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a b s t r a c t

Background: The objective of this study was to determine whether gaze patterns could differentiate
expertise during simulated ultrasound-guided Internal Jugular Central Venous Catheterization (US-
IJCVC) and if expert gazes were different between simulators of varying functional and structural fidelity.
Methods: A 2017 study compared eye gaze patterns of expert surgeons (n¼ 11), senior residents (n¼ 4),
and novices (n¼ 7) during CVC needle insertions using the dynamic haptic robotic trainer (DHRT), a
system which simulates US-IJCVC. Expert gaze patterns were also compared between a manikin and the
DHRT.
Results: Expert gaze patterns were consistent between the manikin and DHRT environments (p¼ 0.401).
On the DHRT system, CVC experience significantly impacted the percent of time participants spent ga-
zing at the ultrasound screen (p< 0.0005) and the needle and ultrasound probe (p< 0.0005).
Conclusion: Gaze patterns differentiate expertise during ultrasound-guided IJCVC placement and the
fidelity of the simulator does not impact gaze patterns.

© 2018 Elsevier Inc. All rights reserved.
Introduction

Ultrasound-guided internal jugular central venous catheteriza-
tion (IJCVC) is a procedural skill that has been taught on manikin
simulators for over a decade.1 While research has shown these
simulators are effective for short term skill gains, these manikins
have several known limitations, including a lack of long-term skill
retention.2 This has been attributed, in part, to the fact that these
simulators only train surgeons on a single patient anatomy and thus
do not represent the range of patient profiles surgeons face in
clinical settings.3 In addition, these simulators lack objective per-
formance criterion and instead rely on a trained preceptor (e.g.
faculty) to be present in order to subjectively evaluate trainee
performance using a proficiency checklist4e6 which includes eval-
uation on mechanical (e.g. motion and accuracy) and procedural-
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based skills (e.g. aseptic technique). Finally, current CVC simula-
tors provide only basic summative feedback on performance (blue
liquid is aspirated if the catheter hits a vein) and no concurrent or
formative feedback. Because of these shortcomings and the over-
reliance on faculty feedback, simulation-based surgical training has
been criticized as being resource intensive.7,8

In light of these deficiencies, the Dynamic Haptic Robotic Trainer
(DHRT) was developed to provide residents with IJCVC training on a
variety of patient anatomies while providing automated feedback
during the training process, see Fig. 1. While the DHRT system lacks
some of the physical realism of manikin simulators, it has increased
functional fidelity. Specifically, the DHRT provides training on ul-
trasound guided IJCVC needle placement by simulating variations
in patient anatomy through changes in a virtual ultrasound image
(e.g. size and depth of the vessels) and through haptic feedback
provided through a robotic arm that simulates force changes of
different types of tissues (e.g. skin, adipose tissue, vessel), see
Pepley et al. for full details.9,10 The DHRTalso provides learners with
automated feedback on their mechanical performance after each
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Fig. 1. (Left) Experimental setup with participant wearing Tobii Pro Glasses 2 at the DHRT system. (Right) Twomain areas of interest (AOIs). The ultrasound screen and the needle and
ultrasound probe.
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needle insertion attempt without the need of a trained preceptor,
including feedback on the number of insertion attempts, average
angle of insertion, and the final distance of the needle tip from the
center of the vein.11 Prior research has shown that novice learners
approach expert performance when training on the DHRT system10

and indicated that there were no differences in pre-to post-test
learning between manikin- and DHRT-based instruction.12 While
this prior work on the DHRT is promising, the feedback provided to
learners is based purely on their mechanical skill acquisition (e.g.
needle angle) and not on the cognitive skills necessary to complete
this surgical procedure. This is important because prior studies
have shown that cognitive skills training and mental imagery
practice enhance the learning and acquisition of surgical skills.13e15

One method of focusing surgeons’ attention in the DHRT system is
through the use of eye-tracking and gaze-training.

