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Several technical innovations in 
the last decade have significantly 
impacted CT angiography and 

the development of new contrast media 
injection protocols. Optimal intra-
vascular enhancement is the direct re-
sult of the adequate timing of contrast 
media injection, iodine delivery rate 
(IDR) corresponding to the amount of 
iodine injected to the patient per sec-
ond,1 and iodine attenuation secondary 
to the selected kV. 

In particular, two major technical ad-
vances have had major impact on con-
trast media injection strategies, (a) low 
kV acquisitions and (b) dual-energy de- rived virtual monoenergetic imaging at 

low keV levels. 
Our group is currently investigating 

new contrast media injection protocols 
for CT angiography, aiming to develop 
patient-tailored contrast media injection 
protocols for low kV and low keV im-
aging. We used an advanced circulation 
phantom (Bayer-Schering, Wayne, NJ), 
built to simulate the effect of blood flow 
on contrast attenuation, to test vary-
ing injection protocols at different tube 
voltages. Our robust results have en-
abled us to implement these techniques 

into the injection protocol we are cur-
rently using in clinical practice. 

The aim of this review is to describe 
and illustrate our research, present our 
main results, and ultimately advance the 
conversation regarding optimized CT 
angiography protocols within the imag-
ing community.

Rationale behind low kV and low keV 
CT angiography

Iodine attenuation increases at lower 
tube potentials due to decreased Comp-
ton scattering and greater photoelectric 
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effect when photon energy approaches 
the k-edge of iodine (33.2 keV).2 As a 
result, the use of low tube potentials 
provides greater contrast enhancement, 
allowing for contrast media volume re-
duction when scanning at low tube po-
tentials while maintaining acceptable 

image quality. This especially holds 
true with angiographic studies, which 
tolerate a slightly higher image noise 
and do not need a contrast-to-noise ratio 
(CNR) as high as parenchymal studies.

Traditionally, scan and injection 
protocols have been exam specific; ie, 

developed for the organ or area of in-
terest and carried out consistently for 
all patients. However, this approach is 
proving to be suboptimal and inconsis-
tent with the trend of patient-centered 
treatment in medicine. This trend has 
manifested in cardiovascular imaging 
as the development and implementa-
tion of scanning and injection protocols 
completely adapted to the patient and 
their unique features. Since each kV 
level is strictly related to the vascular at-
tenuation achievable with a given dose 
of contrast media, the decision regard-
ing the optimal kV level for each patient 
is of paramount importance, not only to 
reduce the radiation exposure, but also 
to also lower the amount of injected 
contrast media. 

Choosing the optimal kV level, how-
ever, can be challenging in the clinical 
routine, as several factors must be con-
sidered. Fortunately, this challenge has 
been overcome with the introduction 
of automated tube voltage selection 
(ATVS) algorithms. This system is able 
to achieve patient- and clinical task-tai-
lored examinations by varying the tube 
potential within the scan range based 
on the information derived from the 
topogram. This feature is particularly 
effective in a CT angiography examina-
tion,3 since the greater vascular iodine 
attenuation partially compensates for 
the higher image noise obtained at low 
kV levels, ultimately resulting in an 

FIGURE 1. Coronary CT angiography performed at 70 kV with 50 mL of contrast media (17.5g of iodine). Cinematic rendering of the whole heart 
(A), mid long-axis section view (B), and mid short-axis section (C) provide an anatomical overview with excellent visualization of the coronary 
arteries and myocardium.

FIGURE 2. (A) Volume rendering and (B) cinematic rendering of an aortic CT angiography 
study acquired at 70 kV with 40 ml of contrast media (14 g of iodine). 
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adequate CNR. The ATVS algorithm 
has been shown to achieve significant 
radiation dose reduction while main-
taining, and even improving, image 
quality when compared to body mass 
index-based fixed tube voltage selec-
tion.4, 5 Its wide implementation has 
significantly increased the application 
of low-kV-level (70–100) angiographic 
protocols. At our institution we have 
extensively investigated the impact of 
ATVS on image quality with coronary 
CT angiography6 and thoracic-abdom-
inal aortic CT angiography7 using a 3rd 
generation dual-source, dual-energy CT 
scanner. Lowering the tube potential 
from ≥100 kV to 70 kV while using an 
injection of 50 mL and 40 mL of con-

trast media allowed for high-quality 
coronary and aortic CT angiography, 
respectively, (corresponding to 17.5g 
and 14g of iodine, respectively). These 
protocols used 37.5% less contrast 
media than what was needed to obtain 
the same image quality at tube voltages 
≥ 100 kV (Figures 1 and 2). 

