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Abstract. Cardiopulmonary bypass (CPB) is a complex task re-
quiring high levels of practitioner expertise. Although some edu-
cation standards exist, few are based on an analysis of perfusion-
ists’ problem-solving needs. This study shows the efficacy of
work domain analysis (WDA) as a framework for analyzing per-
fusionists’ conceptualization and problem-solving strategies. A
WDA model of a CPB circuit was developed. A high-fidelity
CPB simulator (Manbit) was used to present routine and oxy-
genator failure scenarios to six proficient perfusionists. The
video-cued recall technique was used to elicit perfusionists’ con-
ceptualization strategies. The resulting recall transcripts were
coded using the WDA model and analyzed for associations be-
tween task completion times and patterns of conceptualization.
The WDA model developed was successful in being able to ac-
count for and describe the thought process followed by each

participant. It was also shown that, although there was no cor-
relation between experience with CPB and ability to change an
oxygenator, there was a link between the between specific
thought patterns and the efficiency in undertaking this task.
Simulators are widely used in many fields of human endeavor,
and in this research, the attempt was made to use WDA to gain
insights into the complexities of the human thought process
when engaged in the complex task of conducting CPB. The as-
sumption that experience equates with ability is challenged, and
rather, it is shown that thought process is a more significant
determinant of success when engaged in complex tasks. WDA
analysis in combination with a CPB simulator may be used to
elucidate successful strategies for completing complex tasks.
Keywords: perfusionists, education, CPB simulator, work do-
main analysis, cardiopulmonary bypass. JECT. 2007;39:160–167

Cardiopulmonary bypass (CPB) is an exacting disci-
pline. Although several standards define training require-
ments (1,2), few involve a systematic analysis of CPB cir-
cuit problem solving. Effective education programs may
improve perfusionists’ problem-solving abilities and thus
reduce the risk of adverse consequences for patients (3–6).
However, developing an effective training program de-
pends on a detailed understanding of the CPB circuit, the
cognitive strategies perfusionists use (7–9), and the diffi-
culties they encounter.

Work domain analysis (WDA) was developed from de-
tailed analyses of operator problem conceptualization in
the nuclear power industry (7–10) and has since shown its
usefulness in complex medical (10–12) and non-medical
contexts (11,13,14). WDA involves systematically model-
ing the work environment in ways that are consistent with
human problem conceptualization (7–14).

Simulators have been used to enhance training in many
safety critical fields. In anesthesia, 158 worldwide centers
(15) use simulators to train anesthetists in technical and
team-based skills (16–18). Simulators facilitate realistic
problem solving in safe environments and are ideal con-
texts for human performance research.

The purpose of this study is to show the efficacy of
WDA as a basis for analyzing perfusionists’ conceptual-
ization processes during simulated routine and CPB circuit
failure situations. Findings may be used to guide further
research aimed at developing recommendations for edu-
cational requirements in this field.

Algorithms, flow diagrams that present the logical order
of task steps, are commonly used for managing emergency
situations (19–22). Algorithms are highly effective when
events unfold predictably (23), but they may be inad-
equate when situations occur rarely, are complex, or vary
from the expected path. In these situations, people must
rely on their own reasoning strategies to manage the situ-
ation. WDA is a means for analyzing clinical reasoning
strategies and their effectiveness.

In complex technological environments, experts use one
or a combination of two reasoning approaches when work-
ing with high hazard situations (7,8). People may reason in
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terms of parts. If a particular valve fails, for example, a
person may reason in terms of the valve’s location in the
system and its effect on other components. This is struc-
tural whole part reasoning. A different person may reason
about the same failure using abstract reasoning; thus, the
valve failure would be considered in terms of its purpose
or reason for existence and how this purpose may be ful-
filled by alternative means.

A WDA is a framework that describes complex techni-
cal systems in terms of whole part relations and in terms of
different levels of abstract reasoning. For any particular
system, a WDA is developed using technical specifications
and blueprints, physical inspection, textbooks and manu-
als, and expert consultation. The result is a description of
the technical system in a two-dimensional matrix. Figure 1
shows one column in the matrix. This vertical axis repre-
sents the function of maintaining blood flow during CPB
and the different levels of abstraction that apply to this
function. The complete WDA matrix is a synthesis of eight
separate functions that include minimizing total blood
loss, maintaining closed circuit integrity, preventing clots
and air bubbles from entering the systemic circulation,
controlling systemic temperature, maintaining systemic
blood flow, achieving and maintaining cardiac arrest,
maintaining cellular gas exchange, and maintaining a state
of anesthesia. Using this matrix, we can map the reasoning
paths that perfusionists use to solve routine and rare CPB
problems.

