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Abstract

We investigated the feasibility and extent to which iodine concentration can be reduced in computed tomography angiogra-
phy imaging of the aorta and coronary arteries using low tube voltage and virtual monochromatic imaging of 3 major dual-
energy CT (DECT) vendors. A circulation phantom was imaged with dual source CT (DSCT), gemstone spectral imaging
(GSI) and dual-layer spectral detector CT (SDCT). For each scanner, a reference scan was acquired at 120 kVp using routine
iodine concentration (300 mg I/ml). Subsequently, scans were acquired at lowest possible tube potential (70, 80, 80 kVp,
respectively), and DECT-mode (80/150Sn, 80/140 and 120 kVp, respectively) in arterial phase after administration of iodine
(300, 240, 180, 120, 60, 30 mg I/ml). Objective image quality was evaluated using attenuation, CNR and dose corrected CNR
(DCCNR) measured in the aorta and left main coronary artery. Average DCCNR at reference was 227.0, 39.7 and 60.2 for
DSCT, GSI and SDCT. Maximum iodine concentration reduction without loss of DCCNR was feasible down to 180 mg I/ml
(40% reduced) for DSCT (DCCNR 467.1) and GSI (DCCNR 46.1) using conventional CT low kVp, and 120 mg I/ml (60%
reduced) for SDCT (DCCNR 171.5) using DECT mode. Low kVp scanning and DECT allows for 40-60% iodine reduction
without loss in image quality compared to reference. Optimal scan protocol and to which extent varies per vendor. Further
patient studies are needed to extend and translate our findings to clinical practice.
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Abbreviations IR Iterative reconstruction

AA Ascending aorta LM Left main coronary artery

CNR Contrast to noise ratio ROI Region of interest

CTA Computed tomography angiography SD Standard deviation

CIDI,,, Volumetric CT dose index SDCT Dual-layer spectral detector computed
DA Descending aorta tomography

DCCNR Dose corrected contrast to noise ratio VMI Virtual monochromatic imaging

DECT Dual-energy computed tomography
DSCT Dual source computed tomography
FBP Filtered back projection Introduction
GSI Gemstone spectral imaging
Computed tomography angiography (CTA) is an important
diagnostic tool for the detection of cardiovascular diseases
[1]. However, while a powerful test, the use of CTA can
be limited in patients with impaired renal function [2, 3].
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One of the methods to reduce the amount of iodine
is scanning with low tube voltage. Several studies have
described iodine dose reductions of up to 56% using
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70-80 kVp acquisition while maintaining image quality
compared to routine CTA [6-9]. At lower X-ray energy
levels, attenuation of iodine contrast increases as the
energy level approaches the K-edge of iodine (33.2 keV).
Thereby allowing for iodine concentration reduction with-
out decrease in CT-values [10].

An alternative method is the use of dual-energy CT
(DECT) scanning. DECT discriminates X-ray photons at
high and low energy levels and thereby allows for recon-
struction of virtual monochromatic imaging (VMI) at dis-
crete energy levels down to 40 keV. Several authors have
reported iodine dose reductions of up to 70% with DECT
for aortic and coronary CTA while maintaining objec-
tive image quality [11-15]. DECT became commercially
available a decade ago. Since then multiple approaches
have been introduced: (1) dual source CT (DSCT) with
two X-ray tubes and two corresponding detectors, with
each tube operating at a different tube voltage (low or
high); (2) gemstone spectral imaging (GSI) with a single
X-ray tube rapidly switching within one rotation between
low and high voltage; (3) dual-layer spectral detector CT
(SDCT) with a single X-ray tube and a dual-layer detector
that differentiates one photon spectrum in a low and high
energy fraction. Although these techniques all attempt
to achieve the same, from a physics perspective, image
data are acquired in a very different way and at different
energy levels. In addition, image reconstruction methods
to create VMI differ per vendor [16].

The aim of our study was to evaluate on a per vendor
level the extent to which iodine concentration could be
reduced by using low tube voltage and low VMI without
loss of objective image quality compared to CT at routine
tube voltage.

Materials and methods
Phantom setup

A dynamic circulation phantom with a low-pressure venous
compartment and a high-pressure arterial compartment
simulating physiological circulation parameters was used
(Fig. 1a) [17, 18]. The phantom consisted of a water-filled
(37 °C) acrylic container to mimic CT attenuation charac-
teristics of the mediastinum. The container encased multi-
ple connecting tubes, which accurately mimic the aorta and
coronary arteries (Fig. 1b). A pressure relief valve simulates
arterial and venous pressure. To mimic pulsation, a Harvard
medical heart pump (BS4; Harvard Apparatus, Holliston,
MA) was used. Physiological circulation was simulated by
using the following settings: heart rate 60 beats per minute,
stroke volume 60 mL per beat, output phase ratio 40% sys-
tole/60% diastole and blood pressure around 120/80 mmHg.

