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Abstract

Surgeons receive training in different skills. One of them are procedural skills, which are key to
perform surgical operations. However, there is no standardized and structured way in medical education
to teach the sequence of steps of surgical procedures, a key aspect of procedural skills. In order to
support procedural skills instructors in teaching the sequence of steps, we developed different artifacts
to quantify the errors that residents make in simulation-based courses. With this, instructors can
incorporate the sequence of steps as a learning objective, allowing residents to advance from a novice
to an advanced novice level of proficiency. Using percutaneous tracheostomy and central venous
catheterization procedures as case studies, we developed an instrument for instructors, a sequence of
steps learning curve, and metrics to describe resident performance. After systematically implementing
the results of this thesis in procedural skills simulation courses, it is expected that the residents will
pass from the novice level of competence to the advanced novice level, in order to positively impact the
health of the population.
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1. Introduction

Surgeons receive training in many skills. One of them are procedural skills, which allow doctors
to perform surgical procedures [1]. An important part of procedural skills is the sequence of
steps, which describes the order in which the actions involved in a surgical procedure must be
performed to do it successfully. However, this aspect is not usually reinforced or emphasized
in the training of procedural skills, and the typical instruments to assess the learning of these
skills do not consider the sequence of steps [2].

Process mining is a discipline coming from the business process management, whose algo-
rithms allow to generate insights to support the processes that are executed in organizations,
using as data source the footprints they leave in the information systems [3]. These algorithms
allow the discovery of a process model to know the actual sequence of steps that is being
executed (discovery algorithms), as well as to compare the executions of the process with the
model that describes its ideal execution (conformance checking algorithms). Recently, process
mining has been widely used in the field of healthcare [4], so it is possible to find success cases
in different medical specialties.

In the literature it has been seen that a surgical procedure can be understood as a process [5],
which enables the analysis of surgical procedures with process mining algorithms. Some studies
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Figure 1: Teaching cycle of procedural skills. In the first stage (feedback) the sequence of steps is
taught to the residents using a specific instructional method (simulation, deliberate practice, etc.). In
the second stage (assessment) it is determined whether or not the resident has learned the sequence of
steps. In the third stage (feedback), the resident is provided with information on areas for improvement
in the performance of the sequence of steps. In the fourth stage (deficiencies identification) the training
instructor collects information about the errors that the residents made at the end of a session. In
the fifth stage (performance) the instructor analyzes the performance of the residents regarding the
sequence of steps after completing all the sessions included in the training, in order to improve or
redesign it for future versions.

have been done applying process mining to understand the learning of surgical procedures,
and it has been seen that there is a high variability in the sequence of steps that residents
perform during their training [6] and also at the expert level [7]. However, it is not clear how
the sequence of steps should be incorporated as an objective to be learned during the training
of residents, so their learning cannot be measured and their teaching is difficult since there are
no proven tools to do so.

Additionally, surgical procedure instructors need information on the performance of residents
regarding the sequence of steps, to support them throughout the teaching-learning process [8].
In particular, Aydin et al. [9] proposed a cycle of five stages (see Figure 1), focused on the
teaching of procedural skills. We adopted such cycle in this thesis to understand the sequence
of steps of residents performing surgical procedures.

2. Contributions

This thesis seeks to provide tools to facilitate the educational task of procedural skills instructors,
helping them to incorporate the sequence of steps as a learning objective. In particular, the focus
is on residents who are moving from a novice level of proficiency (needs direct supervision,
views procedure steps in isolation) to advanced novice (performs routine tasks with indirect
supervision, views procedure as a sequence of steps) [10]. The POME (Process-Oriented Medical
Education) approach is proposed for teaching the sequence of steps, which is made up of



POME artifacts developed at the intersection between medicine, education and engineering.
The proposed POME artifacts are the contributions presented below, which together allow
the teaching of the sequence of steps with solutions that consider the process perspective
of procedural skills. The case studies used in the thesis are the installation of the central
venous catheter guided by ultrasonography and the percutaneous tracheostomy guided by
bronchoscope.

