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Abstract

Objectives: This study aimed to gather validity evidence according to Messick's

framework for a novel 3D-printed simulator for myringotomy with ventilation tube inser-

tion for use in technical skills training of otorhinolaryngology (ORL) residents.

Methods: The study included 15 junior ORL residents (trainees) and 13 experienced

teaching otolaryngologists (experts). Experts and trainees first received an identically

structured introduction to the procedure, simulator, and simulation setup. Five proce-

dures performed by each participant were video-recorded and ordered randomly for

blinded rating by two independent raters. The rating tools used were a global rating

scale (GBRS) and a task-specific checklist. Validity evidence was collected according

to Messick's framework. Differences in time consumption and performance scores

were analyzed. Finally, a pass/fail standard was established using the contrasting

groups' method.

Results: Trainees used significantly more time per procedure (109 s, 95% CI: 99–

120) than experts (82 s, 95% CI: 71–93; p < .001). Adjusted for repetition and rater

leniency, experts achieved an average GBRS score of 18.8 (95% CI: 18.3–19.2) out of

20 points, whereas trainees achieved an average of 17.1 points (95% CI: 16.6–17.5;

p < .001). In contrast to the task-specific checklist, the GBRS score discriminated

between repetition number and participant experience. The pass/fail standard for the

GBRS was established at 18.4 points.

Conclusion: We established educational validity evidence for a novel 3D-printed

model for simulation-based training of ventilation tube insertion and established a

reliable pass/fail standard.

Level of Evidence: 1b.
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1 | INTRODUCTION

Simulation-based training (SBT) has gained a strong foothold in mod-

ern health professional training, including in surgery.1–3 Simulation

has many benefits as a learning and assessment environment.4 Impor-

tantly, it provides trainees with a safe environment to practice and

refine their skills and obtain competencies without risk to patients.5,6

Accordingly, SBT has been adopted in most surgical specialties includ-

ing otorhinolaryngology (ORL) to improve novice surgical skills

acquisition.

Myringotomy with ventilation tube insertion is one of the most

frequently performed procedures in pediatric ORL.7–9 For several rea-

sons, myringotomy lends itself excellently to SBT: First, successful

myringotomy requires training of otology residents with no or minimal

experience in procedures performed under microscope. Second, the

procedure may cause iatrogenic harm, such as damage to middle ear

structures or the ear drum, or laceration of ear canal skin.10 Third, the

learning curve is steep, and excess time consumption is not uncom-

mon among less experienced practitioners. Simulator training before

myringotomy and ventilation tube insertion on patients therefore has

potential benefits for patients and trainees alike. In a recent targeted

needs assessment study in Denmark, instructors and ORL trainees

identified ventilation tube insertion as the most desired skill to train

using simulation.11 Numerous physical simulation models have been

described in the literature.12 Generally, they consist of a cylinder mim-

icking the ear canal with a synthetic membrane attached representing

the ear drum. Other models are more complex and involve, for exam-

ple, a virtual reality environment.13,14 However, only a minority of

these simulators are underpinned by educational evidence as few

have explored validity using a contemporary validity framework.15

Messick's validity framework considers five evidence sources: con-

tent, response process, internal structure, relationships with other var-

iables, and consequences.15 Structured gathering of validity evidence

is needed to support the educational value of implementing SBT and

ensure alignment between construct, measurement, and outcome.

Furthermore, a need exists to establish a credible pass/fail score

underpinning mastery learning in which all trainees continue to prac-

tice the procedure until they reach a predefined proficiency level.16

This study aimed to gather validity evidence according to Mes-

sick's framework for a novel 3D-printed simulator for myringotomy

with ventilation tube insertion in the setting of training and assessing

junior ORL residents.

2 | MATERIALS AND METHODS

2.1 | Simulator

Our idea was to provide a portable, standardized, and flexible model

for training of myringotomy and ventilation tube insertion that may

be distributed to training departments/clinics for convenient decen-

tralized training. We developed a physical simulator based on digital

illustrations of the auricle, external ear canal, tympanic cavity, and

head using computer-assisted design (CAD) tools. This work was done

in collaboration with the Institute of Technology, Aarhus, Denmark.

