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Abstract

Although an unambiguous and consistent representation is the foundation of data reuse, a locally
developed documentation system such as nursing flowsheets often fails to meet the requirement. This
article presents the domain modeling process of the ICU nursing flowsheet to clarify the meaning
that its contents represent and the lessons learned during the activity. This study has been done as a
first step toward reusing the data documented in a computerized nursing flowsheet for an algorithmic
decision making. Following the ontology development processes proposed by other researchers a
conceptual model was developed using Protégé. Then the existing information model was refined
by fully specifying the embedded information structures and by establishing linkages to the
conceptual model at the finest-grained concept level. Domain knowledge that the experienced nurses
provided was critical to correctly interpret the meaning of the flowsheet contents as well as to verify
the newly developed models. This study reassured the importance of the roles of a nurse informatician
to develop a computerized nursing documentation system that accurately represents the information
needs in nursing practice.
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Introduction

Patient data should be consistently and unambiguously represented in order to be repeatedly
used for various purposes such as clinical decision making, quality assurance, and research.
1-3 For example, detailed patient data documented in nursing flowsheets should be used for
patient acuity estimation; nursing diagnoses; and outcome research. A flowsheet is a common
approach to frequent documentation of discrete and detailed patient data obtained in the course
of nursing care. Flowsheet data is feasible to index and retrieve, as its level of granularity is in
atomic and the contents are relatively well standardized and structured. Therefore, nursing
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flowsheet is considered as a potential rich source of atomic level data that can be reused to
serve the various purposes described above.

However a locally developed documentation system like a nursing flowsheet often represents
its data with highly local terms i.e., interface terms# (a.k.a. application terms or colloquial
terms) which are developed and used by local users. Usually, the semantic relations among the
data are embedded in nested information hierarchies thus are presented only implicitly.
Accordingly, only local human users can understand the data contents and the data is not
suitable for algorithmic processing for sharing and reusing. It will be extremely challenging to
reuse flowsheet data unless they are unambiguously represented with standardized terms and
clearly defined domain models i.e., a conceptual model and an information model.

Both a conceptual model and an information model are critical in representing a domain
unambiguously. Although the closely intertwined roles and relationships between the two
models have continuously been active subjects of informatics research the boundary between
them still remains unclear. However, in general, an information model shows what data and
information are important in a particular domain and how they are organized and stored in the
system.lo’ 11 As shown in Figure 1, an information model does not provide details on
terminological knowledge of the concepts used in the domain such as semantic relations among
the concepts and the contextual information of the terms used in the domain. In the given
example, “tender,” “soft,” and “firm” are the values that may describe the findings of the data
item Abdominal Assessment. However, the model does not describe the detailed semantic
relations between the values and the data item such as “assessing texture,” and “assessing
shape.” Such knowledge is essential to correctly interpret the meaning of the value as well as
tlo2 irln:lerence the presented data, and is usually represented with a conceptual model (Figure 1).

A number of researchers have developed domain models to facilitate the use of clinical data
stored in the local information system.5'9 In most of the studies, the domain models were
developed as an effort to design a new clinical application rather than to clarify the domain
contents of an existing system, which had been converted from a legacy system that has no
sharable conceptual or information model. Although several of them addressed issues with
standardized term representations by conducting term mapping to selected terminology
systems no conceptual model that would have provided comprehensive contextual information
of the individual terms in the domain was developed. In addition, the term mapping was done
in an individual term level without considering the context surrounding the term usage.6' 8,

The purpose of this study was to produce unambiguous domain models of the ICU nursing
flowsheet of Mayo Clinic as a first step toward reusing its contents for the secondary purpose
of patient acuity estimation. The specific aims were to

Build a conceptual model that unambiguously represents the terminological
properties of the interface terms used in the ICU nursing flowsheets in terms of 1)
key terms and their standardized representations and 2) subsumptive semantic
relations among them.

Implement existing approaches in ontology development as a reverse engineering
method of a conceptual modeling, which can be applied to disambiguate the domain
contents of the other structured documentation forms that have been built without a
sharable schema of the domain

Clarify the information structure of the ICU nursing flowsheets by 1) teasing out the
nested information hierarchies and 2) linking the concepts used in the information
model to those of the conceptual model to inherit their terminological properties.
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Background

Nursing Flowsheets

A flowsheet is a local view of a domain often developed by a team of clinicians of a local health
organization. It is developed typically to facilitate efficient data entry and easy review of

temporal patterns of data at a point of care.19 In order to support prompt documentation and
easy review of the data patterns, flowsheets often employ a structured approach to documenting
key information of a particular domain using a set of predefined terms. For instance, with

computerized nursing flowsheets, documentation is usually done by selecting an appropriate
value from a pick-list provided with each data item and augmented with options for free text.

