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Background: Discriminating performance of learners with varying experience is essential to

developing and validating a surgical simulator. For rare and emergent procedures such as

cricothyrotomy (CCT), the criteria to establish such groups are unclear. This study is to

investigate the impact of surgeons’ actual CCT experience on their virtual reality simulator

performance and to determine the minimum number of actual CCTs that significantly

discriminates simulator scores. Our hypothesis is that surgeons who performed more

actual CCT cases would perform better on a virtual reality CCT simulator.

Methods: 47 clinicians were recruited to participate in this study at the 2018 annual confer-

ence of the Society of American Gastrointestinal and Endoscopic Surgeons. We established

groups based on three different experience thresholds, that is, the minimal number of CCT

cases performed (1, 5, and 10), and compared simulator performance between these groups.

Results: Participants who had performed more clinical cases manifested higher mean

scores in completing CCT simulation tasks, and those reporting at least 5 actual CCTs had

significantly higher (P ¼ 0.014) simulator scores than those who had performed fewer

cases. Another interesting finding was that classifying participants based on experience

level, that is, attendings, fellows, and residents, did not yield statistically significant dif-

ferences in skills related to CCT.

Conclusions: The simulator was sensitive to prior experience at a threshold of 5 actual CCTs

performed.
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Introduction
 anatomic variants.19,20 VR simulation, on the other hand, that
With recent advances in computer graphics and haptic inter-

face technology, virtual reality (VR) simulation has become an

important component of medical education and training re-

forms.1-7 In addition to allowing surgeons to practice in a safe

and controlled environment with no risk to patients, well-

constructed VR surgery simulators also standardize training,

save instructor resources, and assure uniformity of training.

Evidence to claim the validity of a VR simulator, however,

should occur before stand-alone use in training programs. The

ability of a simulator to accurately discriminate the perfor-

mance of learners with varying experience is a component of

validity evidence.8,9 This is often evaluated by comparing the

performance between groups with different experience.8-10 In

this regard, superiorperformanceby thegroupwithmoreactual

experience is pivotal in validating the use of the simulator for

training and assessment.9 To this end, creating groups that are

likely different in the ability on the simulator tasks is necessary.

It is important to note that the way of creating groups with

varying experience varies across studies.3,9 A common

approach is based on their medical experience.9,11,12 In a

comprehensive survey9 regarding the methodologies of vali-

dating surgical simulators, Van Nortwick et al. point out that

attendings are frequently identified as more experienced,

while fellows or senior residents also serve as more experi-

enced in a third of the studies. Moreover, the number of actual

clinical cases managed is another criterion for establishing

groups with different expertise. Individuals who have exten-

sive clinical experience in terms of performing a sufficiently

large number of surgeries are regarded as more experi-

enced.3,13,14 However, for some rare and emergent surgeries

such as cricothyrotomy (CCT), the opportunity for performing

such procedures is infrequent,15-17 which renders creating

groups that are likely different on simulator tasks a difficult

task.

CCT has been considered as a life-saving emergency pro-

cedure for patients who cannot be intubated by conventional

means (e.g., rapid sequence intubation) and would otherwise

risk death.16 To assure competency with CCTs given so few

actual opportunities, we need to supplement actual experi-

ence with simulated training mechanisms. Traditionally, this

approach can be seen in the Advanced Trauma Life Support

course18 using human cadavers or plastic mannequins.

Despite the high cost of these training models, none of the

aforementioned simulations offer repetitive practice and
Table 1 e Demographic data.

Age, average (range)

Sex, female:male

Hand dominance, left:right:ambidextrous

Medical experience

CCT performed experience, yes:no

Video game experience, yes:no
offers repetitive and unlimited practice and automated

objective assessment can provide an alternative that ad-

dresses these problems in a cost-effective manner.21 Howev-

er, no focus has been placed on evaluating the validity of

existing CCT simulators 19,20 in terms of discriminating groups

with varying experience. In fact, there are no studies indi-

cating the impact of the surgeon’s actual CCT experience on

the simulator performance. This may result in establishing

comparison groups showing no difference in simulator scores.