The model was made to resemble the normal human anatomy for the

right ear of an approximately 5-year-old child. We made a 3D-printed

model and then cast the ear canal and auricle in silicone (Figure 1,

left). The tympanic membrane is represented by glued rice paper

layers, mimicking a thin translucent tympanic membrane. The car-

tridge with “tympanic membranes” has five membranes and enables

fast change for repeated practice by sliding the cartridge into the sim-

ulator (Figure 1, right). The final simulation model requires only stan-

dard instruments and an otomicroscope, all of which are readily

available at training institutions.

2.2 | Participants

We recruited a group of highly experienced specialists (“experts”) and
a group of trainees with limited experience (“trainees”). Experts were

recruited among the Danish network of teaching ear–nose–throat

(ENT) specialists in private practice (a total of 19 trainers were eligible

nationwide). They all had years of experience performing tubulation

and myringotomy in pediatric patients (>2000 procedures) and served

as ENT resident trainers. Trainee participants were recruited among

otolaryngology residents in their ENT private practice training rotation

(i.e., >3 years of ENT experience). The trainees had limited experience

with myringotomy with ventilation tube insertion before their rotation

in specialist practice. They were further classified as either novices

(<10 procedures) or beginners (11–100 procedures).

2.3 | Intervention—Simulation of myringotomy
with ventilation tube insertion

Both experts and trainees first received the same structured introduc-

tion to the procedure and simulation setup with videos explaining ear

anatomy, use of surgical instruments, the otomicroscope, the video-

recording set-up used in the study, and steps for myringotomy and

ventilation tube placement as included in the assessment checklist

(see later). The content of the instructional videos was based on a

consensus obtained among the previously mentioned network of

teaching ENT specialists (N = 15 contributed at the consensus meet-

ing). The consensus was highly aligned with the procedure as

described in Scott-Brown's textbook.17 After the structured introduc-

tion, each participant performed five myringotomies with ventilation

tube insertion on the simulator. These myringotomies were all video-

recorded and assessed as described below. The study flow chart is

presented in Figure 2.

2.4 | Data collection—Video recording

The set-up for video recording required a smartphone camera and a

tripod. Participants needed to follow the recording guideline provided
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in the instructional video. This included details on how to position the

recording equipment for optimal view and ensuring blinding of the

participant for unbiased rating. The smartphone camera recording

included the visual field from the otomicroscope projected onto a

screen, the participant's lower arm and hands during instrument han-

dling, and the simulator (Figure 1). Participants recorded all five per-

formances as one consecutive video. Subsequently, these videos were

edited into five stand-alone videos. The video clips were assigned a

random number before being assessed. The procedural time was

determined by videoclip length.

2.5 | Data collection—Performance assessment

Two ENT specialists with extensive surgical and teaching expertise

were recruited to assess performance. They received rater training

from the first and last author. Training included review and discussion

of the two assessment tools after which three example videos were

rated and discussed for consensus. After rater training, the two raters

were given access to the video-recorded performances and individu-

ally assessed performances using two assessment tools. An example

of a video recording is provided as Supporting Information digital con-

tent (Video S1).

The tools were adopted from Malekzadeh et al.18 and consisted

of a (1) global rating scale (GBRS) and a (2) task-specific checklist. The

original GBRS considered the following items: Time and motions,

Instrument handling, Knowledge of instruments, Flow of operation,

and Communication skills. Since the procedure simulated in our study

involved no assistant, we omitted assessment of Communication

skills. Each of the four remaining items was rated on an anchored five-

point Likert scale for a total maximum of 20 points. The task-specific

checklist comprised five tasks rated as “done” (1 point) or “not done”
(0 points): Visualizes tympanic membrane, performs myringotomy in

appropriate quadrant, suctions middle ear and not directly on

tympanic membrane, inserts tube through myringotomy incision, and

suctions ear tube. Subsequently, the raters made a global pass/fail

decision.

