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Clinical guidelines aim to eliminate clinician errors,
reduce practice variation, and promote best medical
practices. Computer-interpretable guidelines (CIGs)
can deliver patient-specific advice during clinical
encounters, which makes them more likely to affect
clinician behavior than narrative guidelines. To re-
duce the number of errors that are introduced while
developing narrative guidelines and CIGs, we stud-
ied the process used by the ACP-ASIM to develop
clinical algorithms from narrative guidelines. We
analyzed how changes progressed between subse-
quent versions ofan algorithm and between a narra-
tive guideline and its derived clinical algorithm. We
recommend procedures that could limit the number
of errors produced when generating clinical algo-
rithms. In addition, we developed a toolfor author-
ing CIGs in GLIF3 format and validating their syn-
tax, data type matches, cardinality constraints, and
structural integrity constraints. We used this tool to
author guidelines and to check themfor errors.

1 Introduction

The aim of evidence-based clinical guidelines is to
eliminate errors, reduce practice variation, and en-
courage best practices in clinical medicine. Guideline
implementations best affect clinician behavior if they
deliver patient-specific advice during patient encoun-
ters'"2. Therefore, several groups have been develop-
ing methodologies for representing CIGs that can be
linked to patient data3. Our group, InterMed (a con-
sortium of researchers at Harvard, Stanford, and Co-
lumbia universities), has developed a language called
GLIF34 and supporting tools for representing CIGs
and sharing them.

A report of the Institute of Medicine (IOM), To Err is
Human5, sets forth an agenda for reducing medical
errors and improving patient safety through the de-
sign of a safer health system. The report recommends
that health professional licensing bodies recognize
patient safety in practice guidelines. Because clinical
guidelines aim to reduce practice errors, it is ex-
tremely important that narrative guidelines and CIGs
not contain errors. One way to reduce errors in guide-

lines and CIGs is to subject them to rigorous trials
before releasing them.

Another way to reduce errors is to assess guideline
quality with specially designed assessment tools and
to assure that specified attributes have been incorpo-
rated. The 1992 IOM report on the development of
clinical guidelines6 suggests eight attributes for as-
sessing guideline quality. Four attributes relate to
guideline content: validity, reliability and reproduci-
bility, clinical applicability, and clinical flexibility.
The other attributes relate to the process of guideline
development or representation: clarity, multidiscipli-
nary process, scheduled review, and documentation.
A variety of guideline assessment tools have been
published6'7. These tools evaluate guidelines accord-
ing to desirable attributes that can be mapped to the
IOM attributes. One tool, GEM-Q, is an application
derived from the Guideline Elements Model (GEM)'.
GEM-Q is intended to facilitate guideline quality
evaluation based on published quality rating instru-
ments that can be mapped to GEM elements. First, a
guideline is marked-up in GEM. Then, GEM-Q selec-
tively retrieves marked text components that are rele-
vant for quality evaluation.

We are taking a complementary perspective to these
approaches. Our approach is to identify the types of
errors introduced during the CIG development proc-
ess, identify their sources, and to devise methods and
tools for limiting them. Traditionally, CIGs are cre-
ated based on published narrative guidelines. Unfor-
tunately, many considerations that are important for
automating guidelines are not explicitly considered
when the narrative guidelines are being developed.
This situation creates great difficulties when the
guidelines are to be encoded in a CIG formalism,
such as GLIF3. In recognition of this problem, we are
collaborating with the guideline development team
from the American College of Physicians - American
Society for Internal Medicine (ACP-ASIM) on stud-
ies that examine the process of narrative guideline
creation. Specifically, we are studying the last step of
this process, in which the ACP-ASIM team creates a
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clinical algorithm in diagrammatic form based on the
guideline text. We are introducing computer-science
modeling considerations into these studies. This
process will assist us in refining our authoring tools
and it will assure robustness in GLIF3. Like the de-
velopers of the PROforma CIG modeling methodol-
ogy,8 we also believe that decision-support systems
should have design features aimed at ensuring safety.

With these issues in mind, we developed an authoring
tool for GLIF3 that allows a CIG developer to encode
a narrative guideline as a flowchart of guideline steps
containing formal definitions of medical actions, de-
cision and eligibility criteria, patient states, and con-
trol flow9. We also developed a module for the au-
thoring tool for validating GLIF3-encoded guidelines.
The tool can find errors in guideline specification by
checking syntax, data type matches, cardinality con-
straints, and structural integrity constraints.