The thesis shows five contributions:

The first contribution [11] is the identification of studies that explicitly report the incorpora-
tion of the sequence of steps in teaching strategies and evaluation of procedural skills, through a
systematic review of the literature. Recommendations are also proposed to include the sequence
of steps in procedural skills training. 4326 articles were reviewed, of which only 9 met the
inclusion criteria. The results show that the most common teaching strategies are videos that
show the procedure and the delivery of immediate feedback on the sequence of steps. To assess
the learning of the sequence of steps, it was found that adherence to a predefined order and the
omission of steps are usually measured with different types of scales, all of which are different
from each other. For this reason, it is concluded that the sequence of steps is rarely mentioned
in studies of teaching and evaluation of procedural skills, for which the use of process models
and the use of process mining algorithms are proposed to include the sequence of steps. steps
as a specific training goal.

The second contribution [12] is a method to develop POME artifacts. The method consists of
three stages: (1) a process model is designed after a bibliographic review, in which the steps
that a surgical procedure must have are identified, and then changes are made to the process
model based on the opinion of the experts involved. Through a Delphi panel, a consensus is
reached on the ideal process model; (2) videos of the residents performing the surgical procedure
are recorded, to later label each video with the steps performed by the surgeon based on the
consensus process model generated in the previous stage, and thus obtain the event logs with
the sequence steps taken by each resident; (3) the process mining analysis is done considering
the stage of the procedural skills teaching cycle in which the instructor needs support.

The third contribution [13] is a POME instrument to identify deficiencies in the sequence
of steps learning. The instrument provides instructors with information about deficiencies
committed after a training session, which can be useful for making changes to the teaching
strategy and identifying parts that need to be reinforced. A taxonomy was generated to classify
the steps of ultrasonography-guided central venous catheter installation, and based on this
classification, an instrument for instructors was generated. Both developments were validated
by experts (physicians with experience in the instruction and execution of this procedure),
who found it useful for their educational tasks. Both POME artifacts (the taxonomy and the
instrument) were generated based on the data of ten residents in training. In addition, the
artifacts were validated with three instructors who have 5.7 years of experience teaching the
procedure through a test to assess their understanding of the information contained in the
instrument, a usability test, and the collection of instructor feedback on both artifacts. The
results showed that the instructors understand the information presented in the instrument,
that it had an acceptable level of usability, and that the instructors considered that both the
taxonomy and the instrument were useful for the educational task.

The fourth contribution [14] is a learning curve of the sequence of steps to know the per-



formance of the residents throughout the training. The curve was constructed based on data
from 8 residents who participated in a 7-session training course to learn the percutaneous
tracheostomy procedure. A similarity metric based on Levenshtein’s normalized distance was
used to compare the sequence of steps performed by the residents with the ideal sequence
proposed in the process model. The results showed that the residents improve their learning
as the sessions progress and the curve reaches a plateau at the fifth session. It was also found
that, when analyzing each stage of the procedure separately, there are stages that the residents
learned well and others that need to be reinforced at the end of the course (tracheal puncture
and tracheal dilation stages).

The fifth contribution [15] corresponds to POME metrics to determine the performance of
its residents throughout the course in a more detailed way. Using data from eight residents
in a 7-session percutaneous tracheostomy course, the number of omissions, deviations, and
repetitions of activities was determined, making a detailed analysis by stage and by activity.
The results showed that the errors decreased as the course progressed when the procedure was
analyzed as a whole. However, the analysis by stages showed that only one stage (preparation)
did not present errors at the end of the training. The POME metrics were also validated with
classic medical education metrics (time and global scales) through the calculation of correlations,
obtaining statistically significant and confirmatory values of the expected behavior. In particular,
there was a positive correlation with total time duration, and a negative correlation with global
rating scores.

3. Conclusions

After developing POME artifacts and shaping the POME approach, three statements can be
concluded. First, the POME approach provides useful artifacts to teach the sequence of steps.
Second, developing POME devices requires process knowledge, but also medical sense. Third,
residents do not perform the procedural skills used in the case study the way they should, even
at the end of the course. As future work, it is proposed to build and validate POME artifacts for
the training, evaluation, and feedback stages, as well as to demonstrate the impact of the use of
POME artifacts on residents’ learning.
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