In this article, we seek to determine theminimal number of

actual CCTs that significantly discriminates performance on a

VR CCT simulator. Our hypothesis is that surgeons with more

actual CCT experience perform better on a VR CCT simulator

than those who performed fewer cases. To determine the

minimum number of actual CCTs that significantly discrimi-

nates simulator performance, we explored the impact of three

different actual experience thresholds (AET), that is, the

minimum number of actual CCT cases performed (1, 5, and

10), on simulator scores. We also compared the simulation

performance between groups established based on the par-

ticipants’medical experience (e.g., attending or nonattending)

to confirm our hypothesis.
Material and methods

Participants

To identify a sufficiently large sample of subjects with varied

clinical experience, we conducted this study at the 2018

annual conference of the Society of American Gastrointestinal

and Endoscopic Surgeons. The study was approved by the

institutional review board at Beth Israel Deaconess Medical

Center. 47 participants were voluntarily recruited to perform

CCT tasks on a VR simulator. All participants were informed

about the purpose of this study, and all of them gave their

informed consent before participating in the study. The de-

mographic data are shown in Table 1.

VR CCT simulator

Configuration
The haptic-enabled VR CCT simulator,VAST-CCT,22 consists of

a desktop computer and a 24-inch computer monitor con-

nected to two Geomagic Touch haptic devices, each of which
36.8 (22-88)

10:35 (2 missing responses)

2:41:2 (2 missing responses)

17 attendings, 2 fellows, 12 residents, 2 medical

students, 11 combat medics, 3 undergrads

17:30

20:27
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provides 6 degrees of freedom position/orientation input and

3 degrees of freedom force feedback.

As illustrated in Figure 1A and B, the participants were

seated in front of the monitor that displayed a virtual patient

lying in a supine position. All instruments required in the

surgery were integrated into the simulator. These in-

struments can be easily switched from one another and

operated freely using the haptic device held by the user’s

dominant hand. The virtual hand for palpation is controlled

by the haptic device operated by the user’s nondominant

hand. The anatomical models (e.g., thyroid and cricoid carti-

lages, cricothyroid membrane, trachea, etc.) of the patient, as

shown in Figure 1C, were derived from high-resolution

computed tomography data. The simulation was continu-

ously updated in real-time based on the user’s interactions

with the two haptic devices.

Simulation tasks
On the basis of a hierarchical task analysis of CCT discussed in

the study by Demirel et al,17 four key tasks were identified and

implemented in the simulator: (1) landmarks identification, (2)
Fig. 1 e VAST-CCT simulator: (A) Haptic-enabled VR CCT simula

the virtual cricothyroid anatomy are derived from high-resolutio

(Color version of figure is available online.)
skin incision, (3) cricothyroid membrane incision, and (4) intu-

bation. The description of each task is illustrated in Figure 2.

In the simulator, the patient’s skin, cartilages, and mem-

brane were modeled with different material properties using

real-time physics-based modeling techniques.23 When inter-

acting with different regions of the patient’s neck, the haptic

devices could provide the user with a distinct sensation of

palpation. When the virtual scalpel was pressed on the skin

with sufficient force, a cut was initiated.

Automated performance assessment
The user’s performance was assessed based on the

completeness and accuracy of each task and quantified auto-

matically by the simulator using an overall score, referred to as

performance score in this article. Four performance assess-

mentmetricswere implemented in the simulator, one for each

task (see Fig. 2). For a detailed explanation of eachmetrics, we

refer the user to our prior study.17 The overall performance

score is the sum of all four task scores, with a range from 0 to

40. The scoring for the performance assessment metrics of

each task is detailed in Table A in the Appendix.
tor, (B) the virtual patient and surgical instruments, and (C)

n CT data and simulated with realistic material properties.

https://doi.org/10.1016/j.jss.2020.03.021
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Procedure

Before conducting the experiment, participants were asked to

fill out a questionnaire about their demographics, medical

experience, and the total number of CCTs they had performed

as shown in Table 1. The number of cases performed was

noted to be 0-20 with a median of 0. The participants were

then presented with an instruction demo describing the CCT

tasks and how to operate the simulator, accompanied by a

verbal explanation. Each participant could performup to three

practice trials to become familiar with the setup of the

simulator such as how to operate the haptic device to control

the surgical instruments or change the instruments in VR.

