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ABSTRACT

Objective: The study sought to develop a clinical decision support system (CDSS) for the treatment of thyroid
nodules, using a mind map and iterative decision tree (IDT) approach to the integration of clinical practice
guidelines (CPGs).

Materials and Methods: Thyroid nodule CPGs of the American Thyroid Association and Korean Thyroid Associ-
ation were analyzed by endocrine surgeons (domain experts) and computer scientists. Clinical knowledge from
the CPGs was expressed using mind maps. The mind maps were analyzed and converted into IDTs. The final
IDT was implemented as a set of candidate rules (3700) for a knowledge-based CDSS. The system was evalu-
ated via a retrospective review of the medical records of 483 patients who had undergone thyroidectomy be-
tween January and December 2015 at a single tertiary center (Seoul National University Hospital Bundang,
Korea).

Results: Concordance between CDSS recommendations and treatment in routine clinical practice was 78.9%. In
the 21.1% discordant cases, deviation from the CDSS treatment recommendation was mainly attributable to
(1) refusal of the patient to undergo total thyroidectomy and (2) conversion from lobectomy to total thyroidec-
tomy following an unexpected histological finding during intraoperative frozen biopsy lymph node analysis.
Conclusions: The present study demonstrated that a knowledge-based CDSS is feasible in the treatment of thy-
roid nodules. A high-quality knowledge-based CDSS was developed, and medical domain and computer scien-
tists collaborated effectively in an integrated development environment. The mind map and IDT approach rep-
resents a pioneering method of integrating knowledge from CPGs.
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BACKGROUND AND SIGNIFICANCE

A clinical decision support system (CDSS) is a health information
technology that supports clinical decision making by physicians and
other healthcare professionals." Two types of CDSS are available:
knowledge based and non-knowledge based. A knowledge-based
CDSS involves correlations and rules for the analysis of accumulated
data, and is mainly constructed using the logic of IF-THEN.? These
rules are clearly labeled and classified as transparent algorithms. At
the time of writing, most hospital-based CDSS are knowledge based,
as transparent algorithms are preferred in the medical domain. By
contrast, non—-knowledge-based CDSS are non—rules based. In this
system, artificial intelligence facilitates decision making by learning
patterns identified within patient histories or clinical information.’
A non—knowledge-based CDSS is classified as an opaque algorithm,
as it is difficult to confirm the process and reasoning applied in
reaching the respective conclusion. A typical non—-knowledge-based
CDSS is the IBM platform Watson. This was first marketed in 2013
and has since become popular in Korea. However, no Watson for
Oncology (WFO) results are yet available, and abstracts are limited
to those presented at meetings of the American Society of Clinical
Oncology (ASCO). According to the Gil Hospital of South Korea
abstract from the 2017 ASCO meeting, the concordance rate for
WFO and physicians varies according to the disease, and concor-
dance for a given disorder varies depending on the disease-stage.*
Thus, the role of the knowledge-based CDSS is emphasized reflex-
ively. Moreover, knowledge-based CDSS are considered white-box
systems, whereas non-knowledge-based CDSS are known as black-
box systems.

In theory, knowledge-based CDSS can be applied to diagnosis,
treatment, prevention, and the evaluation of prognosis.’ In general,
knowledge-based CDSS reduces errors in the prescribing of
medication, which represents a key treatment strategy in most hospi-
tals.® However, knowledge-based CDSS has also been applied to fa-
cilitate clinical diagnosis,” chronic disease management,® and
preventive care.” Compared with the introduction of CDSS for
healthcare process measures, few CDSS have been developed and in-
troduced for diagnosis and treatment.”

In the field of surgery, one potential area of use for knowledge-
based CDSS is the treatment of thyroid nodules, as treatment for
this common disorder is planned on the basis of diverse text results.
Although previous authors have attempted to introduce knowledge
based CDSS for thyroid nodules, no study to date has analyzed pa-
tient data, and to our knowledge, no previous study has developed a
knowledge-based CDSS!? for a thyroid disease with concrete recom-
mendation outcomes. The aim of the present study was to develop a
knowledge-based CDSS for the treatment of thyroid nodules. To
achieve this, a formal acquisition method was developed to enable
medical experts and computer scientists to transform knowledge
resources—clinical practice guidelines (CPGs) for thyroid nodules
and domain expert heuristics into an executable knowledge model
that was understandable for all stakeholders. This involved the use
of a pioneering mind map and iterative decision tree (IDT) ap-
proach. To determine concordance with treatment prescribed in the
real-world setting, the knowledge-based CDSS was then applied to
retrospective clinical data from a single tertiary center.

To model clinical knowledge from CPGs in a manner that was
executable and understandable for both medical experts and com-
puter scientists, a mind map and IDT approach was used. Previous
authors have reported the use of mind maps in medical educa-
tion."1~!3 However, in a pioneering approach, we first used mind

maps to model clinical knowledge and then converted these mind
maps into modified traditional DTs. These modified DTs are termed
IDTs. The IDT approach has several potential advantages over the
traditional DT approach. These include a relaxing of the formalism
of branch selection based on multiattributes and the encapsulating
of the complex semantics of medical treatment cyclic workflows.
The overall objective of the use of mind maps and IDTs was to
transform tacit knowledge (from CPGs and domain expert heuris-
tics) into executable knowledge using a form of knowledge modeling
formalism that was acceptable to all stakeholders. Figure 1 depicts
the overall flow of knowledge elicitation from tacit knowledge to
explicit and finally executable knowledge. The key approach for
each form of knowledge elicitation—such as brainstorming, inspec-
tion, validation, decision tables, and algorithms are stated at the top
of the respective pool, while the key inputs, key objectives, key out-
puts, and roles of the stakeholders are listed within the pool.

