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Abstract

In today’s ICUs clinicians routinely integrate huge
numbers of discrete data points to arrive at a coherent
picture of their patients’ status. Often the clinician must
obtain those data elements from many devices, which makes
the problem more difficult. Because presenting data
visually amplifies cognition by capitalizing on well-known
human perceptual capabilities, it is not surprising that a
growing body of research is directed at the effective
presentation of visual information in clinical displays.
However, developing clinical displays that effectively
support clinicians' integration and understanding of many
discrete data elements in complex, high technology work
domains such as ICUs remains elusive. It may be that
traditional analysis and design methods simply are
inadequate for this kind of complex environment. Vicente
has described a new methodology, called “cognitive work
analysis” (CWA), which is targeted at the analysis of
complex work domains.  The analysis differs from
traditional  analytic methods in  significant  ways,
particularly in its primary focus on analysis of the work
domain, but also in its prescription for explicitly collecting
information at five levels (the work domain, diagnostic and
treatment tasks, diagnostic strategies, socio-organizational,
and clinician skills) that place constraints on the ultimate
display design. In this model, the order of data collection is
also crucial. Because the work domain constraints tend to
be the most permanent, they are likely to have the most
impact on design, and so analysis starts there. As the
analysis proceeds through the subsequent levels, additional
design constraints are identified. We recently used CWA to
analyze the information needs for interactive graphical
displays that will integrate and represent data in structures
that help clinicians visualize a patient's physiological
status. We found that the analysis was an effective way to
identify information needs at multiple levels. Based on our
experience, CWA is a generic methodology that is highly
applicable to medical informatics.
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Introduction

Today’s ICUs are complex, high technology work domains
in which clinicians routinely integrate huge numbers of
discrete data points to arrive at a coherent picture of their
patients’ status. [1-3] Somehow clinicians must distinguish
those data points that are relevant from those that are
irrelevant in a particular situation, [4] what has been called
the “significance of data” problem. [5S] But clinicians
cannot synthesize that much information and predict
accurately the outcomes of various treatment options. The
complexity of healthcare exceeds the capacity of the
unaided human mind. [6]

Today’s physiological monitoring systems do not make the
clinician’s task easy. Not only are many data elements
needed, but also the clinician must obtain those data
elements from many devices. [7,8] This induces sequential,
piecemeal form data gathering” [5] that “precludes an
organized, coherent understanding of the interrelationships
of cardiac, pulmonary and tissue perfusion functions and
their underlying physiologic mechanisms.” [9, p. 47]

Can Technology Help?

Designers have long recognized that presenting data
visually amplifies cognition by:

e transferring some of the cognitive processing
effort required for text processing to parallel
perceptual processing mechanisms,

e integrating data so less memory search is required,

e capitalizing on well-known human pattern
recognition and perceptual inference capabilities,

e developing the visualizations in a medium which
can be manipulated .[10]

For these reasons, a growing body of research is directed at
the effective presentation of visual information in displays.
For example, Weinger et al. evaluated a display in which
variables were shown as histograms. [11}] When all
variables were in normal range, the display showed a
normal "horizon." Subjects detected changes 15% faster
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with the horizon display than with numerical displays.
When a similar histogram-type display was used to develop
a critical care workstation, deviations from normal were
detected rapidly. [12] Other designers have shown the
various dimensions of a problem as part of a single physical
object. Cole and Stewart developed a metaphor graphic in
which they represented ventilation as a rectangle where the
width of the rectangle revealed respiratory rate and the
height of the rectangle revealed tidal volume. [13] When
normal, the rectangle approximated a square. Other
medical examples include modeling of physiological
patterns as circular diagrams, “hemodynamograms,” [14]
and the Aberdeen polygon.[2] Despite the effectiveness of
these displays, developing clinical displays that effectively
support clinicians' integration and understanding of many
discrete data elements in complex, high technology work
domains such as ICUs remains elusive. “We have yet to
find the optimal method of displaying these data” .[15, p.
876]

An Alternative Approach: Ecological
Interface Design

Ecological interface design (EID) was first described by
Vicente and Rasmussen. [16] EID [16-18] integrates
aspects of ecological psychology theory [19,20] and
cognitive engineering. [21] In a seminal study, Vicente
used Rasmussen'’s abstraction-decomposition hierarchy [22]
to identify relevant work-domain constraints in a thermal-
hydraulic process control microworld that was designed to
be representative of industrial process control systems. A
mimic display provided the visual context for the
microworld. One of the crucial and novel aspects of the
design was Vicente's mapping of the identified work
domain constraints onto the geometry of the interface as
perceptually salient objects. In initial laboratory
experiments with static displays, Vicente found that the
EID enhancements improved users' fault detection and
diagnosis; in later interactive experiments, system control
was also found to be improved. [17,23] Because a
significant amount of domain knowledge was transferred to
the interface, users were less dependent on memory for
recalling or calculating crucial relationships among data
elements and instead were able to use their powerful
perceptual capabilities to recognize critical events and goal-
relevant relationships. Recently, EID principles have been
used successfully as a basis for designing several medical
applications. [24-26])