Injection protocol and image acquisition

Iodinated contrast medium of 300 mg I/ml (Iopromide,
Ultravist 300, Bayer Healthcare, Berlin, Germany) was used
and diluted with water to obtain the following concentrations
(ratio contrast medium:water): 300(1:0), 240(4:1), 180(3:2),
120(2:3), 60(1:4) and 30(1:9) mg I/ml. A fixed injection
protocol was used (volume 40 ml, flow rate 6 ml/s, injec-
tion time 6.7 s), resulting in an iodine delivery rate (IDR;
concentration X flow rate) of 1.80, 1.44, 1.08, 0.72, 0.36 and
0.18 g I/s, respectively. All concentrations were preheated
to 37 °C and injected into the phantom using a standard CT
power injector (Stellant, MEDRAD, Pittsburgh, PA, USA)
for both DSCT and SDCT, and a dual head power injector
(Nemoto-Kyorindo, Tokyo, Japan) for GSI. After every scan,

Fig. 1 Dynamic circulation phantom setup. a Physiological circula-
tion parameters were simulated using a low-pressure venous com-
partment and a high-pressure arterial compartment. b The phantom
consists of a water-filled (37 °C) acrylic container that encased multi-
ple connecting tubes, which accurately mimic the aorta and coronary
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the phantom was flushed with water three times to remove
residual contrast media.

Acquisitions were made using 3 DECT scanners; DSCT,
Definition Force (Siemens Healthcare, Forchheim, Ger-
many); GSI, Discovery CT750 HD (GE Healthcare, Mil-
waukee, WI, USA); SDCT, IQon (Philips Healthcare, Best,
The Netherlands). Images were acquired at the level of the
left main coronary artery (LM), ascending aorta (AA) and
descending aorta (DA) (Fig. 1c). For each system, a ref-
erence conventional CT acquisition was made at 120 kVp
and 150 mAs. Subsequently scans were acquired using the
lowest possible tube potential of 70 kVp (DSCT) and 80
kVp (GSI and SDCT), with a target tube exposure of 300
mAs. Thereafter, scans were performed in DECT modes of
80/150Sn kVp (DSCT), 80/140 kVp (GSI) and 120 kVp
(SDCT) with tube exposures of 255/128 (DSCT), 160/133
(GSI) and 150 mAs (SDCT), respectively. For each acquisi-
tion, a spiral thoracic aorta protocol in the arterial phase
was selected. For each CT system, a 40 ml test bolus of rou-
tine iodine concentration (300 mg I/ml) with the same fixed

Table 1 Scan parameters

injection protocol was used to determine the scan delay. No
bolus-tracking protocol was used because the attenuation of
iodine decreases with the reduction of iodine concentration,
therefore we expected that a fixed threshold (e.g. 100 HU)
could not be reached by all iodine concentrations. For both
DSCT and GSI, images were reconstructed using FBP. Since
FBP is no longer available with SDCT, the lowest level (0)
of iterative reconstruction (IR) was used for image recon-
struction. Care should be taken when evaluating protocols
with different reconstruction methods (IR/FBP), therefore
only different scan protocols within a vendor were compared
in the current study and no direct comparison between ven-
dors was performed. Detailed acquisition parameters for all
systems are listed in Table 1.

Image analysis
Images were analyzed using vendor specific dedicated

workstations (SyngoVia version VB10A, Siemens Health-
ineers; Volume Viewer version 12.3, Ext. 4, GE Healthcare;

CT param-  DSCT GSI SDCT

eters

Scanmode  Conv. refer- Conv. low DECT Conv. refer- Conv. low DECT Conv. refer- Conv. low DECT

ence kVp ence kVp ence kVp

Detector 96x0.6 96x0.6 64x0.6 64 x0.625 64x0.625  64x0.625 64x0.625 64x0.625  64x0.625
collimation
(mm)

Tube voltage 120 70 80/150Sn 120 80 80/140 120 80 120
(kVp)

Tube current 360 720 714/359 370 700 450/375 82 164 82
(mA)

Gantry rota-  0.25 0.25 0.25 0.4 0.4 0.7 0.33 0.33 0.33
tion time
()

Exposure 150 300 255/128 150 286 160/133 150 300 150
(mAs)

CTDI,, 10.0 3.5 9.2 10.5 6.7 10.8 13.5 9.0 13.5
(mGy)

Scan delay 19 19 19 19 19 19 19 19 19
(s) post
injection

Pitch 0.60 0.60 0.70 0.98 0.98 0.98 0.18 0.18 0.18

Mode Spiral Spiral Spiral Spiral Spiral Spiral Spiral Spiral Spiral

Kernel Cardiac Cardiac Cardiac Standard Standard Standard  Cardiac Cardiac Cardiac (CB)

