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Representing Clinical
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A b s t r a c t Objective: An evaluation of the cognitive processes used in the translation of a
clinical guideline from text into an encoded form so that it can be shared among medical
institutions.

Design: A comparative study at three sites regarding the generation of individual and
collaborative representations of a guideline for the management of encephalopathy using the
GuideLine Interchange Format (GLIF) developed by members of the InterMed Collaboratory.

Measurements: Using theories and methods of cognitive science, the study involves a detailed
analysis of the cognitive processes used in generating representations in GLIF. The resulting
process-outcome measures are used to compare subjects with various types of computer science
or clinical expertise and from different institutions.

Results: Consistent with prior studies of text comprehension and expertise, the variability in
strategies was found to be dependent on the degree of prior experience and knowledge of the
domain. Differing both in content and structure, the representations developed by physicians
were found to have additional information and organization not explicitly stated in the
guidelines, reflecting the physicians’ understanding of the underlying pathophysiology. The
computer scientists developed more literal representations of the guideline; additions were
mostly limited to specifications mandated by the logic of GLIF itself. Collaboration between
physicians and computer scientists resulted in consistent representations that were more than the
sum of the separate parts, in that both domain-specific knowledge of medicine and generic
knowledge of guideline structure were seamlessly integrated.

Conclusion: Because of the variable construction of guideline representations, understanding the
processes and limitations involved in their generation is important in developing strategies to
construct shared representations that are both accurate and efficient. The encoded guidelines
developed by teams that include both clinicians and experts in computer-based representations
are preferable to those developed by individuals of either type working alone.
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In response to increasing economic pressures and a
demand for a reduction in practice variation, there has
been a growing emphasis on the production of com-
puter-based clinical guidelines to support medical

practice. The challenges associated with encoding
clinical guidelines and sharing them among institu-
tions with disparate computing environments have
accordingly been among the focused research areas
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for participants in the InterMed Collaboratory,1,2 a col-
laborative partnership among investigators from Co-
lumbia, Harvard, and Stanford universities, with eval-
uation support by researchers from Cognitive Studies
in Medicine, a part of the Centre for Medical Educa-
tion at McGill University. Such collaboration among
geographically distributed organizations with differ-
ent goals and cultures provides significant challenges.
The principal mandate for InterMed’s participants has
been to join in the development of shared infrastruc-
tural software, tools, and system components that will
facilitate and support the development of diverse, in-
stitution-specific applications. The standardized im-
plementation and sharing of clinical guidelines is one
such effort, with broad potential applicability in local
patient-care settings supported by the collaborating
groups and, in time, for distribution to the general
medical informatics community.

One experimental question, underlying all that
InterMed has set out to achieve, is whether modern
communication technologies can effectively bridge
such cultural and geographic gaps, allowing the de-
velopment of shared visions and cooperative activities
so that the results are greater than any one group
could have accomplished on its own. In another re-
port we summarized the InterMed philosophy and
mission, described our progress over three years of
collaborative activities, and presented study results
regarding the nature of the evolving collaborative
processes.2 As described in that paper, a major effort
in the past two years of InterMed collaboration has
been the development of a common language for rep-
resenting clinical guidelines, the GuideLine Inter-
change Format (GLIF). A discussion of the syntax of
GLIF, including a description of its use in encoding a
variety of guidelines, is available elsewhere3 and will
not be included in this report. The advantages of us-
ing a common format such as GLIF include support
for the collaborative development of guidelines, min-
imization of duplication by facilitating the sharing of
guidelines among institutions, and enhanced mecha-
nisms for updating the guidelines as medical ad-
vances occur.

The burgeoning interest in clinical guidelines has
tended to focus on the creation of the guidelines
through a professional consensus process, generally
guided by relevant articles from the clinical literature.
The successful dissemination of those guidelines, once
created, has been limited, depending largely on infor-
mation published in monographs or articles and the
assumption that clinicians will read such information
and incorporate it into their own practices. Because it
is unrealistic to expect clinicians to read and utilize

all the published guidelines that are available, several
organizations and investigators have begun to look to
automated methods of delivering guidelines to prac-
titioners when the guideline is most relevant to the
care of patients—i.e., while a patient is being seen by
a clinician. Such approaches generally require the in-
tegration of a guideline’s logic with a clinical infor-
mation system for electronic medical record that can
compare a given patient’s situation with the logic of
the guideline, checking to see if it should be triggered.
The Arden Syntax4 was developed in part to facilitate
the sharing of decision logic among institutions, but
Arden is not generally adequate for encoding complex
temporal decision logic involving coordination among
multiple medical logic modules (MLMs). While tem-
poral logic is handled within MLMs, it is this coor-
dination among MLMs that is needed to represent the
sort of logic typical in complex clinical guidelines. Be-
cause there have been no robust standards for encod-
ing complex guidelines or for defining underlying ter-
minology, it has been difficult to share anything other
than the text versions of guidelines among institu-
tions, making it necessary for each organization to
translate guidelines of interest into formats that are
compatible with their local information systems and
terminologies. It is these problems with the sharing of
guidelines that the InterMed Collaboratory is attempt-
ing to address.

