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Abstract
Background  Process mining is an emerging discipline that allows for the analysis of procedural executions 
performed in a training context, providing objective information about adherence with a normative procedural 
model (similarity), the number of repetitions of steps (reworks), and performance metrics, which can be used as 
objective feedback for trainees to guide learning through a process-oriented feedback approach. The aim of this 
study was to assess whether interventions based on information derived from process mining analysis improve the 
attainment of procedural proficiency.

Methods  Twenty anaesthesia and emergency medicine residents participated in a training program on ultrasound-
guided internal jugular central venous catheter placement that took place in a simulated environment. The 
participants were randomized into a process-oriented training group (n = 10), which received supplementary 
interventions during training according to the information obtained with process mining tools, and a control group 
(n = 10), for whom the simulation-based training program was unchanged. Video recordings of each student were 
obtained before and after the training. Two blinded observers evaluated each recording using a global rating scale 
(primary outcome) and checklist. Procedure execution time and process-oriented metrics (rework and similarity) were 
measured. The pre- and posttraining performance indicators were compared within groups and between groups. The 
interrater reliability of the global rating scale scores was calculated using the intraclass correlation coefficient. We used 
the Wilcoxon signed-rank test for intragroup comparisons and the Mann‒Whitney test for intergroup comparisons. 
Statistical significance was set at P < .05, adjusted for multiple comparisons.

Results  There were no differences between groups in the pretraining measures. During post training, both groups 
showed improved performance in ultrasound-guided central venous catheter placement compared with their 
pretraining performance. The global scale results, checklist results, and execution times were not significantly different 
between the control and process-oriented groups. However, the process-oriented group showed a significant 
improvement in similarity to the expected performance and a greater reduction in rework than did the control group.
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Background
Medical education has undergone a major revolution in 
the last 20 years. It transitioned from traditional learn-
ing from patients’ experiences, which was based on role 
modelling and a “hands-on model,” to a more compre-
hensive and integrated learning approach, incorporat-
ing student-centred strategies such as workplace-based 
assessment, simulation, and e-learning instruction [1]. 
The reasons for this change are the recognition and appli-
cation of adult learning theories, the reduction in duty 
hours, the difficulties in accessing clinical campuses, and 
the ethical imperative to protect patients’ safety. Directly 
practising on patients is no longer allowed for students 
who have not previously engaged in simulated training 
[2].

New strategies developed in the field of medical edu-
cation are cornerstones for the implementation of appro-
priate feedback methodologies. Feedback promotes 
learning by informing students about their progress and 
difficulties, aiding in the identification of learning needs, 
and guiding students’ efforts to address deficiencies [3, 
4]. Feedback promotes reflection, decision-making, and 
constant improvement. However, to achieve this effect, 
feedback-assisted learning should be provided carefully 
and instructively, oriented towards specific and observed 
actions, without any value judgement, and it should 
adhere to the procedure as closely as possible [3, 4]. The 
main barriers to feedback are the lack of an objective and 
time, inappropriate timing or physical space, the absence 
of teacher training, and unidirectional communication 
[5, 6]. Several feedback theories and methods of provid-
ing feedback have been described, but none have proven 
to be the best [7].

A bedside medical procedure or surgery can be broken 
down into several steps that must be performed in a pre-
determined sequence [8, 9]. The sequence and steps can 
be used to teach a procedure [10–12] and be analysed to 
provide feedback on its execution [13, 14]. This approach 
is called a “process-oriented” approach, and it is carried 
out with information derived from process mining tools 
[15, 16]. Process mining is an emerging engineering dis-
cipline aimed at analysing data extracted from event logs 
to understand how processes are conducted in reality [17, 
18]. The process mining approach allows an analysis of 
bedside medical procedures and surgeries as processes 
on the basis of a control flow perspective and by using 