Once the practice phase was over, each participant performed

only one trial on the simulator as the formal test, and a per-

formance score was recorded. Participants were then asked to

fill out a questionnaire consisting of nine questions by rating

from 1 (not realistic/useful) to 5 (very realistic/useful)

regarding the face validation of the CCT simulator.
Table 2 e Of the 47 participants, the number of
participants assigned to more-experienced and less-
experienced groups for each actual experience threshold.

Actual experience
thresholds (AET)

# More-
experienced

(ME)

# Less-
experienced

(LE)

1 17 30

5 9 38

10 6 41
Establishment of groups with different CCT experience

To determine the minimum number of actual CCTs that

significantly discriminates performanceon aCCT simulator,we

explored the impact of three different AETs, that is, the mini-

mum number of actual CCT cases performed (1, 5, and 10), on

simulator scores. The selection of AET was based on the distri-

bution of the actual CCT experience among the participants.

The number of CCT cases that the participants had performed

wasnoted to be 0-20with amedianof 0. Becausemore thanhalf

(30 of 47) of the participants had no CCT experience, 1 was

chosen as the minimum number of cases. Among the 17 par-

ticipants who had performed CCT before, the number of CCT

casesperformed ranged from1 to 20withamedianof 5;we then

chose themediannumber, that is, 5, as thesecondexperimental

threshold. Similarly, among the participants who had per-

formed CCT aminimum of 5 times, the number of CCTs ranged

from 5 to 20 with a median of 10, and the third experimental

threshold was therefore chosen as 10.
For each AET, participants who had performed greater or

equal to the number of cases signified in the threshold were

assigned to the more-experienced (ME) group; otherwise, they

were assigned to the less-experienced (LE) group. Among the

47 participants, the participant numbers for ME and LE groups

established in accordance with each AET are different as

shown in Table 2.
Establishment of groups with different medical experience

To investigate the impact of surgeons’ medical experience

(i.e., attendings, fellows, etc.) on their performance of VR CCT

simulator, we established two groups based on whether a

participant is an attending or not and then compared their

simulator performance using the same data. Similarly, we

also assigned fellows and senior residents (PGY-5) to the same

group of attendings and compared their simulator perfor-

mance to the rest of the participants. As shown in Table 1,

among the 47 participants, 17 were attendings, 2 were fellows,

and 12 were residents (3 of which were PGY-5).
Statistical analysis

For each AET, that is, 1, 5, or 10, the performance scores be-

tween theME and LE groupswere compared. Our purpose was

https://doi.org/10.1016/j.jss.2020.03.021
https://doi.org/10.1016/j.jss.2020.03.021
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to estimate the minimum number of actual CCTs performed

that significantly discriminate simulator performance.

All data (performance scores) were examined for normality

using the Anderson-Darling test. The standard F test was then

used to assess the equality of variances between the ME and

LE data for each threshold. As the performance scores for each

groupwere normally distributed and had the same variance, a

two-sample t-test (with an equal variance assumption) was

used to compare the performance scores between the ME and

LE groups. Our null hypothesis was that the performance of

ME and LE groups is the same. Because three comparisons

betweenME and LE groupswere conductedwith respect to the

three AETs (i.e., 1, 5, 10), each comparison was tested at a

significance level of 0.0167 (i.e., 0.05/3) based on Bonferroni

correction.

By following this same procedure, we also compared the

simulator performance between groups with different medi-

cal experience such as attending and nonattending groups.

The face validation questions were analyzed by calculating

the mean, standard deviation (SD), and percent of responses

that were greater than 3 on a 5-point scale.
Results

The optimal AET distinguishing simulator performance

Performance comparisons between ME and LE groups estab-

lished based on all three AETs are summarized in Figure 3,

where performance scores of ME and LE groups are plotted

with respect to each threshold. The results demonstrated that

no significant difference was found between these two groups

when the minimum number of CCTs was 1 (P ¼ 0.066); the ME

group performed significantly better than the LE group when

they had performed at least 5 CCTs (P ¼ 0.014) or 10 CCTs
Fig. 3 e VR simulator performance scores comparison between

that were established based on three actual experience threshol

5, and 10.
(P ¼ 0.005). We, therefore, considered 5 to be the minimum

actual CCT experience distinguishing simulator performance.

