is
needed to confirm or refute our hypotheses. Other hier-
archies may show a different behavior. For example, we
expect a terminology with a meaningful portion of its
nodes with multiple parents to exhibit a higher ratio of
errors than the Biological Process hierarchy with almost
no nodes with multiple parents, since such nodes tend to
be more complex due to their dual nature and multiple
inheritance of roles. Would those errors still follow our
hypotheses? We hope that the initial results in this paper

will motivate further studies.
Conclusions
We have developed a methodology to divide a hierarchy of
a medical terminology, satisfying systematic inheritance,
into groups called areas and then further divide areas into
p-areas. We obtained two abstraction taxonomies, the AT
and PAT, from these divisions. These taxonomies can help
audit the terminology since they help to highlight groups of
concepts that tend to have higher proportions of errors.
When we applied our auditing methodology to the small BP
hierarchy of the NCIT, we encountered different kinds of
errors highlighted by our structural analysis, e.g., missing
roles, missing concepts, incorrect IS-As, etc. The results of
our audit of the BP hierarchy show that 12% of the concepts
in small p-areas have errors. Furthermore, the percentage of
errors in areas with only a few small p-areas is high (30%).
The limited results support both our hypotheses, which
direct our auditing methodology to focus the auditing
efforts on relatively small parts of the terminology that have
a high chance of errors. More experiments with several
larger NCIT hierarchies are needed to further assess the
generality of our hypotheses or the need to modify them. At
the same time, we have demonstrated, with the errors we
exposed, the need to include auditing as an integral part of
the terminology design life cycle, following similar actions
taken in software engineering and knowledge-based sys-
tems.4,5
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