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Background: To determine the correct size of endotracheal tubes (ET'Ts) for endotracheal
intubation of pediatric patients, new methods have been investigated. Although the
three-dimensional (3D) printing technology has been successful in the field of surgery,
there are not many studies in the field of anesthesia. The purpose of this study was to eval-
uate the accuracy of a 3D airway model for prediction of the correct ETT size, and com-
pare the results with a conventional age-based formula in pediatric patients.

Methods: Thirty-five pediatric patients under six years of age who were scheduled for
congenital heart surgery were enrolled. In the pre-anesthetic period, the patients comput-
ed tomography (CT) images were converted to Standard Triangle Language (STL) files us-
ing the 3D conversion program. A Fused Deposition Modelling (FDM) type 3D printer
was used to print 3D airway models from the sub-glottis to the upper carina. ETT size was
selected by inserting various sized cuffed-ETTs to a printed 3D airway model.

Results: The 3D method selected the correct ETT size in 21 out of 35 pediatric patients
(60%), whereas the age-based formula selected the correct ETT size in 9 patients (26%).
Conclusions: Prediction of the correct size of ET'Ts using a printed 3D airway model
demonstrated better results than the age-based formula. This suggests that the selection of
ETT size using a printed 3D airway model may be feasible for helping minimize re-intuba-
tion attempts and complications in patients with congenital heart disease and/or those
with an abnormal range of growth and development.

Keywords: Airway management; Computer simulation; Computed tomography; Congen-
ital heart disease; Endotracheal intubation; Three-dimensional printing; Trachea.

Introduction

To determine the correct size of endotracheal tubes (ETTs) for endotracheal intubation
of pediatric patients is no menial task. The conventional method of determining ETT size
is based on children’s ages with the presumption of normal growth and development;
therefore, applying the same method to children who do not follow this pattern due to
disease makes this method hardly applicable [1]. In the past, the use of uncuffed ETTs

was recommended due to concerns about possible complications after endotracheal intu-
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bation under six years of age [2]. Recent studies showed that
cuffed ETT does not increase the risk of post-extubation stridor
compared with uncuffed ETT [3,4] However, it is important to
select the correct size of cuffed ETT, so as not to tightly seal the
trachea, and increase the risk of reintubation.

In particular, in pediatric patients undergoing cardiac surgery
due to congenital heart disease, there may be accompanying air-
way anomalies. Furthermore, most patients need to maintain the
ETT after surgeries for a certain period of time. In addition, pedi-
atric patients with congenital heart disease may have impaired
growth and development [5,6]. For this reason, it may be difficult
to find an appropriate size ETT using an age-based formula; sev-
eral studies have suggested their own modified formula [7-9].
Determining the correct ETT size is highly important, because
endotracheal intubation with an improperly sized ET'T can lead to
complications such as airway injury, mucosal ischemia or edema,
post-extubation wheezing, subglottic stenosis, improper ventila-
tion, and pulmonary aspiration [10].

Currently, the importance of personalized treatment is increas-
ing and conventional methods need to evolve based on the devel-
opment of science and technology. Printed three-dimensional
(3D) airway modeling is one of these techniques, which is used
for airway evaluation and surgical treatment, and its usefulness
has been reported [11-13]. As a pre-anesthetic plan to predict the
correct ETT size, we considered intubating various ET'T sizes on a
printed 3D airway model of each pediatric patient. The purpose
of this study was to evaluate the accuracy of a 3D airway model
for prediction of the correct ETT size in pediatric patients, and to

compare the results with a conventional age-based formula.