2 Methods

InterMed investigators observed ACP-ASIM experts
as they created flowchart versions of clinical algo-
rithms based on narrative guidelines that they had
created previously. The two guidelines studied were
Pharmacological Management of Acute Attacks of
Migraine Headache'" and Pharmacological Man-
agementfor Prevention ofMigraine Headache'". We
recorded the experts as they "thought aloud" about
what they were doing, and we also captured any con-
versations with the investigators and other guideline
creators. We kept all the drafts of the algorithms
(seven drafts of the first algorithm and three of the
second), which showed progressive changes in the
algorithms. The Institutional Review Board reviewed
the protocol and approved it.

We used a classification scheme proposed by Knuth'2
to classify changes between narrative guideline text
and the clinical algorithm produced from it.

We used Protege-2000'3 to develop an authoring and
validation tool for GLIF3. Protege enables defining
allowed data types and checking them, establishing
cardinality constraints, and setting lower and upper
limits on numerical values. We used Protege's axiom
language"4 to define constraints in a subset of first-
order predicate logic written in the Knowledge Inter-
change Format syntax. We also checked two GLIF3-
encoded guidelines'l"6 for unmet constraints.

3 Results

We describe the process of algorithm creation and
our analysis of changes that were made between ver-
sions of the algorithms. We then describe our GLIF3
authoring and validation tool.

3.1 The ACP-ASIM process of creating algo-
rithms

After the ACP-ASIM team has created a narrative
guideline, it constructs a clinical algorithm and pub-
lishes it at www.acRonline.org. The algorithm is first
created by a medical expert, who reads the narrative
guideline and creates versions of the algorithm in an
iterative manner until she is satisfied with the results.
No computer-based tools are used during this proc-
ess. When finished, she delivers a clean copy to the
director of scientific policy (DSP) at the ACP-ASIM.
This person examines the algorithm and compares it
to the narrative guideline. Then, in a face-to-face
meeting with the expert, the DSP suggests clarifica-
tions and changes. The expert modifies the clinical
algorithm and hands it over to a third member of the
team, who uses software to generate flowcharts from
the expert's hand-drawn algorithms. The expert then
checks the flowcharts.

3.2 Changes made by the medical expert
In our analysis, the medical expert made the follow-
ing types of changes between algorithm versions:

1. Logic changes, such as switching the order of steps
or making a decision criterion more general or more
specific. For example, "ischemic heart disease" was
generalized to "contraindications to triptans".
2. Adding details, such as listing the preferred formu-
lary drugs of a drug group.
3. Complexity management that reduced the number
of steps in each algorithm by breaking an algorithm
into several parts (nesting) or by identifying se-
quences of steps that occur in different paths of the
algorithm and specifying these steps once. Links are
used to connect each path to the sequence of steps.
4. Adding/omitting information - The expert fre-
quently added guideline steps and sidebars. Occa-
sionally, some information was not carried over to the
next version. In most cases, the expert noticed this
problem in subsequent versions.

3.3 Changes made by the DSP
The DSP made mostly clarification changes. For ex-
ample, she suggested that drugs be arranged alpha-
betically when no ranking was available, so as to
avoid the false impression that the drugs were ranked
by preference. She also ensured that all terms used by
the guideline were clearly defined and that details of
actions, such as patient education, were provided.
When a term could not be defined by formal criteria
(e.g., "sgood response") she asked that this fact be
explicitly stated. In addition, she suggested changing
the organization of the two related algorithms so that
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the one for acute migraine headache would be en-
countered first, and that it would link to the preven-
tive treatment algorithm. In addition, the second algo-
rithm would link back into the first algorithm.

3.4 Changes made by the flowchart designer
The medical expert created clinical algorithms
containing boxes and arrows. She used a single type
of box to represent medical actions, patient states,
and decisions. Decisions were also represented as text
written over arrows. The flowchart designer used
commercial software to generate flowcharts. She clas-
sified the algorithm's boxes into different types of
guideline steps. The step types were defined by in-
structions for creating algorithms as written by the
Agency for Healthcare Research and Quality". The
step types were similar to those used by GLIF3, and
included decisions, actions, patient states, start and
end steps (represented by GLIF3's patient state step),
and subguidelines. GLIF3 supports other kinds of
steps that are not supported by the clinical algorithms.
They include branch and synchronization steps that
enable parallel paths and choice steps that define de-
cision rules for and against decision alternatives.

