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Background: Computed tomography pulmonary angiography (CTPA) is the preferred imaging modality
for diagnosis of patients with suspected pulmonary embolism (PE). Radiation dose associated with CTPA
has been significantly reduced due to the use of dose-reduction strategies, however, investigation of low-dose
CTPA with use of different kVp and pitch values has not been systematically studied. The aim of this study
was to utilize a 3D printed pulmonary model with simulation of small thrombus in the pulmonary arteries
for development of optimal CTPA protocols.
Methods: Animal blood clots were inserted into the pulmonary arteries to simulate peripheral embolism
based on a realistic 3D printed pulmonary artery model. The 3D printed model was scanned with 192-slice
3rd generation dual-source CT with 1 mm slice thickness and 0.5 mm reconstruction interval. All images were
reconstructed with advanced modelled iterative reconstruction (IR) at a strength level of 3. CTPA scanning
parameters were as follows: 70, 80, 100 and 120 kVp, 0.9, 2.2 and 3.2 pitch values. Quantitative assessment
of image quality was determined by measuring signal-to-noise ratio (SNR) in both main pulmonary arteries,
while qualitative analysis of images was scored by two experienced radiologists (score of 1 indicates poor
visualization of thrombus with no confidence, and score of 5 excellent visualization of thrombus with high
confidence) to determine the image quality in relation to different scanning protocols for detection of
thrombus in the pulmonary arteries.
Results: No significant differences were found in SNR measurements among all CTPA protocols (P>0.05),
regardless of kVp or pitch values used, although SNR was higher with 120 kVp and 0.9 and 2.2 pitch
protocols than that in other protocols. The thrombi were detected in all images, with 70 kVp and 3.2 pitch
protocol scored the lowest with a score of 3 by two observers, and images with other protocols were scored
4 or 5. Lowering kVp from 120 to 70 with use of high-pitch 2.2 or 3.2 protocol resulted in up to 80% dose
reduction without significantly affecting image quality.
Conclusions: Low-dose CT pulmonary angiography protocols comprising 70 kVp and high pitch 2.2 or
3.2 allow for detection of peripheral PE with significant reduction in radiation dose while images are still
considered diagnostic.
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Introduction

Methods

Computed tomography pulmonary angiography (CTPA) is
increasingly used in the diagnosis of patients with suspected
pulmonary embolism (PE) due to its high sensitivity and
specificity for detecting segmental and subsegmental
PE (1-5). However, the high radiation dose associated with
the increased use of CTPA examinations has raised concerns
leading to the paradigm shift of developing optimal CTPA
protocols to lower radiation dose while still achieving
diagnostic images. Low-dose CTPA protocols have been
reported in some studies showing the feasibility of reducing
tube voltage to 80 and 70 kVp with use of high pitch values
with resultant effective dose of less than 2 mSv (6-13).
The main disadvantage of lowering tube voltage during
CTPA is associated with increased image noise, with noise
further increased when a high pitch protocol is used. Use
of iterative reconstruction (IR) algorithms have been shown
to compensate for increased image noise arising from low
kVp protocols, thus improving image quality for diagnosis
of PE (14-17). This has created potential opportunities for
developing low-dose CT protocols through combining low
kVp and high pitch protocols with IR.
Testing different CT protocols on a 3D printed realistic
anatomy model represents a new research direction for
investigation of optimal CT angiography protocols as 3D
printed models accurately replicate both normal anatomical
structures and pathologies (18-23). In our previous papers,
we reported how we developed a patient-specific 3D printed
pulmonary artery model with high accuracy, and tested
different CTPA protocols on the model with simulation
of thrombus in the main pulmonary arteries (24,25).
Through quantitative assessment of image quality, we
concluded that low-dose CTPA is achievable with tube
voltage lowering to 100 and 80 kVp and use of high pitch
3.2 with more than 80% radiation dose reduction without
compromising image quality. In this study we extended our
previous research by simulating thrombus in the peripheral
pulmonary arteries and scanning the model with different
parameters using the latest CT scanner, the 3rd generation
dual-source CT, Siemens Force. Further, advanced modelled
iterative reconstruction (ADMIRE) available with the
Siemens Force system is the latest IR algorithm which offers
higher radiation dose reduction while reducing image noise
and minimizing artifacts. The purpose of this study was to
determine optimal CTPA protocols for detection of small and
peripheral thrombus in the pulmonary arteries with resulting
low radiation dose and acceptable diagnostic images.