(Bv36d) (Bv36d) (Bv36d) (CB) (CB)

Slice thick-  1/1 171 1711 171 171 171 171 171 171
ness/incre-
ment (mm)

Recon- FBP FBP FBP FBP FBP FBP iDose level 0 iDose level ~ Spectral
struction 0 level O
algorithm

CTDI,,, volumetric CT dose index, Conv. conventional, DECT dual-energy CT, DSCT dual source CT, FBP filtered back projection, GSI gem-
stone spectral imaging, kVp kilovoltage peak, mAs milliampere second, mGy milligray, SDCT dual-layer spectral detector CT
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«Fig.2 Objective image quality of dual source computed tomography.
Average attenuation, CNR and DCCNR values per scan across differ-
ent energy levels and different iodine concentrations. Reference line
indicates attenuation values of routine iodine concentration (300 mg
I/ml) scanned on reference conventional CT (120 kVp). Correspond-
ing kVp, mAs and CTDI,; for the different scan protocols were: 70
kVp, 300 mAs, 3.5 mGy; 120 kVp, 150 mAs, 10 mGy; 80/150Sn
kVp, 255/128 mAs, 9.2 mGy (DECT). CNR contrast to noise ratio,
CTDI,,; volumetric CT dose index, DCCNR dose corrected contrast
to noise ratio, DECT dual-energy computed tomography, DSCT dual
source computed tomography, HU Hounsfield units, kVp kilovoltage
peak, keV kilo electron voltage, mAs milliampere second, mGy mil-

ligray

IntelliSpace Portal version 6.5.0.02080, Philips Healthcare).
DECT data were reconstructed to obtain VMI at following
energy levels; 40, 50, 60, 70, 80, 90, 100 and 120 keV. On
both conventional CT images and VMI (DECT), intralumi-
nal enhancement (Hounsfield units (HU)) and noise (stand-
ard deviation (SD) of the HU measurement) were measured
by manually placing a circular region of interest (ROI) with
a fixed area of 0.2 (LM), 5.0 (AA) and 2.0 (DA) cm?. Back-
ground enhancement and noise were measured by placing an
ROI (4.0 cm?) in 2 homogeneous areas in the water container
(Fig. 1c). For each location, the shape, position and size
of the ROI were kept consistent for all measurements. For
each reconstruction, the two measurements of background
enhancement and noise were averaged for further analysis
of contrast to noise ratios (CNR), which was calculated as
follows [19]:

(H U Artery — H UBackground )

<% x ((SDArteryz) + (SDBac‘kgmundz) ) )

CNR =

Radiation dose differed between scan protocols (Table 1).
To allow for evaluation of the effect of different tube volt-
ages and VMI energies on CNR independent of dose, CNR
was normalized to volumetric CT dose index (CTDI,) for
each protocol by using dose corrected CNR (DCCNR),
defined as [20-22]:

2
DCCNR = M
(CTDIVOI)

Statistical analysis

The primary study measures were attenuation (HU), CNR
and DCCNR. Per acquisition, measurements obtained in the
3 vessels were averaged. For each vendor, image analysis
measurements of routine iodine concentration (300 mg I/ml)
scanned at 120 kVp were used as a reference. Measurements
with conventional CT at lowest possible kVp and DECT at
different iodine concentrations were compared to the refer-
ence measurement for each CT system.

Results
Dual source computed tomography (Fig. 2)

At reference (120kVp; 300 mg I/ml) average attenuation,
CNR and DCCNR were 361.0 HU, 46.2 and 227.0, respec-
tively. With lowest tube voltage of 70 kVp, attenuation and
DCCNR increased and iodine concentration reduction down
to 180 mg I/ml (40% reduced) resulted in higher attenuation
(429.3 HU) and DCCNR (467.1) in comparison to the refer-
ence. For CNR at 70 kVp a small increase was observed, and
dropped below the reference CNR at iodine concentration
reduction of 20% or more. In DECT mode, the optimal VMI
energy level with the highest attenuation, CNR and DCCNR
values was 40 keV. At this keV, attenuation of reduced iodine
concentration down to 120 mg I/ml (60% reduced) was 553.1
HU, and was higher compared to reference. At this same
keV, CNR and DCCNR were 52.3 and 286.1 at 240 mg I/ml
(20% reduced), and were higher compared to the reference.
Further iodine concentration reductions resulted in attenu-
ation, CNR and DCCNR values below the reference levels.

