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Shorter scan times and the desire for higher resolution were 
the driving forces behind the development of spiral scanning 
in 1990 and the first multi-detector row computed tomogra-
phy (CT) systems in 1998 [1–6]. With the introduction of 
ECG-gated scanning on four-slice CT scanners in 1999, the 
first step toward cardiac imaging with multi-detector row 
computed tomography (MDCT) had been made.

Available since 2004, 64-slice CT systems are currently 
considered prerequisite for routine cardiac imaging in 
clinical scenarios [7–10], and with its introduction, the 
task of imaging coronary arteries and calcium scoring 
replaced EBCT (electron beam CT) completely. 64-slice 
CT scanners allowed for comprehensive diagnosis of mor-
phology and cardiac function within one integrated CT 
examination, including high-resolution imaging of the 
coronary arteries [11–14]. Improved temporal resolution 
(< 200  ms) was enabled by faster gantry rotation times 
down to 0.33 s and leading to an increased clinical robust-
ness of ECG-gated scanning techniques at higher heart 
rates [9, 10]. ECG-gated 64-slice CT also started being 
used for rapid triage of patients with acute chest pain in the 
emergency room and for diagnosis of pulmonary embo-
lism, aortic dissection or aneurysm, or significant coronary 
artery disease in one scan.

Despite the new clinical opportunities and the increasing 
use of CT for routine cardiac imaging, several challenges 
still remained: For high heart rates, multi-segment recon-
structions allowing for temporal resolutions beyond half the 
rotation time were still desired for robust imaging of coro-
nary arteries. Multi-segment reconstructions unfortunately 
do not guarantee images with a well-defined improved tem-
poral resolution in combination with the need for redundant 

data and thus due to acquisitions with reduced pitch result-
ing in substantially increased patient dose values [15]. 
Irregular or arrhythmic heart rates posed a challenge for 
artifact-free combination of images that were reconstructed 
from multiple cardiac cycles into a single volume, often 
yielding “stack artifacts” in these cases. Moreover, calcium 
blooming was still an issue – mainly due to operation in an 
X-ray tube limited, and therefore noise-dominated regime, 
resulting in the routine application of medium-sharp recon-
structions in cardiac images exhibiting the undesired bloom-
ing of high-contrast calcium. Adaption of X-ray tube 
voltages (kVs) to lower kVs to reduce patient dose was used 
in particular for regular contrast-enhanced scans, to improve 
image quality in pediatric patients. These adaptations 
occurred manually, often on weight-based selection criteria, 
and application was limited to a select group of the general 
population due to the demand of high X-ray tube current 
capacities required for cardiac imaging [16]. Finally, scan 
times for coronary CTAs were still in the range of 10–15 s 
given the limited detector coverage and the lack of alterna-
tive scan technology.

In 2004, all major CT vendors offered 64-slice CT scan-
ners. The remaining challenges of cardiac CT imaging, the 
pursuit for even more clinical applications, the risk that MR 
imaging could further improve on and replace CT for not 
just functional but for morphological imaging, the tena-
cious competition of the vendors, and the relentless 
improvements in engineering and scientific innovations, 
made cardiac imaging the main driving force for further CT 
innovations, technical developments, and new CT plat-
forms. In contrary to previous innovations, technical solu-
tions and directions of development differed substantially 
between different vendors, ranging from wide detector sys-
tems with single-source systems over two X-ray source 
systems with a single detector to systems with two X-ray 
tubes and two detectors.

In 2005, a dual-source CT (DSCT) system, i.e., a CT sys-
tem with two X-ray tubes and two corresponding detectors 
offset by 90°, was introduced [17]. It provided improved 
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temporal resolution of 83  ms independent of the patient’s 
heart rate as compared to 165–190 ms with MDCT systems 
at that time. DSCT scanners proved to be well suited for inte-
grated cardiothoracic examinations even in acutely ill 
patients and for the triage of patients with acute chest pain 
[18]. The introduction of dual-energy scanning with DSCT 
enabled tissue characterization and provided combined func-
tional and morphological information, i.e., to depict local 
perfusion deficits in the lung parenchyma in patients with 
pulmonary embolism [19, 20].

