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CT Angiography Technique:  
Contrast Medium Dynamics, Low- 
Tube-Voltage, and Dual-Energy Imaging
Richard Hallett1,2, Lior Molvin1, Dominik Fleischmann1

High-quality, consistent CT angiography (CTA) can be 
achieved with optimized CTA protocol design. Careful coordina-
tion of IV contrast medium (CM) administration and CT scanner 
protocol ensures CTA quality. In this chapter, we discuss rational 
methods to design CM injection protocols and coordinate these 
with robust CT scan acquisition. We also discuss the benefits and 
limitations of low-tube-voltage and dual-energy scanning for car-
diovascular imaging.

Since its introduction in the 1990s [1], CTA has changed the 
paradigm for the diagnosis of cardiovascular disease and creat-
ed a new management strategy for many cardiovascular disease 
processes. CTA uses bolus injection of IV CM to provide robust 
enhancement of vascular structures in the vascular territory of in-
terest. Optimal CTA results require thoughtful matching of CM 
injection and image acquisition protocols. As CT scanner technol-
ogy has evolved, substantially shorter scanning times have become 
possible, making precise tailoring of injection protocols and scan 
acquisition more important than ever. CT tube and detector ad-
vances have allowed routine imaging at lower tube voltages and 
have also been exploited to produce dual-energy CT (DECT) ac-
quisitions. Enhanced options for improved image quality, radiation 
dose reduction, and dynamic imaging have become available [2].

The goal of this chapter is to provide the basic tools to design 
rational CM injection and CT scan acquisition protocols for car-
diovascular CTA. We will review CM dynamics, discuss optimi-
zation of timing for CT acquisition, and review the use of low-
tube-voltage and dual-energy techniques in cardiovascular CT.

Contrast Medium Considerations
Currently used radiographic contrast media are water-soluble 

derivatives of symmetrically iodinated benzene. For IV injec-
tion, typically nonionic CM is used, because these agents result 
in fewer adverse reactions and, at injection rates typical for CTA, 
less acute nausea and vomiting than ionic CM [3, 4]. Pharmaco-
logically, iodinated CM is an extracellular fluid marker and, after 
injection, is rapidly distributed between intravascular and extra-
cellular interstitial spaces. It is important to remember that vas-

cular enhancement and organ enhancement are affected by dif-
ferent pharmacokinetics. Vascular enhancement depends on the 
relationship between iodine flow rate (milligrams of iodine per 
second) and cardiac output (liters per minute), whereas solid or-
gan enhancement depends on the relationship between total iodine 
dose (milligrams of iodine) and total volume of distribution (body 
weight in kilograms). These differences form the rationale for cur-
rent CM injection protocols.

Early Contrast Medium Dynamics
Figure 1 schematically illustrates early CM dynamics in an ar-

terial segment. When a short bolus of CM is injected, an enhance-
ment response is seen in the vessel of interest. The time needed 
for the CM to arrive in the vessel of interest is referred to as the 
CM transit time (tCMT). The peak enhancement response is called 
the “first-pass” effect. After CM is distributed to the vascular and 
interstitial compartments, a portion of the CM reenters the right 
heart, which is called “recirculation.” Both first-pass and recircu-
lation effects occur during the timeframe relevant to CTA acquisi-
tion; therefore, both contribute to observed vascular enhancement. 
A longer CM injection (e.g., an injection protocol for CTA) can 
be viewed as the sum of multiple sequential short bolus injections 
[5]. Because the recirculation phase CM bolus curve overlaps with 
subsequent first-pass CM bolus curves, the result is that the cu-
mulative enhancement curve is the sum (time integral) of each 
individual enhancement response curve. More simply, when CM 
is injected IV over 15 seconds or more, the observed arterial en-
hancement will continuously rise until the end of the CM injection 
and then rapidly fall. This observation can be exploited to optimize 
CM injection and scanning protocols. Note also that the resultant 
enhancement profile is not a plateau (a common misconception), 
although near-plateau enhancement curves can be approximated 
by using biphasic (or multiphasic) injection protocols [6].