analytical tools. Thus, it is possible to obtain knowledge 
on how the procedures are executed in a way that makes 
this knowledge explicit, clearly showing activities that 
are not carried out, activities that are repeated, or activi-
ties that are executed in an unexpected order. Moreover, 
the process mining approach allows for objective com-
parisons between each execution and a reference model 
as well as between the executions of different opera-
tors or the executions of the same operator at various 
times. This knowledge can be used to provide feedback 
to performers in procedural training contexts. A previ-
ous study showed that this information is understand-
able for instructors, helping them characterize students’ 
performance [19], and that trainees perceive it as useful 
for their learning [13]. The impact of feedback through 
a process-oriented approach on achieving procedural 
competence has not yet been studied. The hypothesis is 
that interventions based on information derived from a 
process-oriented analysis of procedure execution in the 
context of simulation training improve the attainment of 
procedural proficiency.

Methods
Training program
The study was approved by the Ethics Committee of the 
Medical Faculty of the Pontificia Universidad Catolica de 
Chile, Santiago, Chile, on August 8th, 2018. The Ethics 
Committee waived the requirement for written informed 
consent. All study procedures were conducted in accor-
dance with the ethical standards outlined in the Declara-
tion of Helsinki. A clinical trial number is not applicable. 
Postgraduate year one students of the Anesthesia and 
Emergency Medicine Programs without previous experi-
ence in central venous catheter placement were invited 
to participate voluntarily. The participants were ran-
domly assigned to a control group (CG) or a process-
oriented feedback group (POG). Randomization was 
performed using a randomization list stratified by spe-
ciality to balance the number of residents in each group. 
Residents in both groups participated in an ultrasound-
guided internal jugular central venous catheter place-
ment program (for simplicity, the procedure is referred 
to as “ultrasound-guided central venous catheter”), a 
simulation-based training through deliberate practice, 
which has previously proven helpful in developing this 
competence [20]. In this program, residents perform 

Conclusion  The process-oriented approach, along with the procedural training program, decreases rework and 
increases adherence to the reference process model of the ultrasound-guided central venous catheter in the 
execution of the procedure in a simulated environment. Moreover, classic procedural assessment indicators do not 
capture this effect.
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repetitive practices with defined learning objectives, with 
concurrent feedback provided during every session and 
their technical performance assessed via replicable meth-
ods. The training was structured in three stages for both 
groups (Fig. 1): (1) web-based cognitive training, involv-
ing online narrative lecture and complementary literature 
reviews; (2) a central venous catheter workshop, involv-
ing an in-person demonstration session of central venous 
catheter (CVC) placement; and (3) four sessions of delib-
erate practice at four stations, namely, (3.1) principles of 
ultrasound, (3.2) procedure preparation (gown, glove, 
draping), (3.3) ultrasound (US) scanning and puncture 
under US guidance, and (3.4) catheter insertion under US 
guidance.

All participants performed two complete procedures 
using the “Blue Phantom Torso” ​(​​​h​t​t​p​:​/​/​w​w​w​.​b​l​u​e​p​h​a​n​
t​o​m​.​c​o​m​​​​​​)​ as part of the study, one after the web-based 
cognitive training, defined as the pretest, and the other 
after the four sessions of deliberate practice, defined as 
the posttest. Both sessions were video recorded for sub-
sequent analysis.

Process-oriented educational interventions
After the demonstration session, the POG under-
went three interventions following a process-oriented 
approach (Fig. 1). All interventions were cognitive tasks 
that did not include hands-on training.

1)	 Process-oriented teaching: In a group session, the 
execution of ultrasound-guided central venous 
catheter placement was taught and explained using 
a reference process model represented in business 

process model notation (BPMN) [21], de facto 
standard notation for process representation, which 
has been shown to be easily understood by users 
in the health care area [22]. This model breaks 
down ultrasound-guided central venous catheter 
placement into the necessary steps for successful 
execution, defined by expert consensus, using the 
Delphi methodology [10].

