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Short TitleAirway Training Manikins versus Human Participants

Summary.

Airway simulators, or training manikins, are frequently used in research studies for device development
and training'purposes. This study was designed to determine the anatomic accuracy of the most
frequently used/low-fidelity airway training manikins. Computerised tomography scans and ruler
measurements were taken of the SynDaver®, Laerdal®, and AirSim® manikins. These measurements
were compared with human computerised tomography scans (n=33) from patients at the University of
Michigan Medical. Center or previously published values. Manikin measurements were scored as a
percentile among the empirical distribution of the same measurements in the human population and
ten of 27 manikinmeasurements (nine measurements each in three manikins) were outside of two
standard deviations from the mean in the participants. All three manikins were visually identifiable as
outliers when,plotting the first two dimensions from multidimensional scaling. In particular, the airway
space between the epiglottis and posterior pharyngeal wall, through which airway devices must pass,
was too large in all three manikins. SynDaver, Laerdal and AirSim manikins do not have anatomically
correct static dimensions in relation to humans and these inaccuracies may lead to imprecise airway

device development, negatively affect training, and cause over-confidence in users.

Introduction

Tracheal intubation can be a critical life-saving intervention and around 25 million are performed in the
USA per yeamin:awvariety of patients, from those undergoing elective surgery in the operating theatre, to
those who require mechanical ventilation due to cardiorespiratory illness or trauma. It is a technically
challenging skill te learn and maintain [1], requiring up to 75 iterations to reach proficiency [2], and is
associated with a high complication and failure rate. Data suggest that as the number of attempts to
secure the airway increases, so does the incidence of adverse events [3]. Airway compromise, for
example, is the second leading cause of potentially survivable death on the battlefield, accounting for 1

in 10 preventable deaths [4]. Additionally, in the civilian setting, success of tracheal intubation depends
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largely on training level with emergency medical technicians, paramedics, and physicians having up to
50%, 10-20%, and 10—-15% failure rates on first pass attempts, respectively [5-9]. This supports the
notion that airway management is highly dependent on skill and training.

Manikins are used for a variety of purposes in the airway management field given the practical
and ethicallimitations of training on live humans, and have been in use since the 1960s when Laerdal
developed the firstiairway training manikin for mouth to mouth resuscitation [10]. Some of the earliest
simulators produced were for testing patient safety under anaesthesia by allowing reproduction of high-
risk situations without risk to human subjects, similar in concept to training pilots. There are now
simulators ofwarious fidelity used for training prehospital providers [11], testing prototype devices and
technologies [42];'and assessing provider capabilities [13,14]. Given such extensive use, it is imperative
that findings be put into context and manikins be verified as fit for purpose.

Only a few studies have examined the anatomical correctness of airway manikins with a specific
focus on high fidelity trainers [15,16]. To our knowledge, there are very few investigating the anatomical
correctness ofttherlower cost, low-fidelity manikins, which are those most commonly used for device
developmentandsscientific experiments. Furthermore, there are no studies that include the more
recently developed SynDaver® technology, which incorporates synthetic body parts and aims to “replace
live animals, cadavers, and real patients in medical device evaluation, clinical training, and medical
simulation” (https://syndaver.com). For the purpose of our study, we examined upper airway spaces
through which an airway device would pass. We hypothesised that all airway manikin structures would
allow for less complicated tracheal intubation than those found in the human population due to

inaccurate anatomic structures.

Methods

This study was approved by the University of Michigan Institutional Review Board. Patients who were
cared for at the University of Michigan between 2009 and 2017 were studied retrospectively. Thirty-
three participants aged between 18 and 47 y (15 female, 18 male, 3 African American, 1 Asian, 25
Caucasian, 4 other) with BMIs between 20.9 and 40.6 kg.m2 who underwent head and neck
computerised.tomography (CT) angiogram were selected. The angiograms were acquired on General
Electric LightSpeed® (GE Healthcare, Chicago, IL, USA) machines using 100 kVp for individuals < 30 BMI
or 120 kVp for individuals >/= 30 BMI, modulated current between 150 and 625 mA, 0.625 mm slice
thickness and interval, using a standard reconstruction kernel from the aortic arch to cranial vertex.
Distance measurements of the upper airway were done using Mimics (version 18, Materialise NV,