Individual Contrast Medium Responses
The overall response to CM injection is governed by the early 

CM dynamics principles discussed earlier. However, individual pa-
tient and physiologic parameters affect observed contrast enhance-
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ment. Observed arterial enhancement varies 
significantly—up to a factor of 3—between 
individual patients even in those with nor-
mal cardiac output [7]. Even when account-
ing for patient size, the difference can still 
be a factor of 2 [8]. Adjustments to injection 
volume and flow rate are needed and can 
improve, but not eliminate, CM enhance-
ment variability. Cardiac output is inversely 
related to first-pass arterial enhancement: 
More blood ejected per heartbeat means 

more dilution of CM [9]. The result is lower 
observed enhancement at high cardiac out-
put (and vice versa). Likewise, central blood 
volume is inversely related to enhancement; 
however, unlike cardiac output, central 
blood volume is affected more by changes 
in recirculation effects [10]. Cardiac output 
and central blood volume measurements 
are typically not clinically available to the 
imager, but these parameters generally cor-
relate with body weight. Therefore, body 

weight can be used to adjust injection pro-
tocols. The Valsalva effect is a physiologic 
state that impacts CM dynamics in two 
ways: by promoting a rush of unopacified 
blood from the inferior vena cava (result-
ing in washout of CM from the pulmonary 
arteries on examinations performed for 
suspected pulmonary embolus [11]) and by 
causing early arterial enhancement related 
to transient right-to-left shunting across a 
patent foramen ovale [12].
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Fig. 1—Early contrast medium (CM) dynamics. (Adapted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature 
European Radiology, Present and Future Trends in Multiple Detector-Row CT Applications: CT Angiography, Dominik Fleischmann, © 2002)
A and B, Graph shows time for injection of 16-mL CM test bolus at rate of 4 mL/s (A), and corresponding test bolus enhancement curve (B) shows 
cumulative arterial enhancement. In B, tail of enhancement results from recirculation effects related to CM reentering right heart, and CM transit time 
(tCMT, arrow, B) is time from beginning of injection until CM arrives in area of interest.
C and D, Graph shows prolonged injection of CM test bolus (128 mL of CM [eight 16-mL boluses] at rate of 4 mL/s) (C), and corresponding test 
bolus enhancement curve (C) shows cumulative arterial enhancement. Because of asymmetric shape of test enhancement curve (shown in B) from 
recirculation effects, observed arterial enhancement for prolonged injection (C) increases continuously over time (D); there is no enhancement plateau. 
Different patterns illustrate each of eight boluses.
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Another factor that must be considered 
is the fact that large or diseased vascular 
territories do not fill instantaneously; in-
deed, even the coronary tree needs several 
heartbeats to completely fill. The capaci-
tance or disease extent in a particular ter-
ritory is usually not known in advance and 
is often a reason for performing the exami-
nation. In particular, extensive lower ex-
tremity occlusive disease can result in sig-
nificant prolongation of CM transit times. 
Therefore, when designing injection and 
scanning protocols for CTA, building in 
sufficient injection duration to allow filling 
of these vascular territories is important to 
ensure consistent results. When the injec-
tion duration is increased, the scanning 
delay must be increased proportionally to 
allow imaging of all CM given at the peak 
of the CM injection curve.

To summarize this information: early 
CM dynamics is governed by four rules [5]. 
The first rule is that arterial enhancement 
is directly proportional to iodine injection 
rate (milligrams of iodine per second). The 
second rule is that arterial enhancement in-
creases in a cumulative fashion for the full 
duration of CM injection (no plateau). The 
third rule is that arterial enhancement is in-
versely proportional to cardiac output and 
circulating blood volume, which can be 
approximated by body weight. The fourth 
rule is that large or diseased vascular ter-
ritories do not fill instantaneously.

Contrast Timing for  
CT Angiography Acquisition

In the early days of MDCT, table speed 
was a limiting factor for CTA image acquisi-
tion [13]. With current state-of-the-art scan-
ners, table speeds can reach 737 mm/s, thus 
potentially exceeding expected blood flow 
velocity in many vascular territories [14]. 
Therefore, in many instances, it is advanta-
geous to slow down the scanner to allow the 
entire vascular territory to fill. Appropriate 
matching of CM injection and CT acquisi-
tion protocols is necessary to produce high-
quality, consistent CTA examinations.

