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Background: Compared to direct laryngoscopy, videolaryngoscopy (VL) can provide improved laryngeal and glottic view, higher
intubation success rates in patients with a known or predicted difficult airway and reduced incidence of laryngeal/airway trauma.
However, the cost and availability of these devices handicap its use in resource-restricted facilities. The objective was to design and
manufacture a novel VL using additive manufacturing (AM) and evaluate its usability on an intubation manikin by comparing it to one
of the most common video laryngoscopes used in clinical practice, the CMAC®™, by measuring the time to first pass of the endotracheal
tube as the main outcome.

Methods: A randomised cross-over study was performed with 36 anaesthetists attempting tracheal intubation of a manikin. The novel
3D-printed hyperangulated VL blade was compared to a CMAC® VL (D-blade). Participants had no prior experience or training with
the novel device. The participants included consultants, registrars/trainees and medical officers in the Department of Anaesthesiology
at the University of the Free State (UFS) in South Africa.

Results: The CMAC® had a statistically shorter time to first pass (median 13.8 seconds) compared to the 3D-printed model (median
19.0 seconds) (95% confidence interval [CI] 1.0-6.2; P=0.0013). No failed attempts occurred with either device.

Conclusion: Intubation times were faster with the CMAC® than with the novel device. However, with a comparable intubation
success rate, 3D printing technology potentially can improve access to video laryngoscopy. Further design improvements, validation of
materials and manufacturing processes are required before 3D-printed laryngoscope blades can be used in human subjects.
Keywords: 3D printing, CMAC®, first pass, innovation, video laryngoscope

Introduction

Since 2000, several different indirect video laryngoscopes (VLs) have been developed.' The VL can provide an improved
laryngeal and glottic view, a higher intubation success rate in patients with a known or predicted difficult airway and
a reduced incidence of laryngeal/airway trauma compared to direct laryngoscopy.”* Videolaryngoscopy devices have
become more affordable in recent years but are still relatively expensive and underutilised in modern airway
management.5

The basic design of a VL consists of an instrument to displace the tongue and soft tissue, namely the laryngoscope
blade, a camera and a projection device. Due to the ubiquitous availability of smartphones and their increased use in
clinical practice,’ we attempted to manufacture a novel laryngoscope blade that can be connected to a smartphone to
form a fully functional VL to intubate a manikin.

Additive Manufacturing (AM) is defined by the American Society for Testing and Materials (ASTM) F2792 as “a
process of joining materials to make objects from 3D model data, usually layer upon layer, as opposed to subtractive
manufacturing methodologies”.” AM includes a wide variety of processes that use different materials and binding
mechanisms. For this study, entry-level Fused Deposition Modelling (FDM) was used. FDM printers selectively extrude
plastic filament in adjacent lines to form a layer. Once the layer is completed, it extrudes the same plastic filament onto
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the previously extruded layer, thus producing a 3D object.® These entry level FDM printers are readily available and have
opened numerous opportunities to produce on-demand spare parts or final-use products. An extensive variety of polymer
filaments are available that can be processed by FDM printers.

FDM printing has been used extensively in recent years to manufacture “do-it-yourself” medical devices. A variety of
medical device designs are freely available on websites such as Thingiverse’ and Instructables.'® In a previous
preliminary study, Cohen and Nishioka investigated the usability of a 3D-printed laryngoscope.'' Their aim was to
compare the performance of a low-cost, 3D-printed video laryngo-borescope blade and a standard Macintosh blade for
endotracheal intubation for success rate and time to intubate on a difficult airway simulator. When used by anaesthesia
providers, the 3D-printed blade showed superiority with first pass success rate, Cormack-Lehane view and time to see the
laryngeal inlet. The data also suggested the 3D-printed blade could be superior for time to intubate. In that preliminary
study, the 3D-printed video laryngo-borescope blade was found to be a feasible, low-cost option for difficult airway
situations. However, this study was limited by not addressing patient safety, strength and sterility of the device for patient
use. Additionally, the VL was not compared to a device of the same technology.!' De Villiers and co-workers recently
found that their novel low-cost disposable hyperangulated VL was clinically equivalent to the industry standard CMAC®
VL (Karl Storz SE & Co. KG.; Tuttlingen, Germany) with its D-blade when intubating a simulated difficult airway.'?

The study aimed to determine the usability of a 3D-printed hyperangulated VL blade for intubation of a manikin,
compared to the CMAC® VL with its D-blade, by comparing the time to first pass of the endotracheal (ET) tube through
the vocal cords as the primary outcome.