Leuven, Belgium) from the helical reconstruction.
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Upper airway CT images were taken of three low fidelity airway trainer manikins: SynDaver®
(Standard Adult Airway Trainer, SynDaver Labs, Tampa, FL, USA), Laerdal® (Airway Management Trainer,
Laerdal Medical, Stavanger, Norway), and AirSim® (AirSim Advance Model, TruCorp, Belfast, Ireland). CT
images included the nasal cavity to the main stem bronchi (Toshiba Aquilion Prime 160, 120 kV, 50 mAs,
2 mm slicetthickness, 0.637 pitch factor, 0.5 X 80 collimation). The manikins were in neutral head
position during scanning. Static dimensions and angles of the upper airway from CT scans were
measured using VitreaCore (Version 6.7.4, Vital Images, Minnetonka, MN, USA). Following CT scans,
manikins were cut down the sagittal midline using a band saw and additional measurements were taken
manually using afruler and goniometer. All distances were taken in the sagittal mid-plane three times
and averagediin:order to optimise measurement accuracy.

Computerised tomography measurements included: 1) horizontal distance from the posterior
edge of the tongue to the posterior pharyngeal wall; 2) horizontal distance from the tip of the epiglottis
to the posterior pharyngeal wall; 3) linear distance from the tip of the tongue to the vallecula; 4) linear
distance perpendicular from the midpoint on the line connecting the tip of the tongue and the vallecula
to the tongue'dorsum; 5) linear distance from the vallecula to the tip of the epiglottis; 6) horizontal
distance from the base of the epiglottis to the posterior pharyngeal wall; 7) vertical distance of the soft
palate; 8) vertical distance from the base of the soft palate to the laryngeal inlet; and 9) vertical distance
from the tip ofithe soft palate (uvula) to the tip of the epiglottis (Figs. 1A and 1B). Additional ruler
measurements included: 10) height mouth opens; 11) first tracheal ring width; 12) tracheal length; and
13) neck circumference (Figure 1C).

For the comparison of measurements using CT, the distribution of anatomical measurements
among participants was modelled as a normal distribution and summarised using the mean and
standard deviation. Shapiro-Wilk normality tests for each of the measurements were not statistically
significant, indicating the assumption of normality is reasonable. We also compared manikins to
previously published measurements, which were reported to be or assumed to be normally distributed
[16,17-20]. Percentile scores were calculated for the manikins based on a normal distribution defined by
parameters calculated from the participants or defined in previous reports. Visual interpretation of the
representativenéss of manikins was performed by plotting the first two dimensions from classical
multidimensional scaling; a non-linear dimensionality reduction technique commonly used for
visualising the similarity/dissimilarity between objects (in this case humans and manikins) that have
high-dimensional data. Here, the matrix of dissimilarities is composed of Euclidean distances calculated

using the CT data [21,22] from human participants and the three manikins.
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Results

Thirty-three participants were included in this study. Mean (SD) age was 33.7 (8.2) y and BMI 27.5 (5.4)
kg.m2. Table 1 shows the percentile that manikin measurements fall within the distribution of
participant'measurements. A percentile of 0.5 represents an anatomically accurate manikin while
percentiles near O'or 1 indicate anatomically incorrect measurements compared with participants. Ten
of 27 manikin measurements (nine measurements each in three manikins) were outside of two standard
deviations from the mean in the participants. SynDaver, Laerdal and AirSim had three, five, and two
measures outsiderof two standard deviations respectively. Some common trends across manikins were
apparent. Threesmeasurements were larger than the mean plus one standard deviation in participants
for all three manikins: the distance from the tongue to the posterior pharyngeal wall, the distance from
the tip of the epiglottis to the posterior pharyngeal wall, and the distance from the base of the epiglottis
to the posterior pharyngeal wall. Additionally, all three measurements for the vertical distance of the
soft palate were'outside of one standard deviation from the mean for all three manikins, but not in a
consistent direction.