Typically, nursing flowsheets are structured into a nested information hierarchy. They consist
of multiple domains that cover specific nursing areas, which often reflect higher level of
conceptual and theoretical perspectives on the target phenomena in nursing. For example,
nursing flowsheets of Mayo Clinic consist of a number of nursing domains including tissue
perfusion, integument condition, sensory and perceptual status, coping and safety, neurological
and circulatory status, home health maintenance, nutrition, and elimination. Each domain
contains a set of data items on nursing observation and intervention that needs to be
documented. Many of these domains are further divided into multiple sections (or sub-
domains) depending on the complexity of the domain and the amount of the data that needs to
be documented.

Figure 2 shows how a data item Dressing is presented in the ICU nursing flowsheets of Mayo
Clinic. As illustrated, many critical semantic relations among the terms are only implied and
no consistent subsumptive relation is maintained across the information hierarchy. The
information hierarchy of this example implies that “Drainage” is a section of the domain
WOUND and Dressing is a data item that conveys information on “Drainage.” The data item
Dressing is associated with the drainage tube insertion site, which is treated as a type of wound
in the flowsheets. The data item Dressing contains multiple kinds of information such as
intervention status, dressing condition, and dressing types, which are not clearly demarcated
in the presented view. Also, many pick-list options are presented with locally created lexical
forms such as “Sec w/Tape” and “TranspDrsg,” which mean “secured with tape” and
“transparent dressing” respectively.

Consistently and unambiguously representing domain contents is critical to the algorithmic
data processing for data retrieval, reasoning, and transfer, which are the mandatory steps for
data sharing and reusing. The example shown in Figure 2 indicates that the locations of the
terms in the information structure provide important clues for interpreting the meaning of the
terms. However, as shown in the pick-list options, terms are listed without any structural
information and even represented with inappropriate lexical forms. Therefore, the knowledge
and rules that the local human users share regarding the domain and documentation are critical
to correctly interpreting the contents of this flowsheet. Algorithmically processing the data
provided in the example will be extremely difficult because of the representational problems
that cannot be easily handled by machine.

General Approaches to Conceptual Modeling

Several researchers have recommended methods and procedures to develop a conceptual model
of adomain. Rassinoux et al. described two approaches in concept modeling, which are usually
jointly involved in the process.16 The top-down approach starts from identifying the key
concepts of a domain. They are then organized into a backbone structure. More detailed
concepts are filled into the structure next. In the bottom-up approach, collecting all the detailed
concepts is the first step. Then they are categorized, labeled, and arranged into a hierarchical
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structure. Step by step procedures of developing a domain ontology for a computer application
have been described by several researchers. 12, 17,18 Significant overlaps exist in their
descriptions but the six steps of iterative approach described by Stevens et al. provides an
overarching framework of the key ideas. The six steps are described next.

As in any system development activity, 1) identifying purposes and scopes is critical first step
as they specify a set of requirements that an ontology should satisfy. An ontology is designed,
evaluated, and utilized according to the specifications. Next step is 2) knowledge acquisition,
where the key domain knowledge that needs to be modeled is collected from various resources
such as literatures, domain experts' opinions, and other existing ontologies. The process of
incorporating the contents and the structures of an existing ontology is especially referred as
3) integration. 4) Conceptualization is the process of framing domain contents in terms of key
objects, semantic relations, and the constraints hold between them. In order to conceptualize
the domain contents, the domain knowledge is categorized, labeled, and characterized
according to the core properties it carries. Categorizing domain concepts into relevant semantic
types is helpful to clarify the domain contents with a complex conceptual structure.19 Semantic
types also provide “hook-concepts” based on which individual concepts with similar semantic
characteristics are grouped into a common concept class.1/

The conceptualized domain knowledge is then 5) encoded with a knowledge representation
language. Among various knowledge representation languages, formalisms like frame,
conceptual graph, and descrlé)tlon logics are especially popular, as they provide a ground to
inference domain contents. ! Although each of these formalisms has its own strengths
and weaknesses the%/ are considered as equivalent in terms of the ability to represent domain
knowledge The final step is to 6) evaluate the ontology based on the set of predefined
criteriaand speC|f|cat|ons. If certain criteria or specifications are not met, the related modeling
step is revisited. Usually, these development processes are iterated as necessary.

