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Abstract

Limited resources and the sheer volume of concepts
make auditing a large terminology, such as SNOMED
CT, a daunting task. It is essential to devise techniques
that can aid an auditor by automatically identifying
concepts that deserve attention. A methodology for this
purpose based on a previously introduced abstraction
network (called the p-area taxonomy) for a SNOMED
CT hierarchy is presented. The methodology algorith-
mically gathers concepts appearing in certain overlap-
ping subsets, defined exclusively with respect to the p-
area taxonomy, for review. The results of applying the
methodology to SNOMED’s Specimen hierarchy are
presented. These results are compared against a con-
trol sample composed of concepts residing in subsets
without the overlaps. With the use of the double boot-
strap, the concept group produced by our methodology
is shown to yield a statistically significant higher pro-
portion of error discoveries.

Introduction

SNOMED CT [1] has proven to be an important re-
source to the healthcare and biomedical community
since its origination in 2002. It is widely used in
health information systems whose quality can impact
the healthcare industry in general and patients in par-
ticular. Therefore, assuring the quality of SNOMED’s
content is essential, especially as it continues to ex-
pand [2,3]. Automated tools that can enhance the ef-
ficiency and efficacy of SNOMED auditing are invalu-
able. Specifically, tools that can scour SNOMED’s
376,000 concepts (July 2007 release) and suggest po-
tential errors to an auditor are in high demand.

In this paper, we present a methodology for locat-
ing concepts that have a high likelihood of being erro-
neous. The work proceeds from the premise that “com-
plex” concepts are a natural place to look for errors. Of
course, one needs to quantify this notion of complex-
ity. For example, one straightforward measure would
be the number of lateral relationships exhibited by a
concept; the more relationships, the more complex the
concept. Or it could be based on the number of parents.

We go beyond such straightforward measures and
define complexity in terms of a previously introduced
abstraction network, called the partial-area taxonomy
[3,4], for the SNOMED hierarchy. In this context,
the complex concepts are those residing in overlap-
ping portions of the high-level groupings that form the
basis of the partial-area taxonomy. The concepts are
characterized by lying at points in the IS-A hierarchy
where multiple paths originating from several “signifi-
cant” ancestors converge. (This notion of significance

will be fleshed out below.) Our methodology, over-
all, serves to algorithmically identify the complex con-
cepts as an aid to the auditor.

As a test, our methodology is applied to SNO-
MED’s Specimen hierarchy. The collection of sug-
gested complex concepts is reviewed by domain-expert
auditors in an attempt to find errors. As a basis of
comparison, they are also presented with a control
collection of concepts gathered by other means. The
outcomes of these audits are reported. They support
our hypothesis that the complex concepts—as we have
defined them—are more error-prone than concepts at
large.

Background

Various auditing techniques have been developed and
applied to SNOMED. Among these are techniques that
proceed from foundational ontological and linguistic
principles [5,6]. In general, algorithms making use of
description-logic formalisms—on which SNOMED is
based—have been utilized to discover terminological
inconsistencies [7] and synonymy [8].

We have previously formulated an auditing method-
ology for a SNOMED hierarchy based on two pro-
grammatically derived abstraction networks: the area
taxonomy and the partial-area taxonomy (‘“p-area tax-
onomy” for short) [3,4]. Both reflect the attribute rela-
tionship distribution in a SNOMED hierarchy at a high
level, while the latter further serves to reveal groupings
of concepts with common ancestry. (We will use “rela-
tionship” to refer to an attribute (“lateral”) relationship.
The hierarchical relationship is “IS-A.”) The method-
ology presented in this paper is based on aspects of the
“p-area taxonomy,” so in the following we give the de-
tails of these two networks.