CT Acquisition Speed
Modern CT acquisition speeds are not a 

major limiting factor for most CTA exami-
nations. Faster acquisition speed reduces 
motion artifacts and may allow use of less 

CM, but this relationship is not directly 
proportional. To design rational cardiovas-
cular CT protocols, it is important to be 
able to calculate the acquisition speed of 
the CT scanner so that appropriate match-
ing of scanning time and CM injection pro-
file can be performed.

For helical acquisitions, the scanning 
time can be determined as follows:

anatomic 
coverage 

[in millimeters]

number of 
rotations

gantry 
rotation 

time

scanning 
time = × ,

where the number of rotations is calculated 
as follows:

anatomic coverage 
[in millimeters]

detector bank width 
[in millimeters] × pitch

number of 
rotations = .

The scanning time for a particular terri-
tory can therefore be maintained as constant 
(e.g., 10 seconds) by iteratively changing 
the gantry rotation time. Some vendors’ 
software provides direct prescription of 
scanning time with automatic adjustment 
of other parameters; other platforms require 
interactive adjustment of parameters by the 
user. By keeping scanning time fixed, only 
the necessary CM dose and rate (depending 
on patient size) is needed to create a basic 
injection and scanning protocol tailored to 
the individual patient.

For prospective ECG-synchronized ac-
quisitions (step-and-shoot mode), the scan-
ning time is equal to the gantry rotation time 
if the z-axis scanning length is less than the 
detector bank width. For large-volume ac-
quisitions, scanning times for each portion 
should be added to interscan times (for table 
movement and ECG triggering) to deter-
mine the total scanning time.

Note that it is important to understand 
the difference between scanning time and 
temporal resolution: the former represents 
the time needed to scan the entire volume 
of interest, and the latter represents the 
time needed to acquire projection data for 
one CT image. For single-source scanners, 
temporal resolution is approximately half 
the gantry rotation time, whereas for dual-
source scanners the temporal resolution 
can be as short as one-quarter of the gantry 
rotation time.

There is no single correct or perfect in-
jection and scanning protocol. We strive 
for practical, easy-to-use protocols that 
deliver consistent, reproducible enhance-
ment over a large range of patient sizes and 
disease states. Building on the principles 
that we have discussed, an example injec-
tion and scanning protocol for body CTA 
is as follows [15]: scanning time, 10 sec-
onds; injection duration, 18 seconds; CM 
injection rate, weight based (e.g., 5 mL/s 
for 75-kg patient = 90 mL); scan timing, 
automated bolus triggering to territory of 
interest; scanning initiation, 8 seconds af-
ter CM arrival.

A scanning time of 10 seconds is slow 
for current state-of-the-art scanners; how-
ever, nearly all currently available scan-
ners can acquire CTA images of the abdo-
men and pelvis (and of the chest if needed) 
in this timeframe. Further, the 8 seconds 
of additional injection duration and scan-
ning delay allows filling of aneurysmal or 
diseased vascular segments sufficiently. 
Adjustments in CM injection rate and CM 
volume can be made by direct calculation 
(e.g., milliliters per kilogram) or by weight 
groups for ease of use. Keeping injec-
tion duration and scanning time constant 
(vendor-dependent: by changing pitch or 
gantry rotation time or by directly entering 
these data on the scanner console) simpli-
fies planning, because patient weight is the 
only variable affecting CM dose and CM 
injection rate between patients. It is im-
portant to note that we recommend using a 
saline chaser after CM injection—admin-
istered for at least 5 seconds at the same 
injection rate as that used for CM—to im-
prove bolus integrity and decrease poten-
tial perivenous streak artifacts.

CT Scanner Technology: Low-Tube-
Voltage and Dual-Source Imaging
Current Scanner Technology

A complete discussion of current CT 
scanner technology is beyond the scope 
of this chapter. However, it can be stated 
that advancements in CT tube and detector 
technology have allowed the modality to 
keep pace with and expand clinical appli-
cations. As gantry rotation speeds have in-
creased, generators capable of higher pho-
ton output have been developed to sustain 
adequate image quality in high-temporal-
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resolution environments. Current CT tubes 
have x-ray power ratings of up to 120 kW 
and available tube currents of 1300 mA per 
tube. These parameters not only support 
fast acquisitions with high temporal reso-
lution but also use lower tube voltage in 
most patients and allow improved imaging 
of obese patients. Many scanners also al-
low rapid electronic flipping of the x-ray 
focal spot in the z-axis, producing two sep-
arate projections or “slices” for each detec-
tor row (and thus reported as double the 
number of detector rows). For example, 
manufacturers often report a scanner hav-
ing 128 detector rows that uses z-focal spot 
flipping as “256-slice CT.”