Protégé is a comprehensive environment to build a knowledge-based system. It was developed
by the Medical Informatics group at Stanford University. Its main function is building a frame-
based ontology where an object (i.e., a key concept) of a domain is described as a class and its
attributes are further specified as slots filled with relevant values.2” Protégé supports various
additional functions including ontology comparison, database connectivity, inference, and
ontology visualization via various plug-in programs. 23 Itis a highly recognized tool in the area
of ontology development in terms of performance, user-friendliness, and avallablllty

such this tool has been utilized in various modeling activities.

Investigating the Current Flowsheet Structure

This study targeted the flowsheets used in the adult ICUs for general internal medicine, general
surgery, cardiology, neurology and trauma. The computerized ICU nursing flowsheets of Mayo
Clinic were constructed based on system loading forms, which are in Microsoft Excel
spreadsheets. Many semantic relations among data items and values are not fully specified in
the forms. Therefore, we first disambiguated the meaning that each data item and value pair is
intended to convey by teasing out the semantic structures embedded in the information
hierarchy presented in the system loading forms. Three local nurses with at least three years
of clinical experiences and who are in charge of training new nurses for nursing documentation
provided inputs on interpreting many ambiguous cases. For example, they verified that a
combination of the data item Patient's Activity Level and the value “up as tolerated” should be
interpreted as “patient can perform any activity as long as they can tolerate it.”
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Building a Conceptual Model of the Flowsheets

We first constructed a conceptual model of the ICU flowsheets using Protégé (version 2.1.1).
As a top-down approach we first identified the key high-level concepts that would reasonably
encompass and categorize the detailed concepts of the flowsheets. In addition to considering
the current information structure of the flowsheets we also referred to the concept hierarchies
of the eX|st|ng reference terminologies such as International Classifications of Nursing Practice
gbeta version) 25and Systematic Nomenclature of Medicine Clinical Terms (July, 2003 release)

6 for this task. Then we organized the identified key high-level concepts into a subsumptive
hierarchy in order to lay out the backbone structure of the conceptual model.

Once the backbone structure of the conceptual model was established, lower level classes and
instances were filled into them. We first extracted the terms that appeared in the flowsheets in
the finest grained level and normalized them into a singular nominal form when applicable, to
denote the concept that the term represents. We then assigned a semantic type to each individual
concept. Semantic types were derived from three sources. First source was the Unified Medical
Language System Semantic Network (UMLS version 2004AA)27 We found that the
granularity of the semantic types in the UMLS is uneven; very specific for certain concepts
but too general for the others. Therefore, when an appropriate semantic type was not found in
the UMLS, we referred to the second source — SNOMED-CT — and borrowed the name of the
super-class of the corresponding concept as a surrogate semantic type. Finally, when neither
system provided adequate semantic types, we created our own semantic types considering the
consistency and relevancy in the overall conceptual structure.

The concepts were then grouped by the semantic types. The semantic types were modeled as
the lowest level classes i.e., leaf classes and the individual concepts were specified as their
instances. The leaf classes with similar semantic features were grouped together, and an
appropriate super-class that can encompass them was created. For example, a class VISUAL
PROPERTY was created to encompass the leaf classes Appearance and Shape, Colors, and
Clarity. The leaf classes were defined with a number of property slots. “ByName” is a basic
slot that takes a normalized lexical representation of the flowsheet concept as a value. We
created several optional slots that contain the standardized terms and codes of the terminology
systems to which the instance concepts had been mapped. The three ICU nurses, who had
provided inputs for interpreting ambiguous flowsheet contents, also verified the quality of the
concept representations of the model in terms of concept coverage and concept uniqueness.

Refining the Information Model of the Flowsheets

The original ICU nursing flowsheets consist of sixteen main domain areas, seven of which
were further divided into multiple sections. We identified a total of 217 data items and more
than 1,300 unique terms that serve as pick-list options. Each flowsheet domain was constructed
as a top level class, and the sections were constructed as their direct subclasses.

Several structural modifications were inevitable for clear representation of the contents. They
were mostly done by dividing the original structures into more granular ones. For example,
ANXIETY/COPING and SAFTY, which had been combined as one domain in the original
flowsheet supposedly due to the relatively small number of data items they contain, were
separated into two individual domains i.e., ANXIETY & COPING, and SAFTY. Data items
with pick-list options containing different kinds of information were also divided into multiple
data items so that each of them can deliver a distinct kind of information. The example provided
in Figure 2 is one of such cases. In this case, we split the data item Dressing into Dressing
Management Status, Dressing Condition, and Dressing Types.