The second and third generations (introduced in 2009 and 
2013, respectively) of DSCT systems offer high-pitch scan 
modes which enabled coverage of the heart in a single car-
diac cycle [21, 22]. In addition, high-resolution CT scans of 
the entire thorax in less than 1 s scan time with an acquisition 
time per image better than 100 ms were now possible [23, 
24]. These scan modes are potentially advantageous for eval-
uating the lung parenchyma and vascular structures in 
patients who have difficulty complying with breath-holding 
instructions [25]. High-pitch scan modes have also been used 
for fast CTA scans of the aorta [26]. Combined with ECG 
triggering, they provide adequate visualization of the coro-
nary arteries, the aortic valve, the aorta, and the iliac arteries 
in one scan at low radiation dose, which is beneficial in the 
planning of transcatheter aortic valve replacement (TAVR) 
procedures [27, 28].

Another challenge for CT is the visualization of dynamic 
processes in extended anatomical ranges, i.e., to character-
ize the inflow and outflow of contrast agent in the arterial 
and venous system in dynamic CT angiographies or to 
determine the enhancement characteristics of the contrast 
agent in volume perfusion studies. One way to address this 
problem is by utilizing wide-area detectors large enough to 
cover organs such as the heart, the kidneys, or the brain in 
one axial scan. Besides temporal resolution, registration or 
mismatch artifacts from the combination of multiple cardiac 
cycles or slabs in z-direction are another challenge, natu-
rally leading to the idea of increasing the detector coverage 
to such a level that the entire heart is covered in a single 
prospectively gated sequential acquisition. Meanwhile, two 
vendors have introduced CT scanners with 16 cm detector 
coverage at isocenter, providing 320 × 0.5 mm collimation 
at 0.28  s rotation time or 256  ×  0.625  mm collimation at 
0.28 s rotation time [29]. Additionally these scanners have 
the potential to acquire dynamic volume data by repeatedly 
scanning the same anatomical range without table move-
ment (e.g., [30–32]).

In the following sections, after a short historic review of 
EBCT, general technical demands of MDCT for cardiac 
image quality are discussed. Then a technical overview of 
the main currently available platforms and CT systems is 
provided, and details about advantages and technical chal-
lenges of the different approaches are discussed.

�From EBCT to Multi-detector CT for Cardiac 
Imaging

�EBCT

Generation of X-rays for medical imaging is typically 
accomplished by using X-ray tubes. Electrons emitted from 
a cathode are accelerated by a high-voltage power source and 
collide with the anode, at which X-rays are generated by the 
interaction of electrons within the anode material. For CT 
imaging, X-ray attenuation data from multiple angles around 
the patient are required. Thus, first CT systems were equipped 
with X-ray tubes set up opposite a detector, which in con-
junction rotated around the patients at rotation times of about 
5  s or longer. Mechanical constraints and challenges with 
rotating components, mainly data and power transmission, 
prevented continuous rotation at faster rotation times back 
then. Unfortunately, for cardiac imaging in particular, faster 
rotation times were desired to minimize motion artifacts and 
provide better temporal resolution. Already in the late 1970s, 
electron beam scanners were proposed with the goal of pro-
viding a substantially higher temporal resolution for cardiac 
imaging by avoiding rotating parts. In the early 1980s, 
D.P. Boyd – a Stanford researcher and partner in the radiol-
ogy department at the University of California, San Francisco 
(USA)  – invented the first clinically used EBCT system: 
“Electron beam control assembly and method for a scanning 
electron beam computed tomography scanner.” It related to 
“… a high speed multiple section computed-tomographic 
(CT) x-ray transmission scanner and more particularly to a 
multiple target scanning-electron beam x-ray source provid-
ing rapid scan …” (see also Figs. 6.1 and 6.2) [33]. Instead 
of rotating tube and detector around the patient, a stationary 
detector ring is used for data acquisition. To generate X-rays, 
an electron beam originating from an electron gun is deflected 
and steered over an anode that was ringlike enclosing the 
patient. Temporal resolutions of 100  ms and shorter were 
possible. The main application  – in particular in the early 
days of EBCT – was the detection and quantification of coro-
nary calcium at dose levels of about 0.6 mSv [34]. Later on, 
studies reported the use of EBCT for coronary CTA imaging 
[35], assessment of ventricular anatomy and function [36], as 
well as myocardial perfusion [37].

