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Abstract
The increasing number of patients and heavy workload drive health care institutions to search for efficient and cost-effective
methods to deliver optimal care. Clinical pathways are promising care plans that proved to be efficient in reducing costs and
optimizing resource usage. However, most clinical pathways are circulated in paper-based formats. Clinical pathway com-
puterization is an emerging research field that aims to integrate clinical pathways with health information systems. A key
process in clinical pathway computerization is the standardization of clinical pathway terminology to comply with digital
terminology systems. Since clinical pathways include sensitive medical terms, clinical pathway standardization is performed
manually and is difficult to automate using machines. The objective of this research is to introduce automation to clinical
pathway standardization. The proposed approach utilizes a semantic score-based algorithm that automates the search
for SNOMED CT terms. The algorithm was implemented in a software system with a graphical user interface component
that physicians can use to standardize clinical pathways by searching for and comparing relevant SNOMED CT retrieved auto-
matically by the algorithm. The system has been tested and validated on SNOMED CT ontology. The experimental results
show that the system reached a maximum search space reduction of 98.9% within any single iteration of the algorithm
and an overall average of 71.3%. The system enables physicians to locate the proper terms precisely, quickly, and more
efficiently. This is demonstrated using case studies, and the results show that human-guided automation is a promising
methodology in the field of clinical pathway standardization and computerization.
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Introduction
Clinical pathway (CP) is a multidisciplinary, structured
health care plan in which therapeutic and diagnostic
medical interventions performed by doctors, nurses, and
other staff members for a specific procedure or diagnosis
are sequenced on a timeline.1–3 CPs can reduce physicians’
mental effort and cognitive load to allow them to focus on
thought-requiring, more complex health care activities.3

Therefore, CPs have the potential to improve patient out-
comes and satisfaction. CPs also contribute to reducing
the length of stay (LOS) in hospitals and controlling
overall public health care costs.3,4

Automation of modern health care systems covers many
fields and necessitates the computerization of hospital

processes to streamline health care services, reduce paper-
work, collect digital data for data analytics, and control
costs5,6. The CP was not an exception in this regard, as
many studies reported the development of computerized
CPs7–16. By analyzing the literature, we found that the
common theme in most studies is that the computerization
process was directed mainly toward either connecting CPs
with Electronic Medical Record (EMR) systems or
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computerizing CPs without standardizing their contents.
This is viewed as a limitation because the focus of previous
research was not on CP digitization; rather, the emphasis
was mainly on EMRs or producing isolated CP systems
that are difficult to integrate with all other digital health
care systems. Table 1 is a comparison table that shows
the limitations of CP computerization without
standardization.

Therefore, one crucial area that remains to be investi-
gated in CP automation is CP digitization, which can be
facilitated by standardizing the clinical terms used in CPs.
However, there is a gap today between the clinical terms
used to define CP interventions and the clinical terms
used in health information systems (HISs). On one hand,
CPs use institutions’ local informal terms, but on the
other hand, HISs use and refer to standardized terminology
terms such as SNOMED Clinical Terms (Systematized
Nomenclature of Medicine – Clinical Terms, abbreviated

as SNOMED CT or SCT)17, which is the CP standardiza-
tion terminology system adopted in this research.
Non-standardized CPs are difficult to share across hospitals.
In addition, non-standardized CP terms cannot be captured
in HISs. Missing CP data due to this gap form a challenge to
using data analytics in health care. The existing CP termin-
ology gap can be traced to the following reasons:

1. CPs are developed internally in hospitals through
internal meetings attended by local staff members.

2. CPs are commonly developed for internal use. Thus, the
emphasis is on a language that is understandable by the
institution’s own health care members and
administrators.

3. CPs are usually circulated in paper-based document
forms, or tables and charts that are distributed to staff
members and posted on poster boards, or on the doors
of in-patients’ hospital rooms.

The situation in many hospitals is that once CPs are devel-
oped and circulated internally, there is a future demand to
computerize them.10,18 At that point, the terminology gap
already exists which complicates the computerization and
integration process. The terminology gap can be addressed
by correctly standardizing CP terms so that CPs can be digi-
tized and easily integrated with other HISs. In general, local
CP terms that need to be standardized can be divided into
three categories:

1. Category 1: Local CP terms that exist in SNOMED CT
but do not accurately match the correct SNOMED CT
terms (i.e. are not approved by domain experts as the
correct SNOMED CT terms). For example, the
SNOMED CT term “Intracranial hemorrhage (SCTID:
1386000)” was used incorrectly for the approved term
“Subarachnoid intracranial hemorrhage (SCTID:
21454007).”