Although the medical expert's clinical algorithm in-
cluded only one type of step (box), the flowchart de-
signer had little difficulty interpreting the kinds of
steps that each box represented, because she relied on

the textual information written in the boxes and clari-
fications that were made by the medical expert. Occa-
sionally, the flowchart designer needed to split a box
into two steps, or add a decision that was implicit in
the model created by the medical expert.

3.5 Comparing algorithms to narrative guidelines
The medical expert developed a clinical algorithm for
guiding physicians during patient encounters. Where
evidence was not available, she included guideline
steps and sidebars that were based on expert opinion.
As a result, discrepancies between the original guide-
line text and the clinical algorithms most often in-
volved additions that better reflected the flow of an
actual patient encounter, rather than omissions.

We classified the changes between the original narra-
tive guidelines and the final version of the clinical
algorithms according to Knuth's classification
scheme'2. Knuth classified discrepancies between the
requirements document for TeX and the resulting
software. Twelve of the 15 change types that he sug-
gested are applicable to the narrative guideline do-
main. The narrative guideline is analogous to the re-
quirements document, whereas the clinical algorithm
created from it is analogous to the software. We
added specialization as a possible change type. Table
1 summarizes the changes found in the guideline for
treating acute migraine headache.

Change type Narrative statement Eample Algorithm speciflcation
Better user interaction 5 Follow up visit was not recommended Follow up visit was added to the algorithm
Clarity (resolving ambi- 4 Decision: in patients whose migraine attacks Decision: in patients whose migraine attacks have not
guity) have not responded to NSAIDs responded to NSAIDs, in past or current attack
Quality improvement 2 Previous history of triptans use not considered Adding decision ifthe patient used a triptan with good

response then recommending the same drug
Omission 2 IV metoclopramide is recommended as mono- IV metoclopramide is recommended as an antiemetic

therapy for acute migraine treatment
Generalization 2 Eligibility: acute migraine attacks Eligibility: acute headache
Specialization (narrowing I Is the patient a candidate for prevention therapy? Only one criterion: does patient have more than two
a definition of a term) (Conjunction of several criteria) attacks per week? If yes, refer to preventive guideline,

which checks for all of the criteria
Blunder (e.g., confusing I Once preventive treatment is underway, avoid If the patient is on preventive treatment he exits the
'before' with 'after') overuse of acute medications acute treatment algorithm. However, the intention was

to allow the use of acute treatment (without overuse)
I_while preventive treatment is under way

Table 1. Changes between the narrative guideline for treating acute migraine headache and the clinical algorithm
derivedfrom it.'#' designates the number of changes of each change type. Change types that were notfound in-
clude: (1) algorithm awry, (2) misusing the modeling language, (3) mismatch between algorithms, (4) promotion of
document organization, (5) considering a surprising scenario, and (6) typographical error.

3.6 Guideline authoring and validation tool
The ACP-ASIM team's flowcharting software was
not specifically designed for authoring guidelines,
and therefore does not support validating a clinical
algorithm's content and logic. Clinical terms are de-
fined in sidebars, using natural language. There is no
support for checking that all the terms mentioned in

the names of the guideline steps have been defined.
Importantly, to create a GLIF3 guideline specifica-
tion, all of these terms need to be defined by codes
taken from controlled medical terminologies. Tools
that ensure that every term in a clinical algorithm has
a code would greatly ease the process of converting a
narrative guideline into a CIG.
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We created a GLIF3 authoring and validation tool
using Protege-2000. We configured our tool in two
ways. One configuration is used for creating abstract
flowcharts, while the other enables a detailed com-
putable specification containing formal definitions of
decision criteria and action specifications. The first
configuration allows a guideline author to specify a
clinical algorithm, codes of clinical terms, rules for
ranking alternative treatment options written in natu-
ral language, and documentation attributes.
Documentation attributes do not specify guideline
logic but contain information that is important for
guideline validity. Examples include links to support
material, the target audience of the guideline, and
strength of evidence associated with each guideline
step. Specifying strength of evidence is one of the
measures of guideline validity that the IOM defined

osup'porvalidation, we used Protege-2000's axiom
language (PAL) to define logical constraints. Figure 1
shows an example of a PAL constraint. Table 2 shows
the errors found when we applied the constraints to
four guidelines that the first author of this paper en-
coded in GLIF3. No errors were found in the head-
ache guidelines. This may be due to experience
gained by the guideline encoder.