Within the collaboratory, the development of GLIF
representations begins (Figure 1) with the authoring
of the clinical guidelines by professional organizations
such as the American College of Physicians, federal
agencies such as the Agency for Health Care Policy
and Research, or individual provider institutions such
as Columbia Presbyterian Medical Center and Mas-
sachusetts General Hospital. InterMed’s goal is to
make available to health care organizations the GLIF
representations of such authoritative clinical guide-
lines so that they may be locally adapted for use with
local medical information systems and then presented
to practitioners as they care for patients. However, as
shown in Figure 1, there are many translation steps
that occur before the GLIF-mediated guideline can be
made available to a clinician. In broad terms, these
steps can be categorized by the location at which such
translations occur:

n Generation of the paper guidelines at authoring institu-
tions. This step involves evidence-based consensus
development, generally through examination of re-
ports in the scientific literature.

n Translation of the paper guidelines into GLIF represen-
tations at InterMed sites. This can be done either
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F i g u r e 1 The process of shared guideline
development as envisioned by the InterMed
Collaboratory.

manually or by use of Stanford’s Protégé systems5

or Harvard’s Geode system,6 two separately devel-
oped diagrammatic authoring tools for generating
GLIF encodings of clinical guidelines.

n Implementation of the GLIF representations within the
clinical institution’s application system. Such adapta-
tion may be largely automated, depending on the
nature of the local system and possible institutional
requirements for changes to the recommendations
that a guideline may generate. It is unlikely that
any organization will accept a generic guideline
without at least some minor local modifications.

n A clinician’s interpretation of the guideline as it is rep-
resented in the guideline applications, which in the case
of InterMed’s ongoing efforts is intended to occur
using the existing clinical information systems at
Massachusetts General Hospital and Columbia
Presbyterian Medical Center.

In this paper we examine in detail the second step in
this process—the mechanisms and cognitive pro-
cesses by which individuals analyze a text protocol
document and convert it into an encoded represen-
tation of the guideline’s logic. Our goal in such a
study is to understand the kinds of expertise that are
required by individuals who do such translations, to
gain insight into the reproducibility of the process,
and to develop criteria to assist in the design and re-
finement of authoring environments (such as the Pro-
tégé5 and Geode6 systems). We envision a day when
computer-based authoring tools may be used not only
to encode written guidelines but to create new guide-
lines, allowing domain experts to follow a rigorous

process of defining the events and decisions that must
be considered for a given clinical situation. This
would allow the merging of steps 1 and 2 in the four-
step process outlined in Figure 1 and is one of the
longer range goals of the InterMed work.

Theoretic Framework

The term ‘‘representation’’ is central to cognitive sci-
ence.7 Representations can be either internal (cog-
nitive) or external (physical).8,9 We use the term
‘‘external representation’’ to refer to the physical
representation, such as a written clinical guideline or
the printout of a computer program, and the term ‘‘in-
ternal representation’’ to refer to the mental ‘‘image’’
in a person’s head. Thus, external representations are
physical symbols and physical constraints of those
symbols in the external world (e.g., spatial relations
between symbols), whereas internal representations
are knowledge stored in human working memory,
and therefore are limited by the capacity of that mem-
ory. The development of an internal representation is
limited by declarative knowledge—i.e., factual as op-
posed to procedural knowledge of a domain. A prob-
lem solver must develop a mental representation of
the problem in working memory, which depicts how
that person sees the problem—i.e., an individualized
interpretation of the external information. Given the
importance of external and internal representations
for understanding the process of interpretation and
translation of clinical guidelines into GLIF, we will
discuss some concepts relevant to the generation of
representations.
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Understanding Guidelines Expressed as Text

In the present study, we have used cognitive theories
to investigate the processes of representation and in-
terpretation during the GLIF translation process (i.e.,
during the process of encoding a text guideline into
GLIF, as depicted in Figure 1). The primary focus is
the extent to which GLIF can be used for developing
shared understanding of generic clinical guidelines
and subsequently translated into site-specific guide-
lines that can be accurately and efficiently used by
practitioners. Assuming that the criteria of accuracy
and efficiency are satisfied by the original written
guideline—from which we began our study—the ad-
equacy of the GLIF representation depends on two
main considerations that should be traded off: 1) the
equivalence of the original guideline and the devel-
opment of representations using GLIF, and 2) the flex-
ibility of the GLIF representations for use in institu-
tional settings with varying goals, priorities, cultures,
and practical constraints.

The first consideration stems from the fact that stan-
dardized care can be compromised by differences in
the way clinical guidelines are understood. Because of
this, one of the central objectives of developing a
shared computational language is the ability to con-
struct representations that are equivalent to the orig-
inal text guideline. There are two senses in which the
original guideline and the GLIF-encoded representa-
tion can be said to be equivalent9: informationally and
computationally. Informational equivalence refers to
the idea that all the information that can be inferred
from one guideline can also be inferred from the other.
The original text guideline and its GLIF representation
are thus informationally equivalent if they contain the
same concepts and relations. On the other hand, two
representations are computationally equivalent when
an inference that can be drawn ‘‘quickly and easily’’
from one representation can also be drawn quickly
and easily from the other. That inferences can be
drawn ‘‘quickly and easily’’ means that the same cog-
nitive operations (e.g., the same inferences) are per-
formed when interpreting the two guidelines. If a re-
lation is explicitly given in the original guideline and
yet is implicit in the GLIF-encoded guideline, the two
forms are not computationally equivalent; they re-
quire different cognitive steps and operations—mere
retrieval or recall of information on the one hand, and
a more complex reasoning on the other. As a result, it
is possible that different inferences would be drawn
when two representations are not computationally
equivalent. Both informational and computational
equivalence can be assessed by using methods of se-
mantic analysis, as will be shown below.

A second consideration that underlies the develop-
ment of GLIF-encoded representations is flexibility.10

A flexible representation is generic enough to be ap-
plicable to different sites or institutions while allow-
ing easy application to any specific site. This flexibility
facilitates the generation of site-specific guidelines
from generic, or site-independent, guidelines, which
have become more important as researchers commu-
nicate and collaborate from various geographic loca-
tions. People across the world are now capable of ac-
cessing information, communicating, and engaging in
collaborative projects through electronic media, such
as e-mail and the World Wide Web. Although this
opens the door for collaboration that was never pos-
sible before, there is, of course, no guarantee that
these collaborative efforts will be successful. For com-
munication, and therefore collaboration, to be suc-
cessful, the information has to be interpreted in ac-
cordance with its intended meaning. However,
information can be interpreted at different levels of
abstraction, leading to different representations. There
is also the danger that the shared information may be
too general to be used in any particular context. The
clinical guidelines being addressed by the InterMed
collaborators are intended to be used across multiple
institutions for a variety of purposes, including teach-
ing, screening and disease prevention, treatment and
management of patients, and generating reminders or
alerts through event monitors that are triggered by
data entered into a patient’s record. A guideline that
is developed for one of these purposes might not be
easily adapted to fulfill a different purpose. Even if
the general purpose of the guideline is the same, it
must be possible to accommodate the particular pri-
orities and institutional constraints at each site.