2. Category 2: Local CP terms that exist in other termin-
ology systems (e.g. LOINC [19], ICD-10 [20], and
ICD-10-PCS [21]) and mapping these terms to the
adopted system is required (e.g. SNOMED CT terms
in this study). For example, mapping the ICD-10-
PCS term “Resection of Appendix, Percu taneous
Endoscopic Approach (0DTJ4ZZ)” to the SNOMED
CT term “Laparoscopic appendectomy (SCTID:
6025007).”

3. Category 3: Local CP terms that are nonexistent in any
terminology system.

The objective of this research is to address the challenges in
CP term standardization of Category 1 and Category 2 by
exploiting semantic relations embedded in SNOMED CT.
Standardization reduces missing CP data (i.e. CP data that
are not captured in EMRs or other HISs), enhances the
use of data analytics in health care, and reduces medical

Table 1. Limitations of CP computerization without standardization.

Computerization
without CP
standardization

Computerization
with CP
standardization

CP Integration
With HISs

Difficult to integrate
due to mismatch
between terms in
CPs and terms
used in HISs.

Easy to integrate
since CPs share
the same
terminology
standards with
various HISs.

CP Update in
EMRs

Connection is lost
and rework is
required to
connect CP to EMR
whenever the CP
is updated.

Updated
standardized
terms integrate
smoothly with
counterpart EMR
terms. No rework
is required and
the connection is
not lost

CP Sharing
Across
Different
Health Care
Institutions

The terminology
conflict creates
ambiguity and
makes CP sharing
impossible.

CP standardization
streamlines CP
sharing without
ambiguities.

CP Data
Management
and Reporting

Complex data
management and
reports are
susceptible to
errors due to
conflicts.

Easier data
management and
standardized
reports can be
generated easily
without errors.

CP: clinical pathway; EMR: electronic medical record; HISs: health
information systems.
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errors in hospitals. Addressing Category 3 local CP term
standardization requires different AI techniques, which
we will be considered in future work. Our domain experts
in this research were physicians and nurses from the
Regional Stroke Unit at the Thunder Bay Regional Health
Sciences Centre in Thunder Bay, Ontario, Canada.

In Category 1, domain experts perform a tedious manual
search in SNOMED CT hierarchy to locate the correct stan-
dardized terms. In Category 2, finding an initial similar term
from SNOMEDCT is straightforward, but locating an accur-
ate SNOMEDCT term based on the initial term is performed
through a tedious manual search. A solution to this standard-
ization challenge would be to automate the process of search-
ing for accurate SNOMED CT standardized terms based on
local/inaccurate initial terms. CP standardization is a challen-
ging task to automate by machines due to patient safety con-
siderations associated with the medical data stored in CPs. In
this research, we hypothesize that the concepts of semantic
relatedness, through the use of semantic relations in
SNOMED CT ontology, can help humans in solving this
standardization challenge by intelligently automating the
tedious process of searching for and locating the most prob-
able terminology corrections.22,23 The use of ontology
semantic relations is justified by the fact that initial terms
are similar in their meaning and semantic to the target
terms (e.g. referring to the same body parts, similar types
of medical conditions, etc.). The proposed approach in this
research adopts SNOMED CT terminology system and
achieves the balance between automatic machine interven-
tion and domain experts control to ensure patient safety.
Semantic relatedness is a form of measurement that quantita-
tively identifies the level of connectedness between two con-
cepts based on all existing semantic relations.23 On the other
hand, semantic similarity is a metric that can be defined as a
quantitative measure of likeness between terms based on
their taxonomic distribution within a domain ontology.22

Both semantic relatedness and semantic similarity are
metrics over the terms; however, semantic relatedness
includes any relation between the terms, while semantic simi-
larity only includes “is-a” relations.22,23 For example, in
SNOMED CT, “ischemic stroke”, whose SNOMED CT
ID (SCTID) is 422504002, is similar to “cerebrovascular
accident”, whose SCTID is 230690007 (there is an “is-a”
relation between the terms in the ontology), but is also
related to “ischemia”, whose SCTID is 52674009 (there is
a “Due-to” relation between the terms in the ontology), as
shown in Figure 1.17 Our method in this research includes

Table 2. Top classes of SNOMED CT ontology.