Low-Tube-Voltage Imaging
As we discussed earlier, powerful x-ray 

tubes of modern CT scanners allow the 
use of lower peak tube voltage compared 
with previous generations of scanners that 
use the standard 120 kVp. At lower tube 
voltage, photon absorption by iodine (as 
contained in iodinated CM) is increased 
as the energies approach the k-edge of io-
dine (i.e., 33.2 keV). This translates into 
higher attenuation values and greater ob-
served contrast enhancement of vessels 
and organs [16]. In general, the attenua-
tion of iodine increases by approximately 
25% in each “step” from 120 to 100 kVp, 
100 to 80 kVp, and 80 to 70 kVp (Table 
1). As a result, the volume of CM needed 
to achieve similar attenuation decreases 
proportionally if image noise can be main-
tained. Note that to maintain consistency 
in scanning protocol design, it is helpful to 
adjust other scanning parameters accord-
ingly (e.g., injection duration, scanning 
time, built-in delays).

Imaging at lower tube energies results 
in a larger fraction of photons absorbed by 
tissues, resulting in increased image noise. 

Therefore, an increase in x-ray tube cur-
rent (milliamperes) is needed to maintain 
constant image noise. In general, tube cur-
rent should be increased 30–50% for each 
tube voltage step discussed earlier. Other 
strategies that can be used include prolong-
ing the gantry rotation time or decreasing 
the pitch (to increase the tube current–
time product [milliampere-seconds]). All 
of these techniques can decrease image 
noise, albeit at the expense of increasing 
patient dose. In recent years, the intro-
duction of iterative reconstruction (IR) 
techniques has allowed decreases in im-
age noise without increasing patient dose; 
however, high levels of IR may result in 
visually disconcerting images—described 
as “waxy,” “oversmoothed,” and “blotchy” 
[17]—with reduced image quality even if 
the signal-to-noise ratio (SNR) or contrast-
to-noise ratio (CNR) suggests otherwise 
[18]. Given that patient size has a nonlin-
ear effect on x-ray absorption, selection 
of an optimized tube voltage for a given 
patient may not be intuitive. Automated 
tube voltage selection software has been 
developed that allows optimization of tube 
voltage based on data contained in the CT 
topogram (i.e., the so-called “digital radio-
graph”) [19]. Newer scanners have built-in 
CNR calculators that allow dose reduction 
and kilovoltage optimization based on the 
examination type (e.g., cardiac or vascular 
territory, solid-organ imaging, and so on) 
and on individual patient characteristics 
[20, 21]. A combination of these tech-
niques is optimal to achieve a balance of 
image quality and patient dose.

Low-tube-voltage imaging has poten-
tial disadvantages. Higher tube current re-
quirements for low-tube-voltage imaging 
require a larger focal spot size, resulting 
in decreased spatial resolution [22], po-
tentially limiting measurement accuracy 

and reproducibility. Beam-hardening ar-
tifacts and blooming artifacts related to 
calcification and metallic implants (e.g., 
stents, wires, prostheses) can be more pro-
nounced. As a result, postprocessing and 
visualization techniques that create addi-
tive image noise across a slab (e.g., maxi-
mum intensity projection) can become 
more difficult to reliably assess.

Dual-Energy Technology
The introduction of DECT technolo-

gies has allowed exploration of new areas 
in vascular imaging. All major CT manu-
facturers currently have developed scan-
ners that can generate DECT images [23]. 
Dual-source CT (DSCT) [24] consists of 
two x-ray tubes positioned at an approxi-
mate 90° angle that rotate together but can 
function independently at different tube 
voltage settings. These scanners can also 
use a rapid shuttle system to scan and res-
can the same anatomic area with different 
tube voltage settings. Single-source CT 
systems with rapid tube voltage switch-
ing [25] and dual-layer spectral detectors 
[26] have been developed. Development 
of photon-counting CT detectors using 
cadmium-based detector materials allows 
energy-specific measurements and rejec-
tion of electronic noise, resulting in robust 
energy discrimination. However, photon-
counting CT technology is limited by loss 
of counts and potential detector paralysis 
related to pile-up effects at clinical photon 
rates [27]. The distribution of a photon’s 
energy across multiple detector pixels (i.e., 
charge sharing) also limits current photon-
counting detectors [28]. Photon-counting 
CT technology has not yet reached com-
mercial implementation.