Despite the unquestionable benefit of high temporal reso-
lution of EBCT, only a few systems were installed world-
wide, by the end of 1987 about 14 units. The high price, low 
production volume, system design issues (e.g., the inability 
to use scatter collimators), and limited clinical benefit beside 
the heart were preventing cardiologists and radiologists to 
invest into an EBCT system. Finally, the limited spatial reso-
lution was yet another factor making the already niche scan-
ner even less attractive. Although with the latest generation 
of EBCTs (GE’s e-Speed), slice thicknesses of 1.5 mm were 
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Fig. 6.1  Illustration of an EBCT (electron beam computerized tomogra-
phy) system – taken from Boyd’s patent in 1982; US 4352021: Electrons 
emitted from the electron gun [22] are accelerated and steered around the 
patient. The electron beam hitting the target rings [28–31] created X-rays 
at the respective position on the ring. From there the X-rays passed 

through the patient to the detector [14] on the opposite end of the scan 
tube tomography system. (From US patent US4352021 https://www.
google.com/patents/US4352021?dq=us+patent+4352021&hl=en&sa=X
&ved=0ahUKEwitp6_N38vYAhXDY98KHT01DXwQ6AEIJzAA)

a b

Fig. 6.2  Axial image of a contrast-enhanced EBCT scan, showing the left main and left anterior descending coronary artery (arrow) (a). Surface-
rendered view of the heart by visualizing only voxels above a certain threshold (b) (From Achenbach et al. [35], with permission)
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enabled [38], this relevant specification parameter for coro-
nary CT imaging was already matched by 16-slice CT sys-
tems at the end of 1990s and then outperformed substantially 
by the introduction of 64-slice MDCT systems providing 
routinely submillimeter image resolution in the early 2000s. 
In addition, volume scanning, the ability to apply modern 
dose reduction techniques such as low kV scanning, utiliza-
tion of shaped filters, or patient-specific tube current modu-
lation never became available or were technically impossible 
to implement on an EBCT system.

�Multi-detector Row CT Setup (MDCT)

The basic CT system design of modern MDCT system is 
shown in Fig. 6.3. Today, all manufacturers use the same fan-
beam CT design, characterized by an X-ray tube and an 
opposing detector which are mounted on a rotating gantry 
ring. The detector is a two-dimensional array, consisting of 
2–320 element rows aligned in the z-axis direction (the z-axis 
is the length axis of the patient) and around 650–1000 detec-
tor elements in each row. The fan angle of the detector is 
wide enough (approximately 45–55°) to cover a whole-body 
scan field of view (SFOV) of typically 50 cm in diameter. In 
a CT scan, the detector array measures the X-ray attenuation 
profile of the patient at 1000–5000 different angular posi-

tions depending on the rotation time, during a full gantry 
rotation. All measurement values acquired at the same angu-
lar position of the measurement system are called a “projec-
tion” or “view.” Slip ring designs which pass the electrical 
signals across sliding contacts allow for continuous rotation 
of the measurement system.

State-of-the-art X-ray tubes are powered by onboard gen-
erators and provide peak powers of 60–120 kW at different 
user-selectable voltages ranging from 70 to 150 kV. Scanning 
at low tube voltage is favorable for dose-efficient scans, such 
as pediatric CT [39, 40] or CT angiographic scanning [16, 
41–43], because the X-ray attenuation of iodine significantly 
increases at lower kV [40].

All modern MDCT systems use solid-state scintillation 
detectors. The incident X-rays interact with a radiation-
sensitive crystal or ceramic (such as gadolinium oxide, gado-
linium oxysulfide, or garnets) with suitable doping. They are 
absorbed, and their energy is converted into visible light 
which is detected by a silicon photodiode attached to the 
backside of the scintillation detector. The resulting electrical 
current is then converted into a digital signal. Key require-
ments for a detector material are good detection efficiency, 
i.e., high atomic number, very good signal linearity, and very 
short afterglow time to enable fast readout at the high gantry 
rotation speeds that are essential for cardiothoracic CT.