2)	 Self-labelling: After this session and before the 
deliberate practice stage, each resident performed 
the ultrasound-guided central venous catheter 
placement in a “Blue Phantom Torso”, which was 
recorded on video. The activities defined in the 
BPMN model were previously taught using the 
PomeLog platform [23]. Each resident labelled the 
activities performed during their own execution of 
the procedure, identifying the start and end times 
of each activity. PomeLog is an observer-based 
approach tool [9] used to generate event logs from 
processes not supported by an information system. 
It visualizes video recordings and allows users to 
tag activities manually according to when they start 
and finish in the video. The list of tagged steps can 
be exported as an event log file to be analysed with 
process mining tools. The aim of this intervention 
was to familiarize residents with the reference model 
and allow them to observe their own execution from 
a process perspective.

3)	 Process-oriented feedback: Applying the 
methodology described by Lira et al. [13] and 
using the same platform and video previously 
described, one researcher made a report based on 

Fig. 1   Diagram flow. Legend: Diagram of the central venous catheter placement course for the process-oriented group (POG) and control group (CG)
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process mining analysis, which included procedural 
execution diagrams, visual comparisons with ideal 
performance, and nonexecuted and repetitive 
activities. Each POG resident received this type 
of report on the PRE execution before deliberate 
practice sessions, which was explained and discussed 
by one of the researchers.

Data capture and control flow analysis
PomeLog was used to generate event logs. The event log 
corresponds to the sequential record of executed activi-
ties (event) in one or more particular cases of process 
execution (case), collecting information about the stu-
dent who executed the activity (resource), the start and 
end timestamp of the activity, and other attributes [18]. 
Using the PomeLog platform [23], video recordings of 
the execution of ultrasound-guided central venous cath-
eter placement in the phantom were labelled by one of 
the researchers, similar to the residents’ self-labelling 
interventions. The event log was processed with a dis-
covery algorithm based on the fuzzy algorithm concept 
[24] combined with some characteristics from the fam-
ily of heuristic algorithms to obtain a process model rep-
resenting each executed procedure. This model process 
representation allowed us to identify the aspects of pro-
cedural execution that could be delivered as feedback to 
residents, namely, (a) rework, which is when a student 
repeats one or more activities in the execution of the pro-
cedure, (b) activities executed in the incorrect order, and 
(c) a student’s performance analysis, including the dura-
tion of activities and the transition time between them.

Indicators
Two researchers blinded to the location group indepen-
dently assessed each resident’s performance using a spe-
cific checklist for this procedure [25, 26], a global rating 
scale [27] and total execution time. Both researchers 
were trained in the use of these instruments.

Using the event log, two process indicators based on 
the process perspective were calculated. In particular, 
the similarity indicator between every resident’s execu-
tion and the reference process model of the ultrasound-
guided central venous catheter placement and rework 
indicators was used.

1.	 Similarity indicator: The Levenshtein edit distance 
(LED) [28] was used as a similarity indicator, which 
compares two character sequences on the basis of 
the number of character insertions, deletions, and 
substitutions required to make both sequences of 
characters equal and then divides this number by 
the sum of the lengths of both strings. To use it, 
each activity defined in the reference model [10] 
was assigned a specific character, which allowed 

each resident’s execution to be represented as a 
sequence of characters and compared with the ideal 
sequence of steps described in the reference model. 
The indicator for each resident was calculated as 
one minus the LED, which can be interpreted as 
follows: 1 indicates that the sequence executed by the 
resident matches that of the reference model, and 0 
indicates that the sequence executed by the resident 
is completely different from that of the reference 
model.

2.	 Rework indicator: This indicator refers to the 
number of times a step is repeated, considering 
that each step must be executed only once. This 
indicator was calculated for each step as the sum of 
the number of times each resident executed the step 
over the number of resident executions in which 
this step was present. A rework indicator equal to 1 
means that the step was executed only once by each 
resident, while an indicator with a value greater than 
1 means that the step was executed more than once 
by each resident.