2.6 | Analysis—Validity evidence according to
Messick's framework

We assessed validity evidence for procedural competency in surgery

for ventilation tube insertion using the simulator in accordance with

Messick's framework and adopting the following five sources of

validity15:

1. Content. We obtained consensus among a group of experienced

ORL surgeons who assessed the elements and content of the sim-

ulator, the instructions, and the simulation-based test.

2. Response process. Identical and uniform instruction of each partic-

ipant was achieved using identical instructional videos. Bias in the

rating process was eliminated by blinding expert raters to the par-

ticipants. The raters had no information about the ratings done by

the other rater.

3. Internal structure. The internal consistency of the simulator items

for each repetition of the procedure was assessed using Cron-

bach's alpha. A coefficient >0.8 is considered acceptable for mod-

erate stakes tests.19

4. Relationships with other variables. We compared the groups'

scores to establish whether simulator test scores may discriminate

between different experience levels.

5. Consequences. A pass/fail standard was established based on the

GBRS score using the contrasting groups' method. This method

considers intersection between the distribution of the novice and

experts to have as few false positives (passed novice surgeons)

and as few false negatives (failed experienced surgeons) as possi-

ble, respectively.20

F IGURE 1 Left—Simulator for
myringotomy with ventilation tube
insertion, consisting of a 3D-printed
model with a silicone ear mold.
Right—Cartridge for fast change of
tympanic membrane.
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2.7 | Sample size and statistics

Our sample size calculations were based on data presented by

Malekzadeh et al.,18 suggesting that 12 participants would be

needed in each group to detect a significant inter-group differ-

ence, assuming the same effect size as found for their educational

intervention.

We analyzed data in SPSS statistics version 28 (SPSS Inc, IBM

Corp., Armonk, NY). For data analysis, we mainly used linear mixed

models as outlined by Leppink to account for repeated measurements

(multiple performances by each participant, multiple raters).21 The

final models included level (novice or expert) or experience (0–10,

11–100, or > 2000 real-life procedures), procedure number (1–5), and

rater as fixed effect. No interactions were found. Estimated marginal

F IGURE 2 Study flow chart.
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means are reported. An Excel spreadsheet was used to contrast group

calculations.20

2.8 | Ethics

Ethical board approval is not required for educational studies under

the Danish research provisions. This study complied with the Helsinki

Declaration. All participants were informed and provided their written

consent for participation.

3 | RESULTS

3.1 | Participants and background

The study participants were 15 junior ORL residents and 13 experi-

enced teaching otolaryngologists in specialist practice (19 experts

were eligible, 13 accepted participation). The participants had no pre-

vious exposure to the simulator. The trainees were 29–40 years of

age (median: 33 years), nine were male; six, female. The experts were

40–65 years of age (median: 53 years), 12 were male; one, female. All

28 participants completed and recorded five simulator procedures,

producing a total of 140 video clips. Three recordings were excluded

due to poor quality (overexposed), leaving 137 videos for evaluation.

3.2 | Internal consistency

Cronbach's alpha of the GRBS in our context was found to be 0.90,

which is considered a very high internal consistency. In contrast,

Cronbach's alpha for the task-based checklist was very low—0.34.

3.3 | Procedure time

The trainees used mean 109 s per procedure (95% CI: 99–120); the

experts, 82 s (95% CI: 71–93). This 27-s difference was statistically

significant (p < .001). No statistically significant effect was recorded

of procedure number, meaning that trainees and experts did not

reduce their procedure time with repetition within the first five proce-

dures. We further found a significant effect of experience within the

trainee group (p < 0.001): novices (i.e., participants who had per-

formed <10 real-life procedures) used mean 117 s per procedure

(95% CI: 105–129); beginners (11–100 real-life procedures), mean

87 s per procedure (95% CI: 70–105).