The image noise in a CT image is caused by the quantum 
noise of the X-ray photons and the electronic noise of the 
detection system. In high-dose scanning situations, the image 
noise is dominated by quantum noise, whereas when larger 
patients are scanned or in examinations at low radiation 
dose, e.g., in low-dose thorax scans, electronic noise is more 
dominant. In addition, electronic noise degrades image qual-
ity and the stability of CT values. Recently, detector systems 
with integrated electronics were commercially introduced 
(e.g., Stellar, Siemens Healthcare, Forchheim, Germany; 
NanoPanel Elite, Philips Healthcare, Amsterdam, 
Netherlands), with the goal of reducing electronic noise and 
detector cross talk. In these designs, photodiodes and analog-
to-digital converters (ADC) are combined and directly 
attached to the ceramic scintillators, without the need for 
noise-sensitive analog connection cables (Fig.  6.4). In a 
recent study, for a 30 cm phantom corresponding to an aver-
age abdomen, reduction of image noise by up to 40% was 
demonstrated with the use of an integrated electronic detec-
tor at 80 kV [44]. According to the authors, this noise reduc-
tion translated into a dose reduction of up to 50% while 
achieving equivalent image noise.

In early MDCT detectors, ADC electronics and data 
transmission were a limiting factor and a strong contributor 
to the total cost of a system. An efficient way of enabling 
higher scan speeds based on a larger z-axis collimation was 
through the development of detector elements with a larger 
number of detector rows. The total beam width in the z-

x-ray tube

Collimator

High voltage generator

Control
systems

Detector with electornics

Patient table

Fig. 6.3  Main components of a modern MDCT system. The X-ray fan 
beam is indicated in red; it covers a SFOV of typically 50 cm in diam-
eter. The data measurement system consists of detector and detector 
electronics. The patient is positioned within the gantry using a dedi-
cated patient table
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direction is subsequently adjusted by pre-patient collimation 
at the expense of fusing two (or more) detectors along the 
z-axis electronically into thicker slices.

The detector of a 16-slice CT (Siemens SOMATOM 
Emotion 16) as an example comprises 16 central rows, each 
with 0.6  mm collimated slice width, and 4 outer rows on 
either side, each with 1.2  mm collimated slice width  – in 

total, 24 rows with a z-width of 19.2  mm at isocenter 
(Fig. 6.5). By adjusting the X-ray beam width such that only 
the central detector rows are illuminated, the system pro-
vides 16 collimated 0.6 mm slices. By illuminating the entire 
detector, reading out all rows and electronically combining 
the signals of every 2 central rows, the system provides 16 
collimated 1.2  mm slices. The 16-slice detectors of other 

Fig. 6.4  Comparison of the Si-tile without scintillator ceramics – with 
and without integrated electronics (top) (Siemens Healthcare). At the 
bottom CT images of a 30 cm water phantom acquired at same dose 

(80 kV, 30 mA) are illustrated. The integrated design leads to substan-
tially lower noise values (right bottom image)

6  Cardiac CT Platforms: State of the Art
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manufacturers are similarly designed, with slightly different 
collimated slice widths (0.5  mm, 0.6  mm, or 0.625  mm, 
depending on the manufacturer).

With the introduction of MDCT detectors with 64 or more 
detector rows and a vendor-dependent minimal slice width of 
0.5  mm, 0.6  mm, or 0.625  mm, the detector row fusing 
mechanisms described above was no longer necessary. As of 
today a wide variety of detector row configurations exist 
(e.g., 96  ×  0.6  mm, z-width 6  cm at the isocenter; 
128 × 0.625 mm, z-width 8 cm at the isocenter) up to the 
widest commercially available CT detectors covering 16 cm 
at isocenter. The acquisition is either based on 320 colli-
mated 0.5  mm slices (Aquilion ONE, Toshiba Medical, 
Japan) or 256 collimated 0.625 mm slices (Revolution, GE 
Healthcare, USA).

All modern MDCT scanners enable reconstruction of 
images with different image slice widths from the same raw 
data according to the clinical needs (e.g., 3 mm or 5 mm for 
initial viewing and additional submillimeter slices or 1 mm 
slices for post processing).