Top classes of SNOMED CT Ontology

Body Structure Qualifier Value

Clinical Finding Record Artifact

Environment or Geographical
Location

Situation with Explicit
Context

Event SNOMED CT Model
Component

Observable Entity Social Context

Organism Special Concept

Pharmaceutical/Biologic Product Specimen

Physical Force Staging and Scales

Physical Object Substance

Procedure

SNOMED CT: Systematized Nomenclature of Medicine – Clinical Terms.

Figure 1. Part of the ischemic stroke concept hierarchy in SNOMED CT ontology.17
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all semantic relations in SNOMED CT ontology (not
restricted to is-a relations), and thus, it is a semantic related-
ness approach. As highlighted in AlMousa et al. and Liu et
al. [24,25], semantic relations play an intrinsic role in comput-
ing the semantic relatedness, thus a semantic score based on
the various semantic relations embedded in SNOMED CT
ontology is used in this research.

It is important to mention that since CPs are treatment
plans of interventions and procedures performed on patients,
caution should be exercised when utilizing automatic stand-
ardization of medical terms in CPs for safety reasons.
Therefore, machine-based standardization methods should
be considered as decision support methods rather than
decision-making methods. The final decision-makers in
medical CP term standardization are terminology-knowl-
edgeable human domain experts. Therefore, in this paper,
we present an approach where a list of terms is proposed
by our algorithm; the final decision, however, is made by
the domain experts. The proposed approach was validated
by detailed case studies and by a dataset of 14 pairs of
SNOMED CT terms (see the section on Experimental
Results and Discussion and Table 6 for more details). The
major contribution of this paper can be summarized as
follows: The field of CP digitization and standardization is
a new and emerging field with a few publications.26–28 To
the best of our knowledge, this is the first study attempting
to enhance the field with the automation of the CP term
standardization process. Our semantic score approach is a
holistic multi-relational approach that can explore all types
of relations in the SNOMED CT ontology.24

The rest of the paper is organized as follows. The next
section addresses technical background and related work,
and in particular, it covers SNOMED CT and CP
Computerization and Standardization. Our method of CP
standardization using SNOMED CT-based semantic related-
ness is presented next and is followed by the experimental

Figure 2. Top classes of Systematized Nomenclature of Medicine – Clinical Terms (SNOMED CT) ontology.

Table 3. Example SNOMED CT relations and their definitions.

Relations used to define
clinical finding concepts

Relations used to define
procedure concepts

finding site: Specifies the body
site affected by a condition

procedure site: Describes the
body site acted on or
affected by a procedure

due to: Relates a clinical
finding directly to a cause
such as another clinical
finding or a procedure

method: Represents the action
being performed to
accomplish the procedure

finding method: Specifies the
means by which a clinical
finding was determined

procedure device: Describes
the devices associated with
a procedure

severity: Used to subclass a
clinical finding concept
according to its relative
severity

using substance: Describes
the substance used to
execute the action of a
procedure

SNOMED CT: Systematized Nomenclature of Medicine – Clinical Terms.

4 DIGITAL HEALTH



results and discussion. Finally, conclusions are drawn and
future research work is presented in the last section.

Background and related work

SNOMED clinical terms

The Systematized Nomenclature of Medicine – Clinical
Terms (officially abbreviated as SNOMED CT, and some-
times referred to as SCT) is a systematically organized com-
puter processable collection of medical terms providing
codes, terms, definitions, and synonyms that are used in
reporting and medical documentation. SNOMED CT was

adopted in this work as the base of CP standardization
because it is the most comprehensive health care clinical
terminology in the world29. The main purpose of
SNOMED CT is to encode the meanings that are used in
health care/health informatics and to support the effective
clinical recording of data with the goal of improving
patient care and health decision-making. SNOMED CT
comprehensive coverage includes body structures, organ-
isms, clinical findings, symptoms, diagnoses, procedures,
and other etiologies, substances, pharmaceuticals, devices,
and specimens.

Table 2 shows the names of the nineteen (19) top classes
in the structure of the SNOMED CT ontology. Top classes

Figure 3. Systematized Nomenclature of Medicine – Clinical Terms (SNOMED CT) logical model.17

Figure 4. Part of an ischemic stroke clinical pathway (CP) used at The Ottawa Hospital.