In response to this need for flexibility, GLIF was de-
signed so that it would be implementation neutral.3

That is, GLIF was designed so that it is sufficiently
general to be used for a wide variety of purposes in
a variety of settings. However, its flexibility must be
balanced by the inclusion of details necessary for
informational and computational equivalence. Too
much information will limit the flexibility of the
guideline for use across institutions, hindering the ef-
ficiency that such a project was designed to provide.
In contrast, too little information will increase the pos-
sibility of alternative, possibly erroneous, or even dan-
gerous interpretations. In fact, earlier evaluations of
the GLIF-encoded representations of the flu vaccine
and the breast-mass workup guidelines showed that
different recommendations would be given on the ba-
sis of the same clinical case, depending on whose
GLIF encoding of the guideline was followed.3 Re-
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flecting the attempt to reach the fine balance between
equivalence and flexibility, such studies have led to
extensions and clarifications of GLIF, which remains
an evolving language, as more experience is gained
with its use. The difference in recommendations re-
flects a lack of informational and computational
equivalence, which can be investigated by focusing on
the cognitive processes underlying the development
of GLIF-encoded guidelines (examples of GLIF encod-
ing can be found in Ohno-Machado et al.3). By inves-
tigating these processes, we have sought to describe
some of the potential risks to the suitability and effi-
ciency of this project and the processes through which
some of these risks might be prevented. Before de-
scribing our study methodology and results, we re-
view in the next section our motivating theoretic
framework concerning the construction of internal
representations in the process of interpreting written
information, such as written guidelines.

Construction of Internal Representations

The process of interpretation involves the encoding of
information present in external stimuli (e.g., a text)
and the construction of a mental image of those stim-
uli. In this process, a distinction is made between
what is written (the text base) and what we interpret
(the situation model ). What is written, the text base, can
be viewed as the literal representation of the infor-
mation present in the external stimuli, whereas what
we interpret, the situation model, consists of the in-
ferences we make from the text11 and is dependent on
our prior knowledge and experience in the text’s do-
main. When interpreting a text, a person processes
what he or she reads in working memory (i.e., mem-
ories that are currently active) while retrieving from
long-term memory prior knowledge that gives mean-
ing to what is read. The internal representation that
is constructed results from the interaction between
what is ‘‘out there’’ in the world (e.g., a clinical guide-
line) and what we think ‘‘in here’’ in our long-term
memory (i.e., as affected by our prior domain knowl-
edge). As a physician is presented with a clinical
guideline, his or her internal representation of the pro-
cedure to be followed is based on domain knowledge
and clinical experience. In other words, we use what
we know to interpret what is before us.

Differences in the construction of the situation models
are supported by research in medical expertise.12

Many studies of medical expertise, which focus on
differences in subject-matter knowledge in medical
tasks, have shown that people differ in the nature and
form of the mental representations they build from
clinical information.12,13 Experts represent medical in-

formation at a high level of abstraction, whereas nov-
ices represent it at a lower level.13 – 17 For instance, a
novice may recall literal information or make infer-
ences that consist of simple operations, such as inter-
preting ‘‘temperature of 417C’’ as ‘‘fever.’’ In contrast,
an expert can interpret clinical information involving
longer chains of inferences and reasoning, for in-
stance, encoding ‘‘BP 200/120 on left arm and 110/70
on right arm’’ as ‘‘aortic dissecting aneurysm.’’ 12

These research results suggest that, depending on
their level of experience (e.g., years of practice and
familiarity with particular diseases) and prior knowl-
edge, different physicians are likely to interpret the
same clinical guideline in different ways. If two ex-
ternal guideline representations are the same (i.e.,
they are informationally and computationally equiv-
alent), their text bases should be equivalent, given that
they reflect the literal meaning of the guideline. How-
ever, the preservation of the text base alone is not suf-
ficient to maintain this equivalence in the construction
of the GLIF-encoded representation. The problem is
that the situation model provides the context for in-
terpreting the guideline in a clinically meaningful
way. Having the appropriate situation model makes
it possible to overcome errors, fill gaps, ‘‘disambig-
uate’’ procedures or temporal sequences, and reor-
ganize the information, both in constructing external
GLIF-encoded representations of the original text and
when using the guideline in clinical practice. Thus,
because their situation models are different, expert
physicians and less expert physicians will provide dif-
ferent GLIF representations on the basis of the same
information. A possible solution would be to develop
guidelines where participants with different back-
grounds and expertise collaborate in the guideline de-
velopment and translation process, sharing and clar-
ifying concepts and issues, on the basis of their
knowledge of and experience in their domains of ex-
pertise. Not only would expertise be shared in collab-
orative development, but as experts communicate
their knowledge to those with less medical expertise,
it may lead them to make their implicit knowledge
more explicit. Collaborating to develop a shared un-
derstanding, however, involves some additional as-
pects that are not apparent in the individual interpre-
tation process; one important aspect, the negotiation
of ‘‘shared’’ situation models, is introduced below.