3.4 | Global rating scale

Adjusted for rater leniency, the experts achieved an average score of

18.8 points (95% CI: 18.3–19.2) out of 20 points on the GBRS,

F IGURE 3 Mean GBRS and passing
performance. Top: means plot of global
rating scale scores (estimated marginal
means after adjustment for experience,
procedure number, and rater leniency)

with 95% confidence intervals based on
linear mixed models of total score.
Bottom: Bar charts of % of passing
performances for each group using the
standard pass/fail level set at 18.4 point
using the contrasting groups' method.
GBRS, global rating scale.
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whereas the trainees achieved an average score of 17.1 points (95%

CI: 16.6–17.5). This difference was statistically significant (p < .001).

Furthermore, we found a significant effect of procedure number, mean-

ing that in both participant groups, performance improved with repeti-

tion at least for the first three procedures. We further found a significant

effect of real-life experience in the trainee group (p = 0.02) with novices

(<10 procedures) achieving an average score of 16.8 points (95% CI:

16.2–17.3) and beginners (11–100 procedures) achieving an average

score of 17.8 points (95% CI: 17.1–18.6). A means plot of performance

for each procedure number according to experience level is provided in

Figure 3 (top). Altogether, the GBRS score used in the context of the

simulation finely discriminated between performance number, participant

level, and participant experience.

3.5 | Checklist score

For the task-based checklist score, no significant difference was found

between experts and trainees (p = 0.54). Thus, the checklist score

used in the context of our simulator failed to discriminate between

the performances of experts and trainees.

3.6 | Overall pass/fail

Adjusted for rater leniency, the experts had a significantly higher aver-

age passing performance in 96.3% of the procedures, whereas the

trainees had a passing performance in 86.3% of procedures (p < .003).

3.7 | Standard setting

Using the contrasting groups' method, we calculated a pass/fail stan-

dard level of 18.4 points as the intersection between the score distri-

bution of the beginners (10–100 procedures) and the experts (>2000

procedures). This level would have a theoretical false positive rate of

25.3% (i.e., beginners passing), and a theoretical false negative rate

of 25.9% (i.e., experts failing). The percentage of passing perfor-

mances for the standard level set according to experience is found in

Figure 4 (bottom). The average absolute agreement between the

pass/fail assigned by raters and by using the standard setting method

was 67.5%.

4 | DISCUSSION

In this prospective study, we gathered validity evidence for a novel

3D-printed tubulation simulator and investigated trainees' and experi-

enced surgeons' performance. The main finding was that performance

assessment using the simulator statistically significantly discriminated

between different experience levels (novice, beginner, expert).

Furthermore, we established evidence for other domains of validity

according to Messick's framework, including setting a pass/fail level.

Using the GBRS score proposed by Malakzadeh et al.18 adapted

for use in our simulation context, we discriminated between perfor-

mances based on surgical experience. We found that both trainees

and experienced participants demonstrated a learning curve described

by increasing performance quality with repetition. That a learning

curve in SBT is found is unsurprising22 and was also observed in most

other relevant studies23: trainees need to learn both the procedure

and the simulation equipment and therefore demonstrate a prolonged

learning curve, whereas experienced surgeons' learning curve may be

explained by their need to learn how to use the simulator and adjust

to any differences between the simulation environment and real-life

surgery.

We also found that the fewer procedures trainees had performed,

the more they benefited from SBT on our simulator as we found an

effect of real-life experience in the trainee group with beginners (11–

100 procedures) achieving a significantly higher score than novices

(<10 procedures). This finding is in line with a common negatively

accelerated learning curve and the results of Kovatch et al.24 who

described that sub-interns gained the most from SBT in terms of self-

reported knowledge and confidence with myringotomy and ventila-

tion tube insertion.

