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Abstract. This research forms a part of the design of a system for the resection
and implantation of an aortic valve. Four transapical endovalve implantations
are analyzed with a view to characterizing the exceptional criticality of this
surgical procedure. We demonstrate that the surgeon’s activity is largely cog-
nitive, operational and social and requires mastery of a critical task, i.e. the
performance and supervision of a risky, deliberately initiated procedure with an
uncertain outcome. The concept of “critical task” is used to describe tasks
combining potentially extreme seriousness and potential success, risk-taking
with cure. The task is critical as its criticality is intentionally generated by the
surgical team. In short, this paper defines the concept of critical task according
to ten characteristics: Deliberate, Uniqueness, Learning restriction, Planning,
Expertise, Preparation, Collective, Hazardous, Rigidity and Uncertain outcome;
and supplies a number of ergonomic recommendations with a view to
improvement.

Keywords: Critical task � Surgery � Design ergonomics � Medical device �
Usability

1 Introduction

In ergonomics, it is seldom that interest is taken in one-minute tasks, the intensity and
seriousness of which may change a life completely. The transapical implantation of an
aortic valve is a task during which a heart surgeon may jeopardize the survival of a
person whose heart is artificially sent into fibrillation for one minute, which is the time
it takes to implant the new valve. This is a critical task, i.e. a task that can only be
performed once and for which trial and error are therefore impossible. No repetition or
adjustment is possible: this is what makes it a critical task.

The method habitually used for transapical valve implantation requires rapid
ventricular pacing at 180–220 beats per minute, which lowers the systolic blood
pressure to ≤60 mmHg. The heart then beats so fast that it “freezes” and the blood no
longer circulates, which also blocks blood circulation in the brain. As a result, such
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blockage can only be very limited in time – to one minute – and that the surgeon is
working within a highly restricted time frame.

Within the scope of a research project, the purpose of which was to define the
ergonomics of a new system for the replacement of a stenosed and calcified aortic valve
without opening the heart and without resorting to external blood circulation, i.e. on the
beating heart and using a transcatheter transapical procedure, we analyzed the exact
minute of fibrillation during which many technical, human and organizational factors
combine to ensure high efficiency (or otherwise). This paper therefore has three
complementary aims:

• To understand very short and vitally important tasks, to which we shall be referring
as critical;

• To propose a definition of “critical tasks” by describing ten properties;
• To determine the ergonomic information supplied by such tasks concerning the

operation.

To achieve these aims, we shall first present the characteristics of aortic valve
implantation, and then perform a brief inventory of the state of the art of ergonomic
approaches in surgery in order to raise the issue of the critical task. In this connection,
we shall demonstrate that the concept of “critical task” remains as yet undeveloped. We
shall then review four transapical endovalve implantation operations to extract relative
qualitative and quantitative data. Finally, we shall propose and discuss a definition of
“critical task” and supply a number of ergonomic recommendations to improve such
work situations.

2 Transapical Aortic Valve Implantation

Aortic stenosis is the most frequent acquired heart disease, with a prevalence of 4.8 % in
patients over 75, who account for over 60 % of indications for heart surgery in elderly
patients. Despite the good results achieved with conventional aortic-replacement sur-
gery in elderly patients, many patients are still denied this operation as the surgical risk
can be high. In this vulnerable group, TAVI (Transcatheter Aortic Valve Implantation)
may enable good results to be achieved while minimizing mortality and morbidity.
Ideally, the combined use of surgery and radiological monitoring requires an operating
room with fluoroscopic and echocardiogram equipment as well as a scanner. To implant
an aortic valve, several approaches are possible; however, for the purpose of this study,
the transapical approach has been selected.

In this case, using a left anterior small thoracotomy, the surgeon introduces a device
into the heart which enables him/her to position, expand and implant an endovalve to
replace the calcified valve; the latter is usually crushed by the expansion of the new
valve. In surgical terms, the transapical method (Fig. 1) is more invasive than the
femoral method and requires a general anaesthetic, but is more suitable in cases of
peripheral vascular disease and aortic atherosclerosis. Moreover, the risk of stroke is
lower. The short distance between the apex and the valve ensures more accurate
manipulation than the transfemoral method.
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The TAVI technique enables a balloon-expandable bioprosthesis to be used,
without resection of the native aortic valve (Fig. 1). The chief difficulty of replacing the
valve is that it requires that the heart be stopped by fibrillation for a maximum of one
minute during the positioning and expansion of the endovalve, as this task must be
performed without blood circulation to prevent the endovalve from coming loose, as
well as embolisation during the crushing of the calcified valve.