Enrollment | Assessed for eligibility (n = 35)

Materials and Methods

This study involved 35 pediatric patients. Written informed
consent was obtained by the legal guardians. Ethical approval was
provided by the Institutional Review Board of the Pusan National
University Yangsan Hospital, Yangsan, Korea (Ref: 05-2019-116).
The clinical research was registered at ClinicalTrials.gov (Ref:
NCT04814888), and conducted in accordance with the Helsinki
Declaration 2013. We required a sample size of 35 to achieve 80%
power, and a significance level (alpha) of 0.05, using a two-sided
paired t-test with reference to Schramm et al’s study [14]. We en-
rolled children under 6 years of age (range 4 days to 61 months)
scheduled for surgery for congenital heart disease from Septem-
ber 3, 2019 to March 16, 2020 with chest computed tomography
(CT) images including upper airways even if the patient had a
high level of the American Society of Anesthesiologists (ASA)
physical status. Pediatric patients with congenital heart disease
were chosen because they usually keep their ET'T with mechanical
ventilation in the intensive care unit for longer lengths of time. In
addition, these children have a relatively high risk of complica-
tions associated with ETT compared to healthy patients. Exclu-
sion criteria were as follows: pediatric patients with intubation or
tracheostomy before general anesthesia due to underlying disease,
small sized airway with inner diameter < 3.0 mm because of pre-
term or low birth weight, unstable vital signs during induction,
history of difficult intubation, or emergency surgery where print-
ing a 3D airway model in advance was not possible (Fig. 1).

In the pre-anesthetic plan, Digital Imaging and Communica-

tions in Medicine files of pediatric patients’ CT images were con-

Excluded (n = 0)

« patients with intubation or tracheostomy before general anesthesia (n = 0)

»| * small sized airway with inner diameter < 3.0 mm because of preterm or low birth weight (n = 0)
« unstable vital signs during induction (n = 0)

« history of difficult intubation (n = 0)

« emergency surgery where printing a 3D airway model in advance was not possible (n = 0)

| Randomized (Not Applicable) |

A4
Follow up

| Lost to Follow-up (n = 0) |

Analyzed (n = 35)
* Excluded from analysis (n = 0)

Fig. 1. CONSORT flow diagram.
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verted to Standard Triangle Language (STL) files using the 3D
conversion software open-source program InVersalius (InVersali-
us 3.0, Renato Archer Information Technology Center, Brazil)
(Fig. 2A). The STL files were converted to G-Code files for 3D
printing using CreatWare 6.4.6 (CreatWare 6.4.6, Henan Suwei
Electronic Technology Co., Ltd., China) (Fig. 2B). A Fused Depo-
sition Modelling (FDM) type 3D printer CreatBot (CreatBot
F430, Henan Suwei Electronic Technology Co., Ltd., China) was
used to print 3D airway models from the sub-glottis to the upper
carina (Fig. 3A). We also considered the interval between the date
of the preoperative CT scan and the date of surgery for avoidance

of bias. Fortunately, preoperative CT scan for congenital heart
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surgery is usually performed one to seven days before surgery in
our hospital.

Two anesthesiologists unaware of patients demographic data
such as height, weight, and age, predicted and recorded the ETT
size by inserting various sized cuffed-ETTs (MallinckrodtTM Hi-
Lo tracheal tube, Covidien, Ireland) (Table 1) to a printed 3D air-
way model (Figs. 3B and 3C). If the diameter of the trachea is un-
dersized, air leak around the ETT can occur. In that case, we can
use that ETT after inflating the pilot balloon with a small amount
of air. We used cuffed ETT because we think that this is more
beneficial to patients than another trial of intubation. For the con-

ventional method, an age-based formula (ID [mm] = [age in

228
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Fig. 2. The methods for conversion of image from CT. (A) DICOM files of pediatric patients CT images were converted to STL files using the
3D conversion software-open source program InVersalius (InVersalius 3.0, Renato Archer Information Technology Center, Brazil). (B) The
STL files were converted to G-Code files for 3D printing using CreatWare 6.4.6 (CreatWare 6.4.6, Henan Suwei Electronic Technology Co., Ltd.,
China). CT: computed tomography, DICOM: Digital Imaging and Communications in Medicine, STL: Standard Triangle Language, 3D: three-
dimensional.
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enes DeVON® OR Products &

Fig. 3. The process of 3D printing and simulation. (A) An FDM type 3D printer CreatBot (CreatBot F430, Henan Suwei Electronic Technology
Co., Ltd., China) was used to print 3D airway models from the sub-glottis to the upper carina. (B) Printed 3D airway model, (C) Various sized
cuffed-ETTs were inserted into a printed 3D airway model by two anesthesiologists unaware of the patient’s demographic data such as patient’s

height, weight, and age before intubation. ETT: endotracheal tube, FDM: fused deposition modeling, 3D: three-dimensional.