Cognitive Work Analysis

Vicente has described how an alternative approach to
analysis, Cognitive Work Analysis, supports ecological
interface design for complex domains. [17] A cognitive
work analysis has five levels (Fig. 1). In contrast to
traditional methods that begin with the user’s model of the
problem, [27] cognitive work analysis begins by describing
the work domain. This identifies the most permanent
constraints on the problem. Analysis then progresses to a
task analysis, followed by a diagnostic strategy analysis, a
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social-organizational analysis, and finally a user skill
analysis. As additional constraints are defined at
successive levels (tasks, strategies, etc.), design options
become increasingly clear.  The remaining degrees of
freedom in the design are those needed to give the
knowledgeable user sufficient flexibility to cope with
unanticipated problems. The methodology has been applied
successfully to the development of complex technology for
applications as diverse as libraries and nuclear reactors.

WORK DOMAIN: Hemodynamic Management

TASKS: Recognition, Diagnosis, Treatment

STRATEGIES: Diagnostic, Treatment

SOCIAL-ORGANIZATIONAL

CLINICIAN SKILLS

Figure I — The five levels of constraint in a Cognitive Work
Analysis [17], as applied to hemodynamic management

Cognitive work analysis begins by identifying the
constraints in the environment (i.e., the work domain) that
are relevant to the operator and to system goals. [17] One
tool for accomplishing this is Rasmussen's abstraction-
decomposition hierarchy, which describes the work domain
along two dimensions: part-whole and means-ends. [22]
The part-whole decomposition looks, for example, at the
body from cell to whole body. In the means-end
abstraction, the same human body system can be described
at different levels (e.g., as purposes, balances, processes,
physiology, and anatomy). [28] Requirements for proper
system functioning at one level appear as constraints on
lower levels. For example, the body's goal of maintaining
adequate tissue oxygen (a purpose) acts as a constraint on
circulation and oxygenation processes.

Ultimately, the goal of EID is to make those identified work
domain constraints visible in the interface. To accomplish
this, designers first represent each relevant process variable
with a distinct display element, then organize those display
elements so that symmetries that arise from their interaction
correspond to high-level process constraints. Finally,
designers nest the symmetries of the display in ways that
reflect the hierarchical structure of the process.[ 29]

We are currently conducting research to facilitate clinicians'
decision making through ecologically designed interactive
graphical displays that integrate and represent data in
structures that will help clinicians visualize a patient's
physiological status. In the following section, we describe
our application of cognitive work analysis to identify the
information needed for the displays.

Methodology: Cognitive Work Analysis

Following Vicente's cognitive work analysis methodology,
[17] we identified technological and organizational design
requirements at five levels:
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Work domain analysis

We began with an abstract-decomposition model of the
cardiovascular system done by Hajdukiewicz for an
operating room environment. [28] That analysis had shown
differences in the portions of the model (that is, information
structure) used by surgeons and anesthesiologists.
Therefore, we anticipated the need for a somewhat different
analytic model for dealing with hemodynamic decisions in
ICUs. For that reason, we modified the Hajdukiewicz
analysis, based on our own literature review and
discussions with expert ICU clinicians, to create an analytic
model  specific to  hemodynamic = management.
Surprisingly, our experts began at the cellular level of
analysis, by assessing the cellular oxygenation status. That
was not at all what the analysts on the team expected and
was contrary to Hajdukiewicz's analysis with clinicians in
another specialty.

Identification, diagnostic and treatment task analysis

We used Rasmussen's decision ladder [30] to describe the
decision making of expert clinicians and the informational
support needed at each step as they used worksheets with
actual patient data to make decisions about clinical
problems and possible treatment. The decision ladder
proved to be an efficient way to capture the information
used by clinicians, the level of analysis at which the
information occurred and the temporal order of the search
process. The result was a goal-relevant subset of work
domain data to be used in the decision support display that
included four levels of Rasmussen's hierarchy: purposes,
balances, processes, and physiology (Fig. 2). [21] One of
the interesting results was that although surgeons work at
the anatomical level, ICU physicians (intensivists) and ICU
nurses typically do not. Although our initial emphasis will
be on displays to support problem recognition and
diagnosis, we could not ignore treatment altogether because
treatment efficiency is one of our design goals.
Consequently, we have begun to identify treatment
algorithms that might be supported by a hemodynamic
management display (Fig. 3). It is significant that treatment
options are targeted at the physiology level of the
oxygenation model.