3D printed pulmonary artery model
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This study used the same 3D printed pulmonary artery
model as reported in our previous papers (24,25). The
model was confirmed to be highly accurate in delineating
anatomical structures of pulmonary arteries with successful
simulation of PE in the main pulmonary arteries.
Simulation of thrombus in the peripheral pulmonary
arteries
Animal blood clots were obtained from a local butcher
with small amounts inserted into the peripheral pulmonary
arteries to mimic PE. Figure 1 shows selection of small
thrombus for insertion into the distal pulmonary artery
branches prior to CT scans.
CTPA scanning protocols
Similar to our previous papers, the 3D printed model
with peripheral thrombus in the pulmonary arteries was
immersed in a plastic container which was filled with diluted
contrast medium to create a CT attenuation of 200 HU
which is similar to that of CTPA examinations (Figure 2).
CTPA scans were performed on a 3rd generation dual-source
192-slice CT scanner (Siemens Force, Siemens Healthcare,
Forchheim, Germany) with beam collimation of 192 mm ×
0.6 mm and gantry rotation of 250 ms. The CTPA scanning
protocols were as follows: 70, 80, 100 and 120 kVp, pitch
of 0.9, 2.2 and 3.2, resulting in a total of 12 datasets. The
tube current was adjusted for CTPA protocols with pitch
of 0.9 based on the kVp, with mAs of 121, 35, 42 and
52 corresponding to 70, 80, 100 and 120 kVp, respectively.
For higher pitch values of 2.2 and 3.2, 80 mAs were used
for the remaining protocols, regardless of the kVp values.
All images were acquired with a slice thickness of 1.0 and
0.5 mm reconstruction interval, resulting in the voxel size
of 0.31×0.31×0.31 mm3 for volumetric data. All images were
reconstructed with ADMIRE (Siemens Medical Solutions,
Forchheim, Germany) at a strength level of 3, and a tissue
convolution kernel of Br40d.
Qualitative assessment of image quality
Images were presented to two experienced thoracic
radiologists (each with more than 5 years of experience in
interpreting chest CT images) in a random order without
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Figure 1 Procedure to insert blood clots in the 3D printed pulmonary artery model. (A) Blood clots which were obtained from a local butcher
were broken into small pieces; (B) insertion of small blood clots in the peripheral segments of pulmonary arteries in the 3D printed model.

that image quality is diagnostic:
 5: excellent visualization of thrombus with high
confidence;
 4: good visualization of thrombus with good
confidence;
 3: average visualization of thrombus with moderate
confidence;
 2: suboptimal visualization of thrombus with low
confidence, and;
 1: poor visualization of thrombus with no confidence.
Quantitative assessment of image quality
Figure 2 3D visualization of 3D printed pulmonary artery model
which was placed inside the container filled with contrast medium.
Since the model was immersed into the water with diluted contrast
medium with similar CT attenuation to that of routine CT
pulmonary angiography, surface voxel projection was used to create
3D view of the model.

showing any information about the scanning parameters.
The two assessors were blinded to the scanning protocols
and they assessed image quality independently using a
5-point Likert scale with a score of 3 or above indicating
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Quantitative assessment of image quality was determined by
measuring the image noise in the main pulmonary arteries
in terms of signal-to-noise ratio (SNR). A region of interest
(ROI) with an area of >0.5 cm 2 (containing minimum
500 voxels) was placed in both main pulmonary arteries
to measure the SNR. Due to the presence of air bubbles
in the pulmonary arteries, ROI was placed in the central
part of the main pulmonary arteries to avoid inclusion
of any air bubbles which could affect the measurements.
Figure 3 shows SNR measurements in the main pulmonary
arteries. Measurements at each location were repeated three
times with the mean values used to reduce intra-observer
variability. Two observers performed the measurements
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Figure 3 Measurement of signal-to-noise ratio (SNR) in the main pulmonary arteries. (A,B) SNR measurements at the right and left main
pulmonary arteries.

