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Development of a customized three-dimensional airway model

Desenvolvimento de um modelo tridimensional customizado de vias aéreas

Desarrollo de un modelo de via aérea tridimensional personalizado
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Abstract

This study aimed to develop a customized, three-dimensional airway model based on relevant medical images, using
additive manufacturing techniques. We evaluated the model’s ability to replicate the dimensions of the images acquired
from the chest of a patient using multi-detector computed tomography (CT). Using dedicated software, a three-
dimensional mesh was created based on the images. A multi-detector CT study of the full-scale printed three-
dimensional airways model was subsequently carried out to compare its dimensions with that of the original study at
four predetermined points. The observed median differences at the four points were 0.4 mm (p = 0.686), -1.3 mm (p =
0.138), 0.7 mm (p = 0.141), and 0.1 mm (p = 0.892). The intraclass correlation coefficient between the measurements
made on the patient and those on the model was 0.98 (95% confidence interval: 0.96-0.99, p < 0.001). We successfully
developed a three-dimensional model of the airway based on its corresponding medical images. The differences in the
dimensions between the model and the original images were in line with those observed in previous studies and are
presumably irrelevant for most applications.

Keywords: Printing, Three-Dimensional; Multi-detector Computed Tomography; Simulation; Training.

Resumo

Este estudo teve como objetivo desenvolver um modelo de vias aéreas tridimensional customizado com base em
imagens médicas relevantes, usando técnicas de manufatura aditiva. Avaliamos a capacidade do modelo de replicar as
dimensdes das imagens adquiridas do tdrax de um paciente usando tomografia computadorizada (TC) de multiplos
detectores. Usando um software dedicado, uma malha tridimensional foi criada com base nas imagens. Um estudo de
TC com mudltiplos detectores do modelo tridimensional de vias aéreas impresso em escala real foi posteriormente
adquirido para comparar suas dimensdes com as do estudo original em quatro pontos pré-determinados. As diferencas
medianas observadas nos quatro pontos foram 0,4 mm (p = 0,686), -1,3 mm (p = 0,138), 0,7 mm (p = 0,141) e 0,1 mm
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(p = 0,892). O coeficiente de correlagdo intraclasse entre as medidas do paciente e do modelo foi de 0,98 (intervalo de
confianca de 95%: 0,96-0,99, p < 0,001). Desenvolvemos com sucesso um modelo tridimensional da via aérea com
base em suas imagens médicas correspondentes. As diferencas nas dimensdes entre 0 modelo e as imagens originais
estavam de acordo com as observadas em estudos anteriores e sdo presumivelmente irrelevantes para a maioria das
aplicacOes.

Palavras-chave: Impressdo 3D; Tomografia Computadorizada Multidetectores; Simulacdo; Treinamento.

Resumen

Este estudio tuvo como objetivo desarrollar un modelo de via aérea tridimensional personalizado basado en imagenes
médicas relevantes, utilizando técnicas de fabricacion aditiva. Evaluamos la capacidad del modelo para replicar las
dimensiones de las imagenes adquiridas del térax de un paciente mediante tomografia computarizada (TC)
multidetector. Usando un software dedicado, se cre6 una malla tridimensional basada en las imagenes. Se adquirié un
estudio de TC multidetector del modelo tridimensional a gran escala de la via aérea para comparar sus dimensiones con
las del estudio original en cuatro puntos predeterminados. Las medianas de las diferencias observadas en los cuatro
puntos fueron de 0,4 mm (p = 0,686), -1,3 mm (p = 0,138), 0,7 mm (p = 0,141) y 0,1 mm (p = 0,892). El coeficiente de
correlacion intraclase entre las medidas del paciente y del modelo fue de 0,98 (intervalo de confianza del 95 %: 0,96-
0,99, p <0,001). Hemos desarrollado con éxito un modelo tridimensional de la via aérea a partir de sus correspondientes
imagenes médicas. Las diferencias en las dimensiones entre el modelo y las imégenes originales estaban en linea con
las observadas en estudios previos y presumiblemente son irrelevantes para la mayoria de las aplicaciones.

Palabras clave: Impresién tridimensional; Tomografia Computarizada Multidetector; Simulacion; Capacitacion.

