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Background: Three-dimensional (3D) printing has been shown to accurately replicate anatomical
structures and pathologies in complex cardiovascular disease. Application of 3D printed models to simulate
pulmonary arteries and pulmonary embolism (PE) could assist development of computed tomography
pulmonary angiography (CTPA) protocols with low radiation dose, however, this has not been studied in the
literature. The aim of this study was to investigate optimal CTPA protocols for detection of PE based on a
3D printed pulmonary model.

Methods: A patient-specific 3D printed pulmonary artery model was generated with thrombus placed in
both main pulmonary arteries to represent PE. The model was scanned with 128-slice dual-source CT with
slice thickness of 1 and 0.5 mm reconstruction interval. The tube voltage was selected to range from 70, 80,
100 to 120 kVp, and pitch value from 0.9 to 2.2 and 3.2. Quantitative assessment of image quality in terms of
signal-to-noise ratio (SNR) was measured in the main pulmonary arteries and within the thrombus regions
to determine the relationship between image quality and scanning protocols. Both two-dimensional (2D)
and 3D virtual intravascular endoscopy (VIE) images were generated to demonstrate pulmonary artery and
thrombus appearances.

Results: PE was successfully simulated in the 3D printed pulmonary artery model. There were no
significant differences in SNR measured in the main pulmonary arteries with 100 and 120 kVp CTPA
protocols (P>0.05), regardless of pitch value used. SNR was significantly lower in the high-pitch 3.2 protocols
when compared to other protocols using 70 and 80 kVp (P<0.05). There were no significant differences in
SNR measured within the thrombus among the 100 and 120 kVp protocols (P>0.05). For low dose 70 and
80 kVp protocols, SNR was significantly lower in the high-pitch of 3.2 protocols than that in other protocols
with different pitch values (P<0.01). 2D images showed the pulmonary arteries and thrombus clearly, while
3D VIE demonstrated intraluminal appearances of pulmonary wall and thrombus in all protocols, except
for the 70 kVp and pitch 3.2 protocol, with visualization of thrombus and pulmonary artery wall affected by
artifact associated with high image noise. Radiation dose was reduced by up to 80% when lowering kVp from
120 to 100 and 80 kVp with use of 3.2 high-pitch protocol, without significantly affecting image quality.
Conclusions: Low-dose CT pulmonary angiography can be achieved with use of low kVp (80 and 100)
and high-pitch protocol with significant reduction in radiation dose while maintaining diagnostic images of

PE. Use of high pitch, 3.2 in 70 kVp protocol should be avoided due to high image noise and poorer quality.
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Introduction

Computed tomography pulmonary angiography (CTPA)
is currently the preferred imaging modality for diagnosis
of suspected pulmonary embolism (PE). With improved
spatial and temporal resolution available with modern
CT scanners, CTPA has high diagnostic accuracy in
the detection of segmental and subsegmental PE (1-3).
However, the high radiation dose associated with CTPA
is still a concern, given the high prevalence of PE and
widespread use of less-invasive imaging for clinical
diagnosis (1-5). Therefore, improvements in CT technique
to minimize radiation dose are necessary.

A number of strategies have already been developed
which include low tube voltage (kVp), use of iterative
reconstruction (IR) for reducing image noise, and use of
high-pitch protocols with fast speed CT scanners (6-13).
Significant progress has been achieved with use of these
dose-reduction strategies with radiation dose lowered to
less than 2 mSv, according to some recent studies (14-16).
Despite these promising results, further dose reduction
by combining different parameters remains to be
determined. Thus, the purpose of this study was to
investigate the optimal CTPA protocols with use of
different kVp and pitch values. Since it is unethical to
scan patients with different CT protocols, we decided
to use a patient-specific three-dimensional (3D) printed
pulmonary artery model with simulation of PE in the
pulmonary arteries. In our previous paper, we described
how we developed a 3D printed pulmonary artery model
and confirmed its accuracy and validity in replicating
normal pulmonary arteries by testing different CT
scanning parameters on it (17).