Methods
Ethics Approval

This randomised cross-over study was approved by the Health Sciences Research Ethics Committee (HSREC) of the
University of the Free State (UFS) (ethics clearance reference number UFS-HSD2019/1980/2605) after registration with
the Free State Province Department of Health. The study was conducted at Universitas Academic Hospital, a tertiary-
level training hospital in Bloemfontein, South Africa, between October 15, 2020 and December 19, 2020. Written
informed consent was obtained from all the participants.

Inclusion Criteria
Consultants, trainees/registrars and medical officers working in the Department of Anaesthesiology at the UFS at the time
of commencing the study were able to participate in this study.

Exclusion Criteria
The consultant taking part in the data collection, members of the research project, members of the department on leave at
the time of data collection, and any refusal of participation were applied as exclusion criteria.

The Novel Device
A 3D-printed hyperangulated VL blade with a handle was designed and manufactured by the Department of

Anaesthesiology at the UFS in collaboration with the Product Development and Technology Station (PDTS) based at
the Central University of Technology Free State (CUT). The best features from multiple designs were combined and
evaluated to create the final design. This final design consisted of a rounded handle with four finger grips for an
ergonomic grip and a hyperangulated blade profile with a cut-away on the right-hand side to form a channel for an ET
tube to pass. The sleeve for fitting the borescope camera was an oval-shaped cut-away to prevent the sleeve and camera
from rotating (Figure 1).

The camera was also offset to the left to create space for the ET tube and positioned so that the blade did not obstruct
the view of the camera (except for the tip of the blade assisting the user in orientating the blade position).
A commercially available 6.5 mm borescope camera was inserted into the blade and attached to a Samsung® Galaxy
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Figure | Computer-assisted design model of video laryngoscope blade. (A) Oblique view of the handle. (B) Frontal view of the blade tip. (C) Endotracheal tube cut-away in
early design.

A1l smartphone (Samsung Group; Seoul, South Korea) (Figure 2). The collaborative development process and testing of
materials was published in the South African Journal of Industrial Engineering in 2020."3

Study Process

Participants in this study were asked to intubate a Laerdal Airway Management Trainer (Laerdal Medical Corporation;
Wappingers Falls, NY, USA) using the CMAC® VL with its D-blade, as well as a novel 3D-printed VL attached to
a 6.5 mm borescope camera and a Samsung®™ Galaxy A1l smartphone.

Figure 2 The novel device used in this study. The 3D printed VL blade and handle are attached to a commercially available 6.5 mm borescope camera inserted into
a Samsung® Galaxy All smartphone.
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Forty-seven eligible participants in the department were given a two-week period to volunteer for participation in this
study. Thirty-six participants enrolled, including 11 consultants, 21 registrars/trainees and four medical officers. The
participants were randomised by an independent biostatistician using a computer-generated randomisation list to
determine which device would be used first.

An intubation workstation was set up in a standardised configuration. Of note was that for both devices, the size 7.0
ET tube was preloaded with an intubation stylet that was preformed to fit the profile of the hyperangulated blade that was
used. The ET tube was lubricated by the investigator to prevent damage to the airway trainer. A video recording of the
attempts at intubation was made. Once the recording of the first device used was completed, the workstation was reset to
the same standard configuration for the second device. After approximately one minute, the second observation was
recorded (Figure 3). The participants had no previous experience or training with the novel device.

A non-participating consultant from the anaesthesiology department was asked to conduct the measurements of time
to seeing the vocal cords, time to first pass of the ET tube through the vocal cords, determining the Cormack-Lehane
score and stating whether it was a successful intubation attempt or not. This assessment was done by watching the
recordings of the attempts.

The cross-over design of the study was chosen to evaluate the presence of memory bias towards the instrument used
in the second attempt.'*

Statistical Analysis

Categorical variables were summarised by frequencies and percentages, and numerical variables by medians, interquar-
tile ranges and ranges, due to skew distributions. Categorical variables were compared using chi-square, Fisher’s exact or
McNemar tests. Numerical variables were compared using Mann—Whitney and Wilcoxon signed-rank tests. Analysis was
performed by the Department of Biostatistics, UFS, using SAS Version 9.4 (SAS Institute Inc., Cary, NC, USA).

Results
The median age of the participants was 34 years (range 28—58 years) with a median of three years (range 1-15 years) of
experience in anaesthesiology. The findings for the main outcomes are summarised in Table 1.