Figure 2 shows distributions for individual measurements. Histograms for each of the nine
measurements are overlaid with the respective measure for all three manikins. Of particular importance
are those manikin measurements that were > 99% or < 0.01%, such as tongue to posterior pharyngeal
wall, epiglottis to posterior pharyngeal wall, tip of tongue to vallecula, base of epiglottis to posterior
pharyngeal wall, and soft palate to laryngeal inlet. In order to consider the measures jointly, we plotted
the first two dimensions from multidimensional scaling. In this scenario, an anatomically accurate
manikin would be'positioned near the centre of the cluster of participants. All three manikins were
visual outlierstamong the participants as shown in Figure 3.

In order to capture measures that could not be taken via CT imaging analysis and ensure our
comparisons,held true across multiple populations, we compared manikins to previously published
airway values (Table 2). With the exception of a few measurements, manikins were not representative
of the central tendency in the human populations referenced [16,17-20], as evidenced by percentiles

near 0 and 1.

Discussion

Our data demonstrate that low-fidelity airway manikins (SynDaver, Laerdal and AirSim) are not

anatomically accurate when compared with adult human subjects. In particular, the airway space
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between the epiglottis and posterior pharyngeal wall, through which airway devices must pass, was too
large in all three manikins. Contrary to Schalk et al. [15], who concluded that the Laerdal replicated
human anatomy somewhat satisfactorily, in Figure 3 we show that Laerdal is a visual outlier compared
with 33 human subjects when plotting the first two dimensions from multidimensional scaling. The
current study-adds valuable insight beyond previous studies in that: we focused specifically on low-
fidelity manikins which, because of their lower cost, are most often used for device development and
scientific research; we used two human populations, the first from the University of Michigan and the
second from previously published literature to ensure diversity and robustness in our comparisons; we
included measures, that could not be captured by CT scan; and, this is the first study, to our knowledge,
that included'thesSynDaver manikin, one of the most recently available.

Studies often use time to securement and first pass success rate as primary endpoints, both of
which may be positively impacted by a larger than average manikin airway size [23]. Additionally, studies
often seek to determine provider device preference, which again may be influenced by improper airway
anatomy [14]sScutt et al. [24] found that manikin selection can greatly influence airway device
performance,andsspecifically, slight alterations in manikin anatomy can impact results.

Interestingly, the distribution of human subjects as shown in Figure 2 was wide and variable for
all measurements taken. In theory, this should have increased the likelihood that manikins would fall
within the spread but, even with the wide distribution, they were still significantly outside the range. An
additionalsstudy examining this variability in human subjects is currently underway. An understanding of
the spatial relationship between external features and internal compartments of the airway could guide
invasive procedures necessary for airway management. Analytic morphomics, a system developed by us
[25], definesavariability within a population so that location, dimensions, and orientation of the targeted
body compartments can be predicted from external features. This prediction would improve key airway
objectives such as oral-tracheal intubation, surgical airway, and central venous access. Using this type of
data may allow for.future development of autonomous or unmanned medical capabilities that require
fundamental anatomic knowledge.

The study.did not have the power to separate out men and women, but many manufacturers
produce male.and female specific trainers. A larger sample size of participants would allow for sub-
setting by sexwor other characteristics; the manikins may better represent specific subsets of humans.
However, the current study samples both sexes and a range of ages and BMIs from the human
population, all of which contribute to the variance of the sample. It is unlikely, given this increased
variance, that the conclusion that measures from manikins with extreme measurements (>99 or < 1

percentile) are not anatomically representative of humans, would change with increased sample size.
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Even several of the measurements that fall within two standard deviations from the mean could better
represent the central tendency of the human population. For example, the measures for the uvula to
the epiglottis fall within 1 SD of the mean for all three manikins, but all three also fall outside the 95%ClI
of the mean, which means that while the manikins fall within the normal range in humans, their
measurementsare not representative of the central tendency. The comparison of manikin measures to
published airway values from different human subsets supports this as, for most measures, the manikins
were not representative of the central tendency in the sample.