Statistical analysis
The data were analysed using StataCorp. 2023. (Stata Sta-
tistical Software: Release 18. College Station, TX: Stata-
Corp LLC.) The primary outcome of the study was the 
difference in the global rating scale (GRS) score between 
the groups. A sample size of 14 subjects (0.05, two-tailed) 
was calculated to find a 25% variation, with a confidence 
level of 95% and a margin error of ± 5% in the GRS, using 
data obtained from the effect of a simulation training 
program from Corvetto et al. [20], assuming a power of 
0.9 for pairwise (pre–post) comparisons. A total of 20 
participants were enrolled, considering possible losses. 
The interrater reliability of the GRS scores was calcu-
lated using the intraclass correlation coefficient (ICC) 
considering the same fixed set of raters/tests: a fixed set 
of raters rates all subjects, and the ratings are not aver-
aged [29, 30]. The authors conducted a statistical analy-
sis comparing the CG and POG before (PRE) and after 
(POST) the process-oriented educational interventions 
and intergroup comparisons at those times. The Wil-
coxon signed-rank test for intragroup comparisons and 
the Mann‒Whitney test for intergroup comparisons were 
used. The statistical significance was set at P <.05, which 
was adjusted for multiple comparisons by the Benjamini‒
Hochberg false discovery rate (FDR) correction method. 
The median, interquartile range, and minimum and max-
imum values are also presented.

Results
A total of 20 postgraduate year-one students were 
enrolled, of whom 14 were anaesthesia students and 6 
were emergency medicine students, 7 females and 13 



Page 5 of 10de la Fuente et al. BMC Anesthesiology          (2025) 25:468 

males. Ten residents were randomly assigned to each 
group (seven anaesthesia residents and three emergency 
medicine residents). One participant in the CG with-
drew after recording their pretest execution without 
completing the deliberate practice stage. The remain-
ing 19 residents completed the training programs and 
recorded their pre- and posttest performances. The inter-
rater reliability was good, with an ICC (95% CI) of 0.746 
(0.562–0.859).

Both groups performed similarly in execution after 
the web-based cognitive training and before the three 
process-oriented interventions (PRE). There were no 
differences in the checklist scores, GRS score, execution 
times, or process indicators (Table 1). At the end of the 
training (POST), both groups showed improved perfor-
mance in the ultrasound-guided central venous catheter 
placement compared with their pretraining performance 
(PRE) (Table 1). Concerning the checklist results, GRS 
score, and execution times, there were no significant 
differences between the CG and POG. When compar-
ing process-oriented indicators and execution time, only 
POG showed significant improvements. However, the 

intergroup comparison (Table 1) revealed that the POG 
had greater similarity with the reference model (Fig. 2) 
and lower activity rework than did the CG at the end of 
the training program (Fig. 3). This is particularly relevant 
in the following categories of activities: ‘vein puncture 
with trocar under ultrasound vision’, ‘blood return’, ‘drop 
probe,’ ‘remove the syringe,’ ‘guidewire install,’ ‘remove 
trocar,’ ‘check wire in short axis’ and ‘check wire in long 
axis’. In contrast, the CG showed no significant improve-
ment in the process indicators for these categories 
postintervention.

Discussion
The main finding of this study was that using process 
mining tools improved the execution of an ultrasound-
guided internal jugular central venous catheter from a 
process-oriented perspective in a simulated environment.

Both groups showed a significant improvement in their 
performance following the training program, which Cor-
vetto and Cols previously demonstrated [20]. However, 
the POG showed a significant improvement in control 
flow indicators, expressed as an increase in similarity 

Table 1  Group characteristics before and after intervention
Measurements Category Control

mean
(quartile range)

Process Mining
mean
(quartile range)

P value (Control 
vs. Process 
mining)

Probability
(control > Process 
Mining)

WMW
Odds 
ratio

*Global Rating Score Pre score 15.5
(14-16.5)

15.25
(14-17.5)

0.73 0.550 1.222

Post score 22.5
(19.5–25)

22.75
(18–25)