In medical domains, gaze behavior has been used for skills
training16 and expertise assessment.17,18 For example, Tien and
colleagues19 differentiated expert and novice gaze behavior during
open hernia surgery. Reviews of eye-tracking applications in
medical and non-medical domains have also shown the reliability
and validity for using eye-tracking as an objective assessment tool,
as well as its potential in providing feedback and assessing surgical
skills.20,21 One study on virtual laparoscopic training found that
experts spend more time gazing at target locations while novices
spend more time tracking tools.22 When using gaze training as a
teaching tool in laparoscopic surgery, researchers have also found
that gaze trained groups learned more quickly than self-guided
groups,23 and adopted expert-like gaze patterns by fixating more
on target locations rather than on tool movement.24 Other studies
have developed objective methods to differentiate expert and
novice surgeon skill levels based on tool movement and eye gaze
patterns.25,26 Finally, a pilot study in ultrasound-guided CVC found
that experts displayed more efficient hand motions than novices
and improved movement accuracy from gazing at the ultrasound
monitor, indicating that experts used goal-oriented motion
planning.27

While this prior work demonstrates the potential benefits of
exploring gaze behavior during IJ CVC placement, this has not yet
been empirically explored in CVC training. Thus, as a first step to
improving training feedback, the goal of the current study was to
assess gaze tracking as it relates to CVC placement and determine
how surgeons with different levels of expertise allocate their visual
attention. Knowledge from this study could contribute to the
development of additional gaze training and assessment methods
to aid a learner's path to competency in CVC training.
Research questions

The purpose of the current study was to determine whether
gaze patterns could differentiate expertise during simulated
ultrasound-guided Internal Jugular Central Venous Catheterization
(US-IJCVC) and if expert gazes were different between simulators of
varying functional and structural fidelity. Thus, the two research
questions (RQ) explored in the current study were:

RQ1: Are expert eye gaze patterns consistent during central-
line insertions between manikin and DHRT training systems?
This research question was developed to validate if eye gaze pat-
terns were consistent between the manikin (higher structural fi-
delity or physical realism) and the DHRT (higher functional fidelity)
systems. It was hypothesized that since the ultrasound-guided
procedure for completing the central line was similar between
the two systems, gaze patterns would not differ between the
environments.

RQ2: How do expert, senior resident, and novice gaze pat-
terns differ when placing central lines on the DHRT? The second
research question aimed to compare time that experts, senior res-
idents, and novices spent fixating on the ultrasound screen versus
the needle and ultrasound probe during placement of central lines
on the DHRT system. This question was developed based on prior
work that suggested that surgical expertise may be reflected in tool
movement and eye gaze patterns25e27 and on prior work in lapa-
roscopic surgery that has shown that experts spend more time
fixating on target locations, while novices split their time between
the target location and tracking the tools.22 In this study, it was
hypothesized that novices would spend a higher percentage of time
tracking the needle and ultrasound probe during these trials, while
experts would spend more time focused on the ultrasound
screen.22 Senior residents, representative of a learner group that is
often considered competent enough to perform the skill on patients
with limited to no supervision,28 were hypothesized to perform
similarly to experts in this study.
Methods and materials

In order to answer these research questions, a series of experi-
ments were conducted at Penn State Milton S. Hershey Medical
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Center (HMC). The details of this experiment, conducted as part of a
larger study, are discussed in this section.
Participants

Data for the current study was collected over two time periods.
Specifically, the data from summer of 2017 included seven surgical
interns (novice) (Nn¼ 7) while the data from fall of 2017 included
eleven experts (Ne¼ 11) and four senior residents (Nsr¼ 4). To
qualify expertise, the expert participants in this study included four
fellows and seven attending surgeons who self-reported to have
placed more than 50 central lines in their career, a procedural
volume which has been stated to denote expertise in earlier
research on central-lines.29,30 On the other hand, the senior resi-
dents were all PGY4 or PGY5, and had placed a minimum of 10
central lines on patients in the course of their careers; only one of
the novice residents had placed an Internal Jugular CVC prior to the
study, reporting they had placed 3 prior lines. Senior residents were
included in the current study to identify whether residents perform
similarly to experts after several years of residency training. This
was particularly interesting since a large portion of central-lines are
placed by surgical residents at HMC while under the supervision of
attending faculty.
Procedure

