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a b s t r a c t

Background: This paper explores a method for assessing intraoperative performance by modeling how
surgeons integrate skills and knowledge through discourse.
Methods: Senior residents (N ¼ 11) were recorded while performing a simulated laparoscopic ventral
hernia (LVH) repair. Audio transcripts were coded for five discourse elements related to knowledge, skills,
and operative independence. Epistemic network analysis was used to model the ordered integration of
the five discourse elements.
Results: Participants with poorer hernia repair outcomes had stronger connections between the
discourse elements operative planning and asking for information or advice (Operative planning), while
participants with better hernia repair outcomes had stronger connections between the discourse ele-
ments giving assistant instructions and identifying errors (Operative management): (p ¼ .006; Cohen’s
d ¼ 2.79).
Conclusion: Participants with better hernia repair outcomes engaged in more operative management
communication during the simulated procedure. This ability to integrate multiple operative steps and
verbally communicate them significantly correlated with better operative outcomes.

© 2020 Elsevier Inc. All rights reserved.
Introduction

The Halsted apprenticeship model of surgical education means
that learning is situated in the context of surgical practice.1 Clinical
knowledge and skill is not gained in isolation, but rather through
the care of patients.2e4 Learning in this context requires interaction
with other persons and technology and the integration of multiple
pieces of knowledge and various skills in complex settings. In
surgical practice, this interaction and integration must be trans-
lated into not only cognitive decisions, but also the physical
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execution of the task. However, current assessment measures in
surgery do not evaluate how and to what extent surgeons achieve
this integration in practice.

Surgical performance is often dichotomized into technical and
non-technical skills. Technical skills involve proficiency or dexterity
in the execution of a task or use of equipment.5,6 Non-technical
skills include elements such as teamwork, leadership, communi-
cation, situational awareness, and decision making.7e9 Technical
and non-technical skills are likely interrelated,10e12 but many cur-
rent assessment frameworks continue to make this distinction.
Global technical skills are often evaluated with the Objective
Structured Assessment of Technical Skills (OSATS),13e15 while
global non-technical skills are often assessed with the Non-
technical Skills for Surgeons (NOTSS).5,7e9 Notably, these assess-
ment frameworks do not take into account how these elements are
connected to each other. It is this connection between knowledge,
skills, and actions that is critically important to the holistic
assessment of surgical skills performance.4,16
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A more complete way of evaluating surgical residents may
involve assessing how trainees assimilate knowledge, skills, and
interactions in the performance of a surgical task. Because sur-
geons’ intraoperative talk provides insight into their understanding
of a procedure, we hypothesized that qualitative discourse analysis
can be used to assess the integration of technical and non-technical
aspects of performance. Discourse analysis is the study of how
people use language through written or spoken exchanges and can
provide insight into thought processes and decision making.17 To
create models of resident discourse while performing a simulated
procedure, we used epistemic network analysis (ENA), which is a
technique for quantifying and visualizing the structure and
strength of association among elements of complex task perfor-
mance over time.18e21 ENA has been successfully utilized to assess
complex thinking and task performance in a wide variety of con-
texts,22e27 including operative28,29 and clinical30 settings.

Materials and methods

Participants

Participants (N ¼ 20) were senior residents (post-graduate year
[PGY] 4 and 5) attending a two-day Society of American Gastroin-
testinal and Endoscopic Surgeons (SAGES) advanced laparoscopic
surgery course. This was a convenience sample based on atten-
dance at the conference and participation in a simulation-based
course. Study participants were predominately male (80%); more
than half (60%) of the participants were PGY 4s, and the remaining
participants (40%) were PGY 5s. As this study relies on discourse
analysis, 9 of the participants were excluded because of poor audio
and transcription quality or lack of an operative assistant during
portions of the procedure. After this exclusion, 11 participants (90%
male; 54% PGY 4) remained in the study population.