Comput Inform Nurs. Author manuscript; available in PMC 2009 September 1.
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The data items were formed as leaf classes and the associated pick-list options were specified
as instances. The leaf classes of the information model were also defined with multiple property
slots. A slot “ByName” shows a lexical representation of an instance as appeared in the
flowsheets. Several optional slots were added to represent the semantic information that an
instance concept conveys. These semantic slots reflect the names of the classes in the
conceptual model whose instance concepts serve as the potential values of the corresponding
slot of the information model. Figure 1 illustrates how the Abdominal Assessment class and its
values in the information model were defined using the semantic slots that provide linkages to
the concepts in the conceptual models. The refined information model was reviewed by the
three ICU nurses.

Institutional Review Process

Results
The Models

An institutional review process was not required, as this study did not utilize any actual patient
data.

The conceptual model was constructed with ten top level classes, 36 subclasses, and 169 leaf
classes. Under the leaf classes a total of 1,458 direct instances were created. The information
model was refined with 21 top level classes representing the main flowsheet domains; 49
subclasses representing the sections under them; 339 leaf classes representing the data items;
and 2,447 instances representing the pick-list options. The top-level classes of each model are
presented in Figure 3. The nurse reviewers verified that the data contents and the structures of
the both models adequately reflect those of the ICU nursing flowsheets. As the verification
was done with open review and discussion we did not test the level of agreement among the
reviewers.

Overall Procedures of Developing the Models

We found that the previously described methods and procedures of ontology development were
viable strategies to develop the conceptual model of the ICU nursing flowsheets. In this study,
the scope of the conceptual modeling was limited to the adult ICU nursing flowsheets of Mayo
Clinic, and the purpose was to generate unambiguous and consistent representations of the
flowsheet contents so that they can be reused for the secondary purpose of patient acuity
estimation. In the knowledge acquisition phase, we retrieved key atomic concepts and the
semantic relations from the flowsheet loading forms. Conceptualization and integration were
done by assigning semantic types to the concepts retrieved in the previous phase and
constructing a concept hierarchy by referring to several standardized terminology systems.
Then they were encoded with a frame-based tool called Protégé. Evaluation was done by
obtaining face validity from three nurse reviewers.

Building the information model was relatively simpler than building the conceptual model.
While most of the structures and the data organizations of the current flowsheets were retained,
several information layers (i.e., sections) and data items were added in order to clarify many
ambiguous data representations in the original flowsheets. The pick-list options of the original
flowsheets were instantiated in the information model by utilizing the instance concepts of the
conceptual model as the values for the semantic slots of the information model.
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Domain modeling was a feasible approach to clarify many ambiguous data representations of
the local ICU nursing flowsheets. However, there were a couple of challenges in implementing
this approach. Most of all, building the conceptual model was a labor intensive process
depending highly on human judgment. In addition, incomplete concept coverage of the
referenced terminology systems 5-27 adversely influenced the process of assigning semantic
tzygpes. A related work on the concept coverage performed in this study was reported elsewhere.

The ICNP provided many high-level concepts in nursing practice that are also relevant to the
flowsheets contents it lacked many detailed descriptive concepts. On the other hand,
SNOMED-CT provided detailed descriptive concepts via Observable Entity axis and Qualifier
Value axis. It also provided many concepts related to medical devices and products, which are
not included in the ICNP. However, its conceptual hierarchy did not fit well with the flowsheets
as SNOMED-CT has been structured around diseases and clinical processes rather than the
functional domains of a human, which are the main constructs of nursing perspectives. The
UMLS covered many detailed concepts of the flowsheets but the semantic types assigned to
them were often not adequate for our purpose due to the granularity issues. For example, many
descriptive concepts representing color, size, degree, and shape have too general semantic types
such as “qualitative concept” or “quantitative concept.”

We observed a number of vaguely defined data items in the original flowsheets, which would
ultimately hinder retrieving and inference the information contents they deliver. First type of
such case is the data item under containing multiple kinds of information that are loosely
grouped without clear logical relations. Such data items contain pick-list options seemingly
irrelevant to the data item, which can only be comprehended by the local human users. For
example, pick-list options of the data item Wound Color also contain the concepts related to
wound healing processes such as “granulating” and “fibrosis” coupled respectively with the
color concepts “pink” and “yellow.” Organizing pick-list options this way will cause inaccurate
reasoning as well as difficulties in data retrieval, considering that the wound color is not the
sole determinant of the wound-healing process.