However, a number of complications are linked to the continued coexistence of the
calcified and the new endovalve. With this in mind, the endovascular resection of the
aortic valve prior to TAVI was developed and improved [3]. The purpose of this
research is to perform remote resection of the diseased valve by catheter and remove it
while implanting the new valve. All this had to be done in a single, critical minute,
while the heart was fibrillating. From an ergonomic point of view, this is a particularly
complex and delicate operation. It is a vital task and must be performed in a very short
time (60 s). Hence, to procure as much relevant information as possible to design an
ergonomic system, it was necessary to collect ergonomic information during surgical
operations by describing the state of the art and performing an ergonomic analysis of
transapical operations.

3 Theoretical Orientations

Ergonomics research in the area of surgery is often based on the quality of care model
[8] used to draw up and update a model for the analysis of work situations in the area of
healthcare [6], “Systems Engineering Initiative for Patient Safety (SEIPS)”. This model
focuses on the design of the work system and its impact on the induced processes and
performances. It requires that the system characteristics, its components, the interactions

Fig. 1. Balloon inflation, expansion and positioning of endovalve at aortic root level
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between components, the safety of patients and persons and organizational results,
including overall performance, be taken into account [5]. This model also emphasizes
the importance of technology (IT, instruments, tools, processes and procedures), despite
the fact that ergonomic characteristics relate more to the usability of medical systems
[16, 18] and standards (e.g. ISO 62366). Generally speaking, there are two types of
ergonomic knowledge. The first comprises precise and stabilized information, e.g. the
results of the metrological measurement of noise in hospitals and recommendations
concerning the usability testing of medical systems (Magnetic Resonance Imaging,
ultrasound units, etc.). Nevertheless, despite the wealth of information it generates, such
research does not really apply to operations, let alone heart operations and even less the
critical tasks specific to such operations.

Mini-invasive surgery, much supported by laparoscopic systems, has introduced a
new deal as far as operating methods and modes of work in operating rooms are
concerned [12]. This change of scale in the actions of surgical teams has led to change
in various areas:

• First of all, at the motor and physical level: the functions of the human locomotor
apparatus required for mini-surgery are not the same as those required in open
surgery [1]. Postures have changed, as have locations and the forces exerted and
involved. Often, even the clothing has changed (lead aprons).

• The same applies to the perceptual and sensory level. The new systems have led to
changes in the use of the senses and in perception: visual displays, touch screens
and new sound formats [15, 17].

• At the cognitive and overall levels, the focus is on memory, information processing,
learning, decision-making and the ability to assess a situation. The new surgical
systems have changed the knowledge used and therefore the treatment of infor-
mation and knowledge in complex situations [10].

• At the socio-organizational level, the psychosocial factors which enhance – or
diminish– skill in execution in the area of surgery are altered. New, non-technical
skills [19], which are an essential factor in the performance of tasks and the safety
of the system, are required of all staff working in the operating theatre. Such
practices also appear to modify communication [14].

• At the time-related level, an overall concordance process is set up during an
operation. However, this does not always resolve the issue of time regulation.
A survey of anesthesia errors [7] showed that these were linked to noncompliance
with the predetermined plan, i.e. that a person made a mistake when implementing a
plan, prescription or procedure, causing desynchronization and serious errors.

When implanting a valve, fibrillation requires perfect organization of time to the
very last second. The idea is to make a heart which is known to be very weak beat at
180/200 BPM. The surgeon is therefore generating a critical task and everyone must be
synchronized. The synchronization of time, modes of operation, displays, communi-
cation and technologies is therefore critical.

The concept of “critical task” has not been developed in ergonomics. However, a
number of studies have emphasized the analysis of criticality. The well-known
critical-incident method [9, 13] incites individuals to tell their story and explore the
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elements of their work which have been memorized and can be verbally reactivated. Its
premise is that an incident reveals the performance of the work and emphasizes the
inadequacies and malfunctioning linked to specific tasks. However, this method is
based on the premise that critical incidents can only be identified after the event and
never before the event. Critical incidents are never deliberately generated, which is the
exact opposite of the task we have set out to analyze.