On day one of the SAGES course, residents completed a de-
mographic survey indicating gender and post-graduate year. Next,
they performed a simulated laparoscopic ventral hernia (LVH)
repair. The operative goal was to use laparoscopy to repair the
hernia defect with the use of mesh. The participants had 30 min to
complete the simulated procedure. Surgical faculty acted as oper-
ative assistants during the procedure. These faculty members were
instructed to take on the role of assistant, and the participant was
instructed to act as the primary surgeon. Therewere ten simulation
stations set up with individual faculty at each of the stations and
two rounds of participants. All simulated procedures were video-
recorded using both external and laparoscopic views. These video
recordings served as the data for this study.

The University of WisconsineMadison Institutional Review
Board (IRB) granted this study exempt status.

Laparoscopic ventral hernia simulator

The LVH simulator is a physical, box-style simulator designed to
represent the abdominal cavity of a patient with a ventral hernia.31

All necessary open and laparoscopic equipment, except cautery,
was provided to complete the hernia repair using mesh. A
20 � 25 cm piece of mesh was provided.

Hernia completion score

Final product analysis was performed on the simulated LVH
repairs to assess for completeness of the procedure and adequate
coverage of the hernia. A blinded member of our research team
used final product analysis to grade all participants’ LVH simulator
skins in four major areas: suture placement (maximum 6 points),
tack placement (maximum 5 points), port placement (maximum 2
points), and mesh placement (maximum 4 points). The highest
possible score is 17 points. A second blinded member of our
research team also used final product analysis to grade a random
sample (50%) of the same skins to assess inter-rater reliability.
Inter-rater reliability, as measured by Cohen’s kappa, was high
(k ¼ 0.83).

Hernia completion scores were used to separate the participants
(n ¼ 11) into those with low hernia completion scores (n ¼ 4) and
high hernia completion scores (n¼ 7). A hernia completion score of
6 was selected as the cut off value with scores of 1e6 belonging to
the low hernia completion scores group and scores of 7e17
belonging to the high hernia completion scores group. A hernia
completion score of 6 was selected as the cut off because this was
the median score for all original participants (N ¼ 20) prior to
exclusion criteria. The median was selected as this measure of
central tendency is less likely to be skewed by outliers.

Discourse coding

Using a qualitative and iterative process,21,28,32 we identified
four discourse elements related to performance: operative plan-
ning, identifying errors, asking for information or advice, and
giving assistant instructions. Additionally, we wanted to capture
times when the assistant gives procedural advice, as this may have
influenced residents’ performance. From these elements, we
developed discourse codes, including code names, code de-
scriptions, and code examples, for both the participants and assis-
tants, which are detailed in Table 1. Discourse elements were
identified and developed based on transcript review by three au-
thors (AD, DWS, & CP). The elements were based on a qualitative
assessment of the videos and expert knowledge of learning theory
and surgical education.

Transcripts from the simulated procedure were segmented by
turns-of-talk such that each turn of talk was represented as one line
of data that was then coded. Speakers were identified as the
participant, the assistant, or other. The participants’ transcripts
were coded by a single rater. Inter-rater reliability was established
with a second blinded rater. The two raters independently coded a
randomly selected subset of the data (10% of total turns of talk), and
then agreement was assessed using Cohen’s kappa. Inter-rater
reliability measures for each of the codes are given in Table 1.

Epistemic network analysis (ENA)

After the data was coded, we used ENA software33 to analyze
how and to what extent residents integrated the coded discourse
elements in their intraoperative speech. The theory and method-
ology of ENA has been explained in detail in prior publications.19e21

Inwhat follows, we explain only how ENAwas applied in this study.
The ENA algorithm uses a moving window to construct a

network for each line in the datadthat is, for each turn of talk-
dshowing how codes in a given line are connected to codes that
occur within the recent temporal context.34,35 Interpreting a given
turn of talk requires identifying its appropriate relational context36:
for example, the response to a question can only be fully under-
stood in the context of the question itself. Researchers often define
relational context by using a moving window: a number of prior
turns of talk needed to understand a given turn of talk. The length
of a given window is determined by the content and context of the
discourse. Although each turn of talk may have a different number
of referentsdthat is, a different number of prior turns to which it
explicitly or implicitly refersdresearchers use a moving window of
fixed length to define the recent temporal context because prior
turns of talk influence what participants say and do even when no
reference is made. In this study, we used a window length of seven



Table 1
Code name, speaker type, description, examples and inter-rater reliability (k) for discourse codes.