At the start of the study, the purposes and procedures were
explained to all of the participants and informed consent was ob-
tained according to an Institutional Review Board approved pro-
tocol. In the summer session, the novices were first shown a 15.5-
min video on CVC placement followed by a live training demon-
stration of the procedure by a fourth-year surgical resident using a
Blue Phantom Gen II Ultrasound Central Line Training Model
(Model #BPH660). For the data collection, each participant was
fitted and calibrated with the Tobii Pro Glasses 2,31 see Fig. 1, and
asked to complete one baseline needle insertion for central line
placement on the Blue Phantom manikin. This was followed by an
introduction to the DHRT through a 5-min video, after which, the
participants individually completed two practice insertions on the
DHRT in order to familiarize themselves with its functions. During
these two practice insertions, the participants were guided through
the functions of the DHRT and any questions were answered.
Finally, the DHRT insertion data was collected, where each partic-
ipant completed 10 insertions on the DHRT system. All of the par-
ticipants received performance feedback from the DHRT learning
interface, and no other external feedback was provided. Due to
Fig. 2. Diagram summarizin
restrictions in the residency boot campwhere the resident datawas
collected, novices had a day between their first two practice
insertion and their 10 insertion trials. On the other hand, the 2
practice insertions and 10 insertion trials were conducted on the
same day for the experts and senior residents, see Fig. 2 for timeline
of study. It is important to note that the one-day break between the
practice insertions and the 10 insertions did not result in a per-
formance dip for novices. On average, novices in this cohort
improved their overall performance score (a weighted score based
on angle, insertion attempts, aspiration, etc.10) from practice stick 1
(74.6%) and practice stick 2 (85.9%) to the first two insertions on the
following day, at 86.7% and 91.5%, respectively.
Eye tracking metrics

Eye gaze point data collected during the study was analyzed
using the Tobii Pro Lab real-world automatic mapping function-
ality.32 Once auto-mapped, an independent rater used the fixation
filter tomanually check all auto-mapped data. Specifically, raw data
from trial 1 was analyzed by one rater and compared to the auto-
matically mapped and checked data to validate the use of the auto-
mapping feature. The inter-rater reliability was found to be very
good, as classified by Altman (p.404),33 Cohen's Kappa¼ 0.827,
p< 0.0005. Thus, metrics exported using the default Tobii I-VT
fixation filter34 in the Tobii Pro Lab software were used to analyze
participant eye gaze patterns.

Once the gaze points were properly mapped, data for each
participant and each trial was reviewed for data quality and per-
centage of gaze samples captured during needle insertions. Par-
ticipants with poor data quality as assessed by the Tobii Pro system
were discarded. When using the Tobii Pro Glasses 2, gaze points are
only captured when the participant is looking through the glasses
range (e.g. not above or below the rim of the glasses). For this study,
a lower threshold for percentage of gaze samples captured was set
at 70% of each participant's eye gazes captured during needle in-
sertions. During review of the collected data, one expert and one
novice participants' gaze patterns were discarded due to having
less than 70% (in many trials, less than 50%) of their gaze points
captured during the needle insertions, leading to a total participant
count of 6 novices, 10 experts, and 4 senior residents, see Fig. 2 for
summary.