MATERIALS AND METHODS
Study design

The study was performed by endocrine surgeons from Seoul
National University Bundang Hospital (SNUBH) and computer sci-
entists from Kyung Hee University and Sejong University. The study
was approved by the institutional review boards of SNUBH
(B-1801/447-103).

Clinical knowledge models were established by analyzing CPGs
and healthcare system workflows for patients with thyroid nodules.
Clinical knowledge was interpreted into a set of rules and plugged
as a knowledge base for clinical decision support.

To evaluate the knowledge-based CDSS, anonymized clinical
data from patients who had undergone surgery for thyroid nodules
at SNUBH between January and December 2015 were accessed.
Data on the following factors were extracted from the respective
medical records: gender, age, underlying thyroid disease, pregnancy
status, family history, preoperative blood test results (thyroid-stimu-
lating hormone [TSH]), preoperative imaging results (thyroid sonog-
raphy, thyroid computed tomography), preoperative histopathology
results (fine needle aspiration [FNA] and core needle biopsy), thy-
roid surgery approach, and outcome. The medical data of each pa-
tient were then entered into the knowledge-based CDSS. The
knowledge-based CDSS recommendations were compared with
those that were applied in the real-world clinical setting. Concor-
dance was expressed as a percentage.

Review of CPGs and surgical principles

The 2015 CPGs of the American Thyroid Association and the 2016
CPGs of the Korean Thyroid Association were inspected by 2 endo-
crine surgeons (domain experts) in collaboration with computer sci-
entists.' 5 These CPGs specify that thyroid nodules should be
subjected to FNA and that the results should be confirmed. Further
management is dependent on the FNA result and comprises the fol-
lowing 5 categories:

1. If the result indicates a malignancy then risk assessment is con-
ducted. Total thyroidectomy should be performed for cases
showing evidence of extrathyroidal extension, lateral lymph
node metastasis, distant metastasis, multifocality, a history of ra-
diation exposure, or a positive family history of thyroid malig-
nancy. If none of these risk factors are present, TSH, nodule
size, and nodal status of the other lobe should be evaluated to
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Figure 1. Knowledge elicitation overview—tacit knowledge, explicit knowledge, and executable knowledge. CNB: core needle biopsy; Comp. Scientist: computer
scientist; CPG: clinical practice guideline; S:(DL or I): surgery diagnostic lobectomy or isthmectomy; FNA: fine needle aspiration; S:(DL or I): surgery diagnostic lo-
bectomy or isthmectomy; IDT: iterative decision tree; S:(L): surgery lobectomy; S:(TT): surgery total thyroidectomy.

determine whether the patient should undergo lobectomy or to-
tal thyroidectomy.

2. If the result indicates a suspected follicular neoplasm, a sus-
pected Hurthle cell neoplasm, or any other form of suspected
malignancy, the opposite lobe should be inspected to determine
whether the patient should undergo lobectomy or total thyroid-
ectomy.

3. If the result indicates an atypia of undetermined significance or a
follicular lesion of undetermined significance, core needle biopsy
should be performed. Alternatively, the patient may undergo im-
mediate surgery if preferred.

4. If the result indicates a benign nodule, measurement of the TSH
level and nodule size, and an inspection of the opposite lobe,
should be performed to determine the necessary scope of
surgery.

5. All women with a confirmed or suspected malignancy should un-
dergo a pregnancy confirmation. If the patient is pregnant, core
needle biopsy should be performed. If a pregnant woman
requires surgery, the timing of the operation should be deter-
mined according to the gestation period. In women presenting in
the third trimester, surgery should be postponed until after
delivery.

Clinical knowledge modeling for thyroid nodule

A 2-step process was used to analyze the CPGs and convert them
into the final clinical knowledge models: (1) representation of the
thyroid nodule treatment plans in the form of a semiformal model
(ie, mind map) and (2) conversion of the mind map into formal clini-
cal knowledge model (ie, IDT). The IDT (explicit knowledge) was
then converted into rules (executable knowledge). The overall

elicitation process is represented as a BPMN (Business Process
Model and Notation)'® standard diagram in Figure 2.

Step 1: Representation of thyroid nodule treatment
plans as mind map

Domain experts presented treatment plans for thyroid nodules in the
form of mind map. The formal definition of a mind map is a visual,
nonlinear representation of ideas and relationships (ie, a network of
connected and related concepts).!" The mind map is an easily under-
standable, semiformal modeling approach for tacit knowledge repre-
sentation, and comprises only 4 concepts: central topic, main topic,
topic, and subtopic.'"!” Details and examples of each concept and
their usage are provided in Table 1.

Other approaches to the modeling of initial tacit knowledge in-
clude concept maps, conceptual diagrams, and visual metaphors.
The mind map was selected due to its alignment to the key objectives
of the present study (see Figure 1). Table 2 compares the mind map
with the most similar approach (ie, the concept map).

