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Abstract 21 

 22 
Background and objectives: Three-dimensional (3D) printing has potential value in medical 23 

applications with increasing reports in the diagnostic assessment of cardiovascular diseases. 24 

The use of 3D printing in replicating pulmonary artery anatomy and diagnosing pulmonary 25 

embolism is very limited. The purpose of this study was to develop a 3D printed pulmonary 26 

artery model and test different computed tomography (CT) scanning protocols for 27 

determination of an optimal protocol with acceptable image quality, but low radiation dose. 28 

Materials and Methods: A patient-specific 3D printed pulmonary artery model was created 29 

based on contrast-enhanced CT images in a patient with suspected pulmonary embolism. 30 

Different CT pulmonary angiography protocols consisting of 80, 100 and 120 kVp, pitch 0.7, 31 

0.9 and 1.2 with 1 mm slice thickness and 0.6 mm reconstruction interval were tested on the 32 

phantom. Quantitative assessment of image quality in terms of signal-to-noise ratio (SNR) was 33 

measured in the images acquired with different protocols. Measurements in pulmonary artery 34 

diameters were conducted and compared between pre- and post-3D printed images and 3D 35 

printed model. 36 

Results: The 3D printed model was found to replicate normal pulmonary artery with high 37 

accuracy. The mean difference in diameter measurements was less than 0.8 mm (<0.5% 38 

deviation in diameter). There was no significant difference in SNR measured between these 39 

CT protocols (p=0.96-0.99). Radiation dose was reduced by 55% and 75% when lowering kVp 40 

from 120 to 100 and 80 kVp, without affecting image quality. 41 

Conclusions: It is feasible to produce a 3D printed pulmonary artery model with high accuracy 42 

in replicating normal anatomy. Different CT scanning protocols are successfully tested on the 43 

model with 80 kVp and pitch 0.9 being the optimal one with resultant diagnostic images but at 44 

much lower radiation dose. 45 

Keywords: Diagnosis, image quality, model, pulmonary artery, three-dimensional printing   46 
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INTRODUCTION 47 

Three-dimensional (3D) printing is a rapidly developing technique showing increasing interest 48 

and great potential in medicine. [1-5]  The diagnostic application of using patient-specific 3D 49 

printed models has been reported in the diagnostic assessment of cardiovascular disease, pre-50 

surgical planning and simulation, as well as medical education. [6-13]  These studies created 3D 51 

printed realistic models using either computed tomography (CT) or magnetic resonance 52 

imaging (MRI) or echocardiography data with accurate replication of anatomical structures and 53 

pathological changes. A recent systematic review of 48 studies has demonstrated the usefulness 54 

of 3D printed models in replicating complex cardiovascular anatomy with high accuracy, 55 

serving as a valuable tool for pre-surgical planning and simulation of cardiovascular disease, 56 

and medical education to healthcare professionals and medical students. [14] 57 

To the best of our knowledge, very few research studies have been conducted in the diagnostic 58 

assessment of 3D printed models in pulmonary artery diseases. [15] CT pulmonary angiography 59 

(CTPA) is the preferred imaging modality in the diagnosis of pulmonary embolism. [16-20] 60 

Although CTPA has high diagnostic value in detecting pulmonary embolism, it has 61 

disadvantages of the associated high radiation dose. Further, administration of contrast medium 62 

during CTPA represents another limitation with a potential risk of contrast-induced 63 

nephropathy. [21, 22] Therefore, reduction of both radiation and contrast medium doses during 64 

CTPA is the current research direction with promising results achieved. 65 

According to these studies, there is still potential for further lowering of the radiation and 66 

contrast medium doses during CTPA. To test the feasibility of different protocols, a realistic 67 

anatomic phantom is an ideal option, and a 3D printed model serves this purpose. Thus, the 68 

primary aim of this study was to use a patient-specific 3D printed pulmonary artery model to 69 

test different CTPA protocols with the aim of identifying optimal CTPA protocol. Further, 70 

potential factors including image segmentation, editing and 3D printing processes could affect 71 
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the dimensional accuracy of 3D printed models. [23, 24] Witowski et al in their recent systematic 72 

review indicates the lack of quantitative methods to validate liver model accuracy. [25] 73 

Similarly, no studies have reported the quantitative assessment of 3D printed pulmonary model 74 

accuracy. Therefore, the secondary aim of this study was to quantitatively assess the model 75 

accuracy of 3D printed pulmonary artery model in delineating anatomical structures. 76 