Gemstone spectral imaging (Fig. 3)

At reference (120kVp; 300 mg I/ml) average attenuation,
CNR and DCCNR were 327.1 HU, 20.3 and 39.7, respec-
tively. At the lowest tube voltage (80 kVp), iodine con-
centration reduction down to 180 mg I/ml (40% reduced)
resulted in an attenuation of 354.4 HU and a DCCNR of
46.1, both higher compared to the reference. For CNR at 80
kVp, iodine concentration reduction down to 20% resulted
in a higher CNR compared to the reference. With VMI on
DECT, the highest attenuation was achieved at 40 keV,
whilst the highest CNR and DCCNR values were obtained at
70 keV. On 40 keV images, the average CT-value of reduced
iodine concentration down to 120 mg I/ml (60% reduced)
was 369.6 HU, and was higher compared to reference. CNR
and DCCNR values at routine iodine concentration (300 mg
I/ml) on 70 keV images, were 18.9 and 33.5 and were lower
compared to imaging at reference. Any (further) reduction
in iodine concentration led to lower values than at reference
for both conventional CT low kVp and DECT.

Dual-layer spectral detector computed tomography
(Fig. 4)

At reference (120kVp; 300 mg I/ml) average attenuation,
CNR and DCCNR were 311.8 HU, 28.2 and 60.2, respec-
tively. Scanning with the lowest tube voltage of 80 kVp
resulted in higher attenuation values, whereby an iodine
concentration reduction of 20% resulted in 419.6 HU and
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«Fig.3 Objective image quality of gemstone spectral imaging. Aver-
age attenuation, CNR and DCCNR values per scan across differ-
ent energy levels and different iodine concentrations. Reference line
indicates attenuation values of routine iodine concentration (300 mg
I/ml) scanned on reference conventional CT (120 kVp). Correspond-
ing kVp, mAs and CTDI,; for the different scan protocols were: 80
kVp, 286 mAs, 6.7 mGy; 120 kVp, 150 mAs, 10.5 mGy; 80/140
kVp, 160/133 mAs, 10.8 mGy (DECT). CNR contrast to noise ratio,
CTDI,,, volumetric CT dose index, DCCNR dose corrected contrast to
noise ratio, DECT dual-energy computed tomography GSI gemstone
spectral imaging, HU Hounsfield units, kVp kilovoltage peak, keV kilo
electron voltage, mAs milliampere second, mGy milligray

was higher compared to the reference. At 80 kVp, no iodine
concentration reduction without loss of CNR or DCCNR
compared to the reference was feasible. In DECT mode,
optimal VMI energy level was 40 keV. At this energy level,
iodine concentration reduction down to 120 mg I/ml (60%
reduced) resulted in a higher attenuation (447.1 HU), CNR
(46.9) and DCCNR (171.5) compared to the reference. Fur-
ther iodine concentration reductions led to lower values
compared to the reference.

Discussion

In this phantom study, we showed that for CTA images of
the aorta and coronary arteries iodine reductions without
loss in objective image quality compared to reference are
feasible with both conventional CT low kVp and DECT.
The optimal scan protocol with the highest iodine concentra-
tion reduction differed per CT system. The DCCNR results
showed that an iodine concentration reduction of 40% can
be achieved using conventional CT low kVp on DSCT and
GSI, and 60% using DECT on SDCT. DCCNR allows for
an evaluation of objective image quality independent of the
effect of radiation dose, and thereby for an evaluation of
the extent to which iodine concentration could be reduced
purely based on tube voltage settings and VMI energy levels
[20-22]. The increase in DCCNR for the low kVp protocols
implicates that a tradeoff should be made between reduction
of radiation dose and iodine concentration when optimizing
these protocols.

With the use of a dynamic circulation phantom we were
able to evaluate the effect of iodine concentration reduction
on objective image quality using different CT systems while
mimicking a clinical situation as best as possible by carefully
controlling parameters such as heart rate, blood pressure and
cardiac output. We found that each CT system has its own
optimal scan protocol at which the highest iodine concen-
tration reduction can be achieved without loss of objective
image quality, when compared to the reference protocol per-
formed on the same scanner (120kVp; 300 mg I/ml). Moreo-
ver, there were substantial differences in attenuation values,
CNR and DCCNR between CT systems. An explanation for

these differences can probably be found in radiation dose,
image acquisition technique (e.g. kVp, pitch, rotation time),
reconstruction model (FBP and IR) and technique (kernel,
VMI formation and post processing noise reduction). How-
ever, to which extent each factor played a role in the differ-
ences we found remains unclear and is beyond the scope of
this study. Therefore, no direct comparison between vendors
was performed.