Alahmar et al. 5



have is-a relations with the root class “SNOMED CT
Concept,” as shown in Figure 2. Besides is-a relations,
SNOMED CT concepts have many other relations/attri-
butes such as associated-with, contained-in, due-to, finding-

site, has-ingredient, and is- about. Relations in SNOMED
CT are organized based on their roles in the ontology
(e.g. relations used to define clinical finding concepts, rela-
tions used to define procedure concepts, relations used to

Table 4. Comparison with recent research.

Ref Year CP computerization model
CP term
standardization

Terminology
system used

Dataset used to
validate
standardization

[26] 2020 A generic framework for CP computerization and
standardization supported with a CP-specific
coding system to facilitate data analytics and
machine learning in health care

Manual SNOMED CT N/A

[39] 2021 A computerized CP integrated with a standard
medical report system for the treatment of
inpatients with schizophrenia

Manual ICD-10 N/A

[7] 2022 Integrating CP with an electronic health record
system to improve adherence to COVID-19
hospital care guidelines

N/A (not mentioned
in the paper)

N/A N/A

This
study

2022 An algorithm for automated term standardization
to facilitate CP computerization and integration
with HISs

Automated SNOMED CT A dataset of 14 pairs of
SNOMED CT terms

CP: clinical pathway; SNOMED CT: Systematized Nomenclature of Medicine – Clinical Terms.

Figure 5. Sample SNOMED CT (SCT) term with its non-taxonomic relations.
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define body structure concepts). Table 3 shows example
relations and their definitions.

The January 31, 2021 release of the SNOMED CT
International Edition included 350,000+ concepts that
provide the core general terminology for electronic
health records (EHRs). The SNOMED CT logical model
(Figure 3) defines the way in which each type of

component and derivative is related and represented in
SNOMED CT. The core component types are concepts,
descriptions, and relationships. The logical model therefore
specifies a structured representation of the concepts used to
represent clinical meanings, the descriptions used to refer
to these concepts, and the relationships between the
SNOMED CT concepts.17

Figure 6. Contextualized relevancy questions based on the “Ischemic stroke” child SNOMED CT (SCT) terms.
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CP computerization and standardization

CPs are novel health care management plans that contain
details of the interventions and procedures of patients’ treat-
ment and follow-up. An example CP for ischemic stroke is
shown in Figure 4. CPs are essential sources of data and
data analytics in health care.26–28 However, a key factor
that is impeding CP-based health data analytics and hinder-
ing the smooth transfer of CP data to other HISs is that CPs
are prepared in hospitals without attention to standardizing
their medical terms.26–28 After a thorough review of CP
research found in literature, along with discussions with
our domain experts at the Thunder Bay Regional Health
Sciences Centre, it was clear that most CPs are currently
developed using non standard local terms and

abbreviations.30–38 This situation makes CPs prone to
human error and forms a challenge to exchanging them
across medical institutions, thus limiting their adoption
worldwide. This also causes the loss of valuable CP data
because existing HISs use standardized terminology
systems when encoding their medical terms. To give an
example, the instruction “Complete Hx and PE” that is
part of a CP for open appendectomy,30 cannot be captured
in HISs. To address this issue, we recently published a CP
standardizing and digitizing framework26 in which an
instruction like this is standardized manually as
“Complete History and Physical Examination” where
“History and Physical Examination” is a standard
SNOMED CT term whose SNOMED CT identification
number is 53807006.26 However, manual CP term stand-
ardization is a tedious and time-consuming process, and
therefore, automation to CP term standardization was intro-
duced in this research. CP computerization was the focus of
many studies in the literature.8–16 For example, Liu et al.14

proposed an ontological approach for real-time CP monitor-
ing. The main objective of their study was to establish com-
munication between the CP and the electronic medical
record system with the ability to display reminders on
medical activities. The CP used in their prototype was
related to unstable angina. Blaser et al.16 developed a proto-
type CP system that was embedded within an EMR system
to guide patients’ treatment. For a more detailed and recent
review, the reader is referred to Alahmar et al.26 The litera-
ture review shows that the common theme in nearly all
studies is that the goal of the computerization process was
limited to connecting CPs with EMRs. We view this as a
limitation because full CP digitization can only be achieved
by standardizing their medical terms, which is an area of
research that was not investigated in previous work
related to CP computerization. This resulted in large
amounts of CP data omitted in EMRs/HISs, and not utilized

Figure 8. Illustration of the use of F1 as a semantic score.