MATERIALS AND METHODS 77 

Sample image selection 78 

CTPA images from a 53-year-old female with suspected pulmonary embolism were selected 79 

in this study to generate 3D reconstructed pulmonary artery model for 3D printing. CTPA 80 

showed normal pulmonary artery without any sign of pulmonary embolism. The CT scan was 81 

performed on a 128-slice scanner (Siemens Definition Flash, Siemens Healthcare, Forchheim, 82 

Germany) with slice thickness of 1.0 mm and reconstruction interval of 0.6 mm. 83 

Image postprocessing and segmentation for 3D printing  84 

Original digital imaging and communications in medicine (DICOM) of CTPA images were 85 

transferred to a separate workstation equipped with Analyze 12.0 (AnalyzeDirect, Inc., Lexana, 86 

KS, USA) for image processing and segmentation. Semi-automatic approach was used to 87 

perform image postprocessing and segmentation of 3D volume data. A CT number 88 

thresholding technique was first used to produce 3D volume rendering images with inclusion 89 

of the pulmonary trunk, left main and right main pulmonary arteries. In brief, CT attenuation 90 

in the pulmonary arteries was measured (around 150 Hounsfield unit [HU]) and applied as the 91 

lowest threshold to demonstrate only contrast-enhanced pulmonary arteries and cardiac 92 

chambers, while soft tissue, pulmonary veins and other structures with CT attenuation less than 93 

150 HU were removed as the focus of this study was pulmonary arteries. Bony structures and 94 

cardiac chambers have high CT attenuation (>300 HU), thus, removal of these structures was 95 
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conducted by the function of Object Separator that is available with Analyze 12.0.  Some 96 

manual editing was applied to ensure the accuracy of 3D model in the delineation of pulmonary 97 

arterial tree. This involved further removal of some structures that were still included in the 3D 98 

volume data such as overlapping tissues and presence of artifacts, and applying a median filter 99 

to remove some image noise for better definition of pulmonary arteries with side branches.  100 

The generated model of the segmented pulmonary arteries was subsequently exported to the 101 

Standard Tessellation Language (STL) file format which is commonly used for 3D printing. 102 

Figure 1 shows the steps of image post-processing and segmentation from original 2D DICOM 103 

images to generation of segmented volume data and STL file to the final step of 3D printed 104 

model. 105 

The STL file of 3D segmented pulmonary artery was uploaded to Shapeways, an online 3D 106 

printing service. [26] The model was printed in ‘Elasto Plastic’ material, which has material 107 

property closest to that of arterial wall. [27] 108 

CTPA scanning protocols for 3D printed model 109 

To determine the accuracy of the 3D printed model in replicating anatomical structures, a series 110 

of CTPA scans were conducted on the 3D printed pulmonary artery model with different 111 

scanning protocols.  A total of nine scans were performed, in which three tube voltages of 80, 112 

100 and 120 kVp, three pitch values of 0.7, 0.9 and 1.2 were tested. The 3D printed model was 113 

placed in a plastic box filled with a contrast medium (Omnipaque 370) (Figure 2), and scans 114 

were performed on a 64-slice CT scanner (Siemens Definition AS, Siemens Healthcare, 115 

Forchheim, Germany) with slice thickness of 1.0 mm and reconstruction interval of 0.6 mm. 116 

The contrast medium was diluted to 6% resulting in CT attenuation of 150 HU which is similar 117 

to that of clinical CTPA examination. DICOM images of the scanned model were transferred 118 

to a workstation for measurements of pulmonary artery diameters and image quality. 119 
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Measurements of pulmonary artery diameters 120 

Diameter measurements at the pulmonary trunk, right and left main pulmonary arteries were 121 

performed on original CTPA images, STL file, 3D printed model and post-3D printing scanned 122 