Let us start with some definitions. The set of
relationships of a given concept C will be written
relshps(C). That is, if r € relshps(C), then C is in
the domain of r. The area taxonomy is derived from
a partition of the concepts in a SNOMED hierarchy
based on their respective sets of relationships. Let
{r1,r2,...,r,} be aset of relationships. The area de-
fined with respect to this set of relationships is:

Area({ri,ra, ..., rn}) =
{C | relshps(C) = {r1,r2,...,rn}}

That is, the area is defined as the set of all concepts
that have exactly the relationships r1,r2, ..., r,—no
more, no less. When there is no confusion, we will de-
note an area as its set {ry, ra, ..., r, } since that is the
defining characteristic. Note that areas are disjoint, and
collectively they form a partition of a hierarchy’s set of
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concepts. Two example areas from the Specimen hi-
erarchy are {substance}, containing 81 concepts, and
{morphology, procedure}, containing two concepts.
The number of areas does not explode combinatorially
because most combinations of relationships yield areas
that are empty. Such empty areas are ignored. Some
concepts have no relationships at all; hence, it makes
sense to include Area(() (denoted simply as ).

In the area taxonomy, each area is represented as
a node. Like the underlying concept hierarchy from
which it is derived, the area taxonomy’s nodes are laid
out in a hierarchical (directed acyclic graph) configu-
ration. The hierarchical relationship between areas is
called child-of, and each occurrence is derived directly
from the IS-As in the SNOMED hierarchy, as follows.
A root of an area is a concept in that area whose parents
all reside in other areas. Blood specimen from patient,
for example, is a root of {identity, substance}. A child-
of from an area, say, A to an area B indicates that some
root of A has a parent in B. There is a child-of from
{identity, substance} to {identity} expressing the fact
that the former’s root Blood specimen from patient has
a parent Specimen from patient in the latter.

%]
(1 p-area)

o e e e

Figure 1: Top two levels of the area taxonomy

The area taxonomy of SNOMED’s Specimen hi-
erarchy (July 2007 release) comprises 24 areas dis-
tributed over five levels. The top two levels can be
seen in Figure 1. A box is an area. The relationships
in the area’s name are listed in the box without braces.
The arrows are the child-of’s. The top level area is
(). The five green boxes on Level 1 are areas hav-
ing one relationship each. We also indicate in paren-
theses the number of partial-areas (“p-areas”)—to be
defined shortly—that an area contains. For example,
{substance} has ten p-areas; {identity} has two.

An area can very well contain multiple roots. The
roots are considered especially significant since each
serves to generalize its entire group of descendants in
the area, which can constitute a large swath of the area.
(If the area has a single root, then it is the whole area.)
A root therefore makes an excellent proxy for its de-
scendants, and we use this fact as the basis for the
partial-area (p-area) taxonomy. Let O be a root of an
area A, and let desc(X, Y) denote the fact that concept
X is a descendant of concept Y. The partial-area (p-
area) defined with respect to O is:

P-Area(0) = {0} U{C | C € A and desc(C,0)}

That is, the p-area is a subset of the area consisting
of the root O and all its descendants in the area. A
p-area is denoted by its root O since, in this case, it
is the defining characteristic. Note that the set of p-
areas does not form a partition of the area. That is, a
given concept can be a member of two or more p-areas.

We will exploit this potential overlap among p-areas in
our methodology below. Example p-areas in the area
{substance} include Body substance specimen, Fluid
Sample, and Plant Specimen, containing 47 concepts,
44 concepts, and 1 concept, respectively.
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Figure 2: A portion of the p-area taxonomy

The p-area taxonomy refines the area taxonomy
with the inclusion of p-area nodes (boxes) embed-
ded inside their respective area nodes (now drawn as
dashed boxes). Figure 2 shows a small portion of the p-
area taxonomy of the Specimen hierarchy. Only three
areas on Level 1 are displayed. In each p-area node, the
number in parentheses is its number of concepts. For
example, we see that area {identitry} has two p-areas,
Device specimen and Specimen from patient, contain-
ing 19 and two concepts, respectively. The complete
p-area taxonomy of the Specimen hierarchy has a total
of 361 p-areas.

Methods

The root concepts of an area, each of which induces a
p-area, are of considerable significance in the makeup
of a SNOMED hierarchy. They are the first concepts
in the hierarchy (starting from the top) to be defined
with the area’s combination of relationships—whether
those relationships are explicitly introduced or inher-
ited. In this sense, they are cornerstones in the succes-
sive build-up of knowledge that is a hierarchy. Each
respective p-area adds to this a hierarchical focus de-
fined by a common ancestor, namely, the root. When a
p-area is particularly small (e.g., one or two concepts),
it denotes an uncommon convergence of relationship
structure and hierarchical locality that very well may
signal an error, as we have previously shown [3,4].