1. Introduction

Additive manufacturing techniques, commonly called “3D printing,” are widely used in the industry and have recently
been recognized as tools of potential value for medical teaching, preoperative planning, and development of orthotics and
prostheses. (Hoang et al., 2016; Langridge et al., 2018; Matsumoto et al., 2015; Mitsouras et al., 2015)

Among medical specialties, radiology and imaging diagnosis play a central role in this new technology as models
developed using additive manufacturing techniques are, with a few exceptions, based on three-dimensional reconstructions of
sectional images acquired primarily using multi-detector computed tomography (MDCT) and magnetic resonance imaging.
(Matsumoto et al., 2015; Mitsouras et al., 2015)

The most common clinical applications of additive manufacturing are in buccomaxillofacial surgery, neurosurgery,
pulmonology and thoracic surgery, cardiovascular surgery, orthopedics, radiotherapy, and abdominal surgery. (Hoang et al.,
2016; Langridge et al., 2018; Matsumoto et al., 2015; Mitsouras et al., 2015) The pneumological applications include the ability
to print the airways, thoracic cavity and dorsal column, lungs, and the mediastinum.(Giannopoulos et al., 2016) These
applications highlight promising areas where they could be useful, including training for endoscopic airway evaluation, and
preoperative(Akiba et al., 2014) and airway prosthesis (Miyazaki et al., 2015) assessment.

The value of simulated training in bronchoscopy has been well established,(Colt, 2013) and its use is recommended by
several specialty societies.(Ernst et al., 2015) However, the high costs of mannequins and equipment limit its widespread use in
training programs. To overcome these limitations, various centers have developed low-cost three-dimensional models that
simulate the airways for endoscopic training.(AL-Ramahi et al., 2016; Bustamante et al., 2014; Byrne et al., 2016; Parotto et al.,
2017; Pedersen et al., 2017) However, potential limitations in the reliability of these models have been demonstrated; therefore,
model validation and accuracy control are fundamental requirements, particularly for models used for teaching, training, and
therapeutic planning. (George et al., 2017)

In this study, we aimed to develop a customized, three-dimensional airway model based on medical images, and assess

the reliability of its dimensions in relation to the original images obtained by MDCT.
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2. Methodology

The Research Ethics Committee of the Hospital de Clinicas de Porto Alegre of the Federal University of Rio Grande do
Sul approved this study (No. 2,560,404, dated March 23, 2018). Due to its retrospective and anonymised nature the board waived
the need for written informed consent.

2.1 Three-dimensional model printing

We selected airway images which had previously been acquired by chest MDCT (SOMATOM Emotion, Siemens
Healthcare, Erlanger, Germany) of a 48-year-old male patient. The scan was performed with 16 rows of detectors and a tube
voltage of 120 kVp with automatic exposure control. The images, obtained from the institution's image storage system, were
anonymized. Subsequently, segmentation of the aerial column (the trachea and main bronchi) and creation of the three-
dimensional mesh were performed with the 3D Slicer software (http://www.slicer.org/; Figure 1). The three-dimensional mesh
was post-processed using the Meshmixer (Autodesk, Inc., San Rafael, CA, USA). The printing process was performed on a B9
Core Series printer (B9 Creations, Rapid City, SD, USA) using photosensitive resin deposition. Through the process, we sought
greater malleability, strength, precision, and more reliable detailing to adequately represent the anatomy of the trachea and the
main, lobar, and segmental bronchi. The average time to generate the model was approximately 4 days. The impression was the
longest stage and took 2—-3 days. The software used in the study is freely available in the public domain.

Figure 1. A: MDCT of the thorax, axial section. B: Three-dimensional mesh of the airways. C: MDCT of the thorax, sagittal

section. D: MDCT of the thorax, coronal section. MDCT, multi-detector computed tomography.
R DT R N —

Source: Authors.
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2.2 Evaluation of thorax MDCT and the three-dimensional model

A 64-row MDCT study of the printed three-dimensional model was performed on an Aquilion CXL scanner (Canon
Medical Systems, Ota City, Tokyo, Japan). The images were acquired using a tube voltage of 80 kVp and a tube current of 30
mA. The data were reconstructed with the same slice thickness and range as the original computed tomographic images (1.0 and
0.5 mm, respectively). Both studies (chest and printed three-dimensional model MDCT) were analyzed with a dedicated
workstation software (IMPAX v. 6.6.1.3525, Agfa HealthCare NV, Mortsel, Belgium), using multiplanar and three-dimensional
reconstructions.