The domain experts inspected the recommendations of the
American Thyroid Association and Korean Thyroid Association
CPGs'*! concerning treatment for thyroid nodule. The first step
was to identify all key concepts of relevance to patient symptoms,
clinical observations, clinical findings, and treatment recommenda-
tions. In modeling the treatment plan for thyroid nodules, the candi-
date key concepts included FNA result—malignant (test result),
distant metastasis—clinical stage M1 (clinical findings), voice
change (patient symptoms), and surgery (treatment recommenda-
tion). After identifying the key candidate concepts, the second step
was to align and connect the concepts appropriately. Most of the
relationships were tangible and easily manageable. For example, the
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Table 1. Mind map concepts and best practices for knowledge elicitation

Mind Map Concept

Description

Remarks

CT (rectangle with curved
corners) color: (any)
optional

CentralTopic

MT (rectangle with curved
corners) color: (any)
optional

TC (rectangle with curved
corners) color: (any)
optional

ST (ST is represented as plain
text)

SubTopic

Context and Semantics:

® (T is the starting point of the mind map.

® Only 1 CT is allowed in the mind map.

Best use practices (for knowledge elicitation):

¢ Start with the key domain concept that drives
toward the objective (clinical).

® Assign a concept that is central and a starting point for
all other domain concepts.

Context and Semantics:

® MT is the second level concept in the mind map.

®  One or more MT(s) are associated with the CT.

Best use practices (for knowledge elicitation):

®  MTs include the key concepts, which have a direct
association to the CT.

® Assign concepts that are key preliminaries for the final
objectives.

Context and Semantics:

® TC expands the MT(s) to more detailed information.

®  MT may have 1 or more TCs.

® TC may include other TCs if required.

Best use practice (for knowledge elicitation):

* Introduce detailed key concepts for each MT or TC (if a
further level is required).

* Typically, the key outcomes of MTs become the CTs
for the corresponding MTs.

® TCs cover concepts that are near to the achievement of
the key objective.

Context and Semantics:

® STsare considered the end points of the mind map CT.

®  One or more STs can be associated to the TC.

® ST may have other associated STs.

®  One ST may be shared with more than 1 TC or ST.

® Some TCs play a role in further refinements of STs (ie,
they may not be associated with any TC or MT).

Example:

For clinical knowledge to introduce an inter-
vention in a thyroid cancer treatment
plan, “Treatment of Thyroid Cancer”
becomes the CT of the mind map.

Example:

Domain expert decisions for any treatment
plan for thyroid nodule depend on tumor
malignancy status, which is derived from
FNA results. Therefore, “FNA result” is a
key candidate in deriving the overall treat-
ment plan and should be included as an
MT.

Example:

The key observation set of FNA results
(MT) are the next level of domain con-
cepts that domain experts use for further
decision making. For example, the FNA
observation “Malignant” is a key candi-
date TC where the domain expert nar-
rows down the options of suggesting
appropriate action.

Example:

Surgery is the key ST for the thyroid nodule
treatment plan, and is decided upon in-
spection of the patient FNA result status,
which was covered as a TC.

Moreover, domain experts further catego-
rize the “Surgery” into “Surgery:

Best use practices (for knowledge elicitation):
® Use STs to formulate a conclusion that supports the key

objective.

® Use supporting TCs if the ST conclusion requires further

refinement.

Lobectomy” or “Sugery: Total-Thyro-
dectomy” via further analysis of patient
symptoms. This information is provided
as supporting TCs.

CT: central topic; FNA: fine needle aspiration; MT: main topic; ST: subtopic; TC: topic.

concepts malignant and benign derive from the concept FNA result.
However, for some concepts, the relationships were ambiguous, or
more than one possibility for establishing the connection was avail-
able. In such cases, the domain experts brainstormed or consulted
additional sources of evidence to clarify the relationship. The review
process was then performed. Here, the computer scientists investi-
gated the mind map and refined it as required. The detailed pro-
cesses conducted by each stakeholder (domain expert and computer
scientist) are shown in Figure 2 (Tacit Knowledge Pool). The final
mind map for the treatment of thyroid nodules was generated fol-
lowing 4-5 refinement iterations (Figure 3). As an outcome, it was
shared as a key input for IDT (explicit knowledge) modeling.

Step 2: Converting mind map into a formal clinical
knowledge model—IDT

To refine mind map knowledge and facilitate its implementation, an
IDT was introduced. This is an extension of the traditional DT

model. A DT is a visual tool that can be used in a decision-making
process, and which presents all possible options and their corre-
sponding consequences.'® The DT also assists domain experts in
terms of facilitating decision-making processes in the field of health
and medicine, and has been used as a baseline tool for most health-
care decision-making approaches, such as PROACTIVE (problem,
reframe, objectives, alternatives, consequences and chances, trade-
offs, integrate, value, explore and evaluate).'® The decision to intro-
duce IDT rather than DT was based on the key modeling objectives
indicated in Figure 1. The key benefits of IDT in comparison with
DT are shown in Table 3.

The IDT encompasses all of the fundamental principles of the
traditional DT, while (1) introducing flexibility in terms of certain
formal constraints and (2) extending its capabilities in terms of
expressing the semantics of clinical knowledge concepts. However,
in contrast to traditional DT, IDT provides a cyclic top-down struc-
ture, whereby the leaf nodes may connect to any intermediate node.
A leaf node can therefore assume the role of a decision node. More-
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Table 2. Key benefits of mind maps over concept maps in terms of clinical knowledge elicitation

Key Features Mind Map

Key Benefits of Mind Map
Over Concept Map

Concept Map

Involves much less formalism.
For example: no need for named-rela-
tionship.

