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Abstract: Background: Training is required to achieve proficiency in airway management. Simulators
are of utmost importance not only for the purpose of training novices, but also for evaluating
newer airway devices and techniques. Growing evidence supports inadequate anatomic airway
reproduction in adult and pediatric manikins. Methods: We conducted an observational study
comparing 17 radiological anatomic airway measurements obtained via the computed tomography
of three commercially available manikins with the same measurements obtained from a population
of newborns/infant (range: 0-3 months) undergoing magnetic resonance imaging for diagnostic
purposes. According to the reference (mean and standard deviation (SD) of the pediatric population),
each manikin measurement was defined as adequate, partially adequate or inadequate (difference
between means: <=1, 1.0-1.96 or >1.96 SD, respectively). The primary outcome was the number of
measurements with an adequate reproduction of airways. Results: We included 27 pediatric patients
(21 £ 19 days, 48% males, 46.6 £+ 3.5 cm, 2.7 + 0.5 Kg and 12.6 &+ 2.9 kg/mz). All manikins had
n =11/17 measurements with inadequate airway anatomic reproduction. The three measurements
with more adequate reproduction were the height of the soft palate, retropalatal airspace volume and
tongue volume (adequate in two manikins, and partially adequate in the remaining one). Conclusions:
In three manikins commonly used for training in pediatric airways, static dimensions do not seem
anatomically correct in relation to those of pediatric patients. Such inaccuracies may introduce biases
in airway device development as well as in training.
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1. Introduction

Endotracheal intubation (ETI) is performed for a variety of reasons, spanning from life-
saving indications to elective endotracheal tube (ETT) placement to allow elective surgical
interventions in the operating room. Around 25 million ETI procedures are performed
in the USA per year. Training is needed in order to reach proficiency, with some authors
suggesting that up to 75 procedures are required [1], whilst ETI failure is associated with
potentially life-threatening complications. Of note, ETI performed in neonates and children
is even more complex and more procedures may be required to achieve expertise.

Prosthesis 2023, 5, 602—-609. https:/ /doi.org/10.3390/ prosthesis5030042

https://www.mdpi.com/journal /prosthesis


https://doi.org/10.3390/prosthesis5030042
https://doi.org/10.3390/prosthesis5030042
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/prosthesis
https://www.mdpi.com
https://orcid.org/0000-0002-2156-7554
https://orcid.org/0000-0001-5144-0776
https://doi.org/10.3390/prosthesis5030042
https://www.mdpi.com/journal/prosthesis
https://www.mdpi.com/article/10.3390/prosthesis5030042?type=check_update&version=1

Prosthesis 2023, 5

603

The success of ETI is also influenced not only by the number of procedures but also by
the professional background of the operator with higher failure rates in emergency medical
technicians and paramedics (up to 50% or 20%, respectively) compared to physicians [2-6].
Considering the importance of providing training to different professionals, the value of
simulators (manikins) cannot be overemphasized in consideration of the ethical limitations
of training on patients. Manikins have been in use since the 1960s when Laerdal® developed
the first airway training manikin for mouth-to-mouth breathing during resuscitation [7].
Since then, the use of simulators has expanded allowing the reproduction of high-risk
situations, which is similar in concept to training airplane pilots.

Therefore, precise reproduction of the airway anatomy is of utmost importance since
inaccuracies may lead not only to negative effects on training but also to the inaccurate
development of airway devices. Three studies have examined the anatomical correctness
of the airways in simulators of adult humans [8-10]. These studies investigated both
high-fidelity patient simulators as well as airway trainers, and all of them concluded that
manikins do not reproduce correct anatomical dimensions in relation to humans.

To our knowledge, only one study approached the issue of correctness of manikins
reproducing pediatric airway anatomy [11]. In this study, computed tomography (CT)
measures of the upper airway anatomy of two SimBaby simulators were compared to
images obtained from pediatric patients undergoing magnetic resonance imaging (MRI)
under sedation. The study found that SimBaby anatomic features do not adequately
reproduce pediatric upper airway anatomy concluding on the inadequate realism of this
simulator for airway training. However, the study enrolled 20 pediatric patients aged
on average 7 months, but with a wide age range (from 1 to 11 months). We performed a
prospective study comparing the results of CT imaging of three commercially available
manikins with the ones from MRI obtained from a larger population of newborns/infants
with a smaller age range, in order to achieve more homogeneous results.