The Development of Shared Representations:
Collaboration and Cooperation

Collaboration in scientific and technologic fields has
engendered recent interest in many different disci-
plines, including education,18,19 information science,20



472 PATEL ET AL., Representing Guidelines in GLIF

social psychology,21 sociology,22 management,23 and
artificial intelligence.24 This growing interest has been
motivated particularly by the increasing need to share
resources among different research laboratories25 and
by the possibility of collaboration among distant peo-
ple, facilitated by advances in computer-based com-
munications and networking.26

Collaboration refers to a process whereby different
people have a commitment to pursuing a common
goal24,27 and where different ‘‘parties who see different
aspects of a problem can constructively explore their
differences and search for solutions that go beyond
their own limited vision of what is possible.28 For col-
laboration to be successful, different people should
have a ‘‘shared’’ situation model of what the collab-
oration is about. This includes an overall idea of the
task to accomplish and how it should be carried out.
However, conflicts may arise in building the shared
model as individuals bring different knowledge and
experience to the task. Although it may be assumed
that conflict interferes with the building of a shared
model, the negotiation of conflict may actually be
beneficial as experts contribute the relevant knowl-
edge as they explain and justify their individual
interpretations.29 – 31 Through this process, ambiguities
can be revealed and questioned by those with less
knowledge and experience of the domain, and yet ex-
plicated by experts, who might otherwise access this
knowledge implicitly. Furthermore, with the collabo-
ration of experts in different domains of expertise—
in this case physicians and computer scientists—this
dialectic clarifies the knowledge of both the medical
concepts contained in the clinical guidelines and the
nature of the computer language used to represent
such guidelines. The shared situation model that re-
sults includes explicit knowledge from the various do-
mains of expertise.

The theoretic framework outlined above suggests
some possible hypotheses about the likely outcome of
the study. According to comprehension theory, it is
expected that different situation models will be con-
structed, especially among individuals with different
domains of expertise. Given their knowledge of the
domain, it is likely that physicians will add implicit
procedures, concepts, and relations from the biomed-
ical and clinical domains as they construct GLIF rep-
resentations. In contrast, computer scientists are likely
to limit themselves to the medical concepts that are
given by the original guideline. Not only the types of
knowledge used (e.g., explicit, implicit; biomedical,
clinical) are likely to differ, but also their organization.
Previous studies in medical expertise have shown that
experts organize their representations in a top-down

fashion, paralleling the hierarchic ordering of medical
knowledge.32 With prior knowledge and experience of
medicine, experts are able to chunk clinical data into
higher-level concepts, which subsume lower-level
concepts. In contrast, without much knowledge of the
underlying relations between the concepts, nonex-
perts must rely not only on the surface information in
the text but also on the organization that is imposed
by the text. The hierarchic organization of their
knowledge allows experts to make rapid decisions
without having to consider many alternatives.33

Therefore, when interpreting a guideline, experts are
more likely to include only the necessary steps, with-
out having to consider all alternatives.

Methodology

The present study was designed by InterMed’s eval-
uation team from McGill University to examine a sub-
section of InterMed’s guideline translation process,
namely, the development of GLIF representations of
an existing text version of guidelines by subjects at
Columbia, Harvard, and Stanford Universities. This
examination requires a detailed characterization of the
knowledge structures and the reasoning processes in-
volved in translating the text guideline into GLIF. Our
characterization is founded on a cognitive-science ap-
proach to the study of human thinking and behavior.
Research in the cognitive and social sciences most of-
ten utilizes theoretic frameworks and models that do
not provide precise predictions. This research capital-
izes on the detailed investigation of processes looking
for general trends in the existence of certain psycho-
logical phenomena (such as directionality of reason-
ing). Generalizability here is the second stage of the
study, where these phenomena are tested under var-
ious conditions of applicability (e.g., directionality of
reasoning under emergency and primary care condi-
tions). This is unlike epidemiologic research, in which
generalizability is a primary concern and the phenom-
enon under investigation may not be true. These two
methods can be viewed as complementary means of
investigation. Our research utilizes a strategy34 char-
acterized by the detailed analysis of a few subjects
and the mapping of the perceptual and cognitive
steps underlying observable behavior, focusing on in-
dividuals’ specific organization of knowledge struc-
tures and sequences of reasoning steps. Our main
source of data consists of verbal protocols.35

The approach developed in this paper reaches these
goals through the following methodologic steps. First,
a cognitive task analysis is carried out by specifying
the knowledge and information processing capabili-
ties humans have and how these are used in a specific
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task, with particular focus on the goals, the underly-
ing assumptions, the domain knowledge, and the rea-
soning steps necessary to perform the task. A task
analysis is a job description but in terms of psycho-
logical demands that the job makes on the person.
Second, after this task analysis has been completed
and used for the development of a detailed, predictive
model, an empirical investigation of the subjects is
carried out. Third, the behavior of the subjects is an-
alyzed and comparted with the results from the task
analysis, so that inferences can be made relating the
observed behavior to the theoretic model. The extent
to which the observed data fit the theoretic model is
taken as evidence of the psychological validity of the
model. We have explored this approach in the study
of medical problem solving, comprehension, and rea-
soning in laboratory-based psychological investiga-
tions of clinical performance.13 Subsequently, we have
engaged in field research to test, refine, and apply our
theories and methods to real-world contexts (e.g.,
medical and surgical intensive care units) and prob-
lems.36 The theory has informed practice, and in turn
we have gained substantial insight from practice to
inform and extend our cognitive theories.37

Applying this cognitive science approach to the in-
vestigation of the translation process, we will focus
on the development of internal representations inter-
mediate to the original paper-based guidelines and
GLIF-encoded representations. Internal representa-
tions are predicted to be the main source of variation
as individuals contextualize the given information at
this point of the translation process. More specifically,
it is expected that internal representations will diverge
from the original external representation (paper-based
guideline) with the adding of details, the reorganiza-
tion of information, and the resolution of ambiguities
such as temporal relations.38 Because of differences in
expertise among individuals, we also predict that in-
ternal representations will vary among individuals;
the nature of the details added, the way the original
representation is reorganized, and the ambiguities
that are resolved are expected to be a function of the
information stored in long-term memory (which is
built up from prior knowledge and experiences). Our
aim is to study these internal representations devel-
oped in working memory and the relationship they
have to expertise. Coinciding with this, we hope to
facilitate the standardization of the GLIF encoding
process and suggest ways to increase the accuracy of
the GLIF representations for clinical use.