Code name Speaker Description Examples Inter-rater
reliability
(k)

Operative
planning

Participant Participant states next procedural step, action or
operative goal.

1) Here’s how I am going to try it. Let me see the um– Let me try and
measure the sac size. Um. You want me to measured

2) I’m just going to go fives from now on, since I’m just.
3) OK, good, I think I’m going to put a port here. So I’m just going to get the

knife first. Can you just hold the camera a while? Just to triangulate.

0.71

Identifying
errors

Participant Participant recognizes that a prior action or decision
was incorrect or lead to a poor outcome

1) This port site was too close to my hernia side. That’s why.
2) Oopsy. It tore. See? Not going to hold.
3) The patient is going to have recurrence.

0.71

Asking for
information
or advice

Participant Participant seeks advice or information from the
assistant relating to the procedure, equipment or
simulator

1) Yeah, I think its like 3 cm overlap here?
2) No, see, it slips right off. See, this isn’t cinched down. Does it cinch

down?
3) Yeah, what is your recommendation?

0.75

Giving assistant
instructions

Participant Participant gives instructions to the assistant 1) All right, look up onemore time. That’s fine, OK. Let’s find the hernia pull
back a little bit.

2) So push it up against that right there, and I’ll bring that down. Let’s
come over here. You can grab that side. And then down.

3) I think it’s open now. Show me the other stitch.

0.85

Giving
procedural
advice

Assistant Assistant provides advice or information relating to the
procedure.

1) You would not be able to get that into a five, so.
2) Your knot is on the back side. You want the knot up towards the

abdomen.
3) OK, so you need to put in a second port, right?

0.67

Fig. 1. A) Representation of multiple example participants’ discourse network cen-
troids plotted on ENA dimensions. The orange dot represents the discourse network
centroid from Fig. 1B. B) Representation of a single example participant’s discourse
network with connections (black lines) between discourse elements (E1-E4, red cir-
cles) and centroid of the network graph (orange circle). The thickness of the con-
necting lines represents the frequency with which the discourse elements (E1-E4) are
associated in stanzas. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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turns of talk. This means that for each turn of talk, the prior six
turns of talk were considered within the window, and thus were
considered to be connected. We selected a window length of seven
based on our qualitative analysis, which indicated that this length
reasonably captured the recent temporal context. Research also
suggests that ENA models are relatively robust to the choice of
window length.35

ENA produces a network for each line in the data based on the
moving window. The network for each line indicates the unique
connections between codes in that line and codes anywhere else in
the window. These connections in these networks are binary,
indicating only whether a connection appeared or did not appear in
the window. To create a single network for each participant, the
networks for each turn of talk by a given participant were summed
(i.e., for each resident: n ¼ 11). The result was 11 networks, one for
each resident, that reflect the strength of association between each
unique pair of codes.

To model not only the structure of connections among discourse
elements but also the sequence with which those connections
occurred, we preserved the order of connections in the ENA model.
For example, in some instances, operative planning preceded
asking for information or advice within a window, and in other
instances, asking for information or advice preceded operative
planning. To account for this, in the network constructed for each
line (i.e., for each turn of talk), codes that occurred in that line were
labeled as receiver, and each unique code that appeared in the
remainder of the window (i.e., in the prior six turns of talk) was
labeled as sender. If discourse codes co-occurred within the same
turn of talk (i.e., in the same line of data), then each code was
labeled as both sender and receiver.