2. Materials and Methods

We conducted an observational study with the prospective design and acquisition
of images from two different populations: (1) a historical cohort of newborns/infants
(0-3 months) that underwent MRI for diagnostic purposes, and (2) three commercially
available manikins from Laerdal®, from which CT images were obtained:

1.  Premature Anne (female baby born at 25 weeks—low fidelity);
2.  Infant Airway Management Trainer (three-month-old infant—low fidelity);
3.  SimBaby (9-month-old pediatric patient—high fidelity).

Consecutive MRI images from newborns/infants were acquired from scans performed
between January 2018 and January 2022. Patients with craniofacial malformations, an
endotracheal tube in place, or with suboptimal imaging acquisitions were excluded from
the study. The CT imaging of the simulators was performed in September 2022. Consent
was waived by the Ethical Committee.

2.1. Radiological Measurements

Each MRI was acquired with the same 1.5 T scanner (Signa HD x T; GE Healthcare,
Milwaukee, WI, USA) using a protocol containing at least the following features:

e  Sagittal T2 weighted TSE sequence (turbo spin echo; slice thickness: 4 mm, interspace:
1 mm, matrix: 512 x 512).

o  Sagittal T1 weighted SPGR sequence (spoiled gradient recalled echo; slice thickness:
3.5, interspace: 1 mm, matrix: 512 x 512).

e 3D FIESTA sequence (fast imaging employing steady-state acquisition; slice thickness:
1 mm, interspace: 0, matrix: 512 x 512)

Measurements were performed on the midsagittal plane using the sequence with the
best resolution and least motion artifacts. The anatomical landmarks for the measurements
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of distances (1 = 14) and volumes (n = 3) were defined according to the scheme used by
Schebesta et al. [11] (Table 1).

Table 1. Distances and volumes calculated for both manikins (via computed tomography) and
patients (via magnetic resonance imaging).

DISTANCES
Horizontal distance from the outermost portion of lower lip to the posterior pharyngeal wall

Horizontal distance from the lower alveolar process to the posterior pharyngeal wall

Oblique diameter of the tongue

Horizontal distance from the center of the tongue to posterior pharyngeal wall

Horizontal distance from the edge of the tongue to posterior pharyngeal wall

Horizontal distance from the canter of the soft palate to posterior pharyngeal wall

Horizontal distance from the vallecula to posterior pharyngeal wall

Horizontal distance from the tip of the epiglottis to the posterior pharyngeal wall

Curved length of the soft palate

Distance from the vallecula to the tip of the epiglottis

Distance from the posterior base of the epiglottis to the tip of the epiglottis
Height of the soft palate
. Vertical distance from the base of the hard palate to the tip of the epiglottis

z|g|r |7 == |=|o=|=|o|n|=|>

. Vertical distance from the base of the hard palate to the vallecula
VOLUMES
O. Tongue

P. Retropalatal airspace

Q. Retroglossal airspace

The image sets were evaluated by one radiologist with 6 years of experience in head
and neck imaging. Calculations of distances were made in the medio-sagittal plane. The
manikin airways were evaluated via CT using a standard airway acquisition protocol
(120 kV and 250 mAs; slice thickness: 1 mm; pitch: 1). Volume segmentation was per-
formed using a dedicated software (OsiriX DICOM Viewer, OxiriX Foundation®, Geneva,
Switzerland); each structure was manually independently segmented by the radiologist,
and the volumes were subsequently extrapolated from the segmentation. Volume segmen-
tation on MRI was performed on 3D FIESTA sequences. Examples of the measurements
performed are shown in Figure 1 (manikin) and Figure 2 (patient).