Formalism

Semantic relationship Straightforward structure with free mul-
tidirectional knowledge representation
focused around a central concept.

For example: A single central concept is
extended into multiple layers in all
directions, with more general to spe-

cific knowledge elicitation.

Less complex structure and easier refine-
ments in further iterations of knowl-

Simplicity

edge elicitation phase.

For example: Every concept has a single
parent and is easily traceable due to a
lack of concern for semantically-
named relationships.

No formal training is required.

For example: A lower formalism burden,

Domain expert training

less constrained relationships, and free-
style multidimensional expansion of
concepts frees domain experts from re-
quiring formal training sessions.

Involves more formalism.
For example: named-relationship.

At the initial stage of knowl-
edge modeling, it is diffi-
cult for physicians to learn
constrained models and
mold their experiences into
a more formal representa-
tion.

For tacit knowledge with dis-
tributed fragmented arti-

Hierarchical structure with a top-
down single directional knowledge
facts in mind and other
sources, it becomes diffi-
cult for domain experts to

representation approach.

For example: It contains a top root
concept, and subsequent concepts
are derived in a children and
grandchildren fashion.

associate concepts so
tightly in a hierarchical
manner.

For domain experts with lim-
ited time for research, pre-
fer less complex models

Complex structure with emphasis on
capturing most of the semantics of
the knowledge.

with minimal formalism,

and a process that allows a

refinement in multiple iter-

For example: Concepts may have
multiple parents with proper-
named relationships.

ations.
The most important goal for
a domain expert is to pro-

Requires intensive training.

For example: Identifying concepts
vide optimal patient man-
agement, and most of their
working time is spent with

and their proper placement with
proper relationship, and under-
standing key relationship names
patients. They adapt tech-
nology and toolsets that
genuinely save time, facili-

requires hands on practice under
supervision.

tate decision making, and
require less time to learn.

T,'2% the branch division in

over, in contrast to the traditional D
IDT may involve multiple attributes, and relaxes the formalism of
division by supporting domain expert intuitions or experience, or
some other external form of evidence. Detailed information con-
cerning IDT formalism and artifacts is provided in Table 4.

In the present study, the various IDT artifacts were used to trans-
form the mind map for the thyroid nodule treatment plan (from Fig-
ure 3) into an IDT model of the thyroid nodule treatment plan. This
process of transformation was iterative in nature. Details of the pro-
cess are shown in Figure 2 (Explicit Knowledge Pool). After several
iterations, the mind map of the thyroid nodule treatment plan was
transformed into the final IDT knowledge model (Figure 4). How-
ever, in best practice, the following tasks should be performed to
transform the mind map into an IDT in a linear manner:

* Identify concepts in the mind map that are of relevance to deci-
sion making.

* Separate decision-making concepts in the mind map and align
them with the IDT artifacts—decision node, leaf node.

* For decision nodes and leaf nodes, assign appropriate specializa-
tion artifacts—such as activity, condition, or recommendation.

* Use connections from the mind map to enlarge the IDT model
with decision branches.

* Make necessary refinements by investigating each decision
branch.

* Approve the IDT model for use in clinical decision support in the
healthcare workflow.

Step 3: Conversion of IDT into executable knowledge—
rules

The IDT was represented in UML (unified modeling language) nota-
tion and converted into XMI (XML Meta Interchange)*! format us-
ing the Enterprise Architect software.”” To generate the set of
candidate rules, the IDT-XMI model was provided to algorithms (1
and 2). The IDT-to-rule transformation algorithms are depicted in
Figure 5a. The rules were generated in 2 passes:

Pass-I1: Consumed the IDT as an XMI model, parsed the IDT-
XMI model into an internal object model, and flattened the model
into DT structure (as shown in algorithm 1). In flattening, the cycles
were removed and the model was aligned into a top-down structure,
as shown in Figure 5b.

Pass-11: Consumed the flattened IDT object model and generated
rules using the recursive procedure (as shown in algorithm 2). The
recursive procedure acts on the IDT model in a top-bottom, left-
right manner, whereby rules are generated for each decision branch
(also termed edges) and returned as a set of candidate rules. In the
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susp. FN: Suspicious for follicular

TFT: Thyroid Function Test

TSH: Thyroid-stimulating hormones

TT: Total thyroidectomy -> Surgery

VC: Voice change

Figure 3. Mind map for the planning of thyroid nodule treatment.

case of thyroid nodules, the IDT model was represented by a set of
3700 rules. Test-case-based validation was used to verify rule
consistency. The rules were then plugged into the knowledge base
for inferencing in cases from the real-life setting.

RESULTS

During the study period, a total of 483 patients received treatment
for thyroid nodules at SNUBH (Figure 6).

A total of 239 patients underwent total thyroidectomy. For these
239 patients, CDSS recommended total thyroidectomy in 198, lo-

bectomy in 35, core needle biopsy in 2, and ethanol or radio fre-
quency ablation in 4. The accuracy for total thyroidectomy was
82.8%.

A total of 242 patients underwent lobectomy. For these 242
patients, CDSS recommended total thyroidectomy in 57, lobectomy
in 182, and ethanol or radio frequency ablation in 3. The overall ac-
curacy for lobectomy was 75.2%.