Figure 7. Children of the “ischemic stroke (SCTID: 422504002)” SNOMED CT (SCT) term and their similarity scores (SimScore).
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in data analytics. Our proposed solution for this challenge is
to encode CP data using internationally recognized medical
reference terminology (SNOMED CT). SNOMED CT
encoding is realized by representing each CP medical
term by its equivalent SNOMED CT term and SNOMED
CT ID (SCTID). As mentioned above, this study introduces
an automated CP standardization technique. Table 4 shows
a comparison between this research and recent similar work
in the literature.

CP standardization using semantic-based
relatedness measure
To automate the CP standardization process, we propose a
semantic-based search algorithm that exploits various

semantic relations. The algorithm supports physicians and
domain experts in their task of standardizing CP terms.
The main intuition is that the similarity between
SNOMED CT terms can help the algorithm find and
propose the accurate SNOMED CT terms while searching
the hierarchy of terms within the SNOMED CT ontology.
Thus, the use of semantic relations can help domain
experts in the CP validation process by automating the
process of finding the correct terms which are usually
similar to the local terms. In a large number of cases, the
inaccurate local term might be either a sibling or an abstract
term of the desired term. For example, the correct and
accurate term “Occlusive stroke”, whose SCTID is
373606000 is the subclass of the inaccurate term (i.e.
initial term) “ischemic stroke”, whose SNOMED SCTID
is 422504002.

Figure 9. Contextual relevant questions and expert’s answers.

Alahmar et al. 9



The algorithm is described below (see Algorithm 1). The
algorithm is implemented in an interactive software system
that assists domain experts in determining the accurate standar-
dized SNOMEDCT (SCT) terms. The algorithm limits the pos-
sible terms to only those that are semantically relevant to the
initial term, and presents a set of contextualized relevancy ques-
tions. The contextualized relevancy questions are obtained from
the non-taxonomic relations that each child SCT term has.

Figure 5 shows the SCT term “ischemic stroke (SCTID:
422504002)” with its child terms, and the non-taxonomic rela-
tions associated with it (i.e. “Finding site”, “Associated morph-
ology”, and “Due to”).Basedoneachnon-taxonomic relationof
the child terms, a question set and options are presented to the
domain experts to provide the appropriate context, as shown
in Figure 6. Line 4 in Algorithm 1 initializes the root with the
parent of the initial SCT term based on the semantic relation
“is-a.” Then, iterative steps limit the candidate SCT terms to
the most relevant and semantically similar terms to the initial
term based on Eq. 3, where the F1-measure (i.e. the harmonic
meanof theprecision and recall, see equations (1) and (2)) repre-
sents the score of similarity between the expert’s selection of the
contextualized options, and the semantic relations and associa-
tions of the child SCT terms. Note that the similarity score, pre-
sented in equation (3), for any given term could have a value of
between [0−1], where zero means not contextually similar/
related, andonemeans highly contextually related. For instance,
based on the domain expert’s answers presented in Figure 6 and
the non-taxonomic relations of “Occlusive stroke” and
“Perinatal arterial ischemic stroke”, their similarity scores are
determined as 0.91 and 0.6, respectively (Figure 7). Finally,
the domain expert is presented with a limited number of plaus-
ible SCT terms to either select an appropriate term (as the
approved standardized term) or expand a child term to repeat
the process until the standardized term is found.

Precision = TP

TP + FP
, (1)

where TP are the true positive observations that represents the
agreement between the expert’s selection and the existing
semantic associationswith theSCT term, andFP (false positive)
are the semantic associations that are present in the child SCT
term but are not selected by the expert (Figure 8).

Recall = TP

TP + FN
, (2)

where FN are the false-negative observations that represent the
semantic associations that are selected by the expert but are not
present in the child SCT term (Figure 8).

SimScore(SCT1, SCT2) = F1 = 2 ∗ Precision ∗ Recall
Precision + Recall

Figure 8 shows the use of F1 as a semantic score. The
solid dots represent the options selected by the domain
expert(s) and the hollow dots represent the contextualized
options not selected by the domain expert(s).

Experimental results and discussion
Here, we present the experimental results and discussion for
common CP standardization scenarios. The scenarios are
related to local CP terms from Category 1 and Category 2 (as
described in the introduction).