Figure 1. Examples of segmentation and volume extrapolation. The volumes of interest were
manually segmented via computed tomography (A,C) and then extrapolated using OsiriX DICOM
Viewer (B,D). (A,B) Tongue volume. (C,D) Retropalatal airspace volume. On the right side, an
example of segmentation and volume extrapolation of the retroglossal airspace is shown. (E) Axial
plane. (F) Coronal plane. (G) Sagittal plane. (H) Volume extrapolated using OsiriX DICOM Viewer.
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Figure 2. Schematic drawing of the measurements (distances) analyzed via magnetic resonance imag-
ing (midsagittal T2 in turbo spin echo sequence). Measurements of distances are lettered as in Table 1.
(A) Horizontal distance from the outermost portion of the lower lip to the posterior pharyngeal
wall (red, a); horizontal distance from the lower alveolar process to the posterior pharyngeal wall
(yellow, b); oblique diameter of the tongue (blue, c). (B) Horizontal distance from the center of the
tongue to the posterior pharyngeal wall (red, d); horizontal distance from the edge of the tongue
to the posterior pharyngeal wall (blue, e); horizontal distance from the center of the soft palate to
the posterior pharyngeal wall (yellow, f). (C) Horizontal distance from the vallecula to the posterior
pharyngeal wall (red, g); horizontal distance from the tip of the epiglottis to the posterior pharyngeal
wall (yellow, h); curved length of the soft palate (blue, i); distance from the vallecula to the tip of the
epiglottis (orange, j). (D) Distance from the posterior base of the epiglottis to the tip of the epiglottis
(red, k); height of the soft palate (orange, 1); vertical distance from the base of the hard palate to the
vallecula (blue, m); vertical distance base from the hard palate to the tip of the epiglottis (yellow, n).

In order to increase accuracy, the radiologist took each measurement three times and
on different days for each newborn/infant MRI scan as well as for the CT scans of the
manikins. The three measurements were averaged and the mean value was taken as a
definitive result.

2.2. Primary Outcome and Statistical Analysis

Radiological measurements are reported as mean and standard deviation (SD) for
both newborns/infants and manikins. For each of the radiological measures obtained from
the three simulators, we scored the adequateness of the manikin anatomy referring the
mean value and SD obtained from the newborn/infant population. Precisely, for each
simulator/variable we defined:

e Adequate reproduction of airway, if the mean value was included between £1 SD of
the mean of the population;

e  Partially adequate reproduction of airway, if the mean value of the simulator was over
£1 SD but comprised + 1.96 SD of the mean of the population;

e Inadequate reproduction of airway, if the mean value of the simulator was <—1.96 or
>1.96 SD from the mean of the population.

Our primary outcome was the number of simulator’s measurements with adequate
reproduction of the human airway. Considering a total of 17 measurements, we preven-
tively agreed that overall reproduction of airway would have been declared as satisfactory
(n > 9 adequate measurements), partially satisfactory (n < 8 adequate measurements) or
unsatisfactory (n < 4 adequate measurements). Each partially adequate measurement
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was counted as n = 0.5. As secondary outcome we statistically compared with Student’s
t-test the means of the values obtained in the pediatric population with the ones from the
manikins. We considered significant a p value below 0.05.

3. Results

A total of 48 MRI scans of newborns/infants were retrieved and 21 discarded as per
exclusion criteria. In the remaining 27 MRI scan included in our study, the population
had a mean age of 21 & 19 days, and 13/27 (48%) were males. Eight patients were born
prematurely (30%). From anthropometric perspectives, the population mean height, weight
and body mass index were 46.6 & 3.5 cm, 2.7 £ 0.5 kg and 12.6 £+ 2.9 kg/ m2, respectively.

Results of each of the 17 measurements in the population and in the manikins are
shown in Table 2.

Table 2. Values of the distances and volumes measured in 27 pediatric patients below 3 months of
age and values obtained from measurements made in three manikins (SimBaby®, Premature Anne®,
Infant AM Trainer®).

Variable (Distances or Volumes)

Infants Manikins Premature Infant AM
Anne Trainer

Mean + SD  Mean+sSD P Value SimBaby

A. Outermost portion of lower lip to
posterior pharyngeal wall (cm)

4.54 +£0.31 6.44 £+ 0.36 <0.001

B. Lower alveolar process to posterior

3.46 £0.26 4.96 £ 0.35 <0.001
pharyngeal wall (cm)
C. Oblique diameter of the tongue (cm) 2.124+0.28 2.46 +0.70 0.19
D. Centre of the tongue to posterior
pharyngeal wall (cm) 2.07£0.21 2.83 +0.30 <0.001
E. Edge of the tongue to posterior pharyngeal
wall (cm) 1.36 £0.26 1.60 £ 0.36 0.08
F.  Canter of the soft palate to posterior 091 + 0.13 1.26 4 0.39 0.03
pharyngeal wall (cm) : ’ ’ : :
G. Vallecula to posterior pharyngeal
wall (cm) 0.74 £0.18 1.48 £0.27 <0.001
H. Tip of the epiglottis to posterior 0.39 & 0.10 111 + 045 0.001
pharyngeal wall (cm) ’ ’ ’ ’ ’
I. Curved length of the soft palate (cm) 2.04 £0.28 1.26 £+ 0.32 <0.001
J.  Vallecula to tip of the epiglottis (cm) 0.70 £ 0.15 1.03 £0.37 0.03