The remaining two patients underwent isthmectomy. In these
two patients, CDSS recommended total thyroidectomy in 1, and
isthmectomy in 1. The overall accuracy for isthmectomy was
50%.
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Table 3. Key benefits of IDT compared with traditional DT

Key Features

IDT

DT

Key benefits of IDT over DT

Rich and flexible

formalism

Easily understandable to
stakeholders

Support manageable
model

IDT has the capacity to cover-up
guideline semantics with rich and
flexible formalism.

Example: In principle, IDT
covers up DT formalism and
provides flexibility and extension,
such as support for complex
logical expression at nodes and
branches to enable multivalued do-
main concept evaluation.

IDT is compact and easily under-
standable to all stakeholders.

Example: The rich and flexible for-
malism of IDT renders it both com-
pact and understandable.

IDT is easily manageable in the con-
text of expanding and
repeating knowledge artifacts.

Example: Handling repeated knowl-
edge patterns is easily
manageable using the iterative cy-

DT has the capacity to cover-up
guideline semantics but with strict
formalism.

Example: Individual nodes can eval-
uate only 1 concept at a time.

DT is easily understandable but the
model is not compact.

Example: For detailed guidelines, the
DT may expand with no compact
visual snapshot.

DT is not feasible for extensive
knowledge volumes.

Example: The top-down noncyclic
approach renders DT difficult to
manage in the context of expand-
ing knowledge.

IDT allows domain experts and com-
puter scientists to model clinical
knowledge in a more flexible way.

IDT allows the compact capture of
detailed guideline semantics.

The CPGs include patterns of knowl-
edge. IDT allows the identification
of patterns within knowledge arti-
facts, as well as reuse to avoid du-
plicating via the incorporation of a
cyclic branch structure.

clic branch structure.

CPG: clinical process guideline; DT: decision tree; IDT: iterative decision tree.

Overall concordance between SNUBH management and the
CDSS recommendation was 78.9%.

DISCUSSION

Previous research has shown that around 80% of diagnostic errors
are attributable to a failure to perform necessary orders or to obtain
accurate past records; inaccurate tests; or an inaccurate review of
documents.”® These errors may also occur during the decision-
making phase of drug prescription and surgical treatment. CDSS has
been introduced in an attempt to reduce such errors, and, in theory,
CDSS can be introduced for all aspects of diagnosis, treatment, pre-
scribing, and prevention. The non-knowledge-based CDSS WFO
from IBM has attracted much attention. However, its internal pro-
cess is unclear, rendering verification problematic. According to
results presented at the ASCO meeting in 2017, WFO performance
varies according to country, disease, and disease stage.*>*>° This
emphasizes the importance of transparent, knowledge-based CDSS.
To date, knowledge-based CDSS has been used primarily for drug
prescriptions, with a few cases being applied to diagnosis and treat-
ment.’ Although CDSS for the treatment of thyroid nodule has been
reported,'” no patient-based review data have been published. In the
present study, an IDT model was used to create an easily implement-
able knowledge-based CDSS for thyroid nodule treatment. The ap-
plicability of the knowledge-based CDSS to thyroid nodule
treatment was verified, and the CDSS recommendations were com-
pared with treatment prescribed in the real-world setting.

The results suggest that the choice of surgical intervention is
largely (78.9%) based on the preoperative medical history, and on
the results of the TSH blood test, thyroid imaging, and histopatho-
logical examination. A total of 21.1% patients received treatment
that was discordant with the CDSS recommendation. To investigate
this discrepancy, the 2 groups accounting for the majority of discor-

dant patients were examined: (1) 35 patients for whom lobectomy
was recommended by CDSS but who underwent total thyroidec-
tomy and (2) 57 patients for whom total thyroidectomy was recom-
mended by CDSS but who underwent lobectomy. This analysis
showed that in these patients, conversion was attributable to either
an unexpected histological finding during intraoperative frozen bi-
opsy lymph node analysis, or a refusal on the part of the patient to
undergo total thyroidectomy. In routine clinical practice, the detec-
tion of metastatic tissue in lymph nodes during intraoperative frozen
section analysis is an indication for conversion from lobectomy to
total thyroidectomy.?® The percentage of conversions from lobec-
tomy to total thyroidectomy in the present cohort is accepted in the
clinical environment. To reduce this rate, CDSS must be improved.
Therefore, future CDSS should include results in the operative field. A
reasonable assumption is that future CDSS will have a superior predic-
tion rate. Nonetheless, the present CDSS for thyroid nodule can pro-
vide patients with important information on treatment modality
before surgery. In patients who opted for lobectomy, total thyroidec-
tomy remained an option during subsequent outpatient follow-up.
The construction of a CDSS for diagnosis and treatment necessi-
tates a substantial investment of time and resources, as it is difficult
to change the logic once configured. Existing CDSS are highly reli-
ant on computer scientists for knowledge maintenance. This is due
to a lack of (1) any integration of the medical diagnosis process, (2)
an evidence-based support function, (3) standardized vocabulary
and knowledge expression use, (4) interoperability, and (5) integra-
tion with other systems. Previously developed knowledge-based
CDSS have therefore tended to focus on relatively simple diseases. In
addition, previously configured CDSS face the challenge of integrat-
ing an ever-expanding knowledge base. Through the implementa-
tion of mind maps and IDTs, the gap of sharing and modeling
clinical knowledge between medical experts and computer scientists
is virtually eliminated. In the present study, this enabled the success-