| .
Purposes: >

Balances:

Diagnostic strategies analysis

The strategies analysis is a natural follow-up to the task
analysis, because Rasmussen's decision tool allows analysis
of decision makers' strategies as the clinician solves actual
clinical problems. In our previous research, we identified
four predominant strategies that conformed to those
described by Rasmussen and Jensen: topographic search,
pattern recognition, decision table, and hypothesis and test.
[31] In topographic search, the clinician refers to a model
of normal physiology, either memorized or as a diagram. In
pattern recognition, the individual recognizes a particular
pattern of data as signifying a particular patient state [15].
Decision tables are a series of "if-then" rules; for example,
if cardiac output is decreased and preload is high, consider
administering vasodilators or diuretics. Finally, hypothesis
generation and testing begins with a clinician's hypothesis
about the patient's state that is then tested using a functional
model. In our current analysis, hypothesis testing, pattern
recognition and decision tables were most frequently
observed. Taken together with the findings in our previous
studies, this suggests that an effective display must support
at least the three strategies, if not all four. Given the
planned visual nature of the display, it seems likely that the
display may encourage more topographic search than the
current worksheet.

Social-organizational analysis

For this part of the analysis we used direct observation, but
with the assistance of an expert clinician. =~ We were
reminded that in ICUs, physiological monitors are routinely
watched by nurses and only rarely by physicians. Nurses
assess the accuracy of the monitored data before recording
values on flowsheets and titrate drug therapy to maintain
patient parameters within targeted ranges.  Physicians
make diagnostic and treatment decisions based on synthesis
of data collected on flowsheets or in the patient record.
This part of the analysis somewhat changed our view of the
design project. It became increasingly clear that our
integrated decision support display would replace, not the
monitors, but the paper worksheet

Cellular Oxygen
> Oxygen Delivery

Oxygen Consumption

Processes: [

—“——> I Oxygen Content i

i Cardiac Output ]ﬁnfection.Exercise, etc.l

Physiology:

_ e |

Sa02

} ]Strokchlume‘ } Heart Rate J

1
]

\ l Preload

1
Contractility

Afterload
LVEDV

SVR

Figure 2 — The information needed for a hemodynamic decision support display
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Figure 3 - A treatment algorithm for decreased cardiac output

(or in some agencies, the computerized worksheet), for it
was from the data compiled on that sheet that diagnostic
and treatment decisions were made.

Clinician skills analysis

ICUs increasingly are staffed by relatively inexperienced
personnel. In teaching hospitals, such as ours, residents are
the primary decision makers along with nurses who,
because of the current shortage, may be quite
inexperienced. Expert clinicians are able to quickly hone in
on the key data elements on a worksheet to make decisions
about their patient's status. In contrast, novices tend to
consider each data element as equally important and are
likely to consider each in order, top to bottom. Worksheets
are organized to facilitate data entry; data elements from a
particular information source (monitor, etc.) are organized
together. Unfortunately, this is not the best way to support
clinicians' decision making. Novice ICU residents and
nurses need more decision making support than expert
clinicians; but an effective display should support both
groups by allowing shortcuts or by incorporating useful,
accurate models and algorithms. In addition to reviewing
literature on problems in the interpretation of physiological
data, we used retrospective chart reviews to identify
specific areas in which displays might be used to improve
clinicians' decision making.

The Results: A Prototype Display

Based on this analysis and our previous work, we
developed a concept design for a decision support display
for hemodynamic management that presents information at
four levels: The purpose of therapy is to maintain adequate
cellular oxygenation. If oxygenation is inadequate for
needs, the clinician then evaluates the balance between
oxygen delivery and oxygen consumption. Depending on
which side is out of balance, the clinician would look for
the source of the problem in either oxygen delivery or
metabolic processes and their underlying physiology. If
oxygen consumption is the issue, the clinician is prompted
to consider moderators of cell metabolism.

Conclusion and Implications
The cognitive work analysis we followed proved to be

extremely useful for identifying the constraints on a
decision support display for the intensive care environment.
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It was helpful to have Hajdukiewicz’s work domain
analysis as a starting point, although there were differences
in how ICU and operating room clinicians view the
cardiovascular system. For that reason, one work domain
analysis cannot be used for all clinical specialties, despite
its common physiological basis. Although Rasmussen’s
tools for analysis of the work, task and strategies domain
proved to be particularly helpful, there are no specific tools
for the other two domains. However, these are areas that
researchers in cognitive science, medical informatics, and
human factors research have emphasized for some time.
Consequently, there are many useful tools and techniques
available on which the analyst can draw. In conclusion,
Cognitive Work Analysis is a technique that can be as
useful in healthcare as it has been in other complex
domains. It is a very general approach that seems likely to
facilitate analysis in very many domains, but that remains to
be shown in further research.
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