10 DIGITAL HEALTH



Standardizing CP local terms from other terminology
systems

In this scenario, we consider CP local terms that are used in
terminology systems other than the SNOMED CT system
(e.g. LOINC, ICD-10 and its variants like ICD-10-PCS,
etc.). It should be noted that this is an example from

Category 2 local terms. The main challenge in converting
these terms into standardized terms is finding the accurate
SNOMED CT terms because terminology systems consist
of many terms that look similar, but do not exactly
convey the identical medical interventions or meanings. A
typical scenario would be a term written in the CP from
ICD-10 terminology, whereas the CP is required to be

Figure 11. An illustration of selecting the appropriate SNOMED CT (SCT) term based on the similarity score.

Figure 10. An illustration of selecting the appropriate SNOMED CT (SCT) term based on the similarity score.

Alahmar et al. 11



fully standardized using SNOMED CT prior to its inclusion
in a hospital’s IT system. An example is given below.

In this scenario, the ICD-10-PCS term “Resection of
Appendix, Percutaneous Endoscopic Approach
(0DTJ4ZZ)” was found in the CP. A straightforward
similar term from SNOMED CT would be “Excision of
appendix (SCTID: 80146002)” because both terms refer
to similar medical procedures. For domain experts, the
existence of “endoscopic approach” in the original term is
important and must be reflected in the approved SCT
term. The steps below outline how the accurate
SNOMED CT term can be inferred based on the semantic
relatedness approach. Note that the accurate term will be
inferred to be “Laparoscopic appendectomy (SCTID:
6025007).” Initially, the algorithm starts by retrieving
parent SCT term (parent of (80146002)) which is the SCT
term “Partial excision of large intestine (SCTID:
27010001).” Then, for each child SCT term, the algorithm
will retrieve the set of relevant questions with their respect-
ive answers based on all semantic relations associated with
each child SCT term from the SNOMED CT ontology
(Algorithm 1 lines 7–11). These lines form an iteration in
the algorithm which is defined as a loop over the child
SNOMED CT terms of the root SNOMED CT term
under consideration. For the first iteration, the algorithm
displays two contextually relevant questions based on the
two existing relations (or attributes) possessed by child con-
cepts (i.e. “Method” and “Procedure site - Direct”). All four
child SCT terms, in this iteration, share the same option for
the “Method” relation (i.e. “method: Excision - action”),
however, they differ with the “Procedure site - Direct” rela-
tion (i.e. “Appendix structure”, “Cecum structure”, “Colon
structure”, or “Rectum structure”). Based on the expert’s
response for the “Procedure site - Direct” question
(“Appendix structure”), line 12 in Algorithm 1 (presented
in Eq. 4) computes the threshold value. Then, for this iter-
ation, out of the four child terms (“Excision of appendix”,
“Excision of cecum”, “Excision of colon”, and “Resection
of rectum”), the algorithm will display only the initial
SCT term (i.e. “Excision of appendix”), as it is the most

Table 6. A dataset of initial and target SNOMED CT terms.

Initial Term Target Term

(106063007) Cardiovascular
finding (finding)

(1939005) Abnormal vascu-
lar flow (finding)

(230690007) Cerebrovascu-
lar accident (disorder)

(16371781000119100) Cere-
bellar stroke (disorder)

(230690007) Cerebrovascu-
lar accident (disorder)

(16661931000119102) Cere-
brovascular accident due to
stenosis of bilateral vertebral
arteries (disorder)

(230690007) Cerebrovascu-
lar accident (disorder)

(329371000119101)
Cerebrovascular accident
due to occlusion of left
middle cerebral artery by
embolus (disorder)

(292671000119104)
Cerebrovascular accident
due to stenosis of left
vertebral artery (disorder)

(16661931000119102) Cere-
brovascular accident due to
stenosis of bilateral vertebral
arteries (disorder)

(301095005) Cardiac finding
(finding)

(449543008) Paradoxical
motion of ventricular septum
(finding)

(371040005) Thrombotic
stroke (disorder)

(444657001) Superior cere-
bellar artery syndrome (dis-
orde))

(371041009) Embolic stroke
(disorder)

(413758000) Cardioembolic
stroke (disorder)

(422504002) Ischemic stroke
(disorder)

(140921000119102)
Ischemic stroke without
coma (disorder)

(422504002) Ischemic stroke
(disorder)

(373606000) Occlusive
stroke (disorder)

(49601007) Disorder of car-
diovascular system
(disorder)

(241998008) Cardiovascular
decompression injury (disor-
der)

(49601007) Disorder of car-
diovascular system
(disorder)

(95653008) Acute
confusional migraine
(disorder)

(62914000) Cerebrovascular
disease (disorder)

(230716006) Carotid territory
transient ischemic attack
(dis- order)

(62914000) Cerebrovascular
disease (disorder)

(195200006) Carotid artery
syndrome hemispheric (dis-
order)

Table 5. Search space reduction within each iteration.