Some CT systems employ a hardware-based oversam-
pling scheme effectively doubling the number of simultane-
ously acquired slices by means of a z-flying focal spot [45, 
46] (Z-FFS, Siemens Healthcare, Forchheim, Germany; 

Ingenuity DAS, Philips Healthcare, Amsterdam, 
Netherlands). The focal spot in the X-ray tube is periodically 
moved between two z-positions on the anode plate by elec-
tromagnetic deflection. As a consequence, the measurement 
rays of two readings are shifted by half a collimated slice 
width at isocenter and can be interleaved to one projection 
with double the number of slices but half the z-sampling dis-
tance (Fig.  6.6). Two 64-slice readings with 0.6  mm slice 
width and 0.6 mm z-sampling distance, as an example, are 
combined to one projection with 128 overlapping 0.6  mm 
slices at 0.3 mm z-sampling distance. The z-flying focal spot 
provides improved data sampling in the z-direction for better 
through-plane resolution, reconstruction of thinner slices, 
and reduced spiral windmill artifacts (Fig. 6.7).

�ECG-Based Imaging with MDCT

To acquire images of the heart, recording of the ECG signal 
is mandatory. On one hand one wants to be able to process 
and view a dedicated phase of the cardiac cycle which 
requires a time stamp-based link between the cardiac phase 
of the patient and the acquired CT data. On the other hand, in 
the case of limited detector coverage, data from multiple 
heart beats is acquired over time and then stitched together to 
allow the reconstruction and display of the whole heart. For 
MDCT with 64 or more detector rows, typically two differ-
ent acquisition modes are used  – ECG-gated spiral/helical 
and prospective ECG-triggered sequence acquisition. More 
details about data acquisition and reconstruction are pro-
vided in Chaps. 6 and 11. However, to illuminate recent tech-
nical developments in CT technology, a short summary of 
the acquisition techniques and influencing parameters on 
coverage and temporal resolution is provided.

During the first years of routine clinical integration of 
coronary CT angiography, retrospectively ECG-gated spiral 
(helical) scanning was the most widely used data acquisition 

4x1.2, 4x1.2 mm16x0.6,

16 x 0.6 mm

16 x 1.2 mm

Fig. 6.5  Example of a 16-slice detector, which consists of 24 detector 
rows and provides either 16 collimated 0.6 mm slices or – by combina-
tion of the signals of every 2 central rows – 16 collimated 1.2 mm slices

focal spot position 1

reading 1
reading 2

2

anode

shift by half a collimated
slice-width at iso-center

detector

through-plane direction
(z-direction)

Fig. 6.6  Basic principle of a z-flying focal spot. Consecutive readings 
are shifted periodically by half a slice width on the anode plate. Every 
two readings are interleaved to one projection with double the number 
of slices and half the z-sampling distance
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technique. A spiral CT scan with continuous data acquisition 
and table movement at low table feed (low spiral pitch of 
approximately 0.2) is performed to examine the patient’s 
heart. Simultaneously, the patient’s ECG is recorded. 
Following data acquisition, the ECG serves as guidance to 
select those data intervals in the spiral CT data set that 
describe the same user-selected cardiac phase, measured in 
different cardiac cycles. Those data are then used for phase-
consistent image reconstruction of the coronary anatomy. 
The upper part of Fig. 6.8 shows the principle of retrospec-
tively ECG-gated spiral scanning. This scan mode is very 
versatile because it allows for retrospective optimization of 
the reconstruction window and image reconstruction in dif-
ferent cardiac phases.

As a downside, retrospectively ECG-gated spiral scan-
ning of the heart requires strongly overlapping spiral data 
acquisition at low table feed for phase-consistent imaging 
and is therefore associated with relatively high radiation 
dose to the patient, which can be somewhat reduced by using 
ECG-controlled dose modulation approaches (“ECG-
pulsing”). Many modern CT scanners are equipped with 
such versatile ECG-pulsing algorithms which react flexibly 
to arrhythmia and ectopic beats and have the potential to 
extend the clinical application spectrum of ECG-
synchronized dose modulation to patients with irregular 
heart rates.