Data items labeled with “...Status” and “...Condition” are other examples of vaguely defined
data items. They do not convey sufficient semantic information on the data they contain thus
will also make it difficult to retrieve and inference the data. For instance, in the original
flowsheets, a data item Invasive Site Condition contains three kinds of information including
conditions of the wound caused by invasive procedure (e.g., bleeding, intact), conditions of
the dressing applied to the wound (e.g., marked, dry), and the intervention status (e.g., dressing
changed, dressing reinforced, etc). As described in the method section we divided such data
items into more specific ones so that each of them can carry a single kind of information.

The modifications we made in this study added four new domains and increased the number
of data items by 24 %. At first, we cautiously assumed that such illogical data structure would
have been inevitable to minimize the data input burden of nurses. However, the nurses who
participated in developing the original computerized flowsheets testified that the problem had
originated from the restrictions imposed by the application developers. They asked nurses to
provide the data items that need documentation in a way that they could fit to the limited data
input interface that the developers designed. Therefore nurses had to omit many information
layers and data categories that would have fully specified the logical relations among the data,
in order to fit the abundant data items into the limited space allocated to them.
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Limitations of the Study

There are several limitations in this study. As the conceptual model and the information model
built in this study were derived from the local view of the nursing practice represented in local
adult ICU flowsheets, they have limited generalizability. Although the high level structures of
the conceptual model are quite generic as they had been built based on the ICNP, the lower
level structures including instance concepts may not be sufficient enough to completely
represent the other nursing documentation modules.

The conceptual model has been developed as a “thin” model that serves limited purposes
including clarifying the subsumptive semantic relations embedded between concepts and
providing standardized representations for the interface terms used in the flowsheets by
mapping them to the selected standardized terminology systems. Therefore, this model does
not fully specify any lexical variation of the terms, synonyms, or non-hierarchical semantic
relations that can possibly hold between concepts. In addition, our conceptual model needs to
be evaluated with a reasoning-intensive tool such as Renamed A-Box and Concept Expression
Reasoner (RACER) 29 in order to be assured of its capability to support algorithmic processing
of the data for reuse.

The main goal of the information modeling in this study was to clarify the semantics and the
logical relations embedded in the original flowsheet structure. The information model
constructed in this study is, therefore, an intermediate step toward a fully functioning
information model based on which semantically unambiguous and interoperable computerized
flowsheet is constructed. To serve that purpose, our information model will need to be
transformed into a workable UML (Unified Modeling Language)30 model where other
modeling components such as data types, constraints, and object relationships are fully
specified. The model also needs to conform to an existing standard such as HL7 RIM
(Reference Information Model) 3lio support messaging the contents of the flowsheets.

Conclusions

This study was the first phase of the larger study aimed to develop a prototype patient acuity
system that automatically determines the patient acuity based on the data documented in the
nursing flowsheets. We observed a number of potential barriers to reusing the flowsheet data,
in the ways they are organized and represented. Via the conceptual modeling and the
information modeling, we clarified many ambiguous data representations of the flowsheets.

This study showed that closely investigating the terms and the information structures of a
domain is an essential first step to take to clarify any ambiguity posed in the representations
of the domain contents, which may hinder reusing its data. Domain knowledge that expert
nurses provide is critical not only to correctly interpreting the meaning of the domain contents
but also to verifying newly developed models. In order to ensure the accuracy of the data
representation and the reusability of the data, nurses with up to date practical nursing
knowledge need to be more actively involved in the development and maintenance of a
computerized nursing flowsheet. Also, developers of such applications should fully incorporate
expert nurses' opinions and minimize any technical constraint that can possibly alter the logical
representations of nursing knowledge. Most of all, we think the role of a nurse informatician
as a liaison is critical to transfer nurses' domain knowledge to application developers so that
computerized nursing documentation systems can correctly reflect the information needs in
nursing practice.
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Figure 1.

Linking the conceptual model to the information model — a schematic view.
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Embedded Information

Drainage insertion site as a type of wound
Dressing bpes, conditions, and related intervention status

“secured with tape™
Intervention status
Dressing condition
ﬂ'ﬁﬂ E THTE L
“occlusive dressing™
“transparent dressing” | Dressing types
“Vaseline gaize”
(free text compments)

An example of the information embedded in the ICU nursing flowsheets.
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Ten top level classes of the conceptual model (a) and 21 top level classes of the information

model (b)
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