In this publication we describe how we extended our
previous research by inserting thrombus in the pulmonary
arteries to simulate PE, and scanning the model with
different CTPA protocols. Although patient-specific 3D
printed models have been reported in the literature with
regard to their accuracy and usefulness in preoperative
planning and simulation (18-23), to the best of our
knowledge, this is the first study using a 3D printed
pulmonary artery model with thrombus inside the arteries
for determining optimal CTPA protocols.
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Methods

Selection of sample case and image post-processing and
segmentation

CTPA images of patients with suspected PE were
retrospectively reviewed and one sample case with normal
CTPA findings without any sign of PE was selected for
generation of the pulmonary artery model with details
provided in our previous study (17).

The same approach was used to perform image
post-processing and segmentation of CTPA images as
described previously (17). Figure 1 shows the steps that were
undertaken to generate a 3D segmented volume file for 3D
printing of the pulmonary artery lumen. The 3D model was
printed using an online printing service, Shapeways (24). An
elastoplastic material was used to print the model since it
has similar properties to that of arterial wall (25).

3D printing of pulmonary artery model with simulation of
thrombus

To simulate PE in the pulmonary arteries, animal blood
clots which were obtained from a local butcher were
inserted into the left and right main pulmonary arteries of
the 3D printed model mimicking thrombus. To prevent the
“thrombus” from moving during CT scans, the blood clots
were large enough to be deployed in the main pulmonary
arteries, thus remaining stable during the scans.

CTPA scanning protocols

The 3D printed pulmonary artery model with thrombi
inside was placed in a plastic container which was filled
with contrast medium to simulate contrast-enhanced CT
examinations. The contrast medium OptirayTM 350
(Mallinckrodt Pty Ltd, NSW, Australia) was diluted to
7% with resulting CT attenuation of 200 HU similar to
that of routine CTPA. CTPA scans were performed on
a dual-source 128-slice CT scanner (Siemens Definition
Flash, Siemens Healthcare, Forchheim, Germany) with
beam collimation of 2x64x0.6 mm and gantry rotation of
330 ms. Tube current modulation was used for all scans
while different kVp and pitch values were chosen (70, 80,
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2D DICOM images

3D volume data
segmentation

3D segmented
pulmonary arteries

STL file for 3D printing

3D printed model

Figure 1 Flow diagram shows the image post-processing and segmentation processes from original 2D CT images to creation of 3D

printed model. Original DICOM images were used to create 3D volume rendering image for displaying contrast-enhanced vessels (blue

colour-pulmonary arteries, pink colour-aorta and its branches, white colour-left atrium and pulmonary veins). 3D volume rendering of

pulmonary artery tree is segmented through a semi-automatic segmentation approach with manual editing. STL file of 3D segmented

volume data was generated for 3D printing of patient-specific 3D printed model. Reprinted with permission under the open access from (17).

CT, computed tomography; DICOM, digital imaging and communications in medicine; 2D, two-dimensional; 3D, three-dimensional; STL,

standard tessellation language.

100 and 120 kVp and pitch of 0.9, 2.2 and 3.2), resulting
in a total of 12 datasets. A slice thickness of 1.0 mm
with a 0.5 mm reconstruction interval was applied to all
images, resulting in the voxel size of 0.29x0.29x0.29 mm’
for volumetric data. All images were reconstructed with
sinogram affirmed iterative reconstruction (SAFIRE,
Siemens Healthcare) at a strength level of 3, and a tissue
convolution kernel of I30f.

Image post-processing and visualization of PE

Two-dimensional (2D) images in digital imaging and
communications in medicine (DICOM) format were
transferred to a workstation with Analyze V 12.0
(AnalyzeDirect, Inc., Lexana, KS, USA) for image
post-processing and generation of 2D and 3D virtual
intravascular endoscopy (VIE) images. VIE visualization
provides intraluminal views of the arterial wall and
abnormal changes such as stenosis due to calcification,
plaque or thrombus, with details of generating VIE views
described in our previous studies (26-30). In brief, a CT
number thresholding technique was used to generate
VIE views of the pulmonary artery and thrombus in
these phantom images without being affected by artifact.
Selection of an appropriate CT threshold is important
to ensure that the VIE images are free from artifact with
clear demonstration of intraluminal views of pulmonary
artery wall and thrombus. Figure 2 is an example showing
the relationship between VIE visualizations and different
threshold selections.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Quantitative assessment of image quality