SAMPLE RANDOMISATION

VL device 1 VL device 2
| ﬂ
Observation 1 Observation 1
VL device 1 VL device 2
| l
Observation 2 Observation 2

Figure 3 Diagrammatic presentation of the study process showing sample randomisation. Participants were randomised to either of the two devices for their first attempt
at intubation. A videorecording of this attempt was made. Thereafter, the alternative device was used in the same manner.
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Table 1 Comparative Summary of the Main Outcomes (Time to Seeing Vocal
Cords and Time to First Pass) Achieved with the CMAC® Video Laryngoscope
and the Novel Device (N=36)

Variable Median IQR Range | P-value
Age (years) 34 31; 42 28-58 -
Years experience 3 2; 4 1-15 -
Time to seeing vocal cords (seconds)

CMAC® 5.0 3.8, 6.0 2.5-14.8 | <0.001
Novel device 9.4 7.8; 12.1 45-23.0

Time to first pass (seconds)

CMAC® 13.8 11.5;21.6 | 8.7-55.1 0.001
Novel device 19.0 16.5; 22.8 | 9.8-54.4

Abbreviation: IQR, interquartile range.

The median time to seeing the vocal cords with the CMAC® was 4.4 seconds less than with the novel device. The
95% confidence interval (CI) for the median difference was —5.7 to —3.5. With the CMAC®, the median time to first pass
was 5.2 seconds less than with the novel device. The 95% CI for the median difference was —6.2 to —1.0, P=0.001.

The Cormack-Lehane score was used to evaluate the best laryngeal view. Only class 1 and 2 views were obtained
with both devices. The CMAC® had 80.6% (n=29) class 1 views and the novel device 50.0% (n=18) (P=0.0045). No
failed attempts occurred with either device, representing a 100% success rate for intubation.

The results when separating the observations into the group that used the CMAC® as their first modality and the
group using the novel device as the first modality are shown in Table 2. For participants who used the CMAC™ first, both
the time to seeing the vocal cords and the time to first pass were significantly shorter with the CMAC® (P<0.0001 and
P=0.009, respectively). When the novel device was used first, the time to seeing the vocal cords was still significantly
shorter with the CMAC®™ (P<0.0001) but not the time to first pass (P=0.1084).

Table 2 Comparative Summary of the Main Outcomes (Time to Seeing Vocal Cords and
Time to First Pass) According to Device Use First

Device Used First + Variables Median IQR Range P-value

CMAC® (N=18)

Age (years) 34 31; 41 28-58 -
Years experience 3 2; 4 1-15 -
Time to seeing vocal cords (seconds)

CMAC® 5.5 4.3; 6.1 3.0-14.8 <0.0001
Novel device 1.3 9.1; 12,5 6.5-23.0

Time to first pass (sec)

CMAC® 14.7 12.0; 21.8 8.8-39.8 0.009
Novel device 20.6 17.6; 24.2 10.8—46.5

Novel device (N=18)

Age (years) 345 33; 43 30-56 -
Years experience 3 1; 4 1-15 -
Time to seeing vocal cords (seconds)

CMAC® 4.9 3.8; 6.0 2.5-75 <0.0001
Novel device 8.5 74;,9.9 45-184

Time to first pass (sec)

CMAC® 13.3 10.3; 21.5 8.7-55.1 0.1084
Novel device 17.0 14.8; 21.3 9.8-54.4

Abbreviations: IQR, interquartile range; sec, seconds.
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Figure 4 Time to first pass of CMAC® and novel device of all participants. The dot chart depicts participants time to first pass using the two different modalities. The
vertical axis represents the time to first pass of the endotracheal tube. The blue and orange dots, respectively, represent the time to first pass with the CMAC® and the
novel device. The horizontal axis corresponds with each of the participants and their matching attempts. The first 18 participants on the graph used the CMAC® for their
first attempt and the second |8 participants used the novel device on their first attempt. Outlying measurements occurred with both modalities. Participant 22 had
approximately the same numerical value for both devices, with participants 12 and 35 showing closely similar results.

Participants who used the CMAC® first obtained 72.2% class 1 views with the CMAC® and 50.0% class 1 views with
the novel device (P=0.1573). In comparison, participants who used the novel device first obtained 88.9% class 1 views
with the CMAC®™ and 50.0% with the novel device (P=0.0082). The only statistically significant difference between
participants who used the novel device first and those who used the CMAC® first, was that the former group had
a significantly shorter time to seeing the vocal cords with the novel device (medians 8.5 and 11.3 seconds, respectively;
P=0.0162).

The dot graph (Figure 4) illustrates the time to first pass of each modality.

Discussion
Key Results

A statistically significant difference in the median time to first pass of the CMAC® and the novel device was observed.
The faster intubation times with the CMAC®™ could be explained by the participants’ previous experience with the
CMAC®, as this is the VL they have access to as practitioners in our facility. No prior training with or exposure to the
novel device was provided. The authors are of the opinion that with experience and training with the novel VL, first pass
intubation times can improve substantially.