It is from the significance of the roots that we de-
rive our notion of “complex concept” that underpins
our new auditing methodology. The definition of p-
area does not preclude two or more from having non-
empty intersections. That is, two p-areas are not neces-
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sarily disjoint. A concept in an intersection of p-areas
lies at a point in the hierarchy beneath multiple roots
(of a single area) and elaborates the semantics of their
combination. For this reason, concepts in p-area inter-
sections are those that we deem to be complex for the
purpose of auditing consideration. These are the con-
cepts identified as deserving auditing priority. We will
refer to such concepts as overlapping concepts.
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Figure 3: Overlapping Eo—ncepts in area {identity}

To further motivate the focus on overlapping con-
cepts and see their inherent complexity, let us look at
some examples. In the area {identity} (Figure 2), we
find the two p-areas Device specimen and Specimen
from patient. Figure 3 shows seven concepts, five of
which are from these two p-areas. The p-areas are de-
lineated by the dashed bubbles. The ancestor Specimen
is in area (). The concept Blood bag specimen, from
patient (highlighted in gray) is an overlapping concept
sitting in both p-areas. It has two parents, Specimen
from patient, the root of one p-area, and Blood bag
specimen, a child of the root Device specimen of the
other p-area. It inherits the relationship identity with
accompanying targets from both its parents. Hence,
it has two occurrences of identity, one directed to Pa-
tient and the other directed to Blood bag. Note that its
sibling concept Blood specimen from patient belongs
to the area {identity, substance} with a substance re-
lationship directed to Blood. It constitutes a p-area
of one concept in an area of six concepts. The over-
lapping concept Blood bag specimen, from patient is
clearly more complex than its parent Blood bag speci-
men, which is non-overlapping, since the latter elabo-
rates the semantics of one root, Device specimen, while
the former elaborates the semantics of two, Device
specimen and Specimen from patient.

The area {substance} (Figure 2) contains ten p-
areas, including Body substance sample and Fluid
sample. It also has quite a few overlapping concepts
which can be gathered from the fact that the sum of the
numbers of concepts in the ten p-areas (136) is much
higher than the actual number of concepts in the area
(81). An example is Body fluid sample, a child of Body
substance sample as well as Fluid sample. Further-
more, all descendants of Body fluid sample residing in
{substance} are overlapping concepts belonging to the
p-areas Body substance sample and Fluid sample. All

these specializations of Body fluid sample, e.g., Amni-
otic fluid specimen and Lymph sample, are more com-
plex than concepts that are only fluid samples, e.g.,
Water specimen, or only body substance samples, e.g.,
Calculus specimen. The increased complexity is due to
the dual specialization inherited from the roots of these
two p-areas.

The amount of overlapping may increase as we tra-
verse downward along the IS-A hierarchy. For exam-
ple, one of the children of Body fluid sample, Blood
specimen, has another parent Drug specimen, which is
the root of its own p-area. In this case, Blood speci-
men is the specialization of three roots and thus resides
in three separate p-areas. In {substance}, we find 15
concepts belonging to exactly two p-areas, and 20 con-
cepts belonging to three p-areas. From this, we get its
actual number of concepts: 136 — 115 —2-20 = 81.

The additional complexity of overlapping concepts
together with the theme of complex concepts having
a higher likelihood of being in error leads us to the
following hypothesis that we wish to investigate.

Hypothesis: Overlapping concepts are more likely to
have errors than concepts residing in p-areas without
overlaps.

Following the paradigm of “group based” audit-
ing [3], our methodology includes for review both the
overlapping concepts as well as concepts in their im-
mediate neighborhoods, consisting of parents, chil-
dren, siblings, and targets of relationships. This may
help to discover error propagations, which would be
missed if the review were limited to the overlapping
concepts alone. Examples of the kinds of errors we
expect to find in an application of our methodology in-
clude incorrect IS-As and relationship targets.