0.96 0.494 0.978

P value
(pre vs. post)

0.01 0.01

Checklist Pre score 22.5
(18.5–24)

23.75
(21.5–24.5)

0.36 0.380 0.613

Post score 25.5
(24.5–26)

25.75
(25-26.5)

0.43 0.389 0.636

P value
(pre vs. post)

0.01 0.01

Total Execution Time 
(min)

Pre score 24
(19–27)

22
(21–26)

0.79 0.535 1.151

Post score 19
(14–21)

16
(13–18)

0.32 0.633 1.727

P value (pre/post) 0.12 0.02
Similarity (Levenshtein 
Edit Distance)

Pre score 0.69
(0.62–0.73)

0.76
(0.67–0.8)

0.19 0.330 0.493

Post score 0.82
(0.73–0.83)

0.89
(0.82–0.89)

0.02 0.194 0.241

P value (pre vs. post) 0.12 0.02
Reworks Pre score 1.60

(1.10-2.00)
1.20
(1.00-1.75)

0.12 0.380 1.63

Post score 1.2
(1.1–1.7)

1.1
(1-1.1)

0.001 0.312 2.20

P value
(pre vs. post)

0.240 0.027

Classic and process-oriented measurements of the control group and the process mining group before (prescore) and after (postscore) the three process-oriented 
interventions. (*) Primary outcome indicator, Wilcoxon–Mann–Whitney (WMW)
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with a reference process model of ultrasound-guided 
central venous catheter placement and a reduction in 
rework (repetition of activities in the procedure execu-
tions). Both improvements are significant because they 
result in better execution of the procedure, are closer to 
an ideal and have a lower likelihood of causing harm.

One explanation for this is that BPMN, in which the 
intervention is deconstructed and presented in all the nec-
essary sequential steps to successfully perform the proce-
dure, makes learning easier because it allows the students 
to clearly identify and practice the steps responsible for 
the failure in the procedural execution [31]. Additionally, 
every student received personal feedback on their first per-
formance, highlighting how close or far they were from the 
ideal execution and reminding the student of the appropri-
ate sequence and flow so that the student could improve 
their performance [32]. In the POG group, the task perfor-
mance was closer to the ideal, especially at relevant points, 
such as vein puncture, guidewire insertion, and the use of 
ultrasound. A previous study [33] identified these activities 
as having a high cognitive load for trainees and demon-
strated that strategies that contribute to better manage-
ment allow for more effective training with evidence of 
retention over time. In line with our previous work [13], 
breaking down the procedure into its steps, the sequence 
in which these steps should be performed, and an analysis 
of its flow enables a procedure to be taught and for objec-
tive, timely, and useful feedback to be provided to improve 
students’ execution.

The differences between the two groups from the pro-
cess perspective were not expressed in the differences in 

the classic indicators used to assess ultrasound-guided 
central venous catheter competence. In the case of the 
checklist, the tools are designed to determine the pres-
ence or absence of a step in the execution of the proce-
dure without incorporating information on whether it 
has been repeated and, more importantly, without mak-
ing a judgement on the quality of the execution of the 
step. The use of checklists can trivialize the assessment 
process [34] and does not reflect higher levels of exper-
tise [35]. Therefore, checklists are probably more useful 
for teaching simpler procedures than complex proce-
dures with greater clinical implications.

Unlike the checklist, in the GRS, task components are 
evaluated using a Likert scale according to preestablished 
criteria. The GRS is more subjective than a checklist but 
has a more robust construct and concurrent validity [36, 
37], enabling the assessment of process quality execu-
tion more deeply. Additionally, when comparing the per-
formance of these tools in assessing ultrasound-guided 
central venous catheter placement without an ultrasound 
guide, the GRS was more reliable than the checklist after 
a comparison using a generalizability scale [38]. Ma et 
al. identified as incompetent with GRS, one-third of the 
candidates which obtaining a passing score with the use 
of a checklist [27]. However, a recent systematic review 
[39] comparing the use of a checklist versus the GRS in 
a simulation assessment suggested that the checklist had 
better interrater reliability. In contrast, the interitem and 
interstation reliabilities were better using the GRS. Ulti-
mately, there is still no consensus on the best tool for 
assessing competence in CVC placement, and important 