We propose that the most effective reasoning strategy in

rare situations is one that includes both abstract and whole
part reasoning.

MATERIALS AND METHODS

Participants
Six perfusionists volunteered 3 hours of their time to

participate. The study was held over 2 weeks in a vacant
operating room at Princess Alexandra Hospital, Brisbane,
in April 2005. Participants’ demographic profiles are pro-
vided in Table 1.

Materials
Three sets of materials were used as described below.
High-Fidelity CPB Simulator: A CPB simulator (Man-

bit, Sydney, Australia) produced high-fidelity simulations
of normal and abnormal perfusion situations. The Manbit
simulator was used with a Jostra HL20 heart-lung machine
(MAQUET Cardiopulmonary, Hirrlingen, Germany) and
standard monitoring equipment. The oxygenator circuit
and tubing were donated by a leading supplier (Figure 2).

Head-Mounted Audio-Video Recording Equipment:
A small microphone and camera lens mounted on a head-
band was fitted to the participants’ heads (19). The camera
lens and microphone were connected to a camera, battery
power supply, and sound recording equipment that were
carried in a small backpack weighing 3 kg. Participants
had freedom of movement untethered by cords or leads
(Figure 3).

Recall Recording Equipment: A television monitor and
over-the-shoulder camera and tripod were used to record
recall interviews cued by the head-mounted recordings.

Other materials included three scenario patient profiles,
scenario outline sheets indicating surgical milestones (e.g.,
go on bypass), and a stopwatch to time scenario comple-
tion. The outline sheet was used to control scenario pre-
sentation so that differences in completion times could be
attributed to participant behavior rather than to scenario
presentation variability.

Procedures
After consent, participants were separately asked to

complete four scenarios presents in a fixed format. Par-
ticipants were informed that the scenarios may or may not
involve circuit failures but would not involve patient or
surgical emergencies. The first scenario involved setting

Figure 1. WDA of the CPB environment.

Table 1. Participants’ demographic characteristics.

Participant 1 2 3 4 5 6

Age range (yr) 46–55 < 35 46–55 35–45 35–45 35–45
Years of CPB

experience 12 1 2 5 2 5
No. of CPB

cases > 200 51–100 101–200 > 200 < 50 > 200
Simulator

experience Yes No Yes Yes Yes Yes
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up and priming the CPB circuit. This scenario familiar-
ized participants with the simulator environment and the
head-mounted equipment and was excluded from fur-
ther analysis. Using the prepared circuit, the partici-
pant was presented with the first patient profile, which
involved a routine mitral valve replacement. The partici-
pant was required to go on bypass, administer cardio-
plegia, maintain, and come off bypass. These scenarios
were included to allow the participants to become ac-
quainted and comfortable with the simulator and the
equipment.

The third and fourth scenarios, both involving coronary
artery bypass graft procedures, were failure scenarios. The
first failure scenario was an oxygen line disconnection and
the second involved an oxygenator failure. In both sce-
narios, participants were asked to start the procedure from
the “go on bypass” stage. All scenarios were recorded
using the head-mounted recording apparatus. Taken from
the perfusionists’ heads, recordings included the objects
and information attended to by the perfusionist but did
not record participant images (25).

Having completed all scenarios, the participant was
seated before the television monitor and asked to replay
the scenario recordings recalling aloud “what was going
through their minds” during the scenarios. Participants
could pause the recording so that commentary did not lag
behind. The recall sessions were recorded using an over-
shoulder camera mounted on a tripod. This procedure was
based on the video-cued recall protocol developed by
Omodei et al. (25).

The study was approved by the Research Ethics Com-
mittee of the Princess Alexandra Hospital, Brisbane, Aus-
tralia.