Furthermore, when raising theminimumnumber of cases,

the mean performance score increases (i.e., 22.53 � 6.98,

25.33�7.94, 27.83�7.08) for theMEgroupbutalmost same (i.e.,

18.30� 7.62, 18.53� 7.01, 18.66� 7.01) for the LE group, and the

difference (gap) between the two groups enlarges. In the

meantime, the same trend can be found in the subscores of the

four tasks that make up the total performance score. We have

included the mean scores of the four tasks for all the partici-

pants across the three experience thresholds in Fig. A in the

Appendix. Moreover, we also found that the ME group gener-

ally takes much less time than the LE group to complete the

entire procedure. With the increase in the minimum number

of cases, themedian completion time (in seconds, non-normal

distribution) forboth theMEgroup (i.e., 123, 116, 117) and theLE

group (i.e., 214.5, 209.5, 205) does not change much.
Performance comparison between groups with different
medical experience

As illustrated in Figure 4, no significant difference (P ¼ 0.506)

was found between attendings and nonattendings, although

the attending group did obtain a slightly higher (mean:

20.82 � 7.63) score than the nonattending group (mean:

19.27 � 7.66). Similarly, no significant difference (P ¼ 0.769)

was found when comparing the group of attendings, fellows,

and senior residents (mean: 20.18 � 7.93) to the other partic-

ipants (mean: 19.52 � 7.46).
Face validation

Post-task questionnaire results are shown in Table 3 on a 5-

point scale. For all the participants, eight of the nine questions

were rated amean of 3 or greater (89%). The highest ratingwas
more-experienced (ME) and less-experienced (LE) groups

ds (i.e., the minimum number of actual CCTs performed): 1,

https://doi.org/10.1016/j.jss.2020.03.021
https://doi.org/10.1016/j.jss.2020.03.021
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assigned to the overall usefulness of the simulator in learning

fundamental CCT technical skills (mean: 3.91). 89% of the

participants rated the usefulness of the force feedback

(sensation of feeling the tools on the target and in the task

space) in the simulator in helping their performance at least 3

of 5, and 91% of the participants rated the degree of overall

realism (looks and feels) of the simulator at least 3 of 5. The

question that rated the lowest was the degree of realism of the

instrument handling in the simulator (2.99).
Discussion

Selection of candidate actual experience thresholds

As explained in the Methods section, the three AETs, 1, 5, and

10, were selected based on the distribution of the prior CCT

experience among the 47 participants. To the best of our

knowledge, there is no literature investigating the impact of

the actual CCT experience on VR simulation performance.

Therefore, we decided to derive the potential thresholds from

actual data. We considered that the data that were collected

from a national surgical conference could help us understand

the actual CCT experience from a general surgical population

and so as to investigate the impact of actual CCT experience

on the simulation performance.

Performance comparison between groups with different
experience

Another common way of creating groups with different

experience is based on the surgeon’s medical experience. At-

tendings, fellows, and senior residents were frequently iden-

tified as more experienced in many studies.9 To examine

whether this classification is appropriate for CCT, we further
compared the performance between groups with different

medical experience using the same data. Based on the result

illustrated in Figure 4, no significant difference was found

between groups established based on either of the categories.

Our interpretation of this result is that CCT is a rare surgical

procedure even for attendings, especially for those who are

not from the disciplines offering more opportunities to

perform CCT. Simply identifying a surgeon’s experience of

surgery based on their medical experience may create groups

showing no difference in simulator scores. This finding thus

justifies our hypothesis of exploring the impact of the number

of clinical cases on the simulator performance.
Technical challenges of VR CCT simulation

Based on the feedback from the participants, the overall use-

fulness of the simulator was considered moderately realistic

(mean rating 3.42 of 5), and 93% of the participants rated the

usefulness of the simulator in learning the fundamental CCT

technical skills over a 3 of 5, with amean of 3.91. However, the

realism of the instrument handling received the lowest rating

(mean rating 2.99 of 5). Several participants commented that it

was not realistic to use a hand-held haptic stylus to palpate

the virtual patient’s skin for the landmark identification,

where surgeons usually use their fingers to palpate during the

real surgery; the force feedback received during palpationwas

helpful but tooweak. This suggested that the interface for CCT

landmark identification needs to be improved and more

realistic force feedback rendering is demanded. Prior

studies21,22 on VR surgical simulations have also found that

the handling of instruments and quality of force feedback

received lower rates. This indicates the importance of in-

strument handling and force feedback in the design of VR

surgical trainers.

https://doi.org/10.1016/j.jss.2020.03.021
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Table 3 e Post-task questionnaire.