As internal representations are not directly accessible
for analysis, we propose an alternative way of inves-
tigating the differences that emerge in the translation

of paper-based guidelines to GLIF-encoded represen-
tations. We infer the content and structure of the in-
ternal representations on the basis of 1) participants’
verbalized interpretation of the original external rep-
resentation (the paper form of the guideline) to the
final form of external representation (the GLIF-
encoded representation), and (2) the final GLIF rep-
resentation itself. Furthermore, we compare these
interpretation processes and final products among
individuals of different domains of expertise. Through
analysis of interpretation processes and the GLIF-en-
coded representations, differences that emerge that
are analogous to the predicted differences in the con-
struction of internal representations may be attributed
to the internal processes themselves.

Our inquiry into the interpretation of paper-based
guidelines and translation into GLIF representations
involved participants at three InterMed sites. More
specifically, our study focused on the developers and
implementers at Columbia, Harvard, and Stanford
universities, who were asked to generate GLIF rep-
resentations in their natural, everyday work environ-
ment. We asked these computer scientists, physicians,
and medical informaticians to translate a paper guide-
line (text and flowchart) into GLIF format. In addition,
to examine one possible solution to guideline varia-
bility, some participants were asked to develop GLIF
representations in collaboration with others. A clinical
guideline for the management of encephalopathy39

was selected for two reasons: it was easy to access,
and it was not familiar to any of the participants, who
had worked on other previous InterMed guideline
translations.

The subjects who were observed during the construc-
tion process included: 1) at Columbia, a physician/
medical informatician (denoted CPMI, for Columbia
physician and medical informatician); 2) at Harvard,
a team interaction among members of the Brigham
and Women’s Hospital, including both computer sci-
entists and a physician (denoted HIN, for Harvard
interaction), and 3) at Stanford, independent encod-
ings by two computer scientists (denoted SCS1 and
SCS2, for Stanford computer scientist 1 and 2), by a
physician (SP, for Stanford physician), and then by the
physician interacting with one of the computer sci-
entists (SIN, or Stanford interaction). All subjects were
members of the InterMed Collaboratory, except for the
Stanford physician who agreed to participate without
any prior knowledge of GLIF or the details of the
InterMed project. We consider this ‘‘opportunistic’’ re-
search where, in the midst of observing a subject en-
code a guideline, we realized that some medically re-
lated questions needed to be clarified. We took this
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F i g u r e 2 Outline of coding procedure of
individual verbal protocols.

opportunity to approach a physician to work in col-
laboration with the subject (computer scientists) to
complete the encoding.

The data were collected over a period of two weeks.
At each of the three sites, each subject was asked to
read the original guideline and think aloud as he or
she encoded the natural language into another lan-
guage using GLIF, making notes if he or she wished.
It is assumed that these data reflect information that
individuals have in working memory during problem
solving.35 At the sites where two or more people were
involved in the construction of the GLIF representa-
tion, the interactive dialogue of the guideline trans-
lation process was also recorded. Written notes, dia-
grams, and computer screen snapshots that the
participants constructed were also collected for anal-
ysis. The participants were asked not to discuss any
part of this project until all the data were collected.
Compliance with this request was verified (since we
had access to most InterMed communications, includ-
ing e-mails, conference calls, and telephone commu-
nication).

The data derived from individual participants’ pro-

tocols were transcribed and analyzed using methods
built of propositional and semantic representations.12

Based on these methods, coding of the protocols in-
volved an analysis of the following four elements
(presented schematically in Figure 2 and illustrated
by the analysis of one individual’s protocol in Fig-
ure 3):

n The concepts described in the protocols (e.g., en-
cephalopathy and physical examination),

n The properties of these concepts, such as whether a
step is a motor-action or a decision-action step (e.g.,
the performance of a physical examination and
the consideration of computed tomographic brain
scan),

n The relations among concepts (e.g., that the admin-
istration of drugs is related to both the history re-
view for possible etiology and the laboratory find-
ings for blood samples), and

n The nature of these relations, including whether
concepts are to follow one another in time or
whether they are subcomponents of other concepts
(e.g., the administration of drugs without delay, or
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F i g u r e 3 A semantic network of one participant’s pro-
tocol while he developed a GLIF representation of the en-
cephalopathy guideline.

different physical tests organized as subcompo-
nents of physical examination).

These concepts and relations were presented as a se-
mantic network. Within these networks, the concepts
are presented as nodes and relations between con-
cepts are depicted either as links or as embedded
structures (for hierarchically organized concepts). De-
clarative information that could not be captured sim-
ply as nodes or links, such as questions of ambiguity,
temporal relations, and organizational themes, is
added as adjacent notes.

Differences in the inclusion of details, organization of
concepts, and treatment of temporal relations were
the primary focus of our comparison. However, in or-
der to do justice to the complex processes involved in
the translation process, we supplemented our analysis
of declarative and procedural information with a de-
tailed description of how each GLIF representation
was developed over time. This descriptive account
was used as further verification of the role of internal
representations and long-term memory; through in-
vestigating the manner in which the task was ap-
proached and completed, describing the degree of re-
liance on the original paper-based guideline, and
discussing possible ambiguities (whether or not they
were resolved), the analysis captured details that also
support the role of expertise in the construction of
internal representations. For example, although an in-
dividual may be unaware of how to represent a cer-
tain relation in GLIF, the awareness of a potential
problem may be a sign of increased expertise.

In the analysis of the collaborative construction of
GLIF representations, we required additional methods
for examining the individual construction process. To
examine the flow and management of information,
the addition of knowledge, and the coordination of
the participants within the dialogue, a descriptive
coding scheme was developed that involved parsing
the dialogue into goal-based episodes, in which a goal
is defined as a specific point (change in topic) that is
introduced. Each occurrence of a change in goal was
coded as a new episode. Each episode was coded for
the following:

n Number of conversational turns (defined as unin-
terrupted input in the dialogue)

n Number of participants

n Type of goal (management, purpose, representa-
tion, summary, and definition)

n Type of exchange (‘‘question and answer,’’ offering
of alternative, clarification, summary, differing op-

tions, and addition of information)

n Type of knowledge added

n Evidence in support of a position

n Conclusion of the episode

Illustrating this coding scheme, an excerpt from the
coding of the dialogue during the collaborative trans-
lation process at Harvard is given in the appendix. It
presents the analysis of each episode in terms of the
goal, the number of conversational turns, the partici-
pants, and the type of exchange. We investigated the
processes of interaction and the collaborative devel-
opment of GLIF representations, including the man-
agement and elicitation of information through strat-
egies such as ‘‘question and answer,’’ and the specific
similarities and differences between individual and
group representations.
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F i g u r e 4 Semantic network of the protocols generated by a physician (left) and a computer scientist (right) at Stanford
while they constructed GLIF guideline representations showing different levels of detail.