4 The Analysis of Critical Task

In mini-invasive surgery, compared with traditional open-heart surgery, during which
each person in the operating area saw everything, the surgeon perceives and absorbs all
the useful information, e.g. the sensorimotor positioning feedback sent by the catheter.
However, the positioning of the valve is a critical task, which needs to be accurate to
the last millimeter and must be performed in a few seconds. As the system does not
include an endoscope, the surgeon cannot directly view the area on which he/she is
operating.

The main issue is therefore to identify and understand this critical task, which is
linked to a complex, swift, collective, instrumented and risky process performed in a
dynamic environment and is determined by both the surgeon’s actions and goals and
the behaviors of the staff, as well as by the interactions between the system elements
which contribute to the modification of the situation.

4.1 Analysis Methods

Analysis of the activity requires the implementation of a number of methods for the
observation, analysis, formalization and modeling of what actually occurs during work.
Our observation techniques are traditionally used in ergonomics and involve the col-
lection of data by various means:

• Direct observation in the operating room (during the 4 transapical TAVI operations,
using several video cameras, photography and audio recordings (Fig. 2)).

• Study of traces, including recordings of previous operations and the related X-ray
image videos.

• Utterances by the surgeon (outside the operating room and sometimes during the
operation).

• Five focus groups and interviews with surgeons, cardiologists and anesthetists.

The four TAVI operations were filmed and analyzed using Actigram-Kronos
software [11] so as to visualize the activity graphs for these operations. Statistical data
were extracted to achieve as close as possible a characterization of the critical minute
during which the patient was sent into fibrillation. A hierarchical model of the task was
then created using K-Mad-e software [4].
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4.2 Some General Information Concerning Valve Implantation

Out of the 80 min of a transapical operation, three stages can be distinguished. The first
is the preparation of the apical route and penetration into the heart. The second includes
the actual implantation of the valve, which begins with the arrival of the system in the
heart and ends with its withdrawal. During the third and final stage, the incisions are
closed and the operation completed.

In this case, we shall be taking an interest only in the second, critical stage or task
(Table 1), which is itself divided into three sub-stages with a total average duration of
5 min, 24 s and 8 tenths.

1. The arrival of the delivery system and its penetration into the heart (around 38 s);
2. The presence of the delivery system inside the heart (on average 3 min, 52 s and 8

tenths);
3. The withdrawal of the system (on average 53.2 s).

Fig. 2. Synopsis of the analysis method (video, activity graphs, hierarchical analysis)

Table 1. Structure and duration of critical task during four operations

Task Observation Duration
in %

Duration in minutes
(average)

Implantation and
withdrawal

Entry of delivery system into
patient

12.0 % 38 s, 8 ds

Delivery system in position in
patient’s heart

71.7 % 3 min, 52 s, 8 ds

Withdrawal of delivery system
from patient

16.4 % 53 s, 2 ds

Total 100 % 5 min, 24 s, 8 ds
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During the four observations, the second phase includes changes to the technical
and social environment. The operating-room lights focus more brightly on the patient
and are dimmed in the rest of the room. Sound presence is focused on the sounds of
physiological measurements and scanning. The physiological-indicator display moni-
tors are placed next to the surgeon. In psychosocial terms, in all four cases, this task
systematically began with a description by the surgeon of the procedure and of each
person’s role as soon as fibrillation was started. The behavior of each participant was
orchestrated by the surgeon’s signal to start fibrillation. The staff was very silent and
focused on their part of the task, physically tense and waiting for the signal and
instructions.

The surgeon only controls part of his/her environment and his/her actions are
combined with other factors which may escape his/her control. The operation situation
showed several times that change situations occurred outside the perimeter of the
surgeon’s actions and the physiological and electro-physiological reactions of the
patient and occasionally of the team.

To implant the valve, the surgeon has only a very partial view of the heart (in 2D, in
black and white, and for only five seconds). In order to act on the basis of this
information, it would appear that the surgeon constructs a coherent representation of
the overall situation and updates it continually according to the actions, the results and
their repeated assessments. He/she combines new information with the existing
knowledge in his/her working memory and constructs a gradual, composite and
elaborate image of the valve’s position as well as potential projections of the future
fixation and operation of the valve. For this purpose, he/she continuously extracts
medical, technical and psychosocial information which he/she endeavors to integrate in
order to form a coherent and effective mental image for the purpose of implanting the
valve. He/she may also use his/her past experiences and learning to enable earlier
valve-positioning images to coincide with the images relating to the current operation.