To control for the fact that different residents have different
amounts of talk, and thus different numbers of coded lines in the
data, we normalized the networks for all units of analysis by
applying a sphere norm. Normalized networks were then subjected
to a dimensional reduction (via singular value decomposition). The
singular value decompositionwas applied to the normalized data to
produce orthogonal dimensions that maximize the variance
explained by each dimension. This produces a network model that
(a) enables comparison of residents’ networks based on the relative
strength of association among codes, and (b) facilitates
identification of the discourse connections that most differentiated
low- and high-performers.

Networks were visualized using network graphs where the
nodes correspond to the (ordered) codesdthat is, there is a sender
node and a receiver node for each of the five codesdand the graph
edges, or connections between nodes, reflect the relative frequency
of co-occurrence between two codes. The result is two coordinated
representations for each unit of analysis: (1) an ENA score, which
represents the location of a resident’s network in the low-
dimensional projected space (Fig. 1A), and (2) a weighted
network graph (Fig. 1B). The positions of the network graph nodes
are fixed, and those positions are determined by an optimization
routine that minimizes the difference between each ENA score and
the centroid of the network graph that corresponds with it. This is
done so that the positions of the nodes in the network represen-
tations can be used to interpret the reduced dimensions, similar to
principal components analysis.37 For example, a participant with
lower values on dimension 1 (x-axis) will have stronger connec-
tions between elements on the left side of the network graph, as
represented by the example participant depicted in Fig. 1A and B.
Because of this co-registration of network graphs and ENA scores,
the positions of the network graph nodesdand the connections
they definedcan be used to interpret the dimensions of the low-



Fig. 2. ENA model showing the network locations of participants with low (yellow
points) and high (blue points) hernia repair scores, along with the corresponding
means (squares). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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dimensional space and explain the positions of the ENA scores in
the space. ENA can thus be used to compare units of analysis in
terms of their ENA scores, individual networks, mean ENA scores,
and mean networks, which average the edge weights across indi-
vidual networks.

Significance testing

An independent-samples t-test was used to determine whether
therewas a significant difference between 1) the hernia completion
scores of residents in the low-score group and those in the high-
score group and 2) the operative discourse networks of residents
with low hernia completion scores and those with high hernia
completion scores.

Results

ENA model dimensions

Two dimensions of performance were analyzed based on the
resultant ENA model. Dimension 1 (SVD 1) distinguishes between
elements of Independent performance (operative planning, giving
assistant instructions, and identifying errors) and Assistance (asking
for information or advice and assistant giving procedural advice).
Along dimension 2 (SVD 2), the elements of forward operative
progression are further divided between operative planning (higher
values on dimension 2) and identifying errors and giving assistant
instructions (lower values on dimension 2). Thus, dimension 2
distinguishes between Operative planning (higher values) and
Operative management (lower values).

Hernia repair outcomes

There was a significant difference between the mean hernia
completion scores for the low hernia completion score group
(n¼ 4;M¼ 3.8/17; SD¼ 0.96) and the high hernia completion score
group (n ¼ 7; M ¼ 9.3/17; SD ¼ 2.8): t(9) ¼ �3.74, p ¼ .005. This
indicates that operative performance was statistically significantly
different between the two groups. There was no significant differ-
ences in hernia completion scores between PGY 4s (n ¼ 6;
M ¼ 7.33; SD ¼ 4.5) and PGY 5s (n ¼ 5; M ¼ 7.20; SD ¼ 2.59):
p ¼ .06.

Relationship between ENA model and operative performance

Fig. 2 shows the ENA scores of residents with low (yellow) and
high (blue) hernia completion scores, along with the group means
(large squares). There is a significant difference on dimension 2
(Operative planning vs Operative management) between resi-
dents with low hernia completion scores (M ¼ 0.23, SD ¼ 0.14) and
residents with high hernia completion scores (M ¼ �0.132;
SD ¼ 0.14): t(6.33) ¼ 4.02, p ¼ .006. Participants with low hernia
repair scores had stronger connections between discourse ele-
ments operative planning and asking for information or advice
(Operative planning), while participants with high hernia repair
scores had stronger connections between discourse elements giv-
ing assistant instructions and identifying errors (Operative manage-
ment). These results were based on an orderedmodel that took into
account the temporal relationship between discourse elements. For
example, strong connections between operative planning (sender)
and giving assistant instructions (receiver); or between identifying
errors (sender) and asking assistant information or advice (receiver)
would create a network graph plotted in the direction of Operative
management and Independent performance on the ENA di-
mensions (Fig. 2). The effect size, Cohen’s d, is 2.79, which
represents a large difference between the two groups on dimension
2.