"To determine image quality among these CTPA protocols,
quantitative assessment of image quality was performed by
measuring the image quality in terms of signal-to-noise ratio
(SNR) in the main pulmonary arteries and within the thrombus
regions. A region of interest (ROI) with an area of 25 mm’
(containing minimum 300 voxels) was placed in the main right
and left pulmonary arteries to measure the SNR. In addition,
a ROI with an area of 5 mm’ (containing 50 voxels) was placed
within the thrombus region to measure SNR among these
images. Figure 3 shows measurement of SNR in the main
pulmonary arteries and within thrombus regions. Measurements
were repeated three times at each location with the mean values
used as the final ones to minimize intra-observer variability. All
measurements were performed by two observers separately with
excellent correlation between the observers (r=0.991, P<0.001)
with the mean values used as the final results.

Radiation dose measurement

Volume CT dose index (CTDIvol) and dose length product
(DLP) were recorded and compared between these CTPA
protocols. Effective dose was calculated using a tissue
conversion coefficient of 0.014 mSv/mGy/cm which is
commonly used for calculation of chest CT dose (31).

Statistical analysis

Data were entered into SPSS 24.0 (IBM Corporation,
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Upper threshold 300 HU Upper threshold 250 HU Upper threshold 200 HU

Upper threshold 150 HU Upper threshold 100 HU Upper threshold 400 HU

Figure 2 Generation of VIE of pulmonary embolism with selection of appropriate CT thresholds. Upper CT threshold was selected to

start at 300 HU showing the best visualization of intraluminal thrombus (long black arrows). When upper threshold was reduced to lower

levels, pierced artifacts (short black arrows) appeared in the arterial wall resulting in disruption of the arterial lumen. When upper threshold

was increased to 400 HU, floating artifacts (white arrows) appeared in the arterial lumen affecting visualization of thrombus. VIE, virtual

intravascular endoscopy; CT, computed tomography; HU, Hounsfield unit.

]

Figure 3 Measurement of image quality to determine SNR. (A) Measurement of image quality at the main pulmonary arteries;

(B) measurement of image noise within the thrombus at both sides of pulmonary arteries. SNR, signal-to-noise ratio.

Armonk, NY, USA) for statistical analysis. Continuous
variables were presented as mean and standard deviation.
A paired sample 7 test was used to determine whether
there are any significant differences in SNR measured
with different CTPA protocols. A P value of less than
0.05 indicates a statistically significant difference.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Results

CTPA scans were successfully tested on the 3D printed
model with use of different imaging protocols. Table 1 shows
SNR measurements at images acquired with different CTPA
protocols. Apparently, SNR measured within the thrombus
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on both sides was significantly higher in images acquired
with higher kVp such as 100 and 120 protocols than that
in the low 70 and 80 kVp protocols (P<0.001). There were
no significant differences in SNR measurements across
all 100 and 120 kVP protocols (P>0.05), regardless of the
pitch values. SNR was significantly lower in the high-pitch
protocols with 70 and 80 kVp, when compared to the
protocols with use of pitch values of 0.9 and 2.2 (P<0.01).

SNR measured outside the thrombus in the main
pulmonary arteries did not show any significant differences
among these images acquired with 100 and 120 kVp
protocols (P>0.05), except for the 120 kVp and pitch
3.2 protocol which shows significantly higher SNR than in
the low pitch protocols (P<0.05). Similarly, SNR measured
in images (both left and right main pulmonary arteries)
acquired with 70 and 80 kVp and pitch of 3.2 protocol was
significantly lower than that in other protocols (P<0.05).
Figure 4 is an example showing coronal reformatted images
of these CTPA protocols. When pitch was increased to 3.2,
image noise was increased with use of low kVp protocols
such as 70 and 80 kVp as shown in Figure 44,B. However,
the thrombi in the pulmonary arteries are clearly displayed
on these images, despite the use of low-dose protocols.