Despite no previous training, no failed attempts occurred when intubating a manikin with the novel device. Further
research is needed to investigate the association between successful intubation with VL and previous VL experience
across different devices. Determining this possible association was beyond the scope of the study and no data in this
regard were collected.

Better laryngeal views were obtained using the CMAC®, which could be attributed to the participants’ previous
experience and usage of the CMAC®™ in our facility. Our impression was that the image obtained by the novel device
displayed enhanced clarity and contrast, although it had a slightly smaller angle of view. The wider angle of view in the
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CMAC® allows the observer to see more of the pharyngeal and glottic structures. The difference in laryngeal views can
also be ascribed to a better hyperangulated blade angle and compact blade design of the CMAC®™. Design alterations can
easily be made to the novel device to overcome these challenges.

Participants who used the novel device first obtained more class 1 views with the CMAC than with the novel device.
This finding might point to a memory bias in the performance of VL with two different VL devices in quick succession.

Interpretation

With reference to Figure 4, the major trend observed was that the CMAC®™ had faster time to first pass in general. Both
modalities have most of the intubation times within acceptable clinical limits. The minimum and maximum values for the
time to first pass of the two devices were similar. Two sets of outlying measurements were from the same participant,
which could be attributed to operator skill or experience. Three other single measurements were from different
participants and with different devices and appeared to be random in nature.

The absence of any failed attempt suggests that intubation can be performed successfully with both modalities. It should be
noted, however, that we do not know the performance of the novel device in humans. This observation would be expected from
a well-known and commonly used instrument such as the CMAC®, which was supported by this study’s outcomes. Considering
that the CMAC®™ is a very well established VL and in many centres regarded as the gold standard VL, it should be noted,
however, that the difference in times to seeing the vocal cords and time to first pass was not as pronounced as might be expected.

Limitations

There was no time limit placed on the intubation attempts made by participants. A time limit would be prudent when
conducting a similar study on human subjects. Introducing a time limit would likely increase the number of failed
attempts during this study, as desaturation of patients during intubation in real-world conditions would necessitate
aborting the attempt in favour of oxygenating the patient with manual bag mask ventilation in keeping with sound
clinical practice guidelines.'> The maximum time to first pass with the CMAC®™ was 55.1 seconds and 54.4 seconds with
the novel device. These maximum times should not cause a noticeable desaturation in an adult pre-oxygenated American
Society of Anesthesiologists (ASA) I or II patient.'®'” Benumof and co-workers'® used physiologic modelling to
calculate the time to desaturation of SpO, < 90% after the administration of succinylcholine for various patient groups
following apnoea. The times to this level of desaturation were 8 minutes for healthy adults, 5 minutes for moderately ill
adults, and 2.7 minutes for obese adults.'®

Using the Cormack-Lehane classification to evaluate the quality of the laryngeal view during videolaryngoscopy has
been found to be sub-optimal in previous studies. Alternative methods, such as the video classification of intubation
(VCI) score or the percentage of glottic opening (POGO) scale, have been suggested as giving a better description and
being clinically more relevant for the laryngeal view during videolaryngoscopy.'**°

The non-participating consultant who recorded the times and evaluated the laryngeal views noted that there was no option
for a class 2b Cormack-Lehane score.>'** However, this score was only needed for one (1.4%) of 72 measurements.

The use of a manikin was necessitated by the lack of certification of the novel VL for use in human subjects because
it is an electronic medical devices. However, due to this situation, the same intubating conditions for each attempt was
ensured. Airway trainers and human subjects differ anatomically.”*>** General consensus is that it is not possible for the
synthetic materials used to manufacture the manikin to simulate the same tissue compliance and the ability to manipulate
the mouth and pharyngeal structures as it would be with human tissue. However, no research-based evidence for this
point of view is available. Schalk and co-workers®® noted that the dimensions of the Laerdal Airway Management
Trainer were at least satisfactory. They suggested that the widespread use of airway management trainers as
a replacement for in vivo trials in the field of airway management needs to be reconsidered.”

Conclusion

After determining the usability of a 3D-printed VL by acceptable clinical first pass intubation times, comparable laryngeal views
and a first pass success rate of 100%, this study supports the feasibility of developing a low-cost VL by means of 3D printing. 3D-
printed medical devices can be used in resource-poor institutions and hospitals, especially in the low- to middle-income countries
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where academic and technical universities as well as private individuals have the expertise and equipment to produce these
devices. Innovation with modern technologies can improve access to VL. Validation of materials, design processes and the safety
of the use of electronic devices in human subjects are yet to be determined for this innovation.
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