Questions: Rating from 1 (not realistic/useful) to 5 (very realistic/useful) Mean SD Rating � 3

Degree of realism of the target objects (how realistic they look) in the VR environment 3.56 0.84 89%

Degree of realism of the instrument handling (how realistic it feels) in VAST-CCT 2.99 1.00 61%

Degree of overall realism of the VAST-CCT simulation (how it looks AND feels) 3.42 0.84 91%

Quality of the force feedback (sensation of feeling the tools on the target and in the task

space) in the VAST-CCT.

3.51 1.02 80%

Degree of usefulness of the force feedback (sensation of feeling the tools on the target

and in the task space) in the VAST-CCT in helping your performance.

3.71 0.90 89%

Usefulness of the VAST-CCT simulation in learning hand-eye coordination skills 3.93 1.00 86%

Usefulness of the VAST-CCT simulation in learning ambidexterity skills 3.80 1.07 86%

Degree of overall usefulness of the VAST-CCT in learning the fundamental

cricothyrotomy technical skills

3.91 0.83 93%

Assessment of how trustworthy the VAST-CCT is to quantify accurate measures of

performance

3.49 0.90 86%
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Limitations and future work

This study had a few limitations that should be acknowledged.

First, we only evaluated surgeons’ CCT performance on a

VR simulator that presents a straightforward situation. How-

ever, CCT is not without complications.16,24 Performance on a

patient with normal anatomy is often considered to be less

challenging than on patients with a short, fat neck, or patients

who cannot have their neck placed in hyperextension because

of limited mobility or other safety concerns. Other important

variables such as the difficulty level of actual CCTs performed

by each participating surgeon and their impact on the simu-

lator performance need to be analyzed in future research.

Second, this study only considered the impact of surgeons’

actual CCT experience on the simulator performance. In fact,

other confounding factors, including the experience with

other CCT simulations such asmannequins used in Advanced

Trauma Life Support course should be considered when

comparing groups, as it may influence VR simulation scores.

Moreover, despite the opportunity for performing CCT is

infrequent, there are some other procedures that contribute to

the skills necessary for successful CCT performance such as

thyroidectomy and tracheostomy. The influence of surgeons’

experience of those procedures could also be taken into ac-

count in future studies.

Third, although there were 47 participants in this study,

only a small number of them (17) had actual CCT experience.

Although this limited the ability to evaluate the system in

terms of skill differentiation, the clinicians who do not have

much chance to perform CCT are the potential target user

group for training. Future work is needed to determine

whether the VAST-CCT simulator can be used to distinguish

between experts and novice surgeons such as those who are

specialized in trauma or acute care. CCT is an important and

life-saving skill where there is an infrequent opportunity for

practice. VR simulation that provides repetitive, patient-

safety practice and automated performance assessment

could augment training for such a critical skill. This study

explored the impact of different numbers of actual CCTs

performed on VR simulator scores. We found that
participating surgeons who had experience with a minimum

of 5 actual CCTs performed significantly better on the simu-

lator than those who had performed fewer cases, based on

group differences. Based on the feedback from the partici-

pants, the VR simulator was considered moderately realistic

and useful by the participants to learn the fundamental CCT

technical skills. These indicate the potential validity of the

simulator in supporting the training on such low-frequency

but high-acuity procedure. However, due to the limitations

of instrument handling and force feedback as mentioned by

the participants, the current system can supplement rather

than replace the current training methods. However, with

further improvements and validation, the VAST-CCT simu-

lator can supplement the current training methods as a cost-

effectivemanner of practice. In the next stage of the study, the

training effectiveness of the CCT simulator could be assessed

by comparing participants’ performance after training on

different simulation systems such as mannequins and their

ability to transfer their skill between simulations and to retain

the skill over time.
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