6102 aunp 0 uo Jasn Aseiqr sndwe) uomng Ausisalun 8aH BunAy Aq $95081S/72S/9/9Z/1081sqe-aj0nue/elwel/wod dno olwapeoe//:sdny woJj papeojumoq



Journal of the American Medical Informatics Association, 2019, Vol. 26, No. 6

532

Downloaded from https://academic.oup.com/jamia/article-abstract/26/6/524/5480564 by Kyung Hee University Suwon Campus Library user on 09 June 2019

94 :  ‘ouowroy Sunenwns-proifyl :Hs 1, ‘Aoueusijew 105 snoidsns :3ijepy “dsns fwsedoau [[92 [y 10§ snowidsns :NDH “dsns

fopou 1e[noifjoj 10§ snomidsns :N] “dsns fased onewoldwis ur uone|qe Juanbajorper 1y Iy OusousIepuou (FeIP 'UOU fOU N I[BW A OPOU Jed] :N'T AW0309qO] T 9313 UOISIAP IANEINN : [ (] Awodawyist ] ‘wise[dodu [[90 djyaany] :NDH ‘uoneaidse s[paau suy

YN ‘wsepdoau Te[no1[joy (N $99UuedyIusis paurtiialdopun Jo UOTSI] TB[NI[[0F (ST [EWD] ] ‘UONE[qE [OUBYID 1y 9POU UOISIAP :N( ‘AW0109q0] d1souSerp (] {YdULIq UOISIAP (] ‘WI0] MeN-snyoeq INg 2ouedyrusis paurwuialepun jo erdfie :sny

(1) 4308mMg YO (1q) :A1931MG :TNT 1
T:£198mg NT T
:sa]dmvxyy

¥ < 71§ <- [oo-p]ieqd

> 271§ pue [ <9715 <- (p-1]:7qd  'q

1 >971s <- (1-0] :1dd  '®
{[oc-0l) ozis seN@ 1t

MN_Q "UON €D e

SOTI0 SNy :Tdd  q

JueuSieIN Tgq C®

{Ser "voN ‘usiuag ‘SNTA ‘SNV

‘NOH "dsns ‘NOH ‘N “dsns ‘NA
“3ieN “dsns ‘queuSie} 3NsY VNI (INA T
:s2]quivx7

(wia ], wipwop) | uonwpuamiuiodal Auv = ::apoN Jvaj

VAd O VAINT 1
ON:dd 9
sax :1dd e
{ON‘soX} VN ING - 1
:sajduvxy
(ampp urwiop) AEO.SSVW (Cvurg o] wwwop) |
(amp A urvwiop) (44 wi02) (uiia ] uspuiop)
| (ampp urvwiop) (4dy-wos) (4dy-3op) }
(ampp\ urwmiop) (4dQ wiod) = ::qouvig apsoduiod

(msa], wwwop) (4doy Sop)

ANV | 4O = ::4d030]
A=iAZIS =] >l< = sdowmor
Ka1a1pov | 1d2ou00 uwmOp = ::uidd ], uIUOP

.mu=~w>.:meO_u Sse :?C:vﬂ e wh&uuﬁcu uunﬁc ﬁ:m :mrﬁ wo 198 05_m> 19J0N
AANV NTdd 9
AANV A 19d e
{4 I} X208 ANV N ‘A} foueudarg :gNa 1t
[ewiouqng YO paead[d igdd  q
—NEHCZ HmD ‘e
{lewsouqng “paread(q ‘ewIoN]) HSL:INA 1
:s2]dupx7

ANEDZKQQV = 19PONUONDPUIUULOI Y

SHANG N§§x\0n~

*9pou uoIsIp se oo Aejd Aew opou JeI T
*UOEPUSWIWIOIAT S $30Uanbasuod [euy Jussaidal aInquny o
251 01 UM\

an|g W8I :(jpuondQ) +0j0)

sanque aidnnwye[3uls :Suryviy ¢ouviq uoisaq

SPON] JBIT 2HUrULIS

(apoN uonipuod) = ::29poN uonpuor) 21150duiod
ANE [PHi40]

9PON UOBIPUO)) 10J JBUINIY o
ss3001d [ed1pawr X3[dW0d JWOS 10J UOIEPUIWWOIAT JudsaIdar anquy
$s9201d [ed1pawt xo[dwod Jwos Jo JWOIINO JusaIdar AN

‘osn 01 uag M\

ud210) WS :(jruondQ) 40j0)

sanquie sydunwya(3uls :Suryvy ¢ouviq uoisra(J

9PON] UOISII(] :21UDULIS

(9PON Jva)) | (opoN uomipuo) = ::aopoNKuaow

SANY NQNA\:‘QR

ssadoxd —Nu:qu xwﬁQEOU 2WOS qu EOmHNﬁEwEEOUMH uﬁumuhawh wuﬂﬁmhuu< °
$$9001d [ed1paw Xa[dwod dwWos Jo awodINOo Judsaidor ANQLINIY

9sn 01 RNQ%

umouq :(puondQ) 40100

sanque aidnnwye[3uls :Suryviy ¢ouviq uoisaq

SPON] JET / IPON] UOISIIA(] 2HUDULIS

(asppgloni) | (ONIsag) = ::qouvsg Livuiq
ouvLg 1150quiod ouvig Livun = ¢ouvig UO0ISIII,
qouvig 1 | (gouvsg Cuvurg gouvig uoistoap