Data Collation
After transcription of the audio tapes, the content of

each sentence (26) was coded according to the WDA ma-
trix, and the codes were arranged to form a Markov chain
(27) as shown in Table 2. Markov chains are used to ana-
lyze processes that involve transitions from one state or
step to another. If a person is thinking about CPB filters,
for example, his next thought may continue to be about
filters or it may move on to thinking about fluid lines;
alternatively, if a person is thinking about purposes, she
may continue to think about purposes or may move on to
some level of abstraction such as performance measures.
Markov chains allow us to analysis the probability of tran-
sitioning from one state to another in reasoning processes
(28). In this research, Markov chains were used to com-
pare participant’s reasoning processes when engaged in
the CPB scenarios.

Based on Markov chains, three analyses were under-
taken according to the following research questions.

1. Are there associations between the number of strong
foci cross-tabulation cells and routine and oxygenator
failure scenario completion times?

2. Are there conceptual differences between routine and

Figure 3. Participant with head-mounted camera.

Figure 2. Simulator on operating table connected to CPB machine in
the background.
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oxygenator failure scenarios for participants with the
fastest and slowest oxygenator failure resolution times?

3. What problems do participants encounter?

RESULTS

Associations Between Numbers of High Probability
Transitions and Scenario Completion Times

An initial Pearson correlation coefficient was calculated
for participant’s task completion times and past CPB ex-
perience. There was no statistically significant correlation
between task completion times and past experience.

Table 3 represents the cross-tabulation of the thought
process of one participant when engaged in the task of
changing an oxygenator. A cell in which the value is 0.00
means that the participant never thought about that par-
ticular concept or issue when engaged in the task. Any cell
with a value >0.00 represents a specific thought process in
which the participant engaged. The higher the value in
each cell, the more frequently the participant returned to
that thought. For example, when engaged in changing an
oxygenator, the participant may never think about mini-
mizing blood loss but will allow their thoughts to return

frequently to the issue of maintaining cellular gas ex-
change.

Statistical analysis was undertaken using regression
analysis to determine the significance of association be-
tween task completion time and number of high probabil-
ity transitions for routine and oxygenator failure sce-
narios. High probability transitions were cross-tabulation
cells with probabilities equal to or greater than twice the
expected cell value (in a 5 × 9 matrix, expected probabili-
ties are 1/45 � 0.02; 0.04 is twice the expected value).
Scatterplots were used to guide the application of the re-
gression tests. Figure 4 shows scatterplots for the routine
and oxygenator failure scenarios with participants indi-
cated by randomly allocated numbers.

The scatterplots compared the number of strong foci
cells in the cross-tabulation table for each participant with
the time they took to complete a routine setup and chang-
ing an oxygenator (Figure 4). In the routine setup vs. time
comparison, there is a clear linear relationship between
the two variables. It is shown that increasing dispersion of
a participant’s attention (increased number of strong foci
cells) is associated with increasing time taken to perform a
routine setup. Linear regression analysis of this associa-
tion showed a statistically significant association between
the variables, with p < .016. The situation with the oxy-
genator change out was somewhat different, and the scat-
terplot shows an inverse parabolic relationship between
the number of strong foci cells and time to change an
oxygenator.

This suggests that it takes a participant longer to change
an oxygenator if their thoughts are either too focused
(smaller number of strong foci cells) or dispersed (in-
creased number of strong foci cells). The participants that
achieved the optimum result had a level of thought focus
between these two extremes. The statistic used to analyze
these results is a quadratic regression model, and in this
instance, p < .007.

Time was chosen as one the measures of expertise in

Table 2. Part of a Markov chain for the oxygenator failure scenario.

Speech
Unit
Number

Abstract-
Concrete

Code

Whole-
Part

Code Text

1 AF* 2.7† Yeah. Now it’s [oxygen saturation’s] 66

2 PFm 2.7 I’m thinking well there is something
wrong with this oxygenator

3 PFn 2.5 OK. Turn the flow up

4 AF 2.7 To improve the saturation

5 PFn 2.7 I’m just double checking that that’s still
connected [filter connection]

6 PFn 2.5 Going up on the flow’s

7 FP 2.5 The only way you can improve the
cardio output

8 FP 2.7 And put the sat[uration] up

9 AF 2.7 Now once this gets below 50 I’m start-
ing to think there’s something wrong
with this. I don’t like the sat[ura-
tion]s around 50

10 PFm 2.7 Everything else is working perfectly so
it’s got to be a problem with the oxy-
genator. Now you’ve got to make a
decision. You’ve got to decide
whether to get rid of it or not

*Abstraction dimension categories: FP, functional purpose; AF, abstract
function; GF, general function; PFn, physical function; PFm, physical
form.
†Decomposition dimension categories: 2.5, blood flow functions; 2.7,
oxygenation functions. The terms specifically coded in each phase are
highlighted in the “Text” column.