To test our methodology and study the above hy-
pothesis, we audit all the overlapping concepts of
SNOMED’s Specimen hierarchy. As a basis for com-
parison, we also audit a control sample comprising
concepts gleaned from p-areas having no intersections
with other p-areas. Both kinds of concepts are audited
with the same rigor by the same auditors.

To compare overlapping concepts with those in the
control sample, we look at the proportion of erroneous
concepts. We use the p-area as the unit of analysis,
and we aggregate across levels (because of the small
number of concepts at Level 2). We employ the double
bootstrap [9] to calculate the statistical significance of
the difference of the proportions.

Results

The Specimen hierarchy of SNOMED consists of
1,073 active concepts, of which 162 are overlapping.
Most of these reside in Level 1 areas, i.e., those hav-
ing one relationship. In fact, roughly one third (155
out of 468) of the Level 1 concepts are overlapping.
And these are found primarily in {topography} and
{substance}. The results of auditing the Level 1 over-
lapping concepts are given in Table 1. For each area,
we list its total number of concepts C' (Column 2),
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number of overlapping concepts V' (Column 3), and
number of erroneous concepts E . (Column 4). For ex-
ample, {substance} has 81 concepts, 35 overlapping
concepts, and 11 erroneous concepts.

Table 1: Results of auditing areas at Level 1

Area C V | E,
substance 81 35| 11
morphology | 14 0 0
topography | 333 | 116 | 71
procedure 20 3 3
identity 20 1 0
Total: 468 | 155 | 85

Most overlapping concepts in area {topography}
are found in intersections of p-areas involving Tissue
specimen of 126 concepts. We have tabulated these re-
sults separately in Table 2. For example, the p-area
Specimen from eye has 18 concepts. Its intersection
with Tissue specimen has 12 of them. Eight of those
are in error.

Table 2: Results of auditing intersections involving
p-area Tissue specimen

Second P-area C |V | E,
Specimen from eye 18 | 12 8
Ear sample 2 1 0
Specimen from breast 8 4 2
Cardiovascular sample 13 3 1
Products of conception
tissue sample 12 1 1
Genitourinary sample 731 20 | 17
Dermatological sample 6 2 0

Spec. from digestive system | 74 | 29 | 18
Musculoskeletal sample 35 122 15

Respiratory sample 41 6 5
Endocrine sample 12| 3 0
Specimen from central

nervous system 4 1 1
Spec. from thymus gland 2 1 0

Specimen from trophoblast 2 1 0

Overlapping concepts appear in the p-areas of ar-
eas with two relationships, but in far fewer num-
bers. In fact, there are only seven of them. Six
are in {topography, procedure}, and the other is in
{topography, morphology}.

The control sample was taken from p-areas that had
no intersections with other p-areas and contained more
than one concept. The reason for the second require-
ment is that, as we alluded to, p-areas of one concept
are already known to be error-prone [2,4]. Thus, they
do not make for a proper control sample.

Due to a lack of enough such p-areas with no inter-
sections on Level 1, we use a control sample of 78 con-
cepts, half the number of Level 1 overlapping concepts.
From Level 2, we gathered seven concepts. Hence,

there are 155 4+ 7 = 162 overlapping concepts, and
the control sample has 78 + 7 = 85 concepts.

Table 3 gives the results of the auditing carried out
on these two groups of concepts. Note that E (Col-
umn 3) denotes the total number of errors. This value
differs from FE ., the number of erroneous concepts
(Column 5), because a given concept can have more
than one error. The average erroneous-concept rate
among the overlapping concepts was 55%, and among
the control sample it was 29% (Column 6). The differ-
ence was significant at the 0.05 level. Let us point out
that erroneous concepts in the overlapping group had
close to two errors on average (last column).

Table 3: Auditing results for overlapping (‘‘Over”’)
concepts vs. control (“Ctrl”’) sample

C E | E/C|E.|E.,/C | E/E.
Over| 162 | 158 98 | 89 55% 1.8
Cul | 8| 31 36 | 25 29% 1.2

Table 4 lists the number of different kinds of errors
found for overlapping concepts. For example, 48 cases
of missing children were discovered. Table 5 provides
a sample of the errors. Note that some concepts are
listed with two errors.