After participant gaze data for all 10 trials were reviewed for
eye-tracking quality, the data were categorized into two main areas
of interest (AOI): the ultrasound image on the screen, and the
needle and ultrasound probe interface (Fig. 1). These two areas of
interest were chosen because prior work in surgery has compared
g the procedural flow.
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the amount of time spent fixating on the target (e.g. ultrasound or
image visualization), compared to the amount of time spent
tracking the tools or patient (e.g. needle and ultrasound probe).22 In
order to compare participant gaze patterns, the total fixation
duration for each needle insertion trial was used. Fixation data was
analyzed based on the default Tobii Pro lab fixation filter settings.
Additionally, because there was a large variability in the mean (SD)
time to complete needle insertion trials among the participant
groups e experts 22.42s (14.04), senior residents 24.79s (8.01), and
novices 29.75s (12.60) e the percentage of time spent fixating on
these two AOIs during each needle insertion was also calculated to
normalize the data and account for these large discrepancies.
Finally, to identify differences in scan patterns, the data was
exported in 20ms increments to analyze AOI hits in the ultrasound
screen and the needle and ultrasound probe. An R script was
executed to remove all lines where there were no AOI hits. The
cleaned data was then analyzed for each trial to determine the
number of times the participant switched between each AOI. For
example, if a participant looked at AOI 1, AOI 2, and then AOI 1, this
counted as 2 switches between AOIs.

Data analysis

All metrics were analyzed using SPSS (v. 25.0) with a signifi-
cance level of 0.05. For the first research question, two paired-
samples t-tests were computed to determine differences in the
percent of time experts fixated on the ultrasound screen and the
needle and ultrasound probe between the one insertion trial con-
ducted on the manikin and the average of the ten trials completed
on the DHRT system. The data had no significant outliers, as
assessed by boxplots, and the assumption of normality was not
violated, as assessed by boxplot and the Kolmogorov Smirnov test
(p> 0.200).

For the second research question, three one-way multiple
analysis of variances (MANOVA) were computed to determine if
and how the total fixation duration and the percent time allocated
(total fixation duration normalized to completion time) to the ul-
trasound screen or the needle and ultrasound probe were different
among groups with different levels of central-line insertion expe-
rience throughout the 10 trials on the DHRT system. Groups were
compared as a whole, with each needle insertion representing one
data point. Preliminary assumption checking revealed that data
were normally distributed, as assessed by boxplot and the Kolmo-
gorov Smirnov test (p> 0.200); there were no univariate or
multivariate outliers, as assessed by boxplot and Mahalanobis
distance (p> 0.001), respectively; there were no linear relation-
ships, as assessed by scatterplot; no multicollinearity (r¼�0.887,
p< 0.001). Follow-up post-hoc analyses were conducted to
examine pairwise differences between groups. Finally, scan pat-
terns for gaze switches between the two main AOIs were analyzed
for group differences.

Results

Data are presented as mean± standard error unless otherwise
noted. Analysis of the areas of interests (AOI) showed that partici-
pants on average spent a total of 79.08± 0.67% of their time during
the study trials fixating on the ultrasound screen and the needle and
ultrasound probe. During the study, the participants spent an
average of 63.88± 0.97% percent of the time fixating on the ultra-
sound screen and an average of 18.5± 0.79% of time tracking the
needle and ultrasound probe.

The paired-samples t-test showed that there was no significant
difference between the percent of time experts spent fixating on
the ultrasound screen on the manikin (61.57± 3.22%) and the DHRT
system (65.41± 3.94%), t(9)¼�1.082, p¼ 0.307. Likewise, there
was no significant difference between the percent of time experts
spent fixating on the needle and ultrasound probe on the manikin
(10.67± 2.42%) and the DHRT system (12.58± 2.39%),
t(9)¼�0.946, p¼ 0.369.

The first one-way MANOVA results showed that the differences
among central line insertion experience (novice, senior resident,
and expert) on the combined dependent variables (total time
fixated on the ultrasound screen and needle and ultrasound probe)
was statistically significant, F(4, 394)¼ 9.072, p< 0.0005, Pillai's
Trace¼ 0.169, partial h2¼ 0.084, observed power of 0.999. See
Fig. 3 for example gaze plots for the three groups. Follow-up uni-
variate ANOVAs showed that the total time fixated on both the
ultrasound screen (F(2, 254.418)¼ 4.010, p< 0.020, partial
h2¼ 0.039, observed power of 0.712), and the needle and ultrasound
probe (F(2, 149.268)¼ 17.442, p< 0.0005, partial h2¼ 0.150,
observed power of 1.000) were significantly different between the
participants from the different central-line experience groups, us-
ing a Bonferroni adjusted a level of 0.025.