Regardless of the acquisition technique, 
the end result of DECT image acquisition is 
the generation of two independent datasets 
at different tube voltage settings. By using 
the spectral behavior of elements in the two 
datasets (e.g., 140 and 80 kVp), the inherent 
spectral differences between tissues with 
higher (iodine) and lower (calcium) atomic 
number can be exploited. Decomposition 
of tissues (tissues with iodine, fat, soft tis-
sues) can be performed in this way [29]. 
Spectral differences between, for example, 
calcium and uric acid can be exploited to 
image gouty arthritis [30] (Fig. 2). DECT 

TABLE 1:  Iodine Attenuation at Different Tube Voltage Settings Compared 
With Iodine Attenuation at 120 kVp

Tube Voltage Change in Iodine Attenuation Compared With Iodine Attenuation at 120 kVp

140 kVp ↓ 25%

120 kVp Reference

100 kVp ↑ 25%

80 kVp ↑ 50%

70 kVp ↑ 70%

Note—Down arrow indicates a decrease, and up arrow indicates an increase.
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techniques also allow separation of bone 
(i.e., calcium) signal from iodine so that 
bone segmentation can be performed with-
out misregistration artifacts inherent when 
using separate mask acquisitions. Virtual 
unenhanced (VNC) datasets can be gener-
ated, saving radiation exposure associated 
with separate unenhanced CT acquisitions. 
A virtual monochromatic (VMC) dataset 
can be created, simulating the image quality 
obtained by a monochromatic x-ray beam. 
The CNR for iodine can be improved [31], 
and CT number calculations from VMC 
images have been shown to be significantly 
less variable than standard polychromatic 
images [32]. These techniques are depicted 
in Figure 3. DECT techniques have util-
ity in many areas of diagnostic imaging, 
including CT urography, musculoskeletal 
imaging, and oncologic imaging (detection 
and characterization) [33], as well as CTA 
evaluation of gastrointestinal bleeding [34] 
and aortic endografts [35].

DECT techniques have several limita-
tions. DSCT scanners used for dual-energy 
acquisitions have effective FOV limitations 
of 26–35 cm depending on scanner genera-
tion. Attention to positioning of the impor-
tant anatomy within this FOV is very im-

A
Fig. 2—Dual-energy CT discrimination of findings in setting of gout in patient who presented  
with knee pain.
A, Volume-rendered CT image with superimposed dual-energy data shows foci of uric acid 
crystals (green) in patellar tendon and suprapatellar bursal fluid (arrowheads). V = volume of  
urate deposits.
B, Sagittal CT reformation image with overlaid dual-energy signal shows material difference 
between urate deposits of tophaceous gout (arrowhead), depicted in green, and calcium in 
surrounding bony structures, depicted by purple.

B

C

AFig. 3—Dual-energy CT (DECT) evaluation of 
pulmonary embolus in 75-year-old woman 
with history of breast cancer and previous 
deep venous thrombosis who presented with 
intermittent chest pain. 
A, Virtual monoenergetic image. Note clarity of 
right upper lobe pulmonary embolus (arrow).
B, Nonlinear blended CT image approximating 
typical polychromatic 120-kVp image. 
C, Virtual unenhanced image. Note near-
complete iodine subtraction from superior vena 
cava and adjacent pulmonary artery (asterisks); 
however, clot can be faintly appreciated.
D, Iodine map image. Note clarity of weblike, 
nonocclusive defect (arrowhead) from chronic 
embolic disease. 