Results

Analysis of the protocols generated during the devel-
opment of GLIF representations of the encephalopa-
thy guideline shows differences in structure and con-
tent as a function of domain expertise. Individual
representations were constrained by implicit and ex-
plicit knowledge of the domain resulting in differ-
ences in the level of detail provided (text and situation
knowledge); the organization of knowledge, such that
different reasoning patterns were generated; and the
knowledge of the procedural nature of the domain of
practice to represent temporal sequencing of events.
We also found that differences emerged as a result of
GLIF development (technical environment), demon-
strating external as well as internal constraints on
the translation process. Examination of the processes
of generating collaborative representations demon-
strated some of the strategies used to communicate
and negotiate expert knowledge during the transla-
tion process, where domain knowledge was made ex-
plicit through dialogue with others less experienced
in the medical and computer science domains. In re-
porting the results, a summary statement is provided
at the beginning of each subsection, followed by il-
lustrative examples to convey how these conclusions
were drawn. This particular strategy—unlike the tra-
ditional approach, in which methods, results, and
discussion sections are almost always presented
sequentially—is designed to help the reader by pro-
viding an organization for walking through the com-
plex and detailed analysis. In this approach, the sum-
mary statements are used as ‘‘advance organizers.’’

Level of Detail

The present analysis of the protocols generated during
the development of GLIF representations revealed dif-
ferences in the representation of detail, especially be-
tween the physician and the computer scientists. Il-
lustrating these differences, Figure 4 gives fragments
of the semantic networks of the protocols generated
by the physician and one of the computer scientists.
The Stanford physician (SP) supplements the guide-
line by adding the procedures of checking for sup-
porting airway, breathing, and circulation, and by
clarifying the temporal relations between steps (Fig-
ure 4, left). This added detail is not included in the
GLIF representation developed by the computer sci-
entists. For example, SCS1 keeps the procedures sim-
ple, adding little knowledge to the text base (Fig 4,
right). Without the same degree of experience in the
medical domain, the computer scientists were found
to rely more heavily on concepts that are explicitly
represented in the text. However, some of the com-
puter scientists added details relating to their area of
expertise such as the location of branching and null
steps. These findings are consistent with our predic-
tions based on the theories of text comprehension and
expertise, in that the subjects constructed situation
models that match their own experience in their do-
mains. A consequence of the differences in added de-
tail is that the physician’s GLIF representation (Figure
4, left) gives a deeper explanation of the process (ex-
planatory model), which in turn leads to a clearer out-
line of the task (performance model). With limited
contextualization, the explanatory model developed
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F i g u r e 5 A continuum of level of detail
and knowledge organization in the inter-
pretation of the encephalopathy guide-
line: Semantic networks developed from
the protocols of two computer scientists
and a medical informatician. Top left;
SCS1; top right, SCS2; bottom, CPMI.

by the computer scientists (Figure 4, right) is incom-
plete, leading to possible implications for the use of
these external representations in a clinical setting. The
pattern of results reported in the illustrative example
of the computer scientist was similar to the pattern of
the two other computer scientists working individu-
ally.

Knowledge Organization

The GLIF-generated representations developed by the
physician and the computer scientists also show dif-
ferences in the organization of medical concepts (Fig-
ure 5). Illustrating these differences, the SP’s represen-
tation shows increased organization of the concepts
with higher-level, compact macrostructures, coherent
relations among concepts, and a high degree of dif-
ferentiation between levels of granularity (e.g., pro-

cedure types and symptoms). In contrast, the repre-
sentations developed by the computer scientists are
bottom-up, with lower-level concepts dominating,
and not hierarchically organized. For example, SCS1
represents symptoms such as ‘‘reactive pupils,’’
‘‘asymmetrical examination,’’ and ‘‘no evidence of
head trauma’’ as one step, and ‘‘review of history’’ as
another. These organizational differences are sup-
ported by the fact that medical knowledge is organ-
ized in a hierarchy, with clinical information at the top
level followed by pathophysiologic and basic sciences
at lower levels.

Organizational differences were also found in the de-
gree of branching. Analysis of the protocols revealed
that computer scientists developed a highly branched
representation enabling parallel actions and the inclu-
sion of Boolean conditions, whereas the physician en-
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F i g u r e 6 The differences in the interpreta-
tion of temporal relations between steps as
illustrated by the GLIF representations de-
veloped by a computer scientist and a phy-
sician at Stanford. Top, SCS2; bottom, SP.

coded the guideline as a linear sequence of actions.
Rather than considering several options in parallel,
the physician recognized a pattern leading to linear
decision making that is appropriate for action in ur-
gent situations. In contrast, as the goal of computer
scientists is to include the various options of the clin-
ical procedure as accurately as possible, the use of
branches is an appropriate method. A similar pattern
to the organization and branching demonstrated by
the illustrative example was found in the analysis of
the protocols of the two other computer scientists
working alone.
Consistent with the theoretic rationale provided ear-
lier, differences in GLIF representations emerged
among the computer scientists as a function of their
knowledge and experience in the medical domain. Il-
lustrating one side of this continuum, with little ex-

perience in the medical domain, SCS1 focused on the
procedural component of the guideline and did not
adequately capture declarative knowledge, such as
the components of the history review and the time
frame of the various steps; or reorganize the concepts
as presented in the original flowchart (Figure 5, top
left). At the other extreme, CPMI (a medical doctor
and a computer scientist) added declarative informa-
tion (Figure 5, bottom) but did not reorganize the in-
formation presented in the original guideline. Inter-
mediate between these two extremes, SCS2 noted the
need to consult a physician for this information (Fig-
ure 5, top right). His intermediate knowledge of med-
ical issues was reflected by his sensitivity to the am-
biguities of the original guideline, identifying the
kinds of details that would be required for a more
complete GLIF representation.
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Temporal Relations