For all scanners in DECT mode, attenuation values of
iodine increased with lowering VMI energies, with highest
attenuation found at 40 keV. CNR values however, did not
follow the same trend for all systems (Figs. 2, 3, and 4). A
different optimal keV with highest CNR values was found
for GSI (70 keV) compared to DSCT and SDCT (40 keV).
Because CNR is a quotient of both attenuation and noise,
an explanation for the difference in CNR can be found in
the noise. In VMI, noise increases for both low and high
energies [23]. Therefore, each vendor has devised their own
solution for this problem. One of these solutions is post pro-
cessing noise reduction algorithms. GSI uses noise reduction
based on IR and known noise properties from the projection
based images [16]. DSCT uses an advanced image-based
post processing technique (Mono+) to decrease noise on low
keV [24, 25]. SDCT uses a post processing anti-correlated
noise reduction algorithm which is performed on projection-
based data [16, 26]. Other factors that could influence noise
and thereby CNR and DCCNR, include, but are not limited
to; tube voltage, tube current, pitch, kernel and image recon-
struction. For image reconstruction FBP was used for DSCT
and GSI and the lowest level (0) of IR for SDCT, because
FBP is no longer available on this platform. However, as IR
significantly reduces image noise [19], this could influence
both the optimal keV selection and the CNR and DCCNR
results [12, 14, 27, 28]. In addition, it is expected that when
applying (higher levels of) IR, even further iodine concentra-
tion reduction could be achieved without loss of objective
image quality in terms of CNR and DCCNR values for both
conventional CT low kVp scans and DECT low VMI ener-
gies [7, 9, 25, 29].

Multiple studies have investigated iodine reduction using
conventional CT low kVp [6-9] as well as DECT proto-
cols [11-15, 30]. Studies on DSCT concluded that both 70
kVp and DECT allowed for iodine reduction of 44-56% [6,
8, 15] without loss of attenuation compared to a reference
120 kVp scan. For 70 kVp, CNR values were found to be
significantly decreased [6] and to be similar [8] compared
to reference CNR. The difference in CNR found by these
studies can be explained by the fact that Thor et al. [8] used
equal CTDI,, values for all protocols by increasing tube
current for low kVp scans, whereas Kok et al. [6] did not
use equal CTDI, ;. Equal CTDI,; is comparable to DCCNR
used in our study. Findings of both studies are in accord-
ance with our results on the DSCT; our DCCNR results are

vol*
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«Fig.4 Objective image quality of dual-layer spectral detector com-
puted tomography. Average attenuation, CNR and DCCNR values
per scan across different energy levels and different iodine concen-
trations. Reference line indicates attenuation values of routine iodine
concentration (300 mg I/ml) scanned on reference conventional CT
(120 kVp). Corresponding kVp, mAs and CTDI,; for the different
scan protocols were: 80 kVp, 300 mAs, 9.0 mGy; 120 kVp, 150 mAs,
13.5 mGy; 120 kVp, 150 mAs, 13.5 mGy (DECT). CNR contrast to
noise ratio, CTDI,,; volumetric CT dose index, DCCNR dose cor-
rected contrast to noise ratio, DECT dual-energy computed tomog-
raphy, HU Hounsfield units, kVp kilovoltage peak, keV kilo electron
voltage, mAs milliampere second, mGy milligray, SDCT dual-layer
spectral detector computed tomography

in accordance with findings of Thor et al. [8] and our CNR
results are in accordance with Kok et al. [6]. A study on
iodine reduction with DSCT in DECT mode showed that
with 60 keV images at 44% reduced iodine dose, attenuation
values were similar and CNR values were significantly lower
compared to reference [15]. We found similar results with
DSCT in DECT mode; at 40 keV images, iodine reduction
down to 60% was feasible without loss of attenuation, while
for CNR more than 20% reduction led to decreased CNR
values compared to reference. The discrepancy between
optimal keV found in study by Delesalle et al. [15] (60 keV)
and our study (40 keV) can possibly be explained by the
fact that an advanced image-based post processing technique
(mono+) was used in our study [15, 24, 25]. Studies on GSI
concluded that 80 kVp allowed for iodine reduction down to
47% (170 mg I/ml) [7] and VMI at low energy with DECT
down to 70% [11-14] without loss of attenuation and CNR.
In terms of attenuation, we found similar results on GSI,
with feasibility of contrast reduction down to 60%, while
for CNR we found that less to no reduction was feasible.
This discrepancy can possibly be explained by the usage of
IR in these studies, which was not used in the current study
[7, 11-14]. A recent study on SDCT showed the feasibility
of iodine concentration reduction in a static phantom [30].
When compared to a reference CNR of around 30 (compa-
rable to our reference CNR), the iodine concentration could
be reduced with around 65% using low VMI at 40 keV with-
out loss of objective image quality [30]. These results are
in line with our findings of iodine contrast reduction down
to 60% using low VMI at 40 keV. In another study, iodine
concentration reduction using conventional CT low kVp (80
kVp) has been described on a CT system from the same
vendor showing increased attenuation and decreased CNR
compared to reference, similar to our study [9].