separately with excellent correlation between them
(R=0.918, P<0.001). Mean values of measurements from
these two observers were used as the final results.
Radiation dose calculation
Volume CT dose index (CTDIvol) and dose length product
(DLP) were available on CT console after scans. These
values were used to calculate effective dose based on a tissue
conversion coefficient of 0.014 mSv/mGy/cm for chest CT
dose calculation (26).
Statistical analysis
Data were analysed using SPSS 24.0 (IBM Corporation,
Armonk, NY, USA). Mean and standard deviation were used
to represent continuous variables. A paired sample Student
T test was used to determine any significant differences
in SNR measurements among different CTPA protocols.
Inter-observer agreement for image quality assessment was
assessed by kappa statistics: poor: k<0.20; fair: k=0.21–0.40;
moderate: k=0.41–0.60; good: k=0.61–0.80, and excellent
agreement k=0.81–1.00. A statistically significant difference
was reached at a P value of less than 0.05.
Results
Insertion of small blood clots into the side or peripheral
pulmonary was found to be challenging due to softness of
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the blood clots which were easily broken into small pieces
during the insertion procedure (Figure 1). We managed to
insert two small blood clots in the pulmonary arteries with
one in the left segmental pulmonary arterial branch and
another one in the distal segment of right main pulmonary
artery simulating thrombus. CTPA scans with different
protocols were successfully performed on the 3D printed
model with simulation of PE.
Table 1 shows SNR measurements at the main pulmonary
arteries corresponding to different CTPA protocols.
Although low kVp 70 and 80 protocols were associated with
increased image noise when compared to 100 and 120 kVp
protocols, a high CT attenuation was found in these low
kVp protocols in comparison with the high kVp protocols
(340–440 vs. 210–260 HU). Thus, SNR measured with the
70 kVp protocols was found to be even higher than that
with 80 or 100 kVp protocols as shown in Table 1. There
were no significant differences in SNR measurements across
all CTPA protocols (P>0.05), regardless of the pitch or kVp
values. SNR was slightly higher in the 120 kVp with pitch
0.9 and 2.2 protocols, however, this did not reach statistical
significance compared to other protocols (P>0.05).
Figures 4-7 show coronal reformatted images acquired
with different CTPA protocols demonstrating pulmonary
emboli in the pulmonary artery branches. Despite low
kVp or high pitch protocols, thrombi are still visible in all
images, although 100 and 120 kVp protocols allowed for
better visualization of the small thrombus, especially at
the left side. Inter-observer agreement was fair (k=0.333,
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1.29
1.22
1.05
0.72
0.42
Effective dose (mSv)

0.20

0.21

0.20

0.33

0.35

0.51

0.77

92.7
87.2
75.4
51.6
30.4
DLP (mGy/cm)

14.7

15.6

14.6

24

25.5

36.7

55

4.26
4.26
3.53
2.53
2.53
1.72
1.17
1.17
0.68
0.72
0.72
1.42
CTDIvol (mGy)

Left main pulmonary 31.05±0.92 30.81±1.43 26.11±0.69 28.24±1.10 30.31±0.60 28.27±1.85 31.60±0.45 29.90±1.11 24.30±0.47 40.43±1.94 33.72±0.49 27.68±1.07
artery

39.69±4.39 29.75±0.10 31.66±1.49 31.33±0.50 37.84±2.57 35.83±1.04 26.48±2.12 37.44±1.72 39.17±1.85 40.17±0.61 43.35±1.55 38.92±2.00
Right main
pulmonary artery

2.2
2.2
0.9
3.2
2.2
0.9

2.2

3.2

0.9

80 kVp
70 kVp

Pitch values/SNR
and radiation dose

Table 1 Measurements of SNR in images acquired with different CTPA protocols and associated radiation dose