Differences were found in the encoding of temporal
information. Illustrating this, SCS1 was unable to in-
clude accurate temporal relations between steps. More
experienced in medicine, SCS2 did not rely on the
guideline to determine how the steps are to be fol-
lowed and instead requested consultation with a phy-
sician. (Figure 6, top). At the other extreme, the phy-
sician added specific temporal relations (Figure 6,
bottom). This variation is supported by the theory of
the processing of temporal information. Without
knowledge of a domain, temporal relations can be in-
ferred through the order of presentation and spatial
relations between steps in a text or a flowchart. How-
ever, because of the implicit nature of temporal infor-
mation, if these inferences are made without prior ex-
perience in the domain, they may be misleading.38

Since many relations are difficult to include in text
form without the addition of extensive detail, as when
describing the degree of overlap between procedural
steps, variation would be predicted as a function of
knowledge of the practical domain. Like the other
computer scientists, the medical information from Co-
lumbia (CPMI) also did not explicitly clarify the tem-
poral relations in the GLIF encoding.

Constraints of the Computer Environment

Although not part of the original hypotheses of our
study, differences were also found to result from the
computer environment that was used for developing
GLIF representations; the two computer environments
used for encoding the encephalopathy guideline were
GLIF itself and Protégé—an intermediate encoding
tool. GLIF is a declarative format, in which the rep-
resentation is given as propositions. Illustrating the
impact of developing representations directly in GLIF,
CPMI considers what aspects should be represented
as conditional steps, Boolean conditions, and the tem-
poral relations within branch steps such as the order
in which the results of the lumbar puncture should be
considered (Figure 7, top). Also, as it is not highlighted
through the use of this declarative format, he does not
consider the temporal relation between the adminis-
tration of drugs and the steps that follow the admin-
istration step.

Illustrating the differences in computerized guideline
representations developed with the use of Protégé, a
diagramatic tool used to facilitate the encoding pro-
cess that is to be subsequently translated to GLIF,
SCS2’s Protégé representation failed to capture one of
the critical links leading from the results of the phys-
ical exam to the lumbar puncture (Figure 7, bottom).
Although the graphic Protégé representation can be
supplemented with embedded declarative informa-

tion, in this example the diagrammatic nature of Pro-
tégé’s flowcharting scheme appeared to make it more
difficult to capture multiple links.

Development of Cooperative and
Collaborative Representation

Differences were found between the GLIF-generated
representations developed by individuals and those
developed through interaction with others. Not only
did the collective representations lead to the addition
of information from each participant’s domain of ex-
pertise, interacting with those who were less familiar
with the concepts and relations led the experts to ar-
ticulate implicit information. Thus, many details that
were made explicit in the collaborative representa-
tions remained implicit in the representations that the
experts developed on their own.

Accordingly, in a collective GLIF representation de-
veloped for the present analysis, one computer sci-
entist at Stanford supplemented his representation
through questions and answers with a physician
(SIN). This cooperative effort resulted in the clarifi-
cation of ambiguities, such as the temporal relation
between the drug administration step and the steps
that follow it; the addition of further information,
such as signs of systemic infection; and the clarifica-
tion of some implicit strategies, such as the consid-
eration of differential diagnoses during the history-
taking part of the guideline. However, the general
organization of the GLIF representation that emerged
from this dialogue did not change much from the rep-
resentation developed by a computer scientist on his
own; the computer scientist clarified points at which
he was unsure what to do, but knowledge was oth-
erwise not shared much between him and the clini-
cian.

The dialogue between two computer scientists and
the physician at Brigham and Women’s Hospital at
Harvard was a collaborative process that resulted in
a GLIF representation that reflected the expertise of
each participant (HIN). In this interaction, each of the
three participants added to the overall representation
by answering questions, offering clarifications, pro-
viding new information, and contributing alternative
interpretations. For example, the physician added in-
formation, such as which blood gas tests would have
to be performed, and offered suggestions for cases
that were not included in the guideline, such as
whether a lumbar puncture would be performed
given signs of laryngitis. The computer scientist with
more knowledge about GLIF discussed the temporal
relations that could be captured in GLIF. The second
computer scientist, who has more experience in the
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F i g u r e 7 Selected parts of semantic net-
works developed from protocols while par-
ticipants constructed external representa-
tions in different computer environments.
Top, In GLIF (CPMI); bottom, in Protégé
(SCS2).

medical domain, clarified the timing of the steps and
added parameters for determining whether a patient
has metabolic acidosis. This interaction led to the de-
velopment of a shared collaborative GLIF-generated
representation, in which each participant contributed
information that the other participants either lacked
or about which they did not have enough expertise.

A more detailed analysis of HIN demonstrates some
of the strategies that were used in the construction
of this collaborative GLIF representation. Although
‘‘question and answer’’ was the main mechanism for
adding information to the representation, the discus-
sion of differing or conflicting opinions about the rep-
resentation also played an important role (Table 1). On
average, the discussion of conflicting views in the in-
terpretation process involved more conversational

turns than the episodes that centered on questions
and answers. Yet through elaborating the reasons why
the conflicting individuals should interpret the guide-
line in a particular way, the participants discussed the
underlying knowledge that would otherwise have re-
mained implicit.

As the interaction involved coordinated effort among
the participants, much of the discussion was devoted
to the management of the collaborators in the devel-
opmental process, such as the coordination of partic-
ipants with respect to the part of the guideline that
was being translated at any particular time, rather
than focusing solely on the representational task. Ac-
cordingly, in addition to requiring the development of
shared mental models of the goal of the collaborative
enterprise, some of the exchange also focused on the
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Table 1 n

Characteristics of Exchanges in Dialogue
Question and

Answer Alternative Clarification Summary
Differing
Opinions Addition

Total number of episodes 32.00 8.00 10.00 1.00 11.00 2.00
Mean number of conversation turns 9.16 13.50 9.40 3.00 14.10 20.50

management of the dialogue, the purpose of the task
at hand, and the limitations of developing the GLIF
representation.