When considering optimal iodine concentration reduction,
multiple factors have to be taken into account. This includes
the potential to reduce radiation dose when scans are made
using conventional CT low kVp. However, low kVp imaging
may not be the preferred strategy for imaging larger patients.
On the other hand, DECT provides extra information such as

iodine density, which is a semi-quantitative indicator for per-
fusion [31].

Although the dynamic circulation phantom setup allowed
for an evaluation of optimal iodine reduction in a controlled
setting mimicking a clinical situation across multiple vendors,
it has limitations. First, the phantom is relatively small, and the
results of the present study may therefore be limited to small
to average-sized patients. In addition, physiological param-
eters, such as cardiac output, can differ per patient. Second,
as described before, IR was only selected for SDCT image
reconstructions, because no FBP was available on this scanner.
Even though the lowest level of IR was used, this could still
have influenced our CNR and DCCNR results by decreasing
noise for this vendor. For this reason, we did not make a direct
comparison between vendors and only compared results of dif-
ferent scan protocols within one vendor. Third, no subjective
image quality was evaluated. Patient studies on both subjective
and objective image quality are needed to confirm our findings
in routine clinical care, whereby results of the current study
could be used as a guideline for protocol development on a
per vendor level. Fourth, in the current study a fixed injection
protocol was used whereas in clinical practice a multi-stage
injection method is more commonly used. The fixed injec-
tion protocol was chosen to keep iodine administration similar
between the different CT systems.

In conclusion, we demonstrated that iodine concentration
reduction is feasible with both low kVp on conventional CT
and low VMI energies on DECT without loss of objective
image quality. The optimal scan protocols at which highest
iodine concentration reduction can be achieved differed per
vendor. Maximal iodine concentration reduction of up to 40%
is feasible when using conventional CT low kVp on DSCT
(70 kVp) and GSI (80 kVp), and up to 60% when using DECT
(40 keV) on SDCT without loss of objective image quality
compared to routine iodine concentration imaged at 120 kVp.
However, patient studies are needed to extend and translate
our findings.

Compliance with ethical standards

Conflict of interest The authors of this manuscript declare relation-
ships with the following companies: The University Medical Center
Utrecht department of Radiology received research support from
Philips Healthcare. The Maastricht University Medical Center depart-
ment of Radiology received research support from Bayer Healthcare
and Siemens Healthineers.

Funding This research did not receive any specific funding.

Research involving with human and animal participants The manu-
script does not contain clinical studies or patient data.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat
ivecommons.org/licenses/by/4.0/), which permits unrestricted use,

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

1274

The International Journal of Cardiovascular Imaging (2018) 34:1265-1275

distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

References

1. Budoff MJ, Dowe D, Jollis JG et al (2008) Diagnostic perfor-
mance of 64-multidetector row coronary computed tomographic
angiography for evaluation of coronary artery stenosis in individu-
als without known coronary artery disease. J] Am Coll Cardiol
52:1724-1732. https://doi.org/10.1016/j.jacc.2008.07.031

2. Lameire N, Van Biesen W, Vanholder R (2006) Acute renal
failure. Lancet 365:417-430. https://doi.org/10.1016/S0140
-6736(05)17831-3

3. Tepel M, Aspelin P, Lameire N (2006) Contrast-induced
nephropathy: a clinical and evidence-based approach. Circula-
tion 113:1799-1806. https://doi.org/10.1161/CIRCULATIO
NAHA.105.595090

4. Laville M, Juillard L (2010) Contrast-induced acute kidney injury:
how should at-risk patients be identified and managed?. J Nephrol
23:387-398

5. Stacul F, van der Molen AJ, Reimer P et al (2011) Contrast
induced nephropathy: updated ESUR Contrast Media Safety
Committee guidelines. Eur Radiol 21:2527-2541. https://doi.
org/10.1007/s00330-011-2225-0

6. Kok M, Mihl C, Hendriks BMF et al (2016) Optimizing contrast
media application in coronary CT angiography at lower tube volt-
age: evaluation in a circulation phantom and sixty patients. Eur J
Radiol 85:1068-1074. https://doi.org/10.1016/j.ejrad.2016.03.022

7. Buls N, Van Gompel G, Van Cauteren T et al (2015) Contrast
agent and radiation dose reduction in abdominal CT by a com-
bination of low tube voltage and advanced image reconstruction
algorithms. Eur Radiol 25:1023-1031. https://doi.org/10.1007/
s00330-014-3510-5

8. Thor D, Brismar TB, Fischer MA (2015) Low tube voltage dual
source computed tomography to reduce contrast media doses
in adult abdomen examinations: a phantom study. Med Phys
42:5100-5109. https://doi.org/10.1118/1.4927791