There is not a significant difference on dimension 1 (Indepen-
dent performance vs Assistance) between residents with low
hernia completion scores (M ¼ 0.043; SD ¼ 0.34) and residents
with high hernia completion scores (M ¼ �0.025; SD ¼ 0.43), t
(7.78) ¼ �0.29, p ¼ .78.

To demonstrate the relationship between the participant’s
discourse and the resultant ENA model, Fig. 3 shows all the indi-
vidual participants plotted on the two ENA performance di-
mensions (Fig. 3A) with one participant’s unique ENA network
model (Fig. 3B) displayed along with a portion of their discourse
along with how the discourse was segmented and the corre-
sponding discourse codes (Fig. 3C). From qualitative analysis, this
participant was noted to be proficient in operative planning, as
well as, identifying errors, appropriately asking for information or
advice from the assistant, and giving assistant instructions.
Importantly, they were able to integrate all of these elements
together. The individual network demonstrates strong connections
between the nodes operative planning, giving assistant in-
structions and identifying errors. More specifically, there are
strong connections from operative planning (sender) to identi-
fying errors (receiver), giving assistant instructions (receiver),
and asking for informaiton or advice (receiver). This indicates that
the participant was able to create operative plans and then identify
problems with those plans, provide the assistant instructions, and
ask for information regarding the procedure. The participant was
able to balance the different elements of operative performance.
Additionally, there are strong connections from identifying errors
(sender) to operative planning (receiver) and asking for infor-
maiton or advice (receiver). That is, the participant responded to
identified errors by asking for advice and formulating an operative
plan. This participant has a fairly balanced model with multiple



Fig. 3. A) ENA model with one participant selected (red circle). B) ENA network of that participant’s discourse showing the structure of connections (lines) among discourse el-
ements (nodes). The thickness and saturation of the connecting lines represents the relative frequency with which the discourse elements are associated. C) Excerpt from the
transcript of that participant’s discourse showing the coding of discourse elements. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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strong connections between multiple nodes, which is reflective of
his ability to integrate different elements related to performing the
procedure.
Discussion

Given that surgical training is situated in a complex environ-
ment with multiple interactions, surgical trainees should be
assessed on how they assimilate knowledge, skills, and interactions
in the performance of a surgical task. We hypothesized that mixed-
methods discourse analysis can distinguish procedural outcomes
during a simulated procedure. This study assessed the performance
of chief residents during a simulated LVH repair using in-depth
qualitative analysis, ENA modeling, and final product analysis.
Our results demonstrated that ENA can distinguish performance
during a simulated procedure by evaluating the connections be-
tween discourse elements found to be important for successful
performance.

Using ENA, we created a network model that represented
operative performance on two dimensions. Dimension 1 distin-
guished between elements of Independent Performance and
Assistance, while dimension 2 distinguished between elements of
Operative planning and Operative management. Using final
product analysis (hernia repair scores), we separated participants
into high and low performers. High performers had statistically
stronger network connections in the area of operative manage-
ment, while low performers engaged in more operative planning.
This indicates that the elements of identifying errors and giving
assistant instructions signify an ability that goes beyond simply
deciding what to do next. Importantly it is this ability to integrate
different aspects of Operative management that differentiates
performance.