Some differences emerged from a comparison of the
GLIF-generated representation developed by the col-
laborative effort (HIN) and the one developed by an
individual physician (SP). Although the physician in-
cluded many details, some remaining ambiguities
were identified by individuals with less experience in
the medical domain who noted that key concepts
were not included in the physician’s representation.
Thus, through the collaborative effort, those aspects
that might be improperly interpreted by those with
less experience in the domain can be identified and
addressed in the translation process. The GLIF rep-
resentations should capture only information that is
necessary to ensure safety of the guideline represen-
tation in clinical use, and not so much information as
would hinder the flexibility of the GLIF representation
for efficient use across institutional settings. Exami-
nation of the collaborative representation of the en-
cephalopathy guideline in GLIF suggests that the pro-
cess of question and answer and the negotiation of
differing opinions help provide just that information
in the final text base of the GLIF representation. This
occurs even though it involves the added task of man-
aging and coordinating the mental models of individ-
uals with different knowledge and experience. Ne-
gotiation itself leads to a representation that can be
safely and efficiently used by individuals with differ-
ent levels and domains of expertise, priorities, goals,
and institutional constraints.

There is a tradeoff between including generic infor-
mation and encoding the underlying situation model.
The first task must be context free, whereas the second
must be specific to the domain. The inclusion of both
generic and specific information as multiple layers ap-
pears to be important in the translation process. The
physician provides context to the GLIF representa-
tions, and those with less expertise narrow down the
contextual information in the final representation. The
result is to include only what is necessary for the ac-
curacy of the final GLIF representation in its clinical

use, helping to ensure reusability with minimal local
adaptation.

Discussion

By investigating the cognitive processes that underlie
the development of individual internal representa-
tions, human–machine interaction, and collaboration,
we have sought to describe some of the potential risks
to the accuracy and efficiency of guideline encoding
and identify the processes through which some of
these risks might be prevented. The problems arise
because of a number of factors. The first is that experts
interpret information differently from nonexperts. We
found many differences in the way that the physician
encoded the encephalopathy information compared
with computer scientists. When solving familiar real-
life problems, experts often skip steps during the in-
ferential process,12,40 whereas trainees (e.g., residents)
may depend on details that appear unnecessary to ex-
perts. Furthermore, there is assumed knowledge and
understanding that do not have to be made explicit
when one physician talks with another physician. The
author of the original encephalopathy guideline seem-
ingly wrote it to communicate with other physicians
who had similar knowledge and accordingly left out
a number of ‘‘obvious’’ steps leading to therapeutic
and management decisions.

The second problem arises when guideline informa-
tion is being translated into a structured computer
language. Here, every step has to be clearly stated in
the procedure if the rules are to be executed properly.
Thus, the missing information may be inserted by a
computer scientist working alone, which is how in-
accurate inferences can be generated. However, when
computer scientists work with physicians, the ability
of each to detect errors is enhanced by their differ-
ences in perspective, through a process of negotiation.
If a relationship is explicitly represented in the origi-
nal guideline but is implicit in the GLIF represen-
tation, the two forms are not informationally and
computationally equivalent. Without computational
equivalence, inferences from the GLIF representation
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will not be made as quickly and as easily as from the
original paper guideline. Without informational
equivalence, it is also unlikely that the same infer-
ences would be derived from both the GLIF represen-
tation and the paper guideline.

Given the pattern of results from the detailed analysis
of the protocols of the computer scientists and the
physician, it appears that the computer scientists fo-
cus on surface information when given a text descrip-
tion of the clinical problem. The physician, familiar
with this clinical problem, includes the underlying
clinical model in his representation, which goes be-
yond the surface features of the task. These findings
are consistent with the well-known theoretic perspec-
tive on text comprehension discussed earlier, where-
by persons unfamiliar with a domain focus on the sur-
face cues whereas those familiar with the domain are
likely to make inferences based on a deeper under-
standing or underlying model.11 Investigation of the
process by which different people negotiate a shared
understanding of a common GLIF-encoded represen-
tation points to a solution to the problem of multiple
potentially conflicting models. One advantage of GLIF
is that it seeks to satisfy the criterion of generality;
that is, the guidelines represented in GLIF are in-
tended to be used across different contexts, settings,
and times. This flexibility requires a relatively abstract
level of detail within the guidelines. If, on the other
hand, temporal relations were given explicitly, the
number of detailed specifications required at each
step would increase and significantly constrain the
general applicability of the GLIF-encoded guideline
representations. Similarly, domain experts will con-
strain the generality by focusing on specific details, as
shown by the physician in this study who constrains
the generality by making the GLIF-encoded represen-
tations situation-specific.

The cooperative and collaborative efforts we studied
have revealed some of the processes involved in de-
veloping a shared guideline representation and sug-
gest ways to develop more complete and accurate
GLIF representations for future use. The results sug-
gest that the developmental process for a GLIF-en-
coded representation must involve active cooperation
between participants with different perspectives at
each stage in the guideline’s translation. In this par-
ticular study, the different perspectives are provided
by the physician (clinical domain knowledge) and
computer scientists (knowledge of GLIF encoding).
Although our studies identify robust phenomena, our
conclusions have limited generalizability. Further
studies to include different subjects and various con-
ditions of applications would be a natural extension

of the reported investigation. An additional issue is
whether some of the benefits of collaborative encod-
ing of guidelines can be achieved through the en-
hancement of authoring tools which, as they act as
partners in the encoding process, will probably be
used for our future GLIF encoding work. Given the
collaboratory’s efforts to meet the challenges of
resolving guideline ambiguity, GLIF and its use
offer intriguing new tools for clinical practice and re-
search.
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