As an alternative scan mode, prospectively ECG-triggered 
sequential scanning in a “step-and-shoot” technique is more 
commonly used with newer generations of CT systems. 
During the CT examination, the patient’s ECG is used to 
trigger the start time for the acquisition of axial (sequential) 
CT images; see lower part of Fig. 6.8. The patient table is 
moved to its defined start position: with a user-selectable 
temporal distance from an R-wave, an axial CT scan without 
table movement is performed. The CT system acquires scan 
data covering a sub-volume of the patient’s cardiac anatomy 
which corresponds to around 90% of the total z-width for a 
64-row detector and is reduced for CT systems with large 
detectors in the z-axis direction which have to cope more 

with cone-beam effects. The table is then moved to the next 
z-position, and the next axial CT scan is performed at the 
corresponding temporal distance from the next R-wave. This 
way, the heart volume is sequentially covered by axial scans.

ECG-triggered axial scanning is a very dose-efficient 
scan technique. In a simple technical realization, a partial 
scan data interval – the minimum amount of data necessary 
for image reconstruction  – is acquired in a user-selected 
phase of the patient’s cardiac cycle. Then, however, neither 
retrospective reconstruction in a slightly different phase of 
the patient’s cardiac cycle to minimize motion artifacts is 
possible nor are multiphase reconstructions for evaluation of 
cardiac function. Furthermore, due to the fact that incom-
plete data is acquired, the temporal offset of scan data acqui-
sition to the next R-wave is based on a prospective estimate 
of the previous cycle’s length. This is a challenge in patients 
with irregular heart beat and arrhythmia, unless the acquisi-
tion strategy is properly tailored and aimed at an end-systolic 
cardiac phase [47].

�From 4 cm MDCT CT Systems to Area 
Detector and Dual-Source CT

�Area Detector CT

ECG-synchronized CT volume imaging of the heart 
acquired by the abovementioned MDCT systems typically 
results in 3–4 sub-volumes reconstructed from data mea-
sured over multiple consecutive heart beats (Fig. 6.9) [48]. 
Variations of heart motion from one cardiac cycle to the 
next, as well as contrast media dynamics between the 
cycles, can result in these image sub-volumes being shifted 
relative to each other and, as a consequence, resulting in 
stairstep or slab registration artifacts in multi-planar refor-
mations (MPRs) or volume rendered images (VRTs). 
Recently, 128-row, 256-slice CT systems with 80  mm 
z-axis coverage were commercially introduced (Philips 
ICT, Philips Healthcare, Best, the Netherlands). They facil-

0.6 mm Slice 2.0 mm Slice

Fig. 6.7  Impact of slice 
thickness on resolution. 
Z-flying focal spot techniques 
allow for the reconstruction of 
thinner slices and this sharper 
delineation of anatomical 
structures
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itate examinations of the heart with two axial scans, thereby 
reducing the number of potential “steps” in the volume 
image to one [49]. In a study with 160 consecutive patients, 
prospectively triggered axial coronary CTA performed on 
256-slice CT provided significantly improved and more 
stable image quality at an equivalent effective radiation 
dose compared with 64-slice CT [50].

As of today, two CT vendors provide single-source CT 
systems with large area detectors capable of imaging the 
entire heart in one beat, using one axial scan without table 
movement. With 320 × 0.5 mm collimation at 0.28 s rotation 
time (Toshiba Aquilion ONE, Toshiba Medical Systems 
Corporation, Tokyo, Japan) and 256 × 0.625 mm collimation 
at 0.28  s rotation time (GE Revolution, GE Healthcare, 
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Fig. 6.8  Established acquisition modes for cardiac scanning with CT 
systems up to 4 cm coverage: In retrospective ECG-gated scan mode 
(upper part), a helical scan with a comparatively small, fixed heart rate-
dependent table feed is performed. For higher heart rates, table feed is 
increased. In case of a 4 cm system, after 3–4 heart beats, the heart is 

covered. Similar scan times are accomplished in prospectively ECG-
triggered axial (sequential) scanning of the heart (lower part). Based on 
the user-selected phase position of ECG signal, an axial scan is per-
formed. After each axial scan, the table moves to the next z-position. 
This acquisition technique is also called “step-and-shoot”
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Waukesha, USA), these systems can cover 16  cm in the 
z-axis direction at isocenter, large enough to cover the entire 
heart in one beat and hence avoid stairstep and slab registra-
tion artifacts, as well as problems related to inconsistent con-
trast enhancement in different sub-volumes [51].