Other simulation models for tubulation appear not to have achieved

wide-spread implementation into ORL training curricula. One reason

may be that current simulators do not adequately simulate anatomical

structures and human tissues.10,25 In a large study by Wiet et al.,26 sev-

eral barriers were encountered to using simulation in ventilation tube

insertion in a nation-wide scale: First, the low-cost simulation model may

not have been a sufficient training model despite previous validation.

Second, differences in the degree or quality of teaching may potentially

create variance within raters and institutions.F IGURE 4 Contrasting groups for standard setting.
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The OSATS model for assessment was used successfully in vari-

ous surgical training settings, specifically those involving bench

models or individual training stations.27–29 Prior research has found

that OSATS may be used to reliably assess and measure technical

skills acquisition.30 Similarly to OSATS-type tools for technical skills

assessment, we assessed participants' performance using the global

rating scale by Malekzadeh et al.18 We found that the OSATS-type

GBRS was very useful for discrimination between relevant experience

levels. In contrast, the task-based checklist score used in our simula-

tion context failed to discriminate between experts' and trainees' per-

formance and further had a very low internal consistency. This finding is

in agreement with Malekzadeh et al.,18 who also found the global rating

scale to have discriminative validity, whereas a checklist score did not.

Generally, GBRS are favored over task-based checklists for their granu-

larity.30 However, it was not the primary scope of our investigation to

compare the two assessment tools, and the poor performance of the

task-based check list, could be due to other factors in our study, for

example, sample size and level of difficulty of the simulator.

The use of a standard setting refers to the process employed to

establish the cut-off between pass and fail of a performance or a com-

petent and a non-competent learner. The contrasting groups' standard

setting method is commonly used in surgical technical skills training.31

We established a pass/fail standard for GBRS of 18.4 points out of

20 possible points using this method and, as expected, found that

more performance attained passing level with repetition and experi-

ence level. Furthermore, we found a moderate absolute agreement

between this pass/fail level and the pass/fail assigned by the raters. In

general, we found a good agreement between raters.

Altogether, this pass/fail score suggests a level of performance that

may be implemented in future proficiency-based simulation training.

A strength of our study was that participants were recruited

among target learners (junior ORL residents) and teachers. Another

strength is that we used a contemporary validity framework to struc-

ture the gathering of educational evidence. A limitation of our study is

that our approach did not ensure perfect participant blinding. We

used a smart phone camera including the visual field from the otomi-

croscope projected onto a screen, the operator's lower arm and hands,

and the simulator. It cannot be ruled out that raters could identify

novices as younger individuals; however, the youngest expert was

approximately of same age as the oldest novice, which reduces bias.

Our study has several implications for the implementation of SBT

of myringotomy with ventilation tube. The 3D-printed model enables

decentralized training, and assessment may be reliably done by video

recording performance. The established standard may possibly be

used for proficiency-based training, meaning that trainees need to

consistently demonstrate performance at the defined level in the sim-

ulator before continuing supervised training on patients.32 However, a

need exists to establish the effect of SBT using the simulator on live

surgery performance (so-called transfer).33 This is important to deter-

mine if appropriate tubulation simulator training may lower time con-

sumption, secure optimal ventilation tube placement, and reduce the

complication rate in real life.

The simulator was designed to imitate real-life surgery. It incorpo-

rates important components of the procedure, including accurate

head positioning, appropriate instrument selection, handling the venti-

lation tubes, microscope adjustments, and realistic haptic feedback

related to the eardrum. However, certain aspects inherent in real-life

procedures were not entirely addressed. Potential refinements to the

simulator involve the integration of different ear canal anatomies,

middle ear fluid, and the simulation of complications, such as hemor-

rhage from the eardrum and middle ear. This is under consideration

for future improvements of the simulator.

5 | CONCLUSIONS

We established educational validity evidence for a novel 3D-printed

model for SBT of ventilation tube insertion and established a credible

pass/fail standard. This performance level may be employed in

proficiency-based training. The simulator- and simulation-based

assessment may be embedded into the ORL surgical training curricu-

lum as initial training before the procedure is performed under super-

vision on patients.
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