Table 4: Kinds of errors and their counts

Kind of Error #
Ambiguous concept 1
Missing child 48
Missing parent 30
Missing relationship 21
Missing sibling 4
Incorrect child 5
Incorrect parent 44
Incorrect target of relationship 5
Total: 158

Discussion

The auditing was performed by two of the authors
(GE, JX) who are MDs with experience in medical
terminologies. Their error report, obtained by a con-
sensus from their individual findings, was reviewed
by another author (KAS), the Chief Terminologist of
IHTSDO. Only confirmed (by KAS) errors were re-
ported here. Our interest was not in studying the au-
diting process per se, but in the distribution of the un-
questionable errors resulting from it. These errors were
corrected in SNOMED’s July 08 release.

As we can see from Table 3, according to all re-
ported measures, there is a significantly higher return
for the auditing effort obtained for the overlapping con-
cepts compared to concepts in p-areas without over-
laps. Such higher return seems to justify concentrating
auditing efforts on the more complex overlapping con-
cepts. The results confirm the hypothesis we stated.
More experiments with different and larger hierarchies
of SNOMED and similar terminologies, e.g., NCIT
[2], are needed to further confirm our finding.
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Table 5: Error samples

Concept P-areas Error Type Correction
Body substance smp./ . o
Blood spec. Fluid smp./ Drug spec. Incorrect child Remove child: Erythrocyte spec.
Body fluid sm, Body substance smp./ Missing child Add child: Tissue fluid sm
Y Smp- Fluid smp. SSINE o Sp-
Cartilage biopsy smp. Tissue spec. / Missing relationship Add rel: Procedure to Biopsy

Musculoskeletal smp.

Missing parent Add parent: Biopsy smp.

Female genital tissue
smp.

Tissue spec. /
Genitourinary smp.

Add child: Tissue spec. from

Missing child
ovary

Meconium spec.

Body substance smp./
Fluid smp.

Incorrect parent: Body

fuid smp. Correct parent: Fecal smp.

Synovial cytologic
material

Tissue spec. /
Musculoskeletal smp.

Incorrect parent:

Musculoskeletal smp. Correct parent: Synovial smp.

Missing parent Add parent: Cytologic material

This finding also confirms the auditing theme that
complex concepts have relatively more errors. Another
manifestation of this theme, in [4], was the group of
concepts residing in “strict inheritance” p-areas. It is
suggested that the design of taxonomies and the audit-
ing of the complex concepts discussed here and in [4]
should become integral parts of the design cycle for
terminologies such as SNOMED and NCIT.

It is notable that the Specimen hierarchy underwent
three auditing efforts by our team. The previous two
were reported in [3,4]. Nevertheless, the present audit-
ing still yielded a high return of errors. One explana-
tion may be that concentrating on the overlapping con-
cepts reveals truly new fertile ground, and those con-
cepts did not get appropriate attention in our previous
efforts directed at small p-areas. A second explanation
is that the group-based approach, where the neighbors
of overlapping concepts were reviewed, had a hand in
the success. We note that an error may appear in a par-
ent or a child of an overlapping concept, and this is
considered an error for the overlapping concept.

Design patterns are currently being considered as
an integral part of a machine-readable concept model
for SNOMED. When expressed as tighter constraints
in editing tools, they will be a way to prevent the in-
troduction of new errors. Our auditing techniques are
clearly applicable in finding errors that have occurred,
and thereby suggesting constraints and patterns that are
needed to help support content editors.

Conclusion

We proceeded from the assumption that “complex”
concepts warrant particular attention in quality as-
surance activities pertaining to terminologies like
SNOMED. We presented an auditing methodology in
which we took such complex concepts to be those re-
siding in special overlapping subsets of a SNOMED
hierarchy defined with respect to an abstraction net-
work called the p-area taxonomy. These so-called
overlapping concepts in the Specimen hierarchy were
identified programmatically and then put through a rig-
orous audit. Comparing these auditing results with re-
sults from a control set, we found a statistically signifi-

cant higher error rate among the overlapping concepts.
Thus, our auditing methodology based on overlapping
concepts can be seen as an important addition to the
existing suite of terminology auditing regimens.
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