Table 1. Recommendations for Age-based Cuffed ETT Size Selection and External Diameter of Cuffed ETT (Mallinckrodt)

Age group Recommended ETT size Inner diameter (mm) Outer diameter (mm)
Term 3.0-3.5 3.0 4.3
1-6 months 35 35 49
7-12 months 3.5-4.0 4.0 5.6
1-2 years 4.0-4.5 4.5 6.2
34 years 4.5 5.0 6.9
5-6 years 4.5-5.0 5.5 7.5

ETT: endotracheal tube.

years/4] + 3.5, ID; internal diameter) (in case of a cuffed ETT, 3.5
instead of 4 is used because the cuff increases the outer tube di-
ameter by approximately 0.5 mm) was employed; next, we calcu-
lated and recorded the ETT size [2,15]. The nearest commercially
available ETT size within 0.3 mm by age-based formula was de-
termined with reference to Schramm et al. [14].

Standard monitoring (non-invasive blood pressure measure-
ment, electrocardiogram, and pulse oximetry) was applied to pe-
diatric patients in the operating room. General anesthesia was in-
duced with ketamine 1 mg/kg and rocuronium 0.6 mg/kg and
maintained with sevoflurane. After intubation with a cuffed ETT
by a printed 3D airway model was finished, an air leak test was
performed by one of three anesthesiologists dedicated to pediatric
cardiac anesthesia.

To evaluate the conformity of ETT size, the patient was laid su-
pine in a neutral position, and airway pressure was gradually in-
creased to > 20 cmH,O; then audible air leak was checked by a
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stethoscope in the patient’s mouth or throat by three anesthesiolo-
gists who were in charge of anesthesia for pediatric cardiac sur-
gery. If there was audible leakage under 10 cmH,O or no audible
leakage over 20 cmH,0, the anesthesiologists considered that the
ETT size was not optimal. According to studies by Shibasaki et al.
[10] and Weiss et al. [4], we used 20 cmH,O as a higher limit for
the air leakage test. The pilot balloon was inflated if there was an
audible leakage under 10 cmH,0, and the cuffed ETT was kept in
the patient’s trachea if there was no audible leakage over 20 cm-
H,O. The duration of mechanical ventilation in the intensive care
unit is usually several hours, and we feel that avoidance of reintu-
bation is preferable to the patient. The reliability of the ETT size
prediction by the printed 3D airway model was compared with
the results of the age-based formula. Intubation-related complica-
tions were evaluated by the anesthesiologist and the surgeon from

the end of anesthesia until hospital discharge.

https://doi.org/10.4097/kja.21114



Results

Demographic data is shown in Table 2. Non-normal continu-
ous variables were expressed as median (Q1, Q3). Our method
selected the correct ETT size in 21 out of 35 pediatric patients
(60%), whereas the age-based formula selected the correct ETT
size in 9 patients (26%) (Table 3). Our method over-estimated the
ETT size in 11 of 14 patients and under-estimated size in 3 pa-
tients, whereas the age-based formula over-estimated the ETT
size in 13 out of 26 patients and under-estimated size in 13 pa-
tients (Tables 3 and 4, Fig. 4). The nine successful intubations us-
ing age-based formula included five cases (cases 11, 17, 22, 28, 33)
matched with the 3D airway model, and four other cases (cases 6,
8, 26, 29) unmatched with the 3D airway model. Actually, two
other cases (cases 12, 23) also looked successful when using the
age-based formula instead of the 3D airway model. However,
those two cases were simulated by using uncuffed ETT with the
3D airway model because we tried to find the best fit ETT. We
also compared the result of two cases (cases 12, 23) with age-
based formula, and they were not matched to each other. Finally,
the unsuccessful 26 cases using age-based formula were consid-
ered as under- or over-estimated cases compared with the suc-
cessful 3D airway model. There was no reintubation, and the esti-

Table 2. Patient Characteristics

Number of patients 35

Sex (M/F) 19/16

Age (months)* 4(1,9)
Number of patients (%) > 24 months 4(11.4)
Weight (kg) 62(3.7,8.1)
Height (cm) 62.0 (50.0,71.3)

Values are presented as number or median (Q1, Q3). *Due to some
patients being below one year of age, the age has been provided in
months.