100 kVp

3.2

0.9

120 kVp

3.2
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P=0.118). The protocol of 70 kVp and pitch 3.2 was scored 3,
the lowest score by these two assessors, indicating that images
are still acceptable with the low-dose protocol. All of the
remaining images were scored 4 or 5 by the two assessors.
Table 1 shows radiation dose values associated with these
CTPA protocols. When kVp was reduced from 120 to 70
and pitch was increased from 0.9 to 2.2 or 3.2, radiation
dose was reduced by up to 84% without compromising
diagnostic image quality as evaluated by qualitative and
quantitative assessments. It should be noted that CTDIvol
remains the same for pitch of 2.2 and 3.2 protocols and this
is due to the use of same mAs of 80 for these high pitch
protocols. Therefore, as shown in Table 1, the effective dose
of these high pitch protocols remains unchanged or even
slightly increased. Further, due to selection of different mAs
corresponding to kVp values in the low pitch 0.9 protocols,
the CTPA protocol of 80 kVp and 0.9 pitch resulted in the
lowest dose compared to other protocols. This needs to be
interpreted with caution.
Discussion
In this phantom study, we further confirmed the feasibility
of low-dose CTPA protocols with simulation of thrombus
in peripheral pulmonary arteries. Quantitative assessment
of image quality did not show any significant differences
among these CTPA protocols with 70 kVp protocols
even producing higher SNR than that of 80 or 100 kVp
protocols. Qualitative analysis of image quality by experienced
observers showed that all of the images are acceptable for
detection of small thrombus, despite lowering kVp to 70 or
increasing pitch to 3.2. Radiation dose reduction by more
than 80% could be achieved with use of low-dose CTPA
protocol while maintaining diagnostic image quality.
Low-dose CTPA has been reported in the literature with
radiation dose down to 2 mSv or even less than 1.0 mSv (7-12).
Lu et al. compared 80 kVp and 2.2 pitch protocol with
100 kVp and pitch 1.2 in 100 patients with suspected PE
with 50 cases in each group (8). No significant difference
was found in subjective scoring of image quality between
the two groups, while quantitative measurements of image
quality were significantly higher in the low-dose protocol
than the standard group, with significant dose reduction
achieved in the low kVp and high pitch protocol (0.9 vs.
1.7 mSv). Li and colleagues reported similar findings
by using 70 kVp and high pitch 3.2 CTPA protocol in
80 patients with 40 in each group (9). Their results showed
no significant difference in the subjective image quality
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70 kVp 0.9

70 kVp 2.2

70 kVp 3.2

70 kVp 0.9

70 kVp 2.2

70 kVp 3.2

B

Figure 4 CTPA protocols with use of 70 kVp and different pitch values. (A) Visualization of small thrombus in the left segmental pulmonary
artery with low-attenuation filling defect (arrows). Thrombus was more clearly visualized in pitch 0.9 and 2.2 protocols when compared to
the high pitch 3.2 protocol. (B) Visualization of small thrombus in the distal part of right main pulmonary artery with filling defect (arrows)
detected in all of the protocols. CTPA, computed tomography pulmonary angiography.

but with significantly higher quantitative assessments in
the low-dose group. Up to 80% dose reduction was noted
in the 70 kVp and 3.2 protocol (0.4 vs. 2.0 mSv). Our
results are consistent with these findings. Low-dose CTPA
protocol comprising 70 kVp and 3.2 pitch was scored to be
acceptable for detection of small thrombus in the pulmonary
arteries, with more than 80% dose reduction. The effective
dose of the low-dose protocol in our study is between 0.20
and 0.21 mSv, almost half of what has been reported by
Li’s study. Thus, our study validates the feasibility of using
lower kVp and high pitch CTPA protocol with further dose
reduction.
Despite the great benefit of reducing radiation dose with
a high-pitch CT protocol, the disadvantage of increasing
pitch is associated with increased image noise which could
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affect diagnostic quality. This was noticed in our recent
paper with increased image noise in the 70 kVp protocol
with a pitch of 3.2 affecting visualization of thrombus and
pulmonary arterial wall (25). With the latest CT scanners,
advanced IR algorithms are developed to improve image
quality by reducing image noise associated with the use
of low-dose CT protocols (27,28). This is confirmed by
findings in our study as the IR available with the Siemens
Force scanner represents the latest algorithm used in image
reconstruction for reducing image noise. A combination of
low-dose protocol with advanced IR resulted in increased
quantitative image quality, with low kVp 70 and high pitch
2.2 and 3.2 protocols still producing diagnostic images, but
with much lower radiation dose.
3D printed models derived from patient’s imaging data
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80 kVp 0.9

80 kVp 2.2

80 kVp 3.2

B

Figure 5 CTPA protocols with use of 80 kVp and different pitch values. (A,B) The small thrombus is viewed as low-attenuation filling
defect in the left segmental pulmonary artery (arrows in A) and right pulmonary artery (arrows in B) and thrombi are visible in all protocols,
regardless of pitch values used. CTPA, computed tomography pulmonary angiography.