K. Posterior base of the epiglottis to tip of the

epiglottis (cm)

0.68 £0.13 1.13 £0.38 0.007

L. Height of the soft palate (cm)

M. Base of the soft palate to tip of the

epiglottis (cm)

1.23 4+ 0.32 1.44 +0.31 0.09 1.48 1.08 178
06

1.78 + 0.46 2.55 +0.48 0.001 24571 2
N. Base of the soft palate to vallecula (cm) 2.26 +0.51 3.35 +0.76 0.002

O. Tongue Volume (cm?)

579 +1.21 6.08 = 0.94 0.46 7101 494 6.22

P. Retropalatal airspace Volume (em®) 1.10 £ 0.30 1.14 £0.32 0.74 1.38 072 ] 1.33

Q. Retroglossal airspace Volume (cm?) 0.97 £0.26 5.79 £ 1.59 <0.001 _

Results of manikins are reported both singularly (mean of three measurements) and
as an average of all three pooled together (mean and standard deviation, SD). Statistical
comparison is made between the values obtained from the pediatric population and the
pooled values from manikins. Comparison between values obtained from the pediatric
population and the single manikin are made according to preestablished methods where
for each variable we defined adequacy of reproduction of airway according to the delta
between means. In particular, reproduction was adequate (green color, delta < +1 SD of
the mean of the population), partially adequate (yellow color, delta comprised between
+1 and +1.96 SD of the mean of the population) or inadequate (red color, delta exceeded
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—1.96 or +1.96 SD from the mean of the population). When reproduction of airway resulted
not entirely appropriate, each arrow indicates if the derangement of the manikin is in excess
or in deficiency as compared to the pediatric population.

We used a color code to identify anatomical measures, in particular red, yellow and
green for inadequate, partially adequate and adequate reproduction of airway, respectively.
Moreover, we also inserted arrows to indicate if the value of the manikin was greater or
smaller than reference values gathered from the patient’s population.

Interestingly, all the manikins had 11 out of 17 measurements classified as inadequate,
but the inadequate measures were not always the same. Seven measurements were clas-
sified as inadequate in all the three manikins and none was green in all simulators. The
two measurements that seemed closer to the infant population were the height of the soft
palate and the tongue Volume, as these were classified as adequate in two manikins and
partially adequate in the remaining one.

4. Discussion

Our study confirms that the airway anatomy of three pediatric simulators does not
accurately reflect the airway of a population ranging from newborns up to 3 months. Of
note, over two-thirds (n = 11) of the measurements were judged of inappropriate realism
as they were outside the predefined cut-off of the mean £ 1.96 SD, so that we judged
unsatisfactory the overall anatomic reproduction. Considering the age of the recruited
population (mean age 21 days, but including almost one third of prematurely born), we
thought that the Infant AM Trainer® or the Premature Anne® would have produced closer
anatomical results than the one found in the Simbaby®, but in practice the number of
inadequate measurements was similar across the manikins studied. Furthermore, when
we compared measurements obtained in the pediatric population with the mean and SD
pooled from the data of the three manikins, we found statistically significant differences in
12 out of 17 variables, supporting again an inadequate reproduction of airways.

In most cases, these measurements were much bigger in the simulators compared to
those in the pediatric population. Among others, the retroglossal airspace was very different
and our findings are similar to those of the original study conducted by
Schebesta et al. [11] that used the retroglossal airspace volume as the primary outcome
of their interest. Their choice was based on the special importance that this region has
for fitting supraglottic devices, being therefore crucial in their design and development
by the industry. They found significant differences in this space with simulators having
much larger volumes (almost three times) than those of the pediatric patients. In our
study, we found even bigger differences, and this could be due to either the younger age of
our population (a mean age of around 3 weeks in our study, compared to that of almost
7 months in the study by Schebesta et al. [11]), or eventually to a deeper sedation level
which may have produced a greater posterior displacement of the tongue. It should be
noted that simulators are likely stiffer than patients and that the anterior displacement of
the tongue with a direct laryngoscope may not be entirely reproduced; hence, even if the
baseline retroglossal airspace volume is much bigger than that in patients, it is possible that
this difference will be smaller after direct laryngoscopy.