Fig. 2  Similarities and differences between groups. Legend: Similarity metrics for the control group and process-oriented group. * Significant differences 
between pre- and post-training Levenshtein edit distance and between the control group and process-oriented Levenshtein edit distance groups in the 
same period of the training program
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dimensions of competence are often underrepresented 
in these tools [40]. Thus, the classic indicators (check-
list and GSR) do not assess the procedure from a control 
flow perspective, which includes the proper sequence 
in which the steps are executed; nor do they assess the 
omission and unexpected repetition of these steps. The 
explicit consideration of these aspects is a relevant con-
tribution of the process-oriented methodology to the 
teaching and learning process.

The development and application of new technologies 
in the operating room allow the incorporation of a “sur-
gical data science” approach [41] into the understand-
ing and quantification of different levels of competence 
[42]. This approach has generated a growing interest 
in defining objective indicators on the basis of factual 
data to understand the differences between novices and 
experts and to use these indicators as surgical compe-
tency assessment tools [43]. These differences have been 
described in terms of dissection patterns in robotic sur-
gery [44], the use of cutting devices in laparoscopy [45], 

and eye movement analysis in endoscopic sinus surgery 
[46], among others. However, bedside procedures lack 
this technological support. Therefore, obtaining data and 
applying surgical data science to define objective indi-
cators are significant research challenges. The process-
oriented approach allowed us to focus on aspects that 
current tools cannot address. Enabling the delivery of 
useful information goes a step further in achieving pro-
cedural competence, reducing rework, and bringing the 
execution closer to a reference procedural pattern from 
the control flow perspective. A limitation of this study 
is the assessment of competence in a simulated environ-
ment without evidence of transfer to a clinical setting. As 
suggested by Sawyer et al., the translation of procedural 
skills to a real-world setting is crucial [47]. However, 
classic indicators may not be detected when learning 
is achieved on the simulator, which is revealed in clini-
cal scenarios [48]. In this study, compared with the CG, 
the POG exhibited less rework and better compliance 
with a reference process model of the procedure while 

Fig. 3   Differences in central venous catheter placement between groups. Legend: Rework metric for the control group (CG) and the process-oriented 
group (POG), before (PRE) and after (POST) the three process-oriented interventions
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maintaining good performance from the perspective of 
classical indicators, which suggests that these students 
may perform better in more demanding environments. 
Although these findings may be of clinical importance, 
the differences found in rework and similarity corre-
spond to the secondary outcomes of this research; there-
fore, they could be underestimated since the power was 
not calculated for them. Further work is needed to estab-
lish the real significance of these differences.

In addition to the potential positive impact of integrat-
ing process-based feedback into procedural training out-
comes, the process-oriented approach employed in this 
research makes a dual contribution. First, it introduces 
a methodology for generating objective data, offering a 
valuable analytical tool for training procedures that lack 
support from automated data capture technologies. Sec-
ond, it reveals facets of learning in simulation environ-
ments that traditional evaluation indicators in procedural 
training fail to capture, enabling comparisons of process-
related aspects that have previously been overlooked.

On the basis of these findings, the next step is the 
implementation of a training program, based on a pro-
cess-oriented approach, for ultrasound-guided central 
venous access placement and the subsequent assess-
ment of transferring this approach to real-world clinical 
settings to determine whether there are differences in 
relevant clinical outcomes compared with those of tradi-
tional teaching methodologies.

Conclusion
The use of a process-oriented approach improved the 
procedural training program in a simulated environment, 
decreased rework and increased adherence to the refer-
ence process model for ultrasound-guided central venous 
catheter placement. Moreover, classic procedural assess-
ment indicators do not capture these effect of using a 
process-oriented approach.
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