Dual-energy CT allows the differ-
entiation and quantification of material 
composition using two attenuation mea-
surements acquired at different energy 
levels. Different technical approaches 
have been developed by manufacturers 
to obtain dual-energy imaging datasets: 
dual-source CT scanners, equipped 
with two X-ray tubes operating at low 
and high voltages, respectively;8 sin-

gle- source rapid kV-switching CT 
scanners, in which a single X-ray tube 
alternates high and low tube poten-
tials;9 and single-source CT scanners 
equipped with dual-layer scintillating 
detectors, where the inner detector layer 
collects the low-energy data while the 
high-energy data are collected by the 
outer layer.10 A unique feature of du-
al-energy CT is the possibility of gener-
ating datasets of virtual monoenergetic 
images at specific X-ray beam energies 
(keV).11 High keV levels are charac-
terized by less image noise, while low 
energy levels, approaching the k-edge 
of iodine, are affected by more image 
noise, despite their quality, and are also 
characterized by higher contrast reso-
lution. The highest CNR obtained with 
virtual monoenergetic images is tradi-
tionally reached with a beam energy of 
70 keV.12 However, with the introduc-
tion of a noise-optimized algorithm,13 
this can now be achieved at even lower 
energy levels (40–50 keV).14 As a con-
sequence, the amount of contrast media 
needed to obtain diagnostic examina-
tions can be progressively reduced 
while lowering the keV levels. 

Contrast media optimization for 
aortic and coronary CT angiography

The application of the low kV and 
keV protocols in clinical practice brings 
us to an important question that must be 
addressed to optimize contrast media 
injection strategies: what is the optimal 
IDR and proper contrast media volume 
for each kV and keV level?

To answer this question, we have in-
vestigated different injection protocols 
on aortic CT angiography using an ad-
vanced circulation phantom with a 3rd 
generation dual-source dual-energy CT 
scanner (SOMATOM® Force, Siemens 
Healthineers, Forchheim, Germany) 
equipped with two X-ray tubes power-
ful enough to enable high-quality low 
voltages examinations. The phantom is 
equipped with lung and body compart-
ments connected by plastic tubing with 
accurate replicas of the pulmonary arter-
ies, the ascending aorta, the coronaries, 
and the descending aorta with the renal 

FIGURE 3. (A) Flow phantom replicating the aorta, coronary arteries, pulmonary trunk and 
aortic main branches. (B) Mechanic pump simulating the heartbeat and (C) ECG- and sys-
temic pressure active monitoring.
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and iliac arteries. The phantom was con-
nected to a pulsatile heart pump (BS4, 
Harvard Apparatus, Holliston, MA) 
simulating the heartbeat and to an ECG 
simulator responsible for the CT scanner 
ECG-synchronization (Figure 3). 

We performed a dynamic acquisition 
on the same slice acquiring images for 99 
seconds to analyze and compare the time 
attenuation curves resulting from differ-
ent contrast injection strategies. To opti-
mize the CT angiography protocol, we 

conducted a systematic study divided into 
two parts with the aim to determine the 
kV-specific minimal IDR and contrast 
media volume necessary to obtain diag-
nostic aortic intravascular attenuation 
(350 Hounsfield Units [HU] threshold). 

The first part of the study injected 
a fixed volume of contrast media. By 
varying the flow rate, the IDR was sys-
tematically increased from 0.1 grams 
of Iodine/second (gI/s) to 2.0 gI/s in in-
crements of 0.1 gI/s for each available 

tube voltage (70–150 kV in 10 kV in-
crements) to identify the minimum IDR 
required to obtain a diagnostic intra-
vascular attenuation for each kV level 
(Figure 4). Our results showed that the 
mean flow rate used to obtain a diagnos-
tic IDR was 2.4 ± 1.1 mL/s (range, 0.8-
4.1 mL/s). The mean time to peak for 
the diagnostic IDRs was 39.72 ± 17.92 
seconds (range, 24.0–77.1 seconds) 
while the mean injection time was 27.36 
± 16.63 seconds (range, 12.3–61.7 sec-
onds). Excellent correlation was found 
between the injection time and the time 
to peak (r= 0.99). Time-attenuation 
curves showed different patterns de-
pending on the specific diagnostic IDR 
related to each kV level.