The assumption of homogeneity of variances, as assessed by
Levene's Test for Equality of Variance, was satisfied for the total
time spent fixating on the ultrasound screen (p¼ 0.149) but not the
needle and ultrasound probe (p¼ 0.049). Thus, the Games-Howell
post-hoc pairwise comparisons were conducted for the total time
fixated on the needle and ultrasound probe, while the Tukey-Kramer
post-hoc pairwise comparison was conducted for the total time
fixated on the ultrasound screen. The post-hoc results showed that
novices (5.73± 0.36s) spent significantly more time fixating on the
tracking the needle and ultrasound probe than experts (3.01± 0.33s)
and senior residents (3.20± 0.31s). Novices (17.55± 1.20s) spent
significantly less time fixating on the ultrasound screen than experts
(14.17± 0.79s) but similar total times as senior residents
(17.01± 0.87s). Specifically, differences between novices and ex-
perts (2.72s, 95% CI [1.56, 3.88], p¼ 0.0005) were as well as novices
and residents (2.53s, 95% CI [1.39, 3.66], p¼ 0.0005) were statisti-
cally significant when gazing at the needle and ultrasound probe. On
the other hand, novices spent significantly less time fixating on the
ultrasound screen than experts (3.38s, 95% CI [0.31, 6.45],
p¼ 0.027). All other comparisons were not statistically significant.

The second one-way MANOVA showed that the percentage of
total fixation time allocated to the ultrasound screen and the needle
and ultrasound probe was statistically significant, F(4, 394)¼ 8.575,
p< 0.0005, Pillai's Trace¼ 0.160, partial h2¼ 0.080, observed po-
wer of 0.999. Follow-up univariate ANOVAs showed that both the
percent time allocated to the ultrasound screen (F(2,
1646.792)¼ 9.529, p< 0.0005, partial h2¼ 0.088, observed power
of 0.979), and the needle and ultrasound probe (F(2,
1434.600)¼ 15.618, p< 0.0005, partial h2¼ 0.137, observed power
of 0.999) were significantly different between the participants from
the different central-line experience groups, using a Bonferroni
adjusted a level of 0.025. The percentage of time participants
allocated to each AOI from different groups is shown in Fig. 4.

Because the assumption of homogeneity of variances was
violated for both the percent time spent fixating on the ultrasound
screen and the needle and ultrasound probe, as assessed by Levene's
Test for Equality of Variance (p¼ 0.0005 and 0.025, respectively),
the Games-Howell post-hoc test was used to compare pairwise
differences between groups for time allocated to each AOI. The
post-hoc results showed that novices (58.01± 1.85%) allocated
significantly less time to the ultrasound screen than experts
(65.40± 1.42%) and senior residents (68.86± 1.07%). In addition,
novices (20.99± 1.44%) allocated significantly more time tracking
the needle and ultrasound probe than experts (12.58± 0.92%) and
senior residents (13.11± 1.22%). Specifically, differences between
novices and experts (�7.40%, 95% CI [-12.93, �1.86], p¼ 0.005) as



Fig. 3. (Left) Example novice gaze pattern on DHRT. (Middle) Example senior resident gaze pattern. (Right) Example expert gaze pattern. The size of each circle represents the
fixation duration, while the number within each circle represents the chronological order of the fixation point.
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well as novices and residents (�10.85%, 95% CI [-15.94, �5.76],
p¼ 0.0005) were statistically significant when gazing at the ultra-
sound screen. On the needle and ultrasound probe, differences be-
tween novices and experts (8.40%, 95% CI [4.34, 12.46], p¼ 0.0005),
as well as novices and residents (7.88%, 95% CI [3.39,12.37],
p¼ 0.0005) were statistically significant. However, there were no
significant differences between experts and senior residents in
time allocated to the ultrasound screen (p< 0.133) or the needle and
ultrasound probe (p< 0.938).