Korean J Anesthesiol 2021;74(4):333-341

mated ETT size by the 3D print airway model seen in Table 4 is
the finally inserted ETT size by age-based formula in the cases of
success and failure.

The correct ETT size was predicted as 67% in 6 patients (cases
10, 13, 17, 24, 30, 31) of 9 neonates < 1 month by the 3D airway
model and as 11% (1 of 9, case 17) by the age-based formula. Air
leakage was found in 2 out of 9 patients under a pressure of 10
c¢mH, O and no air leakage was observed in 1 patient over 20 cm-
H,O. Even in the age group in the range from 2 to 6 years old,
generally used for the age-based formula, the 3D airway model
predicted the correct ETT size in 3 (cases 3, 16, 33) out of 4 pa-
tients (75%). However, the age-based formula predicted the cor-
rect ETT size for only 1 patient (case 33) (25%) in 2- to 6-year-old
patients. No complications occurred after extubation in any pa-
tients (Table 4).

Discussion

In general anesthesia for pediatric patients, the age-based for-
mula is commonly used to select an accurate ETT size [15,16], but
conflicting results have been reported [10]. Due to scientific and
technological innovations, new methods, such as those using ul-
trasound, have been investigated to determine the ETT size [17].
The 3D printing technology has been successful in the field of
surgery, but there are not many studies in the field of anesthesia,
since it is mainly used as an educational tool rather than for clini-
cal use [18]. We performed this study to predict the correct ETT
size by means of a printed 3D airway model based on two-dimen-
sional radiologic images for pediatric patients with potentially un-
usual airway sizes and shapes. As a result, we found that the pre-
diction of a correctly sized ETT in pediatric patients with congen-
ital heart disease by thee 3D airway model (60%) was better than
the age-based formula (26%).

Table 3. Comparison between the 3D Airway Model and Age-based Formula for the Selection of Correct Size of the ETT

Age-based formula
Formula or model used to determine the correct ETT size Incorfect Total (%)
Correct -Overestimated
-Underestimated
3D airway model Correct 16 21 (60)
Incorrect 10 14 (40)
-Overestimated -11(31.4)
-Underestimated -3(8.6)
Total (%) 9(26) 26 (74) 35(100)
-13(37)
-13(37)

Values are presented as number or number (%). ETT: endotracheal tube, 3D: three-dimensional.

https://doi.org/10.4097/kja.21114

337



‘sypuowt ut papiaoid uaaq sey a3e oy ‘9Fe Jo Teak auo mofaq 3uraq syustied awos 0) aN(J, saf X OU N TRUOISUSWIP-3a1Y) :(J€ 9qN) [BIYIRIIOPUD ([T