Range
(defrange ?decision-step :FRAME Decision-Step)
(defrange ?optionl :FRAME Decision-Option)
(defrange ?option2 :FRAME Decision-Option)
Statement
(forall ?decision_step

(and (own-slot-not-null options ?decision_step)
(exists ?optionl (exists ?option2
(and (options ?decision_step ?optionl)

(own-slot-not-null destination ?optionl)
(options ?decision_step ?option2)
(own-slot-not-null destination ?option2)
(/= (destination ?option1) (destination ?option2)))))))

Figure 1. A PAL constraint specifying that a decision
step have at least two decision alternatives (decision
options with destination guideline steps).
Table 2. Integrity constraints that were not met by
two guidelines encoded in GLIF3. e(C), e(S), and
e(H) mark the number of unmet constraints in the
cough, stable angina, and two headache guidelines.

4 Discussion

Currently, CIGs are developed based on narrative
guidelines. Introducing computer-science related de-
sign issues into the process of generating narrative
guidelines and clinical algorithms could make a
narrative guideline less ambiguous and ease the
process of generating CIGs. The ACP-ASIM team
that develops clinical algorithms is already
considering issues that are important for automating
guidelines. These issues include: (1) validity of the
algorithm, (2) reproducibility (i.e., the algorithm
would always give the same behavior for the same
patient situations), (3) clinical applicability (i.e.,
eligibility criteria), (4) clinical flexibility -

considering different patient scenarios that occur dur-
ing a patient encounter, (5) a clear definition of
clinical terms, decision points, and medical actions,
(6) a clear definition of control flow, (7) logical and
easy-to-follow modes of presentation, and (8)
distinction among clinical decisions, actions, patient
states, and entry and exit points of the algorithm. The
ACP-ASIM team uses a process of algorithm
development that involves several people and several
stages. This process includes face-to-face meetings
and discussions of the algorithms that help spot errors

espeter process of algorithm develop-
ment, the informatician in our team, who is the first
author of this paper, still found places in the algo-
rithm requiring changes. The ACP-ASIM team
agreed with these changes, which included adding
definitions of terms and altering the control flow as a

result of considering patient situations not addressed
by the medical expert. It will next be important to
study whether using the GLIF3 authoring and valida-
tion tool for creating clinical algorithms helps the
ACP-ASIM team create algorithms that are valid and
clear. It will also be interesting to see whether using
such tools during the process of creating the narrative
guideline will result in improved guidelines. Never-
theless, our approach cannot replace such comple-
mentary approaches as testing with sets of actual
cases and testing in clinical practice settings.

Other tools might limit errors that result from forget-
ting to represent part of the narrative guideline or to
copy part of the clinical algorithm or sidebars to the
next version. A tool like GEM-Cutter7 could be used
to mark-up narrative guidelines using GEM elements.
The tool could be used to view unmarked parts of the
guideline, thus aiding in limiting omission errors.

We used the Knuth's classification scheme to catego-
rize changes between a narrative guideline and the
final version of its clinical algorithm. Although the
classification scheme was developed for changes be-
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Integrityconstraint e(C) s.(S) | e(HL
A decision step should link to >2 op- 7 10 0
tions
A branch step should link to >2 0 0 0
branches
A synchronization step should not 10 0 0
immediately follow a branch step
A guideline step must not connect to a 0 0 0
step from a different algorithm
A step must be part of an Algorithm 0 2 0



tween requirements documents and software prod-
ucts, we found it appropriate for categorizing changes
between narrative guidelines and clinical algorithms,
as well as errors in CIG specifications. A different
classification scheme was developed by Tiemey and
coauthors, who described the problems encountered
while they encoded a heart failure guideline"8. They
found that the guideline often lacked definitions of
terms and branch points, did not focus on errors of
commission, and did not account for comorbid condi-
tions, concurrent drug therapy, or the timing of most
interventions and follow-up. Because our study did
not examine implementation issues or the develop-
ment of the narrative guideline prior to clinical algo-
rithm generation, we only considered the first of these
problem types, although the implementation of two
other guidelines developed by the ACP-ASIM team
has been reported by Patel et al'9.

Tiemey and coauthors proposed recommendations to
improve guidelines based on problems they identi-
fied. By looking specifically at the process of algo-
rithm creation and following it closely, we can add
more recommendations: (1) make sure that all rele-
vant information is carried from the narrative guide-
line to all versions of the clinical algorithm, (2) pro-
vide all the information necessary to rank treatment
options, and (3) consider different patient scenarios.

The life cycle of developing, implementing, and using
CIGs includes several phases and involves many in-
dividuals. This paper describes our work in reducing
guideline errors by looking at specific examples and
examining the phases of algorithm creation and CIG
encoding. Additional work can be done to examine
other life-cycle phases.
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