However, the surgeon is not alone. This is a collective intervention. Within this
overall representation, the surgeon needs to understand the way in which each team
member is actually functioning compared with his/her expectations, determine their
strengths and weaknesses, and, depending on the resulting image, delegate tasks with a
varying degree of confidence or monitor their performance more closely [19]. In short,
he/she endeavors to control the actions and, to the greatest possible extent, utilizes a
fund of information which will prevent him/her from being taken by surprise and
discomfited by uncontrollable and unforeseen events. Indeed, the purpose of the sur-
geon’s activity is, as much as possible, to remain connected to his/her medical, human,
technical and social environment in order to remove all uncertainty. In consequence,
he/she endeavors to maintain a constant and clear mental image of the relevant
information and the critical situation in order to avoid all threats.

4.3 Some Data Concerning the Sending of the Patient into Fibrillation

What does the surgical team do when the patient’s heart is sent into fibrillation? Of
course, the purpose of its actions is to implant the valve as well as possible. At the same
time, everyone is aware of the criticality of the task.
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Table 2 shows that Operation 2 posed a fibrillation problem as it had to be stopped
twice before the valve was inserted. In the other cases, the implantation was performed
within a period of 35 to 63 s – a truly critical duration.

This is a complex task which needs to be performed within a very short time (60 s).
Some of its characteristics are those of high-risk situations, e.g. in particular those
reviewed in work on human error in dynamic situations [2]. A dynamic situation is
characterized by spontaneous development related to actions which momentarily
escape the operator’s (in this case, the surgeon’s) control. It can therefore be said that it
under the operator’s partial control. Such situations therefore involve uncertainties
which need to be reduced during the action.

In particular, the task involves unstructured and non-obvious problems; its aims
may change instantaneously and in temporal competition; significant and potentially
serious consequences; several actors cooperating with shared representation problems
and experience which is both shared and variable as well as swift and imperative
mutual adjustments. All these aspects are parameters which contribute (or otherwise) to
the fulfillment of the vital requirement. The vital requirement depends on the regulation

Table 2. Extracts of actigram statistics relating to the sending of the patient into fibrillation
during four operations.

Characteristics of
pacing

Operations
1 2 3 4

Number of pacing
by operations

1 3 1 1

Number of pacing
operations
ineffective for
implantation

0 2 0 0

Total duration of
each pacing

49.61 s 10.6 s + 4.12 s + 36.48 s 10.84 s + 52.84 s 35.39 s

Number of
interruptions
between pacing
operations

0 2 0 0

Requests by the
surgeon for
acceleration of
fibrillation

0 2 1 0

Duration of
acceleration

0 11.44 s + 21.76 s 52.84 s 0

Duration of pacing
used for
implantation

49.61 s 36.48 s 63.68 s 35.39 s
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of the lethal risk by the surgeon. The latter uses a great many variables monitored in
many different ways, including the simultaneous evolution of physiological data,
palpation, the acquisition of visual information and action according to the circum-
stances. The valve must be implanted while managing a dynamic environment that
comprises technologies, people and a patient. Each time, this environment is unique,
and although formed specifically for an operation also changes during the operation,
depending on a more or less shared awareness of the situation as well as changes to the
situation.

From this point of view, the implantation of a valve is performed within a
decision-making framework in which the primary endeavor is the assessment of time
constraints and vital constraints, the latter being the determining structures for the
modes of operation. Our general hypothesis is therefore that the vital constraints form
the basis of a critical task which shapes the surgeon’s modes of operation (Table 3).

Table 3. Characteristics of a critical task and related recommendations for the design and
organization of critical situations.

Characteristics Suggested ergonomic recommendations

Deliberate Announce beginning of critical phase
Have an information system concerning the launch of the critical phase

Uniqueness Practice
Supply clear procedures
Assign and validate the roles of each participant
Ensure redundancy and cross-monitoring
Design a guidance system which enables proactive learning

Learning
restriction

Supply the surgeon with a tool that increases his/her control and actions
Favour systems which are easy to learn

Planning Enable the team members to improve their ability to forecast and anticipate
Concentrate on the various critical components (or critical stages) of the
situation
Set priorities among the possible actions, help people to understand the
order of priority by supplying explanations

Expertise Guarantee a high level of performance by the surgical team
Ensure feedback and enable the team to share the expertise relating to valve
implantation
Validate the ability of the team members to monitor the performance of
other people’s tasks