N N A A N 4 §¢ vLe 1T g€
A N N N N S¢ g'e §94°¢ € 43
A N A A N Sy Sy Yey (Ui €€
A N N N N g'¢ §¢ yese 1 [43
N N A A N € g'e S05°€ 0 1€
N N A A N € ge 115°¢ 0 0¢
N N N N N 4 Se 8¥9°¢ L 6T
A N A A N Se g'e €09°¢ ¥ 8¢
A N N N N 14 14 9L¢ 4! LT
N N N N N i4 Se £09°¢ S 9T
A N N N N g'¢ g'e Shae [4 514
N N A A N € ge 805°¢ 0 yC
N N N A A € R 805°¢ 0 €C
A N A A N 4 14 oL’¢ 4! (44
N N N A A Sy 14 S0y 514 1c
A N N N N g'¢ Se LTSe 1 0c
N N A A N 4 e 6S¢ 14 61
N N A A N 14 ge 8¥9°¢ L 81
A N A A N g'¢ Se 115°¢ 0 L1
N N A A N Sy 14 LETY S¢ 91
N N N N N € §'e [45°%> 0 ST
N N A A N Sy 4 86/L°¢ 4! 4!
N N A A N € g€ 0S¢ 0 €l
N N N N N 4 §'e 80L°¢ 6 4!
A N A A N §'¢ §e 9¢¢ C 11
N N A A N € g€ €09 0 01
N N A A N 4 §'e e S 6
N N N A A € Se S0S°¢ 0 8
N N A X N 4 §¢ ¥eo¢c S L
N N N N N 4 §'e 865°¢ ¥ 9
N N N N N Sy §e L9¢ 8 S
N N A A N € §¢ LES°E 1 14
N N A A N S'S S €8LY 19 €
N N A A N i4 §e L6S°¢ 4 [4
N N A A N 4 §¢ 65°¢ 4 1
e[nuIO) paseq-aSe Aq az1s T Ty OHUD 07 2 O‘HWO 0T > [opowr femare juiid (¢ B[NULIO) paseq-aFe B[NULIOJ paseq-aFe (sypuou) o
LI Pa3e[mored yiim paypjej T aexes Iy a8exeay a1y Aqozis 1 poewmsy  Aqozis [ ey Aqozis I paremore) 28y

Park et al. - 3D airway model for pediatric patients

jJuaned yoeq Jo eje( pareld( ¥ d[qelL

https://doi.org/10.4097/kja.21114

338



Korean J Anesthesiol 2021;74(4):333-341

25+
21
(60)
20
2
S 13
v —
g 12 (37)
S n (34)
45 (31.4) 9
5 10 (26)
£
>
=
5 3
N (8.6) !
3
0 0 G) 0
0 .
printed 3D airway model Age-based formula
-1 0 1
-0.5 3 12
Mo 21 9
Hos5 n 13
LN 0 0

o -0.5

Ho HWos [ N

Fig. 4. Distribution of predicted ETT size. Vertical axis shows the number of patients and the horizontal axis shows the differences between the
correct cuffed ETT size and estimated ET'T size. The percentages occupied by each is presented in parentheses. ETT: endotracheal tube, 3D: three-

dimensional.

In comparison with studies on ETT selection by ultrasound, our
results (60%) were better than the 48% of Schramm et al. [14], simi-
lar to 60% of Bae et al. [19], and lower than 98% of Shibasaki et al.
[10]. These differences in results may be due to the following rea-
sons. While ultrasound studies improved the accuracy by measur-
ing the transverse diameter of the airway using neuromuscular
blockers and the respiratory cycle, our study could not apply these
factors to CT scans, which are the basis for the 3D airway model
[14]. In addition, the age range of patients in the ultrasound studies
was older, and a pressure of 25 cmH,O or 30 cmH,O defined as the
air leak test was higher than the 20 cmH,O used in our study [20].

The age-based formula predicted the correct ETT size in 9 of 35
pediatric patients (26%); the formula over-estimated size in 13 of
26 patients and under-estimated in 13 patients. The result of the
age-based formula was not accurate, because our pediatric pa-
tients had congenital heart disease and most were < 1 year old. In
fact, several studies have questioned the accuracy of the age-based
formula [14,20].

In order to reduce re-intubation, even if the air leak test was not
successful, the ETTs were retained unless ventilation was not

maintained with ETT cuff inflation or if there was resistance to

https://doi.org/10.4097/kja.21114

the ETT going through the airway. The conformity evaluation cri-
terion was set to a pressure of 20 cmH,O in our study, but there
were also studies reporting a pressure of 25 cmH,O or 30 cmH,0
or more. This is because it is advantageous for the management of
respiratory secretions through the ETT and mechanical ventila-
tion to have the appropriate airway pressure after surgery; the air
leak test is not a perfect method to predict conformity of the ETT
size, and inter-observer variation exists [21]. Unlike other studies,
this study included pediatric patients of a wide range of ages from
4 days to 5 years, and those with a high level of ASA physical sta-
tus with potential airway anomaly. This suggests that this method
might be useful for airway assessments in this type of patient.