are increasingly used in medical applications, with most
of the studies focusing on the clinical value of patientspecific 3D printed models such as pre-surgical planning
and simulation, medical education and patient-doctor
communication (18-23,29,30). A new research direction
of clinical application of 3D printed models is to develop
optimal CT scanning protocols for radiation dose reduction.
Abdullah et al. created a 3D printed cardiac phantom based
on CT images of anthropomorphic chest phantom and
inserted filling materials into the phantom to simulate
different anatomical structures (31). CT scans of the 3D
printed model showed that CT attenuations of these filling
materials were similar to those from patient’s CT images
(contrast medium, air, oil/fat and jelly/muscle). Despite the
novel design of this cardiac insert phantom, testing different
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scanning protocols on the 3D printed model remains to be
investigated.
Our recent papers have addressed this limitation by
developing a realistic pulmonary artery model with different
CTPA protocols tested on the model with simulation of
PE (24,25). With model’s accuracy validated in the first
paper, we scanned the model with a combination of
different kVp and pitch values on a 128-slice dual-source
CT scanner by inserting thrombus in the main pulmonary
arteries. A dose reduction of 80% was achieved with use of
low kVp 80 and high pitch 3.2 protocol when compared
to the standard 100 or 120 kVp protocols, while low-dose
70 kVp and high pitch 3.2 was not recommended due to
high image noise (25). In the current study, we simulated
small thrombus in peripheral pulmonary arteries and
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100 kVp 0.9

100 kVp 2.2

100 kVp 3.2

100 kVp 0.9

100 kVp 2.2

100 kVp 3.2

B

Figure 6 CTPA protocols with use of 100 kVp and different pitch values. (A,B) The small thrombus is viewed as low-attenuation filling
defect in the left segmental pulmonary artery (arrows in A) and right pulmonary artery (arrows in B) and they are visible in all protocols,
regardless of pitch values used. CTPA, computed tomography pulmonary angiography.

scanned the 3D printed model using the same CTPA
protocols as in our previous paper, but on a latest CT
scanner with use of advanced IR algorithm for image
reconstruction. No significant differences were found in
SNR measurements among all the protocols, with all images
scored as diagnostic by two observers. Therefore, low-dose
CTPA with 70 kVp and high pitch 2.2 or 3.2 is acceptable
for detection of small PE with dose reduction up to 80%.
Findings of this study further advanced our previous
research and others, thus contributing to the current
literature by recommending low-dose CTPA protocols with
significant dose reduction.
Some limitations in this study should be acknowledged.
Limitations that have been addressed in our previous
papers still apply to the current study, such as the necessity
of simulating a realistic anatomical environment with
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lungs, ribs, heart and other thoracic structures. Although
small thrombus was inserted into in the left peripheral
pulmonary artery branch, we failed to insert the thrombus
in other small branches of the right pulmonary artery due
to difficulty with handling the soft blood clots during the
procedure. This could be addressed in future studies by
simulating peripheral PE which is made of materials with
similar attenuation to that of blood but with solid properties
which can be easily deployed in the 3D printed models.
Finally, air bubbles which are present in the pulmonary
artery branches could affect the visualization and assessment
of image quality to some extent (Figure 8). This needs
to be considered in further experiments with approaches
undertaken to reduce the negative impact of air bubbles.
In conclusion, we have simulated the small PE in the
3D printed pulmonary model and scanned the model with
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120 kVp 0.9

120 kVp 2.2

120 kVp 3.2

120 kVp 0.9

120 kVp 2.2

120 kVp 3.2

B

Figure 7 CTPA protocols with use of 120 kVp and different pitch values. (A,B) The small thrombus is viewed as low-attenuation filling
defect in the left segmental pulmonary artery (arrows in A) and right pulmonary artery (arrows in B) and they are visible in all protocols,
regardless of pitch values used. CTPA, computed tomography pulmonary angiography.

Figure 8 Air bubbles in the pulmonary arteries. Multiple air bubbles with different sizes are present in main and side branches of both
pulmonary arteries which could affect assessment of image quality.
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different CT pulmonary angiography protocols using the
latest 3rd generation dual-source CT scanner with images
reconstructed using the advanced IR algorithm. Low-dose
CTPA protocols comprising low kVp 70 and high pitch
of 2.2 or 3.2 result in more than 80% dose reduction, but
still producing acceptable image quality as determined by
quantitative and qualitative assessments. The small PE
can still be detected on this low-dose CTPA protocol,
further validating the feasibility of lowering kVp to 70 and
increasing pitch up to 3.2 for diagnosis of patients with
suspected PE. Findings of this study could stimulate further
similar research to develop optimal CT scanning protocols
in other areas based on realistic 3D printed models.
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