Preparation Use communication to share and therefore increase the team members’
perception and understanding

Ensure the accuracy and acceptance of the phases which precede the critical
task

Collective Be aware of the status of a specific event and share it with the others
Maintain collective vigilance
Increase awareness of the situation to ensure that the teams/assistants know
what to expect and if necessary can coordinate and synchronize with each
other

(Continued)
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5 Characteristics of the Critical Task

The concept of “critical task” identifies tasks which begin and end within a specific
time frame, the performance of which is unique and the potential seriousness extreme.
The task is critical as the criticality is deliberately generated by the surgical team. More
broadly, a critical task can be described using the following 10 characteristics:

1. Deliberate: The critical task is decided upon deliberately. The risk it generates is
not created by an error. The risk is accepted and presented as a prerequisite for
success and therefore the patient’s life.

2. Uniqueness: The critical task can only be performed once. There can be no second
attempt. The critical task is defined by the fact that its performance must be
achieved at the first attempt. There can be no false starts. Error generates catas-
trophe and both the operator and team are aware of the fact. Collective awareness
of criticality is a fundamental component of the hazardousness of the work
situation.

3. Learning restriction: As there is no opportunity for trial and error, the critical task is
characterized by a serious learning constraint.

4. Planning: Critical tasks are subject to serious planning constraints. The goals are
organized within a specific time frame and in a specific order. The list of actions to
be performed is defined in advance and repeated prior to performance.

5. Expertise: Critical tasks are predicated on general skill and ability requirements.
They involve expert skills and are performed by experts. Expertise is obviously a
criterion for the quality of the knowledge and excellence of practices; it is also a
factor in the social acceptance of risk. The creation of a high-risk situation is better
tolerated and accepted when the associated risks are matched with acknowledged
expertise.

Table 3. (Continued)

Characteristics Suggested ergonomic recommendations

Ensure each team member has an idea of what valve implantation should
look like
Share information monitoring with the others

Hazardous Do not use inappropriate resources
Provide “safety nets” to prevent the team members from becoming mired in
errors

Rigidity Understand the operational issues which affect the team, in particular
perception during TAVI

Define stages step by step to validate the understanding of each stage by the
entire team

Uncertain
outcome

Design a tool which reduces dependence on the uncertainties of the
situation

Be aware of other people
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6. Preparation: A critical task is always preceded by a preparatory task which orga-
nizes it so that all that is required for the operation is available in advance. The
preparatory task is much longer than the actual critical task.

7. Collective: A critical task is collective, as it can only be successfully completed by
an organized group with multiple skills.

8. Hazardous: Critical tasks always involve a high risk level. They are stopped when
the perceived risk is high. This applies in particular to Operation 2, during which
fibrillation was stopped twice as the physiological indicators were other than
expected.

9. Rigidity: Once begun, a critical task allows little room for manoeuvre. The oper-
ator’s discretionary margin is very small.

10. Uncertain outcome: Critical tasks are preceded by tasks involving the identification
of potential weak points, the purpose of which is to reduce uncertainties:
(a) Uncertainty relating to the dynamics of the patient’s condition.
(b) Uncertainty relating to the actions which can or must be performed.
(c) Uncertainty concerning the manner in which the actions will be performed by

the team (fear of delegating – and the surgeon is obliged to delegate tasks and
coordinate them).

(d) Uncertainty concerning the consequences of each action, its efficiency, accu-
racy and reliability (viz. search for reliable information and relevant visual
information concerning valve positioning). In this case, the uncertainty is
related to the low level or lack of predictability of certain data or actions.

The characteristics of a critical task emphasize that the organization and under-
standing of the development of these various dynamic processes are primordial, as this
is required if the patient is to remain alive and healthy. The planning of the actions must
be compatible with the successful implantation of the valve and therefore the desired
future condition of the patient.

6 Suggestions and Recommendations for the Design
of a System Dedicated to the Management of Critical Tasks

To a certain extent, a military operation, an anti-terrorist action or the management of a
serious fire are fairly similar to heart-valve operations, in that they are based on critical
tasks which deliberately place persons at risk despite the fact that ultimately they are
designed to save these persons’ lives.

The purpose of this paper was to characterize these tasks according to ten criteria
concerning which ergonomic recommendations can also be deduced (Table 3).

The design of this system will enable the relevance of these recommendations to be
assessed.
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