CT images. Measurements were performed by two observers with more than 10 years of 123 

experience in CT imaging, with each measurement repeated three times. The two observers 124 

performed measurements separately and the results showed a very high correlation between 125 

these two observers (r=0.99-1.0, p<0.001). Figure 3 shows an example of measuring the 126 

pulmonary trunk using an electronic calliper. 127 

Quantitative measurements of image quality 128 

Image quality was assessed by measuring the image noise, which is defined as standard 129 

deviation (SD) of CT attenuation (HU) in the pulmonary arteries. A circular region of interest 130 

with a diameter of 50 mm2 (containing 300 voxels within the ROI) was placed at the pulmonary 131 

trunk, left main and right main pulmonary arteries to measure the signal-to-noise ratio (SNR) 132 

which is defined as:  133 

SNR = CT attenuation in the pulmonary artery / SD 134 

Figure 4 is an example showing measurement of image quality (SNR) at the pulmonary trunk, 135 

left main and right main pulmonary arteries. Contrast-to-noise ratio (CNR) was not measured 136 

in this study due to lack of background tissue since 3D printed model was immersed into the 137 

contrast medium. The two observers performed measurements separately and the results 138 

showed a high correlation between these two observers (r=0.99-1.0, p<0.05). 139 

Radiation dose 140 
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Radiation dose values in terms of volume CT dose index (CTDIvol) and dose length product 141 

(DLP) were available on the CT console. Effective dose (ED) was calculated by multiplying 142 

the DLP by a tissue coefficient factor, which is 0.014 mSv.mGy.cm for chest CT scan. [28] 143 

Statistical analysis 144 

Data were entered into MS Excel for analysis. Continuous variables were presented as mean ± 145 

standard deviation. A two-sided Student T test was used to determine any significant 146 

differences between measurements performed at original CT, STL, 3D printed model and post-147 

3D printing scanned images, with p value of less than 0.05 indicating statistical significance. 148 

RESULTS 149 

CT scans of the 3D printed pulmonary artery model were successfully performed. Table 1 150 

shows measurements of the main pulmonary arteries made with different scanning protocols 151 

when compared to the original CTPA images with differences less than 0.8 mm, indicating 152 

high accuracy of 3D printed model in replicating anatomical structures. There was also very 153 

good correlation between measurements on STL file in comparison to those on original CT 154 

images, post-3D printed CT images and 3D printed model, with the mean difference less than 155 

0.5 mm. 156 

Table 2 shows SNR measurements at different CTPA protocols with corresponding radiation 157 

dose values. With 80 and 100 kVp protocols, SNR was slightly decreased when pitch was 158 

increased from 0.7 to 0.9 and 1.2, although this did not reach significant difference in 159 

measurements with these protocols (p=0.96-0.99). With 120 kVp protocol, SNR was slightly 160 

increased with the increase of pitch in most of the measurements, with no statistical 161 

significance difference noted (p=0.97-0.99). 162 
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Table 2 also shows radiation dose values associated with these CTPA protocols. As shown in 163 

Table 2, CTDIvol and DLP remained almost the same despite the use of different pitch values, 164 

mainly due to the use of tube current modulation. With 80 kVp as the selected protocol, the 165 

effective dose was reduced by 55% and 75% when kVp was lowered from 100 and 120 kVp, 166 

respectively, while still maintaining diagnostic image quality. Figure 5 shows coronal 167 

reformatted CT images acquired with 9 different protocols with good visualisation of the 168 

pulmonary trunk and left and right main pulmonary arteries. 169 

DISCUSSION 170 

This preliminary study has two main findings: Firstly, 3D printed pulmonary artery model has 171 

high accuracy in replicating anatomical structures, thus it can be used as a reliable tool for 172 

testing CT scans. Secondly, an optimal CTPA protocol can be developed through testing 173 

different scanning protocols on the 3D printed model, with a protocol of 80 kVp and pitch 0.9 174 

being the optimal one with resultant low radiation dose but maintaining diagnostic image 175 

quality. 176 

3D printed models have been shown to enhance understanding of complexity of cardiovascular 177 

disease by demonstrating accuracy of delineating anatomical structures and pathologies, pre-178 

operative planning and simulation, and medical education. [6-15] Case reports and case series 179 

studies have proved successful applications of 3D printed models in assisting diagnosis and 180 

clinical management of congenital heart diseases including pulmonary artery abnormalities. [29-181 