..«QU&E\&Q n&CNW.wUNQ\ ,..sz NQN\&NQ,‘N

wia ] wivwop) (4d)-Sop) Hua] uwwop)(1d0y Soj) (o] uviuo,
L P){440"30] L W P) {440 30] L uvnuop,
{|{anppp uvnuop)(4dySop) }(anwp uwwop) (4dQy uio2)(ueia ], uivuiop)
= o Muvurg wiid] uwuiop
Cavurg widd] upuio, W2 WIDUOP) = ::9PON UOIIPUOD

1g wiid | uipuiop 1 wwuiop) PON uomip:
‘..,.NZMNNQSKCWN

SPON] UOnIPUOY) 33150dWO) 10] NBUINY o
polIlil] ST 1os onjeA InNquUNY o

:9sm 01 uaY N\

MOJPX :(jruondQ) 40100

sanquue sidnnwya[3uls :Suryp\ ¢ouviq uoisaq
SPON] UOISIOA(] 21UV UIS

JepUsWILIOsY

(918UE199Y]) SPON UOTIEPUIUITLOIY

(puowrerq)
9poN uonipuo)) asodwor)

Rungoy

(s10U100 paAId
3m 3[3ue3day]) SpoN ANAnoy

uonipuo)

(973ur3109y]) 9pON UOBIPUOD)

SYTeway

uondusaq

PRy 1Al

suol1eloU |[ewIo) pue sajdwexa yym sydaouod | d| ¥ alqeL



Journal of the American Medical Informatics Association, 2019, Vol. 26, No. 6 533

Thyroid Nodule Treatment (Surgery) FNA
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FNA: Fine needle aspirations

FU: Follow Ups

HCN: Hurthle cell neoplasm

I: Isthmectomy -> Surgery

L: Lobectomy ->Surgery

LND: Therapeutic lateral-lymph node dissection
LNM: Lymph node metastases (cN0)

M: Male

Multifocality: Multifocal thyroid nodule

NA: Not Available/Not Applicable

Non. Diag: Nondiagnostic

PP: Patient Preferences

Radiation: History of prior head and neck radiation
RFA: Radiofrequent ablation in symptomatic case
susp. HCN: Suspicious for Hurthle cell neoplasm
susp. Malig. : Suspicious for Malignancy

susp. FN: Suspicious for follicular

TFT: Thyroid Function Test

TSH: Thyroid-stimulating hormones

TT: Total thyroidectomy -> Surgery

VC: Voice change

Figure 4. Iterative decision tree (IDT) as a final clinical knowledge model for the planning of nodule treatment.
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(a) Algorithm 1: Transform IDT into Rules
1 Procedure IDTtoRules (IDT);
Input : IDT as XMI-Model
Output: rules as Set
2 idt-model, idt_flattenedModel as IDT _Object_Model;
3 idt-model = parseIDT(IDT);
4 idt_flattenedModel = flattenIDT (idt_model);
5 rules = GenerateRules(r as Rule, rules, idt_flattenedModel);
6 return rules;
Algorithm 2: Rules Generation
1 Procedure GenerateRules (r, rules, idt_flt Model);
Input :r as Rule, rules as Set, idt_fltModel as IDT_Object_Model
Output: ruleSet as Set
2 currentNode = idt_fltModel.currentNode ;
3 if currenNode = LeafNode OR currentNode = ActivityNode then
4 r.addRecommendation = currenNode.V alue;
5 ruleSet.addRule = r;
6 return ruleSet;
7 end
8 foreach e : Fdge in currentNode do
9 r.condition = e.conditionExpression;
10 idt_flt Model.setCurrentNode = e.TargetNode;
11 return ruleSet = GenerateRules (r, ruleSet,idt_flt Model);
12 end
FNA
Evaluate FNAICNB True
(b) Results
Malignant AUS or FLUS
AUS or FLUS
Evaluate FNA/CNB - - -
Results alignant Patient\f’reference E;EA_'\‘éeBGNEYI‘;gM
Evaliate ETE = no AND
Risk
_ ETE = yes AND yes no LNM = no AND ) Contralateral FNA Result: Benign
ETE =no AND LNM = yes DM =no Size or Unsatisfactory
LNM = no AND AND DM = yes Contralateral FNA CNB
DM =no Result: Benign or < fem no yes
_ " >=1cm AND < 4cl >=4cm
>= Unsatisfactory
Size 4cm | Surgery:(L) ||Surgery: (LOR 'I'I')|| Surgery:(TT) | Surgery:(DL) or Surgery:(l)
< ETE = yes AND
1cm >= 1cm AND yes Evaluate Risk | LNM = yes AND
<4cm DM =yes
ETE = no AND
|Surgery:(L)| Surgery: (L ORTT) || Surgery:(TT) | Surgery:(DL) or Surgery:(l) LNM = no
AND DM =n Size
i) Iterative Decision Tree with Single iterative loop (RED connector) <1cm
>= 1cm AND < 4cm >=4cm
| Surgery:(L) | |Surgery: (LOR TT)| | Surgery:(TT) |

i) Flattened Iterative decision tree (repeated the iterative block)

Figure 5. Iterative decision tree (IDT) to rule generation. (a) IDT to rules transformation algorithm (b) Flattening example of IDT.

ful deployment of CDSS with an easily maintainable clinical knowl-
edge base for thyroid nodule treatment. Basing CDSS on the creation
of mind maps and IDTs thus represents a promising precedent for
future research.