A 3D airway model is safe for patients, easy to learn, and re-
quires little time, while ultrasound methods require apnea during
measurements and staff training [19]. Because the 3D airway
model dose not present two-dimensional image in the specific le-
sion, but reflects the actual airway shape, it may help anesthesiol-
ogists understand the anatomy of the airways and may be useful
for making a better pre-anesthetic plan via simulation of intuba-
tion. Furthermore, using this model can reduce the number of in-

tubation attempts and has the advantage of decreasing the risk of
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complications.

However, this study has some limitations. First, 3D implemen-
tation of medical imaging data requires high-quality imaging, and
applying 3D conversion software programs to airway images is
more difficult than applying the programs to images of solid or-
gans because of the air layer. In addition, 3D printed airway mod-
els may differ from the actual airway they are derived from due to
flexibility. Second, since the selection of a correctly sized ETT by a
3D airway model lacks an objective numerical indicator measur-
ing the circumference of the narrowest part of the 3D airway
model, there may be human errors from the blinded-tester. Third,
in consideration of patient safety and ethical aspects of working
with pediatric patients, we only used a cuffed ETT for reducing
the risk of multiple intubation attempts and maintaining proper
ventilation by inflating the cuff if needed. The inconsistent wrin-
kles of the deflated cuff can also affect the resistance of the ETT
surface and the air leak test. Hence, if both cuffed and uncuffed
were used as in Shibasaki et al. [10], or if inflation was applied to
the cuffed ETT as in Altun et al. [17] to evaluate the adequacy of
ETT size, the success rate may have been higher in our study.
Fourth, although this study did not present the results of the best
fit ET'Ts because of minimization of re-intubation, there is a pos-
sibility that the replaced 0.5 mm smaller or larger ETT also would
not pass the air leak test. This is because even ETTs of the same
inner diameter have different outer diameters depending on the
manufacturer. Cuffed and uncuffed ETTs with 0.5 mm difference
in inner diameter, which are clinically considered the same size
ETTs, did not lead to the same results in the air leak test in clinical
practice [22]. Fifth, we do not have a compliant material similar to
the patients” airway, and the printed 3D airway model is less com-
pliant after printing and fixing in room temperature. This might
influence finding the proper size of ETT, and especially result in
underestimating the size of ETT. Finally, clinical application of the
results from this study would be limited because a printed 3D air-
way model can only be obtained when there are recent preopera-
tive CT images.

Despite these limitations, prediction of the correctly sized ETT
and simulation of intubation using a 3D printing technique may
have clinical significance for the following reasons. Recent airway
images using newer modalities including bronchoscopic examina-
tion or radiologic imaging have had researchers questioning the
tenet of the conical shaped airway, and it has been clearly demon-
strated that the airway is elliptical rather than circular with the
anterior-posterior diameter being greater than the transverse di-
ameter [1]. The 3D airway model also showed the same results,
since each pediatric patient had an airway with individual charac-

teristics. Indeed, it was observed that ready-made ETTs did not
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properly fit the airway size and shape of individual pediatric pa-
tients. Since the image quality is affected by the patients’ respira-
tion during CT scan, it is difficult to find the narrowest part, and
even if the diameter is measured, the accuracy might be degraded.
In a printed 3D airway model, it is possible to check the indenta-
tion due to the relationship with the surrounding structures along
with the entire airway shape, so even if the image is blurred,
enough airway information can be obtained from the printed 3D
airway model. The 3D airway model might also present the infor-
mation of tracheal anatomy in the patient who has an anomaly of
the trachea or possibility of difficult intubation.

In conclusion, prediction of the correct size of the ETTs using a
printed 3D airway model has demonstrated better results than the
age-based formula. In particular, our study included patients with
congenital heart disease and an abnormal range of growth and
development; thus the selection of the ETT size using a printed
3D airway model in such a group may be feasible for helping min-
imize re-intubation attempts and complications. However, routine
use in all pediatric patients needs to be further investigated. In the
future, the 3D printer technique used in this study might be fur-
ther developed in collaboration with a department of materials
engineering, and used to create novel ETTs with individual size
and shape.
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