9. Iyama Y, Nakaura T, Yokoyama K et al (2016) Low-contrast and
low-radiation dose protocol in cardiac computed tomography.
J Comput Assist Tomogr 40:941-947. https://doi.org/10.1097/
RCT.0000000000000440

10. Danad I, Fayad Z, Willemink MJ, Min JK (2015) New applica-
tions of cardiac computed tomography. JACC Cardiovasc Imaging
8:710-723. https://doi.org/10.1016/j.jcmg.2015.03.005

11. Raju R, Thompson AG, Lee K et al (2014) Reduced iodine load
with CT coronary angiography using dual-energy imaging: a pro-
spective randomized trial compared with standard coronary CT
angiography. J Cardiovasc Comput Tomogr 8:282-288. https://
doi.org/10.1016/j.jcct.2014.06.003

12. Lv P, LiuJ, Chai Y et al (2016) Automatic spectral imaging pro-
tocol selection and iterative reconstruction in abdominal CT with
reduced contrast agent dose: initial experience. Eur Radiol. https
://doi.org/10.1007/s00330-016-4349-8

13. Carrascosa P, Leipsic JA, Capunay C et al (2015) Monochromatic
image reconstruction by dual energy imaging allows half iodine
load computed tomography coronary angiography. Eur J Radiol
84:1915-1920. https://doi.org/10.1016/j.ejrad.2015.06.019

14. Shuman WP, O’Malley RB, Busey JM et al (2017) Prospective
comparison of dual-energy CT aortography using 70% reduced
iodine dose versus single-energy CT aortography using stand-
ard iodine dose in the same patient. Abdom Radiol. https://doi.
org/10.1007/s00261-016-1041-z

@ Springer

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Delesalle M-A, Pontana F, Duhamel A et al (2013) Spectral
optimization of chest CT angiography with reduced iodine load:
experience in 80 patients evaluated with dual-source, dual-
energy CT. Radiology 267:256-266. https://doi.org/10.1148/
radiol.12120195

Johnson TR, Fink C, Schonberg SO, Reiser M (2011) Dual energy
CT in clinical practice, medical radiology. Springer, Berlin

Kok M, Mihl C, Mingels AA et al (2014) Influence of contrast
media viscosity and temperature on injection pressure in com-
puted tomographic angiography: a phantom study. Invest Radiol
49:217-223. https://doi.org/10.1097/RLI.0000000000000019

. Mihl C, Wildberger JE, Jurencak T et al (2013) Intravascular

enhancement with identical iodine delivery rate using different
iodine contrast media in a circulation phantom. Invest Radiol
48:813-818. https://doi.org/10.1097/RLI.0b013e31829979¢8
Willemink MJ, Leiner T, de Jong PA et al (2013) Iterative recon-
struction techniques for computed tomography part 2: initial
results in dose reduction and image quality. Eur Radiol 23:1632—
1642. https://doi.org/10.1007/s00330-012-2764-z

Samei E, Dobbins JT, Lo JY, Tornai MP (2005) A framework
for optimising the radiographic technique in digital X-ray imag-
ing. Radiat Prot Dosim 114:220-229. https://doi.org/10.1093/rpd/
nch562

Kim KS, Lee JM, Kim SH et al (2010) Image fusion in dual
energy computed tomography for detection of hypervascular
liver hepatocellular carcinoma: phantom and preliminary stud-
ies. Invest Radiol 45:149-157. https://doi.org/10.1097/RLI.0b013
e3181d32119

Siegel MJ, Hildebolt C, Bradley D (2013) Effects of automated
kilovoltage selection technology on contrast-enhanced pediatric
CT and CT angiography. Radiology. https://doi.org/10.1148/radio
1.13122438/-/DC1

Yu L, Leng S, McCollough CH (2012) Dual-energy CT-based
monochromatic imaging. Am J Roentgenol 199:5S9-S15. https://
doi.org/10.2214/AJR.12.9121

Grant KL, Flohr TG, Krauss B et al (2014) Assessment of an
advanced image-based technique to calculate virtual monoener-
getic computed tomographic images from a dual-energy exami-
nation to improve contrast-to-noise ratio in examinations using
iodinated contrast media. Invest Radiol 49:586-592. https://doi.
org/10.1097/RLI1.0000000000000060

Leng S, Yu L, Fletcher JG, McCollough CH (2015) Maximizing
iodine contrast-to-noise ratios in abdominal ct imaging through
use of energy domain noise reduction and virtual monoenergetic
dual-energy CT. Radiology 276:562-570. https://doi.org/10.1148/
radiol.2015140857

van Hamersvelt RW, Schilham AMR, Engelke K et al (2017)
Accuracy of bone mineral density quantification using dual-layer
spectral detector CT: a phantom study. Eur Radiol 27:4351-4359.
https://doi.org/10.1007/s00330-017-4801-4