In the study by Schebesta et al. [11], whilst the authors found the SimBaby simulator
to have inadequate realism in relation to the upper airway, they also conducted a subgroup
analysis according to the age of the patients. In this analysis, they showed that the age
group of 5-8 months was the one with more appropriate measurements compared to the
younger (1-4 months) or older (9-11 months) group. Indirectly, this finding supports our
results of very poor concordance between simulators and measures of infants ranging from
0 to 3 months. Additionally, the overall airway length (distance from the outermost part of
the lower lip to the pharynx) was much bigger in simulators than in patients.

Notably, the same group of authors [10] studied also the airway anatomy of adult
manikins and showed that four high-fidelity patient simulators and two airway trainers
did not match the upper airway anatomy of 20 adult trauma patients, suggesting for the
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first time a significant impact on device performances. These findings were subsequently
replicated in other studies. In a large study on 13 manikins, Schalk et al. [9] found that none
of the 13 included manikins for airway management matched the human anatomy in the
six measurements taken by the authors. The manikin that replicated best the human airway
anatomy was Laerdal Airway Management Trainer®. Another study was conducted by
Blackburn et al. [8] on three manikins (SynDaver®, Laerdal® and AirSim®) and over one-
third of measurements was outside two SDs from the mean of the patients. In particular,
the space between the epiglottis and posterior pharyngeal wall was too big in all manikins.
Furthermore, the group of Schebesta [11] conducted another original randomized crossover
study where anesthesia residents performed intubation, laryngeal mask airway insertion
and mask ventilation in 80 patients undergoing elective surgery and in two human manikins
(HAL® and SimMan®). The authors found that manikins have adequate validity for
intubation, but their fidelity and validity are much lower for laryngeal mask insertion
or when mask ventilation is performed, suggesting that the results of simulation-based
studies evaluating airway devices must be interpreted cautiously.

We think that it is a duty of the companies producing simulators to consider the overall
findings of this other mentioned studies in order to improve the design of simulators.
Further, biomedical engineers should consider the differences between human anatomy
and the limitations of reproduction in manikins when developing and designing airway
devices. Then, it will be the duties of anesthesiologists to test if newer manikins and/or
device have improved realism and performances.

Our study has strengths and limitations. Among the strengths, we were able to recruit
a larger sample size compared to that of the other study on a pediatric simulator [12].
Moreover, we recruited a more homogeneous population with patients, all of them being
<3 months of age. Although the presence of sedation (for diagnostic procedures as well as
for MRI scans) may be seen as a limitation because it inevitably produces changes in the
anatomic conformation of the upper airway, such modifications may be very valuable for
the purpose of training in airway management. Indeed, a high-fidelity simulator should
reproduce the anatomy of an anaesthetized patient rather than the conformation of the
airways of a non-anesthetized one. Therefore, the inclusion of sedated pediatric patients
could be seen as a strength of the study.

We can observe two main limitations in our study. The first issue is the comparison
of measurements performed with different radiological techniques, since MRI scans were
used for patients whilst CT imaging was the only option for the simulators (metal com-
ponents preclude their introduction in the MRI suite). However, Schebesta et al. already
tested the accuracy of CT and MRI scanning a 9 x 9 x 9 cube, showing differences below
0.01 cm [12]. Second, we included a homogeneous population of 0-3-month-old babies
but the simulators had variable targets, ranging from a 25-week-old premature baby to a
9-month-old healthy infant.

In addition to the above-described limitations, our results have also the intrinsic
limitations related to the simulation environment. Whilst the role of simulation in airway
training is well-demonstrated and supported [13], simulation scenarios are not able to fully
reproduce several challenges experienced in clinical practice such as the occurrence of
secretions and bleeding, as well as human factors (stress and/or anxiety due to clinical
deterioration with desaturation and/or bradycardia) [14]. Further, only in vivo studies
produce definitive answers to clinical needs and allow the proper investigation of technical
aspects and human factors.

5. Conclusions

In summary, in manikins for pediatric airway management static dimensions do not
seem anatomically correct in relation to the measurements obtained in pediatric patients;
such inaccuracies are likely to introduce biases in airway device development as well as in
training. It is also possible that these inaccuracies may lead to over-confidence in novices.
Although the radiological evaluation of the anatomic realism of the simulators does not
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directly translate into failure regarding the “skill-enhancing” performances of simulators,
our findings confirm the need for cautiousness when using simulators as a gold standard
for patients to develop airway devices or technical concepts.
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