D

B
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portant (Fig. 4). Fast tube voltage-switching 
scanners do not offer patient-size automat-
ed exposure control adjustments and limit 
acquisition methods to a single milliampere 

value for the entire examination. Photon-
starvation and beam-hardening artifacts are 
more pronounced with DECT techniques, 
especially in large patients, patients imaged 

with their arms at their sides, and patients 
with metallic implants. Increasing the low-
energy tube voltage to 100 kVp instead of 
80 kVp [36], reconstruction of high-kilo-

A
Fig. 4—FOV considerations for dual-source CT (DSCT) acquisitions.
A, DSCT evaluation of patient who is obese (body mass index = 45). FOV limitations (33 cm) of second dual-source x-ray tube can be seen in purple on 
topogram images (left). Horizontal lines on topogram images show start and stop positions for scan (top and bottom lines) and level of axial image (middle 
line). DSCT image (right) shows that indwelling abscess drainage catheter (arrow) lies outside FOV (arrowheads and circle) and cannot be adequately assessed.
B, Patient with left shoulder prosthesis who presented for DSCT evaluation of bone-prosthesis interface. Anatomy in question is not centered in CT 
gantry, so prosthesis (asterisk) is outside FOV for dual-energy acquisition (arrowheads and curved line).

B

C

A

Fig. 5—Strategies for dual-energy CT (DECT) datasets with high image 
noise. In this example, patient with extensive metallic hardware is being 
evaluated for bony metastatic disease.
A, Axial low-kiloelectron-volt image from DECT examination shows 
extensive streak artifact and beam-hardening artifact (arrowheads). Arrow 
shows dense metallic plate device.
B, Coronal DECT image generated using monoenergetic 190-keV data and 
model-based iterative reconstruction shows very little residual artifacts 
from pelvic hardware (arrowheads) or metallic spine devices (asterisk).
C, Coronal thick-slab maximum-intensity-projection DECT image—which, 
by definition, shows additive image noise—shows excellent noise and 
artifact suppression.

B
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electron-volt monoenergetic datasets [37] 
(Fig. 5), use of a tin (Sn) filter in front of 
the high-energy beam to improve spectral 
separation [38], and use of metallic artifact 
reduction reconstruction algorithms are a 
few of the available mechanisms to offset 
these limitations. Additionally, VNC im-
ages often show higher image noise, which 
is related to the addition of systematic noise 
from the decomposition algorithm [39], 
and may show incomplete iodine subtrac-
tion in the setting of a very high degree of 
contrast enhancement.

DECT techniques that remove calci-
um, iodine, or both work best when both 
materials are very dense. In situations in 
which the density of the material is low 
(e.g., bone marrow, small lesions with 
partial volume effect), results are not as 
satisfying [40]. Given that gradient-based 
segmentation techniques already in use 
perform reasonably well when contrast 
is high, DECT techniques may not add a 
large amount of incremental information 
in these particular situations.

Image Quality Assessment  
for New Protocols

When assessing the image quality of 
any new imaging or contrast parameter, 
it is important to not blindly rely on SNR 
measurements or subjective scores and 
instead to find a measurable parameter 
that reflects the clinical task demanded 
by CTA. For example, a meaningful pa-
rameter to compare a new technique for 
the evaluation of CTA before transcath-
eter aortic valve replacement would be the 
measurement reproducibility of the aortic 
annulus and access vessel diameters rather 
than SNR or subjective (e.g., diagnostic or 
not diagnostic) image quality.

Conclusion
Reliable, rational cardiovascular CT re-

quires knowledge of early IV CM dynam-
ics and manipulation of available CT scan-
ner resources to create optimal injection 
and acquisition protocols. Current-gener-
ation CT technology allows rapid image 
acquisition. Therefore, the use of constant 
image acquisition times and CM injection 
duration will allow consistent high-quality 
CTA acquisition with the only variation in 
technique being related to customized in-

jection flow rates (CM volumes) related to 
patient size. Clinical scanners also allow 
the use of low-tube-voltage imaging, which 
can be exploited to decrease radiation dose 
and potentially reduce necessary CM vol-
ume, related to improved attenuation of io-
dine. Options for DECT and DSCT are cur-
rently available from all major CT vendors. 
DSCT and DECT scanners can be used to 
acquire and process DECT datasets, includ-
ing VNC and VMC images, which can be 
used to decrease radiation exposure and 
improve iodine visualization and patho-
logic characterization. Photon-counting 
CT can further expand and refine photon-
energy discrimination and provide further 
noise rejection and reduction capability; it 
is likely that future refinements in scanner 
hardware will allow clinical implementa-
tion. By understanding the mechanisms of 
CM dynamics and scan acquisition, these 
newer techniques can be leveraged to pro-
vide enhanced patient care.
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