Interestingly, we did not see a significant difference between
low and high performers on dimension 1 (Independent perfor-
mance vs Assistance). Onemight think that participants withmore
connections indicative of Independent performance would have
done better. However, the hernia completion score looks at the final
product and does not take into account the assistance provided by
other people. Those with higher hernia completion scores and high
values on dimension 1 (Assistance) may have accomplished more
in the procedure because of the additional assistance they received.
This fact indicates that final product analysis should not be the only
summative assessment measure. In this study, each participant had
an operative assistant because this is not a procedure that can be
done by a single surgeon alone. There was little overlap between
the faculty members and participants so wewere unable to analyze
if one particular faculty member had a large influence on the par-
ticipant’s discourse or operative performance. By coding the
interaction between participants and faculty through the discourse
elements developed, we strived to capture this interaction which is
indicated through dimension 1 (Independent performance vs
Assistance). In future research, we will continue to explore addi-
tional discourse and behavioral factors that influenced the
participant-faculty interaction and how this impacts operative
performance. In simulation scenarios requiring an assistant or in
group simulation scenarios it is important to take into account the
interactions between the participant and the other person involved
as this can be difficult to standardize, especially when the assistants
are different people as in this study. This underscores the impor-
tance of not simply looking at the participants, but also the role of
supporting persons when evaluating performance in a simulated
environment.

The importance of the interaction between trainees and assis-
tants has been highlighted with the development of the SIMPL
(System for Improving and Measuring Procedural Learning) appli-
cation for trainee assessment.37 The SIMPL application was devel-
oped to track training progression in performance and provide
trainees with timely and structured operative feedback from fac-
ulty. Aimed to provide multiple assessments of trainee perfor-
mance throughout residency, a key factor in the SIMPL application
is the four Zwisch stages of supervision starting with Show and Tell
and progressing up to No Help.38,39 This helps both trainees and
faculty understand, where the trainee is in their ability to operate
independently. At the final stage of No Help, the trainee can work
with inexperienced first assistants, safely complete the case
without faculty, recover most errors, and recognizes when to seek
help/advice.38,40 All of these aspects of independent performance
require the discourse elements we identified in our ENA model -
operative planning, identifying errors, asking for information or advice
and giving assistant instructions. We found that trainees with higher
hernia completion scores were able to engage in more operative
management, specifically identifying errors and giving assistant
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instructions. To better understand which residents are ready for
operative performance, we have to assess how trainees dictate the
course of the operation through interactions with their operating
partner. Reliance on case numbers will not achieve this goal.41

Discourse analysis can play a vital role in elevating the level
performance.

As with all research, there are limitations to this study. One
limitation is the small number of participants. This limits our power
to find statistically significant differences and generalize our re-
sults. The purpose of this study was not to generalize our model to
the population of surgeons at large, or even to all residents
completing a simulated LVH. Rather this analysis was performed to
explore how we can model, and ultimately assess, operative per-
formance in away that accounts for the integration of technical and
non-technical skills. This pilot study provides the basis for further
investigation of this approach with larger and more diverse sample
sizes. Another limitation to this study was the use of hand-coding
to perform discourse analysis. Hand-coding is time intensive, and
the use of this method limits the ability to perform it on a large
scale. However, code development, inter-rater reliability assess-
ment, and discourse coding in operative contexts can be performed
with the use of automated coding algorithms.28 The implementa-
tion of such a method would allow us to perform this analysis with
more participants. With improvements in automated transcription
and diarization of audio data, such an approach could soon be
possible not only at scale but also in real time.

Given that operative performance does not occur in isolation,
we must develop assessment methods that take into account the
integration of procedural knowledge, technical skill, and commu-
nication. In this study, participants who performed well were able
to evaluate the state of the procedure and utilize their knowledge to
direct the assistant and identify errors. Operative management, or
integrating multiple operative components in response to dynamic
conditions, represents higher level operative knowledge, under-
standing, and decision making in contrast to operative planning
alone.37 Not only do these results inform the development of future
assessment tools, they also direct where we can focus educational
efforts. Future research and curriculum development efforts should
concentrate on structured experiences that help to strategically
advance residents from basic operative planning and step-by-step
procedural knowledge to more complex operative management
strategies.
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