Table 3. Cross-tabulation of one participant conducting
oxygenator change-out.

1.00 2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80

FP 0.01 0.00 0.04 0.01 0.00 0.01 0.01 0.04 0.00
AF 0.00 0.00 0.00 0.04 0.04 0.00 0.00 0.11 0.00
GF 0.00 0.00 0.03 0.00 0.00 0.03 0.00 0.01 0.00
PFn 0.00 0.00 0.08 0.04 0.01 0.05 0.00 0.04 0.00
PFm 0.00 0.00 0.14 0.01 0.00 0.05 0.00 0.16 0.01

The expected frequency in each cell is 0.02. A strong focus cell (gray
shading) represents a frequency � 0.04.
1.00, whole CPB conceptualization; 2.10, minimize total blood loss; 2.20,
maintain closed circuit integrity; 2.30, prevent clots and air entering cir-
culation; 2.40, maintain systemic temperature; 2.50, maintain systemic
flow; 2.60, achieve cardiac standstill; 2.70, maintain cellular gas exchange;
2.80, maintain anesthesia. FP, functional purpose; AF, abstract function;
GF, general function; PFn, physical function; PFm, physical form.
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changing an oxygenator because the deleterious physi-
ologic effects of increased lengths of hypoxia are well
documented.

All the participants were able to make an early diagno-
sis of oxygenator failure as the mixed venous saturations
on the simulator decreased.

Conceptualization Patterns for Routine and Failure
Mode Scenarios

Participants were divided into three groups: participants
1 and 6 (long task times, many high foci cells); participants
2 and 3 (long task times, fewest high foci cells), and par-
ticipants 4 and 5 (shortest task times, few high foci cells).
Table 4 shows Markov matrices of mean proportions for
the three groups for each of the scenarios.

On the abstract-concrete dimension, participants 1 and
6 and 2 and 3 showed similar distributions of conceptual
foci for the routine scenario (Table 4). Both groups fo-
cused on functional purposes (FP) and concrete objects
(PFm). Similarly, on the whole part dimension, both
groups focused within functional subsystems (Table 4,
main diagonal-boxed cells), with some moderate foci rep-
resenting subsystem interrelations (Table 4, off-diagonal
cells).

These patterns shifted in the oxygenator failure sce-
nario. Participants 1 and 6 considered higher levels of ab-
straction, especially system operating priorities, in terms
of concrete objects (Table 4, far right column) across a
limited range of subsystems (Table 4, main diagonal).
Participants 2 and 3 limited their abstract focus to con-
crete relations among objects (Table 4, see PFm/Pfm
cell) across a range of subsystems (Table 4, main diago-
nal).

In contrast, participants 4 and 5 used similar patterns of
abstract-concrete conceptualization in both scenarios
(Table 4). Participants 4 and 5 focused strongly on oper-
ating priorities (AF) in relation to concrete objects and
considered important subsystems in relation to other
subsystems. In the oxygenator failure scenario, the ab-
stract-concrete pattern was strengthened (Table 4, far
right column). In the whole part dimension, participants 4
and 5 focused on particular subsystems, and to an almost
equal degree, focused on sub-system interrelations as il-
lustrated in the columnar spread of higher probabilities in
Table 4.

Problems Encountered by Participants
Technological and/or procedural issues were encoun-

tered by all participants. No participants completed the
oxygenator failure scenario in <6 minutes (Figure 4).

Issues Associated With Technology
Technological issues involved CPB circuit line clamps,

clips, and caps.
Line Clamps: To change an oxygenator in mid-

procedure, blood circulation is stopped, the failed oxygen-
ator is detached, all line attached to the oxygenator are
cut, a new oxygenator is reattached and fluid-primed, and
bubbles are removed. This process requires no less than 10
and up to 12 line clamps. There is no indication on the
circuit as to where the clamps should be placed. Two
clamps are used on lines to be cut; the cut is made between
the clamps. Two participants did not leave enough room
between the double clamps and lost time repositioning
them; one participant accidentally cut a line that did not
need to be cut, and another participant cut on the wrong
side of the double clamp. Up to four clamps are used to
direct fluid through the lines so that bubbles are filtered
out. Three participants either misplaced or missed placing
at least one clamp, allowing bubbles into the circuit, which
had to be further de-aired. Patient outflow and inflow
lines are also clamped. Three participants missed
unclamping one of these, resulting in an obstruction that
needed to be resolved, and another did not clamp a line
tightly enough, resulting in fluid loss on the floor.