While the results of this study are vital to the eventual production of anatomically correct
manikins, it has limitations. We focused on only three specific airway trainers. There are numerous
airway manikins:available and we chose ours based on common usage within our institution and those
most often mentioned in scientific research studies. Other manikins may better represent human
morphometries. Additionally, manikins are stiff and non-compliant rather than soft and compliant. In
order for industry.manufacturers to produce trainers that are more realistic, parameters such as
elasticity andsrigidity of airway structures need to be investigated thoroughly. Lastly, secretions,
bleeding, and'gagreflexes are difficult to simulate given their wide range of presentations in difficult

airways.
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Table 1: Summary of participant measures, manikin measures, and manikin percentile scores assuming a

normal distribution for human participants. Anatomically accurate manikins would have a percentile

score of 0.5. *outside one SD, Toutside two SD.
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Human SynDaver Laerdal AirSim
participants
Measurement Mean (SD) Value (percentile)
Tongue to PPW | 12.22 (5.42) 19.9 (0.96%*) 24.0 (>0.99%) 16.8 (0.86%*)
Epiglottis to PPW | 7.94 (3.35) 15.4 (0.997) 23.5 (>0.991) 11.3 (0.84%*)
Tip of tongue to vallecula | 71.49 (6.01) 50.7 (<0.01%) 73.6 (0.64) 63.9 (0.1%)
Tip of tongue to tongue dorsum | 34.38 (5.25) 29.7 (0.18) 23.2 (0.021) 28.7 (0.14%)
Vallecula to epiglottis | 14.64 (4.2) 16.0 (0.62) 16.3 (0.66) 8.7 (0.08%)
Base of epiglottis to PPW | 11.84 (3.1) 23.9 (>0.991) 28.7 (>0.997) 16.0 (0.91%*)
Vertical distance of soft palate | 26.50 (7.71) 15.5 (0.08%*) 41.3 (0.97%) 11.1 (0.027)
Soft palate to laryngeal inlet | 60.64 (9.97) 66.2 (0.71) 112.0 (>0.99t%) | 82.8 (0.99%)
Wvula to epiglottis | 21.40 (7.88) 28.1(0.8) 28.4 (0.81) 25.0 (0.68)

PPW, posterior pharyngeal wall
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Table 2: Human measurements from the literature compared to hand measurements for SynDaver,
Laerdal and AirSim manikins. Manikin values are mean and percentile score to human measurement

where 0.5%represents anatomic accuracy.

Published SynDaver Laerdal AirSim
human values
Measurement Mean (SD) Value (percentile)
Height mouth opens 4.78 (0.83) 5.98 (0.93) 4,52 (0.38) 8.10 (>0.99)
(cm) [17]
First tracheal ring 1.9 (0.6) 2.44 (0.82) 1.52 (0.26) 1.92 (0.51)
widthe(mm):[18]
Tracheatlength (cm) 8.6 (1.1) 9.54 (0.80) 3.27 (<0.01) 7.83(0.24)
[19]
Neck circumference 36.6 (3.5) 33.4(0.18) 43.55 (0.98) 41.23 (0.91)
(cm)i[20]
Tonguete:PPW (mm) 16.0 (0.7) 23.0 (>0.99) 35.7 (>0.99) 23.2 (>0.99)
[16]
Epiglottisto PPW 9.0 (0.4) 16.7 (>0.99) | 35.4(>0.99) | 14.8 (>0.99)
(mm) [16]

PPW, posterior pharyngeal wall

This article is protected by copyright. All rights reserved




Figure Legends

Figure 1: Airway:CT measurements: A- 1) horizontal distance from the posterior edge of the tongue to
the posterior pharyngeal wall (PPW); 2) horizontal distance from the tip of the epiglottis to the PPW; 3)
linear distance from the tip of the tongue to the vallecula; 4) linear distance perpendicular from the
midpoint on the,line connecting the tip of the tongue and the vallecula to the tongue dorsum; 5) linear
distance from the vallecula to the tip of the epiglottis; 6) horizontal distance from the base of the
epiglottis to the PPW and B- 7) vertical distance of the soft palate; 8) vertical distance from the base of
the soft palate.to the laryngeal inlet; 9) and vertical distance from the tip of the soft palate (uvula) to the
tip of the epiglottis. Airway ruler measures: C- 10) height mouth opens; 11) first tracheal ring width; 12)

trachea lengthyrand 13) neck circumference.
Figure 2: Distribution of participants’ measurements with manikin measurements overlaid to visualise

the disparity_ between subjects and manikins. Red, SynDaver; green, Laerdal; blue, AirSim. PPW,

posterior pharyngeal wall

Figure 3: First andisecond dimensions from multidimensional scaling using Euclidean distances. Manikins

(labelled) are clear outliers among participants.
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