Zhang D, Li X, Liu B (2011) Objective characterization of GE
discovery CT750 HD scanner: gemstone spectral imaging mode.
Med Phys 38:1178-1188. https://doi.org/10.1118/1.3551999
Clark ZE, Bolus DN, Little MD, Morgan DE (2015) Abdomi-
nal rapid-kVp-switching dual-energy MDCT with reduced IV
contrast compared to conventional MDCT with standard weight-
based IV contrast: an intra-patient comparison. Abdom Imaging
40:852-858. https://doi.org/10.1007/s00261-014-0253-3

Yin W-H, Lu B, Gao J-B et al (2015) Effect of reduced X-ray tube
voltage, low iodine concentration contrast medium, and sinogram-
affirmed iterative reconstruction on image quality and radiation
dose at coronary CT angiography: results of the prospective mul-
ticenter REALISE trial. J Cardiovasc Comput Tomogr 9:215-224.
https://doi.org/10.1016/j.jcct.2015.01.010


https://doi.org/10.1016/j.jacc.2008.07.031
https://doi.org/10.1016/S0140-6736(05)17831-3
https://doi.org/10.1016/S0140-6736(05)17831-3
https://doi.org/10.1161/CIRCULATIONAHA.105.595090
https://doi.org/10.1161/CIRCULATIONAHA.105.595090
https://doi.org/10.1007/s00330-011-2225-0
https://doi.org/10.1007/s00330-011-2225-0
https://doi.org/10.1016/j.ejrad.2016.03.022
https://doi.org/10.1007/s00330-014-3510-5
https://doi.org/10.1007/s00330-014-3510-5
https://doi.org/10.1118/1.4927791
https://doi.org/10.1097/RCT.0000000000000440
https://doi.org/10.1097/RCT.0000000000000440
https://doi.org/10.1016/j.jcmg.2015.03.005
https://doi.org/10.1016/j.jcct.2014.06.003
https://doi.org/10.1016/j.jcct.2014.06.003
https://doi.org/10.1007/s00330-016-4349-8
https://doi.org/10.1007/s00330-016-4349-8
https://doi.org/10.1016/j.ejrad.2015.06.019
https://doi.org/10.1007/s00261-016-1041-z
https://doi.org/10.1007/s00261-016-1041-z
https://doi.org/10.1148/radiol.12120195
https://doi.org/10.1148/radiol.12120195
https://doi.org/10.1097/RLI.0000000000000019
https://doi.org/10.1097/RLI.0b013e31829979e8
https://doi.org/10.1007/s00330-012-2764-z
https://doi.org/10.1093/rpd/nch562
https://doi.org/10.1093/rpd/nch562
https://doi.org/10.1097/RLI.0b013e3181d32119
https://doi.org/10.1097/RLI.0b013e3181d32119
https://doi.org/10.1148/radiol.13122438/-/DC1
https://doi.org/10.1148/radiol.13122438/-/DC1
https://doi.org/10.2214/AJR.12.9121
https://doi.org/10.2214/AJR.12.9121
https://doi.org/10.1097/RLI.0000000000000060
https://doi.org/10.1097/RLI.0000000000000060
https://doi.org/10.1148/radiol.2015140857
https://doi.org/10.1148/radiol.2015140857
https://doi.org/10.1007/s00330-017-4801-4
https://doi.org/10.1118/1.3551999
https://doi.org/10.1007/s00261-014-0253-3
https://doi.org/10.1016/j.jcct.2015.01.010

The International Journal of Cardiovascular Imaging (2018) 34:1265-1275

1275

30. Tsang DS, Merchant TE, Merchant SE et al (2017) Quantifying
potential reduction in contrast dose with monoenergetic images
synthesized from dual-layer detector spectral CT. Br J Radiol
90:20170290. https://doi.org/10.1259/bjr.20170290

31.

Pelgrim GJ, van Hamersvelt RW, Willemink MJ et al (2017)
Accuracy of iodine quantification using dual energy CT in latest
generation dual source and dual layer CT. Eur Radiol 27:3904—
3912. https://doi.org/10.1007/s00330-017-4752-9

@ Springer


https://doi.org/10.1259/bjr.20170290
https://doi.org/10.1007/s00330-017-4752-9

	Contrast agent concentration optimization in CTA using low tube voltage and dual-energy CT in multiple vendors: a phantom study
	Abstract
	Introduction
	Materials and methods
	Phantom setup
	Injection protocol and image acquisition
	Image analysis
	Statistical analysis

	Results
	Dual source computed tomography (Fig. 2)
	Gemstone spectral imaging (Fig. 3)
	Dual-layer spectral detector computed tomography (Fig. 4)

	Discussion
	References