The lead researcher extracted four images from the data of both MDCT studies using multiplanar reconstructions. The
images were at four predetermined locations: 1.5 and 3.0 cm proximal to the tracheal carina, and 2 cm distal to the origin of the
right and left main bronchi. Five trained observers (all thoracic radiologists at our institution) performed the four-airway internal
perimeter measurements (Figure 2). The measurements were from the interface between the tracheal wall and tracheal lumen,
not including the wall. The observers first measured the three-dimensional model, and 10 days later, the original tomographic

examination. The observers were blinded to the measurements made by the other observers.

Figure 2. Internal perimeter measurement.

Source: Authors.

2.3 Statistical analysis

Data analysis was performed using IBM SPSS for Windows, Version 20.0 (IBM Corp., Armonk, NY, USA). The
variables, described as the median, minimum, and maximum, were compared using the Wilcoxon rank-sum test. We also
calculated the intraclass correlation coefficient between the measurements to evaluate the interobserver variability. Differences

with a p-value < 0.05 were considered statistically significant.


http://dx.doi.org/10.33448/rsd-v11i9.31721

Research, Society and Development, v. 11, n. 9, e33111931721, 2022
(CCBY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v11i9.31721

3. Results

A three-dimensional full-size airway model was developed (Figure 3). The direct cost of developing the model was US$
91.08, in which 80 mL of photosensitive resin cost US$ 40.70 and the acrylic box for the finished model cost US$ 50.39. Indirect
costs, such as employee time and printer purchase, were not measured, as they were available at the institution. The model and
patient perimeter measurements were similar for all measured sites (Table 1).

Figure 3. A printed 3D airway model.

Source: Authors.

Table 1. Descriptive and comparative table of the patients and model measurements®

Patient Model Difference p-value
Trachea 1.5 60.1 (56.7-61.5) 58.7 (57.5-60.0) 0.4 (-1.9-2.3) 0.686
Trachea 3.0° 57.6 (55.4-59.2) 58.2 (58.1-59.5) -1.3 (-2.7-0.4) 0.138
Right bronchus 46.7 (44.9-47.5) 45.8 (45.3-46.1) 0.7 (-0.4-1.4) 0.141
Left bronchus 455 (44.1-47.3) 45.4 (44.4-46.0) 0.1 (-0.3-1.3) 0.892

aData are presented in millimeters as median (minimum—maximum) and compared using the Wilcoxon rank-sum test.
bMeasurement performed in the trachea, 1.5 cm proximal to the carina. “Measurement performed in the trachea, 3.0 cm
proximal to the carina. Source: Authors.

The intraclass correlation coefficient calculated between medians of the measurements of the patient and the model at the
four points was 0.98 (95% confidence interval: 0.96-0.99, p < 0.001) (Table 2).
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Table 2. Intraclass correlation coefficient between the patient and model measurements.

ICC (95% CI)

Trachea 1.5! 0.54 (-0.47-0.94)
Trachea 3.02 0.47 (-0.55-0.93)
Right bronchus 0.45 (-0.57-0.92)
Left bronchus 0.76 (-0.14-0.97)
AlB 0.98 (0.96-0.99)

IMeasurement performed in the trachea, 1.5 cm proximal to the carina.
2Measurement performed in the trachea, 3.0 cm proximal to the carina.
3The four points considered together.

ICC, interclass correlation coefficient; Cl, confidence interval.

Source: Authors.

4. Discussion

In this study, we developed a three-dimensional airway model based on computed tomographic images, using additive
manufacturing techniques. Additionally, we demonstrated that the maximum median airway perimeter difference between the
model and the original image was 1.3 mm. This difference, which corresponded to a difference of 0.41 mm of the airway caliber,
was statistically insignificant. Our results correspond with those of previous studies,(Barker et al., 1994; Choi et al., 2002;
Frihwald et al., 2008; George et al., 2017; lbrahim et al., 2009; Petropolis et al., 2015; Salmi et al., 2013; Taft et al., 2011; Wu
et al., 2015) which have reported a sub-millimeter diameter difference between the three-dimensional model and the original
MDCT images.

Previous studies have shown the usefulness of the models(Byrne et al., 2016) but have not validated their size and shape.
As far as we know, this is the first study to validate the measurements of the three-dimensional model of the airways by
radiologists.