33] A recent case report discussing the 3D printed model of ventricular septal defect (VSD) and 182 

pulmonary atresia showed that 3D printing assisted the development of preoperative planning 183 

and treatment approach for managing this complex case. [30] Sahayaraj et al further confirmed 184 

the clinical value of using 3D printed model in managing complex cardiovascular cases 185 

involving great vessels. [31] The 3D printed model was found to have great value in improving 186 
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understanding of the spatial relationship between cardiac chambers, VSD and great arteries, 187 

with biventricular physiologic repair successfully performed owing to the increased spatial 188 

perception provided by the 3D printed model. 189 

Biglino and colleagues provided an insight into the clinical applications of 3D printed heart 190 

model based on the perspective from different stakeholders. [29] The 3D printed model was 191 

considered by surgeon and cardiologist to improve understanding of the 3D relationship of 192 

different structures, such as better demonstrating the narrowed pulmonary artery and the dilated 193 

ascending aorta. Medical imaging specialist considered that 3D printed model improved 194 

communication in multidisciplinary meetings, thus allowing better decision-making in patient 195 

treatment. Further, a medical student indicated the great potential of 3D printed models in 196 

teaching anatomy and pathology. [29] 197 

Despite promising results about the clinical value of 3D printed models, reports on the 198 

dimensional accuracy of 3D printed pulmonary artery model are scarce. Most of the current 199 

studies focus on the accuracy of 3D printed heart models, in particular, congenital heart disease 200 

with good correlation between 3D printed models and original source images. [5-9] However, in 201 

their recent study, Ho et al reported the mean difference of more than 1.0 mm in aortic vessel 202 

diameters between contrast-enhanced CT images before and after 3D printing. [34] The variance 203 

in dimensional accuracy was also demonstrated by Lau et al who showed the mean diameter 204 

difference between 3D printed model of brain tumour and original images being 0.98%, which 205 

exceeds the recommended 0.5% deviation. [35] Findings in this study showed high accuracy of 206 

the 3D printed pulmonary artery model with the mean difference less than 0.5% deviation in 207 

measurements between pre- and post-3D printing images. Thus, results of CT scans based on 208 

the 3D printed model could be used as a reliable source for determining optimal scanning 209 

protocols in terms of acquiring diagnostic images with radiation dose reduction. 210 
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Increased use of CTPA in clinical practice has raised concerns because of its associated high 211 

radiation exposure and potential risk of contrast-induced nephropathy. [16, 20] Therefore, 212 

optimisation of CTPA protocol is a hot topic in the current literature with successful reductions 213 

in both radiation dose and contrast medium dose achieved. Findings of this study are in line 214 

with these previous reports on patient’s data. [16-20] Low tube voltage and low pitch value such 215 

as 80 kVp and 0.9 is preferred with acquisition of acceptable diagnostic images (similar SNR 216 

values) but low radiation dose when compared to the protocol of 100 or 120 kVp and high pitch 217 

value. The current multislice CT scanners are equipped with latest dose-reduction protocols, 218 

such as automatic tube current or tube potential modulation, therefore, high pitch is not 219 

recommended. The pitch of 0.9 as recommended by this study is consistent with Boos et al 220 

who also proposed the 70 kVp and pitch of 0.9 CTPA protocol. [36] We did not include 70 kVp 221 

in this study as 100 or 120 kVp is commonly used in CTPA. Further, due to 3D printed model 222 

being static instead of having hemodynamic flow features, we did not assess the effect of 223 

changing contrast medium volume on image quality. This could be addressed in further studies. 224 

Despite promising results, this study has several limitations which need to be acknowledged. 225 

Firstly, the 3D printed model was based on a normal case without showing any sign of 226 

pulmonary embolism. Thus, no subjective assessment of image quality was conducted. 227 

Experiments on the optimal CTPA protocols in the detection of pulmonary embolism with use 228 

of 3D printed model are under investigation. Secondly, although the 3D printed model was 229 

made with elastic material, it still does not represent the real tissue properties of vascular wall. 230 

Further, the phantom was scanned in a static condition instead of representing realistic CTPA 231 

with blood circulating to the pulmonary arteries. Finally, due to including only one case, we 232 

did not perform Bland-Altman assessment of degree of agreement in measurements between 233 

pre- and post-3D printing images. Further studies should include more cases for generating 3D 234 

printed models, which would allow for more reliable detection of trends in bias. 235 
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CONCLUSION 236 

We have shown the feasibility of generating patient-specific 3D printed pulmonary artery 237 

model with high accuracy in replicating normal anatomical structures. The 3D printed model 238 

is used to test different CT pulmonary angiography protocols with the protocol of 80 kVp, pitch 239 

0.9 with 1 mm slice thickness and reconstruction interval of 0.6 mm being the optimal one. 240 