Finally, a one-way ANOVA showed that there was no significant
difference between the scan path of novices (6.30± 0.504), senior
residents (5.65± 0.424), and experts (5.11± 0.407), F(2,
26.693)¼ 1.864, p< 0.158, partial h2¼ 0.019, observed power of
0.385.
Discussion

The results for the first research question support our hypoth-
esis that gaze patterns would not differ between the manikin and
DHRT environments. This demonstrates that even in the absence of
the physical realism, in the DHRT simulator, experts maintained
similar gaze patterns. These results provide evidence that the DHRT
systemmay require similar eye gaze patterns even in the absence of
these physical features. Additionally, our results show that exper-
tise in IJCVC can be differentiated using gaze behavior, supporting
related work that differentiated expertise with gaze patterns dur-
ing open hernia surgery and laparoscopic environments.19,22 While
the experienced surgeons in our study spent more time fixating on
Fig. 4. Average percent of time each group allocated to the ultrasound screen and the
needle and ultrasound probe. Novices spent significantly less time than experts and
senior residents fixating on the ultrasound screen, and significantly more time tracking
the needle and ultrasound probe. Standard error bars are represented for each group
and AOI.
the ultrasound screen, the novices spent significantly more time
tracking the needle and ultrasound probe. Additionally, while not
significant, novices switched their attention between the AOIs
more frequently than senior residents and experts. These results
may point to the importance of skills needed to comfortably
manipulate the needle and ultrasound probe, while simultaneously
visualizing the target location on the ultrasound screen, during IJ
CVCs.

Finally, it was hypothesized that experts would spend more
time gazing at the ultrasound screen, while novices would spend
more time tracking the needle and ultrasound probe, with senior
residents falling along a continuum between the two groups.
While not significant, an interesting discovery was that senior
residents allocated the most attention on the ultrasound screen,
and a similar amount of time as experts tracking the needle and
ultrasound probe. When combined with prior work showing that
senior resident performance was comparable with expert per-
formance,10 this additional similarity in gaze patterns indicate
that senior residents attain expertise in CVC placement during
their post graduate residency career. This may be due in part to the
fact that IJCVCs are often performed by residents at this institution
under the supervision of experts. This means that while our ex-
perts met the criteria of a minimum 50 central lines,29 the senior
residents in the study may have had more active line placement in
the months leading up to the testing, which may have led to
higher similarities in the performance among these two groups.
Another explanation is that ultrasound guidance has shifted the
learning curve and the number of placements necessary to
perform similarly to experts.
Limitations

This study was performed at a large academic institution.
While the participant numbers were limited, the current study
provides some of the first evidence for the use of gaze training in
IJCVC education. All interns at our institution attend surgical
bootcamp, thus protected time opportunity to participate in the
study was present. Experts and senior surgical resident partici-
pation occurred during clinical work-days. Thus, time was not
protected for study participation, potentially leading to a self-
selection bias as well for individuals with higher interest or
experience with CVC procedure. While this study did not collect
external video data to supplement eye-tracking data, future work
could explore in depth the relationship between hand movements
and gaze patterns during IJ CVC placement. Finally, data was
excluded for two participants (1 novice, 1 expert) due to poor
tracking quality. Future work should examine more participants at
various stages of expertise.
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Conclusions

The current study differentiated expert and novice fixation and
AOI scan patterns during IJCVC placement on the DHRT system and
showed that experts performed similarly between DHRT and
manikin-based simulation systems. These findings indicate that the
DHRT training system effectively captures gaze behaviors of expert
surgeons as well as manikin-based systems. Additionally, the re-
sults showed that differences in gaze patterns could be discerned
between varying levels of expertise.
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