Iteration# Threshold
#
SCTChildren

# SCT
Candidates

% Search
Space
Reduction

1 0.375 104 4 96.2%

2 0.429 14 2 85.7%

3 1.0 4 1 75.0%
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Table 7. Search space reduction within each iteration.

Initial SCTID Target SCTID Iteration # Threshold # SCT Children # SCT Candidates % Search Space Reduction

106063007 1939005 1 0.125 92 1 98.9%

2 0.143 45 1 97.8%

3 0.286 45 36 20.0%

230690007 16371781000119100 1 0.273 94 33 64.9%

2 0.400 51 42 17.6%

230690007 16661931000119100 1 0.273 94 33 64.9%

2 0.375 51 39 23.5%

3 1.000 1 1 0.0%

230690007 329371000119101 1 0.273 94 33 64.9%

2 0.444 51 48 5.9%

3 1.000 9 1 88.9%

4 1.000 1 1 0.0%

292671000119104 16661931000119100 1 0.500 51 41 19.6%

2 1.000 1 1 0.0%

301095005 449543008 1 0.286 45 3 93.3%

2 0.375 83 11 86.7%

3 1.000 1 1 0.0%

371040005 444657001 1 0.444 51 48 5.9%

2 1.000 11 1 90.9%

3 1.000 1 1 0.0%

371041009 413758000 1 0.600 51 39 23.5%

2 1.000 1 1 0.0%

422504002 140921000119102 1 0.636 51 8 84.3%

2 0.800 10 7 30.0%

422504002 373606000 1 0.600 51 7 86.3%

2 0.833 10 4 60.0%

49601007 241998008 1 0.143 56 1 98.2%

(continued)
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relevant to the “Procedure site - Direct: Appendix struc-
ture,” where the expert will have the option to expand it
and begin a second iteration. In the second iteration, by
expanding the term (“Excision of appendix (SCTID:
80146002)”), a new set of contextually relevant questions
are displayed to experts based on the new attribute relations
of the child terms. Figure 9 shows these contextually rele-
vant questions and the selected answers chosen by the
domain experts. Based on these questions and answers, a
new similarity score threshold value is computed using
equation (4). Finally, the SCT terms with a similarity
score above or equal to the current iteration’s threshold
value are added to the candidate list of terms to be displayed
to the expert and ranked according to their similarity score,
from highest to lowest Finally, the expert decides on the
approved standardized SCT term, which is “Laparoscopic
appendectomy (ID: 6025007),” with a similarity score of
0.86. Figure 10 shows the iteration process resulting from
Algorithm 1, showing the similarity scores for each SCT
term and the threshold value for each iteration. The thresh-
old value is defined in Eq. 4 as the number of options
selected by the expert divided by the sum of selected
options and nonselected relations. This ensures that the
threshold calculated value is a reflection of the expert’s
minimum agreement with the presented options.

Threshold = SO

SO + NSR
, (4)

where SO is the number of selected options and NSR is the
number of nonselected relations.

Standardizing CP local terms from SNOMED CT

The next scenario relates to an initial SNOMED CT term
“Intracranial hemorrhage (SCTID: 1386000)” and an approved
term “Subarachnoid intracranial hemorrhage (SCTID:
21454007).” Both terms are used to encode hemorrhagic
stroke, a common medical condition. The subtle difference
between the terms is that intracranial hemorrhage refers to
bleeding that occurs when a blood vessel within the skull is
ruptured or leaks, whereas subarachnoid intracranial hemor-
rhage is a type of stroke caused by bleeding into the space sur-
rounding the brain (not within the skull). Similar to the first
scenario, Figure 11 shows the iterative process described in
Algorithm 1 for selecting the standardized approved
SNOMEDCT term, which is, in our case, “subarachnoid intra-
cranial hemorrhage (SCTID: 21454007)” given the initial term
“intracranial hemorrhage (SCTID: 1386000).”