3D VIE images were generated and compared across
different CTPA protocols with clear visualization of
intraluminal views of pulmonary artery lumen and thrombus.
Figure 5 shows a series of VIE images generated with these
CTPA protocols. As shown in the images, VIE views of the
arterial wall and thrombus were not affected by changing the
kVp values, although 100 and 120 protocols produced VIE
images with relatively smoother intraluminal appearances
(Figure 5A,B,C). VIE images were not affected by changing
the pitch from 0.9 to 2.2 (Figure 5A,B), however, when pitch
was increased to the high-pitch mode of 3.2, images acquired
with the 70 kVp protocol were affected, with irregular
appearances of arterial wall and thrombi when compared to
those protocols with use of 100 and 120 kVp (Figure 5C).

Table 1 shows CTDIvol and DLP as well as effective dose
associated with these scanning protocols. With kVp reduced
from 120 to 80 and use of high-pitch CTPA protocols,
radiation dose was reduced by 33-80% when compared to
the low kVp and low pitch protocols without compromising
image quality.

Discussion

In this phantom study, we simulated PE in the main
pulmonary arteries based on a 3D printed model and tested

qims.amegroups.com Quant Imaging Med Surg 2019;9(1):53-62
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Figure 4 CTPA protocols with use of different kVp and pitch values. (A,B) When pitch was increased to 3.2, image noise was increased with

70 and 80 kVp protocols; (C,D) in contrast, no significant change of image quality was noted with 100 and 120 kVp protocols, regardless of

pitch values. Arrows refer to thrombus in the main pulmonary arteries. CTPA, computed tomography pulmonary angiography.

different CTPA protocols comprising a range of kVp and
pitch values. Quantitative assessment of image quality
showed no significant differences when kVp was lowered
from 120 to 100 or 80 kVp, or pitch was increased from
0.9 to 3.2. This led to a significant dose reduction by more
than 80% with use of low-dose CTPA protocols. 3D VIE
image visualizations of pulmonary artery and thrombus
demonstrated similar findings, although visualization of
the thrombus was affected when the high pitch of 3.2 was

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

used in the 70 kVp protocol. This study further confirms
the feasibility of using a low-dose CTPA protocol in the
detection of PE while maintaining acceptable image quality.

CTPA is currently recommended as the first line imaging
modality in the diagnosis of suspected PE, given the high
spatial and temporal resolution available with current CT
scanners, and the high diagnostic yield (4,13). Technical
developments of CT imaging have led to significant dose
reductions with use of various dose-saving strategies

qims.amegroups.com Quant Imaging Med Surg 2019;9(1):53-62
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Figure 5 VIE of thrombus in images acquired with different CTPA protocols. (A,B) Intraluminal views of the thrombus (arrows) are

clearly demonstrated with CTPA protocols using different kVp and pitch values of 0.9 and 2.2. (C) when high pitch of 3.2 was used,

irregular appearance of the thrombus (arrows) and some artifacts (arrowhead) appeared in the low kVp 70 protocol when compared to other

protocols. VIE, virtual intravascular endoscopy; CTPA, computed tomography pulmonary angiography.

including low kVp, use of IR algorithms, tube current
modulation, high-pitch protocol and use of dual energy
CT (2,32,33). Low-dose CTPA using 70 or 80 kVp and
high-pitch mode has been proved to achieve diagnostic
image quality compared to the standard CTPA protocol,
while significantly reducing radiation dose (9,11-14).
However, research on the investigation of image quality
in normal pulmonary arteries and PE is still limited. This
study adds valuable information to the current literature by
exploring a variety of CTPA protocols including the lowest
kVp and highest pitch value of 3.2 that is available in the
literature.