Future research based on simulation of pulmonary embolism with different CT scanning 241 

parameters is needed to determine the clinical value of 3D printed model in detection of 242 

pulmonary embolism with lower radiation dose while still maintaining diagnostic image 243 

quality. 244 

  245 
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Figure legends 359 

 360 

Figure 1. Flow diagram shows the image post-processing and segmentation steps from 2D CT 361 

images to creation of 3D printed model. Original 2D DICOM (Digital Imaging and 362 

Communications in Medicine) images were used to create 3D volume rendering image with 363 

use of CT number thresholding technique to display contrast-enhanced vessels (blue colour-364 

pulmonary arteries, pink colour-aorta and its branches, while colour-left atrium and pulmonary 365 

veins). 3D volume rendering of pulmonary artery tree is segmented through semi-automatic 366 

segmentation and manual editing. STL (Standard Tessellation Language) file of 3D segmented 367 

volume data was generated for 3D printing of patient-specific 3D printed model. 368 

 369 

Figure 2. 3D printed pulmonary model is placed in a plastic box which is used to be filled with 370 

contrast medium for CT scans. 371 
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 372 

Figure 3. Measurement of the diameter of a pulmonary trunk using an electronic calliper. 373 

 374 

Figure 4. Region of interest is placed at the pulmonary trunk, right and left main pulmonary 375 

arteries for measurement of image quality. 376 

 377 
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 378 

 379 
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 380 

Figure 5. CT pulmonary angiography scanning protocols in the 3D printed model. 2D coronal 381 

reformatted images showing main pulmonary trunk, right and left main pulmonary arteries with 382 

80 kVp, pitch 0.7, 0.9 and 1.2 (A), 100 kVp, pitch 0.7, 0.9 and 1.2 (B), 120 kVp, pitch 0.7, 0.9 383 

and 1.2 (C). 384 

  385 
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Table 1. Diameters of pulmonary arteries measured on CT scanned 3D printed model 386 

Measurement 
locations  

80 kVp protocol 
(mean mm) 

100 kVp protocol 
(mean mm) 

120 kVp protocol 
(mean mm) 

Pitch 
0.7 

Pitch 
0.9 

Pitch 
1.2 

Pitch 
0.7 

Pitch 
0.9 

Pitch 
1.2 

Pitch 
0.7 

Pitch 
0.9 

Pitch 
1.2 

Pulmonary trunk 25.44 25.97 25.59 25.77 25.13 25.1 25.97 25.86 25.94 

Left pulmonary 
artery 

26.57 26.11 26.88 26.25 26.72 26.31 26.22 26.79 26.86 

Right pulmonary 
artery  

21.77 21.88 21.45 21.66 21.07 21.41 21.23 21.23 21.45 

Original CT images Pulmonary trunk: 25.93, LPA: 26.20, RPA: 21.63 

STL images Pulmonary trunk: 25.98, LPA: 26.03, RPA: 21.90 

3D printed model Pulmonary trunk: 25.85, LPA: 26.02, RPA: 21.84 
LPA-left pulmonary artery, RPA-right pulmonary artery, STL-standard tessellation language 387 

 388 

 389 

Table 2. Quantitative measurement of image quality and radiation dose in different CT 390 
scanning protocols 391 

Measurement 
locations 

80 kVp protocol 100 kVp protocol 120 kVp protocol 

Pitch 
0.7 

Pitch 
0.9 

Pitch 
1.2 

Pitch 
0.7 

Pitch 
0.9 

Pitch 
1.2 

Pitch 
0.7 

Pitch 
0.9 

Pitch 
1.2 

SNR at pulmonary 
trunk 

13.28 12.79 11.41 20.29 14.68 13.36 17.18 19.46 18.99 

SNR at left main 
pulmonary artery 

13.44 12.16 10.59 14.81 14.73 10.97 14.18 16.28 16.27 

SNR at right main 
pulmonary artery 

10.25 10.84 10.08 15.11 10.97 11.19 15.21 17.35 15.72 

CTDIvol (mGy) 5.81 5.73 5.62 12.96 12.84 12.64 23.12 22.90 22.61 

DLP (mGy.cm) 128 128 128 286 286 286 510 511 514 

ED (mSv) 1.79 1.79 1.79 4.04 4.04 4.04 7.14 7.15 7.19 
 392 

 393 

 394 

 395 