A possible consequence of the large cone-beam angle 
that those systems have compared to systems with smaller 
z-coverage can be limitations in the field of view available 

for reconstruction (Fig. 6.10). In addition, due to this effect 
also dose efficiency is compromised since not all acquired 
data can be utilized fully for the reconstruction of the 
images. Another challenge of larger detector z-coverage is 
increased X-ray scatter. Scattered radiation may cause 
hypo-dense cupping or streaking artifacts, and the scatter-
induced noise may reduce the contrast-to-noise ratio (CNR) 
in the images [52]. To reduce scatter – in this case forward 
scatter – some vendors have added scatter grids. While anti-
scatter grids are a well-known topic for dual-source CT sys-
tems, it is important to note that anti-scatter grids are also 
recommended in the case of single-source system with wide 
detectors. A study by Engel et al. showed that the contribu-
tion of scatter for a 16  cm single-source system is even 
higher than in the case of an 8 cm dual-source system, which 
again motivates the need for anti-scatter grids (ASG) even 
for single-source systems in case of wide detectors [53]. 
The requirements were intensely evaluated by Vogtmeier 
et al. [54]. Figure 6.11 shows the impact on scatter for 1D 
and 2D scatter grids, for different collimations. In particular, 
for collimations between 8 and 16  cm coverage, the 2D 
grids performed substantially better.

Another challenge of area detectors are the often neces-
sary changes to the tube design. In order to compensate for 
the so-called Heel effect and to accomplish a homogeneous 
intensity on the detector along the scan direction (Fig. 6.12), 
the anode angle is often flatted [55]. The intensity profile is 
improved, however, at the price of reduced tube power. This 
consequence can also be seen when looking at the maximum 

Fig. 6.9  Non-axial view of a cardiac examination performed with 
ECG-gated spiral mode. Due to the limited coverage, slab artifacts are 
pronounced due to contrast dynamics and a slight phase mismatch 
between different acquired heart beats combined with limited temporal 
resolution
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Fig. 6.10  Comparison of systems with 16 cm and 4 cm detector cover-
age in axial scan mode. Left side: view from the side. The area of full 
FOV is substantially reduced in case of wide detector systems. Although 

regions are exposed (highlighted in red), they cannot be reconstructed 
with traditional reconstruction techniques. As a consequence distorted 
regions are often cropped in the reconstructed images (see right side)
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tube currently available on high-end CTs. For non-16  cm 
systems, tube currents up to 1000 mA (Philips) and 1300 mA 
(Siemens) are enabled, whereas the 16  cm systems have 
maximum mA values of 735 mA (GE) and 600 mA (Toshiba).

Despite all the abovementioned challenges, successful 
use of CT systems with 16 cm detector coverage for coro-
nary CTA has been demonstrated [53, 56, 57]. The applica-
tion spectrum has been extended to scanning of patients with 
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atrial fibrillation [58] and coronary CTA combined with first 
pass perfusion evaluation [59, 60]. The second generation of 
320-row CT scanners has been shown to enable coronary 
CTA at reduced radiation dose compared to the first genera-
tion [52, 56].

As a second benefit, CT systems with wide-area detectors 
can acquire dynamic volume data by repeatedly scanning the 
same anatomical range without table movement. This is use-
ful in dynamic CT angiographic examinations or for whole 
heart functional data acquisition. So et  al. published first 
results on phantoms and an animal model, demonstrating 
general feasibility for the quantitative evaluation of the myo-
cardial blood flow [61].

As discussed above in detail, systems with 16 cm detec-
tors suffer multiple limitations. Some of the challenges are 
related to the X-ray source. To compensate for some of the 
effects, multiple sources in z-direction have been proposed 
(Fig.  6.13). Fast alternating switching is realized between 
two X-ray tubes during data acquisition. Due to the improved 
geometry setup, this approach does not suffer, for example, 
from cone-beam artifacts compared to traditional wide-area 
16 cm CT systems. A commercially available system of this 
kind was introduced in 2016 (SpotLight CT, Arineta Ltd., 
Israel). Optimized for a small footprint, the system has a 
diagnostic field of view limited to 250  mm, 192 detector 
rows with z-coverage of 140 mm and a fast gantry rotation 
time of 0.24 s [62]. One can derive from these specifications 
that the system comprises a highly specialized cardiac CT 
system in contrast to the above-described multipurpose full-
body scanners.