A high-pitch CT protocol is available with fast speed CT

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

scanners and decreases radiation dose significantly when
pitch is increased from the standard 0.9 to 2.2 or more than
3.0. However, increasing pitch during CT scans is associated
with compromising spatial resolution, which could increase
image noise affecting diagnostic quality. We confirmed this
in our study as image noise was increased in the 70 and
80 kVp protocols with a pitch of 3.2 (Figure 4A4,B). This
is especially apparent when visualizing the intraluminal
thrombus at the images acquired with 70 kVp and the
3.2 pitch protocol (Figure 5C). Despite this potential
limitation, clinical studies have shown the feasibility of
using high-pitch CTPA protocols in the diagnosis of PE
without losing image quality (12-14,34).

qims.amegroups.com Quant Imaging Med Surg 2019;9(1):53-62
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Buchner er al. (34) in their large single center study
compared high-pitch CTPA (180 mAs with filtered back
projection and pitch 1.2, and 90 mAs with IR, pitch 3.0)
with standard pitch (180 mAs and pitch 1.2) and 100 kVp in
382 patients. No significant difference was noticed in image
quality among these 3 groups, while significant reduction
of radiation dose was found in the high-pitch and low
tube current group (P<0.001). Their results are consistent
with other reports on the use of combining low kVp with
high-pitch protocols (12-15). Lowering kVp to 80 or 70 in
the high-pitch CTPA protocol could be challenging due to
the potential risk of compromising image quality. This was
observed in our study as the SNR measured with 70 and
80 kVp protocols was significantly lower than that measured
with 100 or 120 kVp protocols (Tuable I). Further, 3D
visualization of intraluminal appearances of thrombus and
pulmonary artery wall is affected by artifact due to increased
image noise with 70 kVp and high pitch 3.2 protocol.
Previous studies focused on 2D (axial and multiplanar
reformation) images of low-dose CTPA protocols for
detection of PE (12-15,34), while in this study, we assessed
both 2D and 3D VIE images acquired with different CTPA
protocols and corresponding image quality for visualization
of PE. Thus, our results provide additional information to
the current literature.

With rapid developments in 3D printing techniques
and increasing applications in the medical field, patient-
specific 3D printed models have been shown to be highly
accurate in replicating normal anatomical structures and
pathologies (17,20-23). Our recent study (17) has
demonstrated the accuracy of a 3D printed pulmonary
artery model with successful testing of different CT
scanning protocols on the model. To our knowledge, this
is the first report of using a patient-specific 3D printed
pulmonary model for determining optimal CTPA protocols.
Findings of this study are expected to encourage more
research 3D printing techniques in other applications to
develop low-dose CT protocols.

There are some limitations in this study. First, despite
a realistic 3D printed model being used for studying
different CTPA protocols, the model was not placed in an
environment which simulated normal anatomic regions
such as lungs, ribs, bones or heart. Thus, the radiation
dose associated with these protocols is much lower than
the actual value as reported in other studies due to the
small field of view in these CT scans. Confirmation of
results with simulation of normal thoracic structures are
required. Second, only SNR was measured to determine

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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image quality while no contrast-to-noise ratio (CNR)
was measured. This is due to the reason that the 3D
printed model was immersed in the diluted contrast
medium instead of only filling the pulmonary arteries
with contrast medium. Quantitative assessment of image
quality by using both SNR and CNR would allow us to
draw robust conclusions. Third, PE was simulated in the
main pulmonary arteries, while no blood clot was used in
the peripheral arteries to simulate embolism. Although
CTPA has high diagnostic value, accurate detection
of peripheral (segmental or subsegmental) or small
thrombus in the peripheral pulmonary artery branches
with a low-dose protocol would be required. This is
currently being investigated with the aim of simulating
small emboli in the peripheral arterial branches.
Finally, no subjective assessment of image quality was
included due to the fact that the pulmonary emboli
were large. This could be assessed in the ongoing study
with simulation of peripheral PE with different CTPA
protocols.

In conclusion, we have demonstrated the feasibility
of simulating PE in a 3D printed pulmonary model with
different CT scanning protocols tested. Low-dose CTPA
protocol is achievable with use of low kVp such as 70 or 80
with acceptable image quality. When high-pitch of 3.2 is
used for CTPA, kVp can be lowered to 80 or 100 without
compromising image quality in most of the protocols.
Use of a low-dose CTPA protocol by combining 70 kVp
with high-pitch 3.2 should be avoided due to its negative
impact on the image quality of both pulmonary arteries
and thrombus, as well as on intraluminal visualization of
thrombus and pulmonary artery wall. Further studies on a
low-dose CTPA protocols for detection of peripheral PE
are underway.
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