Oxygenator-Reservoir Clip: The oxygenator comes
packed and connected to the reservoir by a C clip that can
only be replaced in one way with difficulty. There is no

Figure 4. Scatterplots for the routine and oxygenator failure scenarios.
Number of strong foci cells from cross tabulation table plotted against
time taken for task. (a) Routine bypass and (b) oxygenator failure.
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Table 4. Mean Markov partial proportions for participants 1 and 6; 2 and 3; and 4 and 5.
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functional relationship between the oxygenator and the
reservoir except through connecting tubes that are not
part of the C clip assembly. Two participants lost time
reconnecting the oxygenator to the reservoir by replacing
the one-way clip. Two participants attempted to replace
the clip and gave up, with one asking an assistant to hold
the oxygenator and the other participant placing the oxy-
genator on the floor.

Two participants made no attempt to replace the C clip
and optimally left the new oxygenator on a towel on the
floor.

Missing Caps: Several ports on the oxygenator are
closed by luer-lock caps. In two cases, the caps became
dislodged, allowing air to enter the oxygenator, resulting
in the need to repeat the de-airing process.

Procedural Problems
One participant erroneously assumed that the replace-

ment oxygenator would be pre-primed and connected to
the reservoir. On this basis, all lines from the oxygenator
and the reservoir were clamped and cut. On receipt of the
un-primed oxygenator without the reservoir, a new ap-
proach needed to be devised.

In this case, the risk to a real patient may have been
minimized. During an oxygenator change-out, patients are
at high risk of hypoxic brain damage. This participant was
one of two who minimized this risk by cooling the patient
to 26°C and ordering the administration of anesthetic
agents to reduce brain oxygen consumption. Although
other participants may have neglected this step given the

simulation environment, the heightened levels of arousal
observed when participants realized that the oxygenator
had failed and throughout the scenario suggest that par-
ticipants were fully engaged in it. Four participants later
observed that the most difficult part of the session was
deciding that the fourth scenario was an oxygenator fail-
ure; three participants lost time exploring alterative pos-
sibilities.

DISCUSSION

The purpose of this research was to demonstrate the
feasibility of analyzing perfusionists’ conceptualization
strategies in routine and failure scenarios using a WDA
approach in a high-fidelity simulator environment. This
study introduced a novel methodologic approach based on
established practices in anesthesia simulation (16–18) and
engineering psychology (7–9). The use of video-cued re-
call, which is claimed to reduce participant bias associated
with unaided retrospective recall and observer bias in be-
havioral observation studies (24,25), is also novel.

The human thought process is extremely complex, and
WDA in conjunction with a high-fidelity simulator seems
to offer insights into some of these complexities. The find-
ings challenge the assumption that increasing levels of ex-
perience are associated with improved ability to solve
complex, emergency situations, and rather, present evi-
dence that efficiency of an individual’s thought process is
more important. The participant who was best able to
manage the oxygenator failure had <50 completed cases of

Table 4: Continued
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CPB in their log book. One of the participants who took
the longest to change the oxygenator had previous simu-
lator experience in this exercise and >10 years of continu-
ous experience in perfusion. The results of this study sug-
gest that, when events do not play out as expected, per-
formance efficiency depends on perfusionists having the
conceptual tools to adaptively work through problems as
they present.

Developing adaptive skills may be quite straightfor-
ward. Efficient perfusionists reused conceptualization pat-
terns in problem situations that were evident in routine
situations and, while being as disposed to technological
difficulties as the other participants, were better able to
accommodate these without the same performance decre-
ment. Thus, training strategies that emphasize flexible
conceptualization in routine situations may provide the
conceptual basis for adaptive problem solving in unex-
pected situations.

The implications are that further research is needed to
identify and describe successful strategies in managing
complex situations in CPB, and the application of these in
the training curriculum may improve the quality of perfu-
sion education.
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