Table 5 shows the details of each of the three iterations
required in this case, including the percentage reduction of
SNOMED CT search space after each iteration. In iteration
1, among 104 SNOMED CT child terms, the algorithm uti-
lizes the expert’s answers for the contextualized questions
to reduce the candidate correct terms to only 4 possible
terms, achieving a 96.2% reduction in the search space.

Table 7. Continued.

Initial SCTID Target SCTID Iteration # Threshold # SCT Children # SCT Candidates % Search Space Reduction

2 0.300 48 34 29.2%

3 0.667 5 1 80.0%

49601007 95653008 1 0.143 56 1 98.2%

2 0.455 48 2 95.8%

3 0.500 33 4 87.9%

128487001 230716006 1 0.364 48 3 93.8%

2 0.333 33 4 87.9%

3 0.750 8 1 87.5%

4 0.800 3 2 33.3%

128487001 195200006 1 0.364 48 8 83.3%

2 0.333 33 5 84.8%

3 0.800 8 5 37.5%

4 1.000 2 1 50.0%
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Iteration 2 finds 14 child terms and limits the candidate
terms to 2, achieving 85.7% search space reduction. The
correct SNOMED CT term “subarachnoid intracranial hem-
orrhage (SCTID: 21454007)” was located in iteration 3
among the four existing child terms. This scenario demon-
strates the capability of the proposed algorithm in signifi-
cantly reducing the search space for the semantically
relevant SNOMED CT terms.

To demonstrate the robustness of the proposed algo-
rithm, a dataset of 14 pairs of SNOMED CT terms was
examined, where the domain experts determined a target
SNOMED CT term, given an initial local CP term, as
shown in Table 6. Based on the responses of the experts
to the contextualized questions for each pair, the algo-
rithm demonstrates a consistent search space reduction
and convergence to the target term for all scenarios, as
shown by the experimental results in Table 7. The experi-
mental results show that the search space reduction
reached 98.9% on individual iterations and an overall

average reduction of 71.3% considering the largest
search tree in each iteration (i.e. the search tree that has
the largest number of children). The proposed algorithm
was implemented in a prototype software system that
we made available on GitHub*. The developed software
(with its graphical user interface (GUI)) enables domain
experts to search for a SNOMED CT term by ID or
name. Then, based on its children’s semantic relations
within SNOMED CT ontology, the system presents all
possible relations and options, as shown in Figure 12.
Once the expert selects the relevant answers, the system
filters out child SNOMED CT terms with scores below
the threshold calculated using equation (4). This, in
turn, allows for further expansion and searching within
subsequent children, or selecting a child term as a standar-
dized target term that is approved by domain experts.
Figure 12 shows the main screen of the developed soft-
ware system and outlines its components as described
above.

Figure 12. The main screen of the developed software application (SNOMED CT selector).
SNOMED CT: Systematized Nomenclature of Medicine – Clinical Terms.
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It is worth mentioning that this research is not proposing
a new standard but rather adopting an existing international
standard. SNOMED CT is a well-known standard that has
been successfully used and maintained worldwide since
1999. This contributes to the success and adoption of the
proposed method in this research.

Conclusion and future work
Automation in CP standardization must be addressed care-
fully due to patient safety considerations associated with
the medical data stored in CPs. In this research, we demon-
strated a new automated CP standardization approach that
achieves a balance between machine intervention and
domain experts’ control. Experimental results reveal that
the proposed method achieves a high percentage of
SNOMED CT search space reduction, which saves
domain experts time and helps them to efficiently locate
the correct standardized CP terms. The developed stand-
ardization approach can be used in other ontologically
represented domains like standardizing clinical/medical
terms in EMRs and medication prescriptions. The
emphasis in this research was on the standardization of
initial local CP terms that exist in SNOMED CT, but are
not accurate based on domain expert’s judgment.
Therefore, a key task in the presented approach was to
apply semantic relatedness to search the SNOMED CT
ontology for terms with semantic relatedness to the
initial SNOMED CT terms. The main limitation of this
research is that local CP terms or abbreviations that are
nonexistent in any terminology system were not
addressed. Thus, our future investigation in this domain
will concentrate on standardizing this type of local CP
terms. In such cases, the initial term cannot be found
within SNOMED CT ontology. Thus, standardizing the
terms requires matching the local term to an external
knowledge base. Such an approach would involve the
use of NLP techniques different than the technique used
in this study (such as word embedding methods).
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