To acquire knowledge from CPGs and integrate this into CDSS,
team members from diverse domains who offer differing capabilities

and expertise must agree on common models. These must use lan-
guage and notations that reflect knowledge from CPGs and which
can be readily understood by all stakeholders. Therefore, to generate
a final knowledge base for the present CDSS, 2 models were applied
during the knowledge acquisition process: a mind map and an IDT.
The mind map and the IDTs have the properties required to capture
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CDSS result
TT L I CNB EAR N Accuracy (%)
TT 198 35 0 2 4 239 82.8
L 57 182 0 0 3 242 75.2
SNUBH I 1 0 1 0 0 2 50

result N 0 0 0 0 0 0 -
EAR 0 0 0 0 0 0 -

N 256 217 1 2 7 483 78.9

Figure 6. Comparison of surgical management in the clinical setting and the
respective knowledge-based clinical decision support system (CDSS) recom-
mendation via a retrospective review of patient data. CNB, core needle bi-
opsy; EAR, ethanol or radio frequency ablation; I, isthmectomy; L, lobectomy;
N, number; SNUBH, Seoul National University Bundang Hospital; TT, total
thyroidectomy.

the intent and inherent knowledge of CPGs, and provide common
modeling notations for domain experts and computer scientists. The
mind map has been applied to various knowledge sharing domains,
particularly in the field of medicine.!*™** The main advantage of the
mind map is its semiformal representation of concepts.'’'” This
enables domain experts to identify key clinical concepts and associ-
ate them with simple but meaningful relationships that conform to
the minimal formal constraints of concept modeling. With simple
but comprehensive modeling support, Mollberg et al*” demon-
strated that mind maps facilitate insights into the individual patient
and their tumor characteristics, thus broadening therapeutic options
in clinical practice. Ultimately, this personalized approach maxi-
mizes efficacy and reduces risk to the patient. However, this free
form also generates limitations in terms of the clear linking of con-
cepts.'? The absence of clear links between concepts leads toward
implicit knowledge representations. In this regard, domain experts
must explain the implicit relationships between concepts, which
yield directly executable knowledge for the purposes of clinical deci-
sion support. Therefore, an alternative knowledge model, which is
executable or at least easy to convert, is required. Furthermore, the
model must reflect the explicit knowledge of experts from diverse
domains (ie, medicine and computer science). To deal with this chal-
lenge, IDT was used for thyroid knowledge modeling. As with the
traditional DT, IDTs express the knowledge model more explicitly
than mind maps. Using the extended formalism of a cyclic top-down
structure, IDT provides flexibility in terms of representing and main-
taining an ever-expanding knowledge domain. Furthermore, IDT is
reflected in standard UML, in which it is easily transformed into ex-
ecutable knowledge. In the present study, the IDT was converted to
rules using a formal recursive algorithm. However, the IDT is easily
readable and traceable, and a domain expert or computer scientist
may convert it into an intermediate format, such as a decision table.

The advantages of introducing CDSS for thyroid nodules are 2-
fold. First, it engenders trust in the recommended treatment ap-
proach, since the patient is seen on a preoperative basis. Second, it
enhances the comprehensive documentation of necessary informa-
tion before surgery. CDSS is an effective tool for reducing errors
among physicians with high case loads and can provide guidance to
physicians who are unfamiliar with practices in the given field. The
present knowledge-based CDSS for thyroid nodules may therefore
be helpful to physicians in primary care medical institutions with

less experience in the surgical management of thyroid disease, or in
countries with less thyroid expertise.

The present study had several limitations. First, the knowledge-
based CDSS was validated using retrospective data from the medical
records of 483 patients. However, to implement a knowledge-based
CDSS in the real-world setting, a large-scale preliminary study is
warranted. Second, the IDT (from Figure 2) reflects a thyroid nodule
treatment plan that was derived from CPGs in general. However,
due to a lack of suitable cases, some of the decision paths in the de-
veloped IDT could not be assessed using the retrospective SNUBH
clinical data. Decision paths that were not encompassed by the 483
patients were therefore validated using test case-based validation
techniques. Third, since the 78.9% concordance rate is inadequate,
further research is warranted to increase the accuracy of the present
knowledge-based CDSS. Knowledge-based CDSS is an area in which
future development is likely.

CONCLUSION

In the present study, a knowledge-based CDSS was developed for thy-
roid nodule treatment. A key aspect of CDSS is knowledge acquisition,
and this was achieved using 2 different models: mind maps and IDTs.
The knowledge-based CDSS was evaluated using retrospective data
from cases treated at SNUBH. The results indicate that CDSS may as-
sist domain experts in the planning of treatment for thyroid nodules.
The use of mind maps and IDTs facilitated both knowledge acquisi-
tion from thyroid nodule CPGs, and collaboration between stakehold-
ers from the domains of endocrine surgery and computer science.

To increase the accuracy of final recommendation outcomes, we
now plan to investigate the 21.1% discordant cases. Machine learn-
ing approaches will be applied to create a hybrid recommendation
model for the planning of thyroid nodule treatment.
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