The second part of the study main-
tained a fixed IDR while varying the 
volume of contrast media for each kV 
level (from 10 mL to 50 mL in 5 mL 
increments) until the attenuation in the 
ascending aorta dropped below the di-
agnostic threshold of 350 HU. Only the 
kV levels below 120 kV (70-110 kV, 10 
kV increments) were evaluated since in 
the first part of the study they required 
lower IDRs and consequently slower 
flow rates causing prolonged contrast 
media injection time and unacceptably 
long CT acquisition durations. 

Our results showed that diagnostic 
enhancement of 350 HU at the level of 
the ascending aorta was reached using 
30 mL of CM for 110 kV, 25 mL for 
100 kV, 25 mL for 90 kV, 15 mL for 80 
kV and 15 mL for 70 kV. The mean in-
jection time for acquisitions with the di-
agnostic CM volume threshold was 8.1 
± 2.5 seconds (range 5.6–11.1 seconds) 
while the mean time to peak was 20.3 
± 2.2 seconds (range 18–23 seconds). 
Time attenuation curves in the second 
phase of the experiment showed a sim-
ilar narrowed shape (Figure 5).

Thanks to this comprehensive eval-
uation we were able to demonstrate that 
the most effective approach to reach di-
agnostic intravascular attenuation at low 
tube voltages is represented by a reduc-
tion of the amount of contrast media, up 
to 50% at 70 and 80 kV in comparison to 
the standard 120 kV protocol.15

FIGURE 4. Time attenuation curves (TACs) obtained in the first part of the experiment. The 
red line represents the aortic diagnostic threshold of 350 HU. High kV levels and high Iodine 
delivery rates resulted in similar TACs characterized by a time to peak feasible in clinical prac-
tice while low kV levels with low iodine delivery showed a longer time to peak.

FIGURE 5. Time attenuation curves of the second part of the experiment, derived from an 
approach characterized by a fixed IDR and a reduced amount of contrast media. The red line 
represents the aortic diagnostic threshold of 350 HU. Low kV levels allowed a considerable 
reduction of contrast media in comparison to the standard 120 kV protocol.
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In parallel with this single-energy as-
sessment of contrast media dynamics, 
we also performed a comprehensive 
evaluation of aortic CT angiography in 
dual-energy mode reconstructing virtual 
monoenergetic images from 40 to 120 
keV and lowering the contrast media 
amount from 60 mL to 10 mL in 5 mL 
increments for each keV setting. We per-
formed a dynamic acquisition without 
table feed for 50 seconds, injecting the 
contrast media at a fixed IDR of 1 gI/s. 
Our preliminary results show that image 
reconstructions at low keV level (40–50 
keV) allow for diagnostic enhancement 
with 15mL of contrast media.

Subsequently, we applied the re-
sult of the experiment performed in 
single-energy mode to a standard pro-
spective CT angiography protocols 
to demonstrate its clinical feasibility. 
Results suggested the feasibility to 
sensibly lower the amount of contrast 
media we are currently using at each 
kV level, down to 25 mL at 70 kV in 
a simulated clinical acquisition of 12 
seconds. Based on these promising re-
sults, we are now refining the amount of 
contrast media needed for our coronary 
CT angiography protocols. Preliminary 
results are demonstrating that the re-
duction of contrast media based on spe-
cific kV and keV is feasible and can be 
safely used in clinical practice.

Conclusions
Low kV and keV contrasted CT 

exams are feasible in clinical routine 
and can be used to save both radiation 
and iodine dose simultaneously. Our 

results show that it is possible to further 
optimize contrast media injection pa-
rameters, tailoring the contrast media 
volume and the flow rate based on the 
automatically selected tube potential 
with single-energy acquisitions and the 
specific monoenergetic level with du-
al-energy acquisitions. The definition 
of an optimal injection protocol using 
the minimal amount of contrast media 
necessary for each exam is still being 
actively investigated by several groups 
and further advances moving towards 
a patient-tailored CT examination are 
expected in the near future. Nonethe-
less, these preliminary achievements 
will begin allowing physicians to indi-
vidually tailor contrast media volumes, 
in the same fashion they do with every 
drug in clinical practice, all in pursuit 
of making CT a gentler and safer imag-
ing technique. 
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