Although previous studies have predominantly used the airway diameter to measure structures, we chose to measure
the airway perimeter due to the airways’ irregular anatomy. This irregularity could have added subjectivity to the measurements
had the diameter been used.

We believe that the major contribution of our study is to facilitate development of a three-dimensional model produced
entirely locally, in an institution with no prior knowledge in this specific field. We began our journey in the field of three-
dimensional printing by joining forces with the Radiology Service, Biomedical Engineering Service, and the Airway Endoscopy
Unit of our institution. This approach allowed us to combine the necessary knowledge on image acquisition with post-processing
to create the three-dimensional models. The joint teams were fundamental to guiding the efforts that turned the application into
a model, which could potentially impact teaching and patient care.

For the development of this prototype, the Radiology Service focused on post-processing of the images (segmentation
and creation of the three-dimensional mesh) and evaluating the accuracy of the model dimensions. The Biomedical Engineering
Service had the task of correcting the three-dimensional mesh, creating the printing media, printing, and finishing the model.
The Airway Endoscopy unit acted as a consultant, evaluating each prototype generated until the final model achieved the
subjectively expected levels of finish, color, and malleability of the material.

The entire three-dimensional printing process was dominated by researchers. Over several months, approximately 10
models were rejected for obvious flaws. The only step performed outside the institution was the acquisition of a black color
acrylic box to accommaodate the printed model, with internal dimensions of 205 x 235 x 125 mm (LxHxW) and a wall thickness

of 5 mm.
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It has been reported that the post-processing stage is most susceptible to distortion of the anatomy and dimensions of
structures.(Santana et al., 2012) This susceptibility is higher in the segmentation of non-bone tissues due to the lower attenuation
difference between the structure under study and the adjacent tissues. Huotilainen et al.(Huotilainen et al., 2014) delegated the
printing of the same skull MDCT images to three institutions and compared the dimensions, weight, and number of model
triangles. They observed significant differences between the models, including a 1.96-times difference in the volume between
the largest and smallest models. The aforementioned study demonstrated the need for quality control in the process of three-
dimensional model fabrication and highlighted the discrepancies that the process might inadvertently introduce.

The low correlation observed between the patient and model measurements at each anatomical location might have been
due to the small number of observers. When we compared the patient and model together for all the measurements, the correlation
was very high. It is also important to note that millimeter differences in airway measurements, such as those observed in our
study (maximum difference in trachea circumference: 2.7 mm, 55.4 mm at the patient trachea and 58.1 mm at the printed trachea),
may have been due to minimal differences in caliper-positioning on the MDCT images during different reading sessions.

Although it was not an objective of this study, it is interesting to note that the amplitude of the differences measured by
the observers decreased at each point (Figure 4), displaying a convergence of the values measured in the left bronchus (last
measurement site) in relation to the trachea 1.5 (first measurement site). This may suggest that some amount of learning effect

may have occurred in the observers, and that better results may have been obtained, had a pre-test training been performed.

Figure 4. Perimeter differences (model vs. patient) at each measurement point for each observer.
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Values are in millimeters. Trachea 1.5: Measurement performed in the trachea 1.5 cm proximal to the carina. Trachea 3.0: Measurement
performed in the trachea 3.0 cm proximal to the carina. Source: Authors.

Considering the medians obtained at the different points, or even the maximum intra-observer differences, our findings

correspond with the differences observed in previous studies involving the printing of soft tissue structures.(George et al., 2017;
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lonita et al., 2014) These studies usually report sub-millimetric differences in the diameter of structures, as demonstrated by
lonita et al., who printed models of the Willis polygon.(lonita et al., 2014)

It is also important to highlight that the differences in magnitude observed in our work (the median differences were
equivalent to a maximum of 2% of the median airway caliber) were likely not large enough to be relevant for therapeutic planning
or teaching.

Our study has some limitations. These include the small number of evaluators, which may have compromised the results
at each measurement site. Further, with the use of just one patient as a model, and only one printer and a single type of tested
material, our study cannot guarantee wide reproducibility. Another relevant limitation is that the measurement of accuracy should

ideally have been performed by an independent external group.

5. Conclusion

In this study, we developed a three-dimensional airway model based on medical images. The differences in the
dimensions between the model and the original images corroborated those observed in previous studies and are possibly
irrelevant for most applications. In future studies, we plan to evaluate our model as a teaching and learning assessment tool,

comparing the training results between this model and models already available in the market.
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