�Dual-Source CT

A dual-source CT (DSCT) is a CT system with two X-ray 
tubes and two detectors at an angle of approximately 90° 
(Fig. 6.14). Both measurement systems acquire CT scan data 
simultaneously at the same anatomical level of the patient 
(same z-position).

The first generation of DSCT scanners with 2 × 64 slices 
using z-flying focal spot (19.2 mm detector coverage) and 
0.33  s gantry rotation time was introduced in 2006 
(SOMATOM Definition, Siemens Healthcare, Forchheim, 
Germany), the second generation with 2  ×  128 slices 

Fig. 6.13  Setup of CT 
system in so-called inverse 
geometry

Fig. 6.14  DSCT with two independent measurement systems. The 
image shows the first-generation DSCT with an angle of 90° between 
both measurement systems. To increase the SFOV of detector B, an 
angle of 95° was chosen for the second- and third-generation 
systems
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(38.4 mm detector coverage) and 0.28 s gantry rotation time 
in 2009 (SOMATOM Definition Flash, Siemens Healthcare, 
Forchheim, Germany), and the third generation with 2 × 192 
slices (57.6 mm detector coverage) and 0.25 s gantry rotation 
time in 2014 (SOMATOM Definition Force, Siemens 
Healthcare, Forchheim, Germany).

DSCT systems provide significantly improved tempo-
ral resolution for cardiothoracic imaging. The shortest 
data acquisition time for an image corresponds to a quar-
ter of the gantry rotation time. Close to the isocenter, 180° 
of scan data is the minimum needed for image reconstruc-
tion. Due to the 90° angle between both X-ray tubes, each 
of the measurement systems needs to acquire only 90° of 
scan data. The two 90° segments at the same anatomical 
level are put together to form the 180° scan. Using this 
technique, a temporal resolution of 83  ms, 75  ms, and 
66 ms, respectively, is achieved for the three generations 
of DSCT systems. With the dual-source approach, tempo-
ral resolution is independent of the patient’s heart rate, 
because data from only one cardiac cycle are used to 
reconstruct an image. This is a major difference to single-
source MDCT systems, which can provide similar tempo-
ral resolution by combining data from several heart cycles 
to an image in a multi-segment reconstruction. Then, 
however, temporal resolution strongly depends on the 
relation of heart rate and gantry rotation time. Meanwhile, 
several clinical studies have demonstrated the potential of 
DSCT to reliably perform coronary CT angiographic 
studies in patients with high and even irregular heart rates 
(e.g., [63–65]). DSCT is sufficiently accurate to diagnose 
clinically significant coronary artery disease in difficult to 
image patients [66, 67]. The high temporal resolution is 
also beneficial for reducing motion artifacts in cardiotho-
racic studies (e.g., [68]).

With a DSCT system, both X-ray tubes can also be oper-
ated at different kV settings, e.g., 80 and 140 kV, to acquire 
dual-energy CT data. The advantages and disadvantages of 
different techniques to acquire dual-energy CT data as well 
as clinically relevant applications will be discussed substan-
tially more in detail in Chap. 4.

While the maximum spiral pitch in single-source CT 
images is limited to about 1.5 to ensure gapless volume cov-
erage, DSCT systems can be operated at twice the pitch. 
Data acquired with the second measurement system a quarter 
rotation after the first measurement system can be used to fill 
the sampling gaps up to a pitch of about 3.2  in a limited 
SFOV that is covered by both detectors [69, 70]. At maxi-
mum pitch, no redundant data are acquired, and a quarter 
rotation of data per measurement system is used for image 
reconstruction. Temporal resolution is then a quarter of the 
gantry rotation time. At decreasing pitch, temporal resolu-
tion decreases because of the increasing angular data seg-
ment that corresponds to an image. At a pitch of 2, for 

example, temporal resolution is about 0.4 times the rotation 
time – this is 100 ms with the second-generation DSCT [70].

With the high-pitch scan mode, very high scan speed is 
achieved – up to 450 mm/s with the second-generation DSCT 
(38.4 mm detector coverage, 0.28 s gantry rotation time) and 
up to 737 mm/s with the third-generation DSCT (57.6 mm 
detector coverage, 0.25 s gantry rotation time). This is ben-
eficial for the examination of larger anatomical ranges in 
very short scan times, e.g., for chest CTA at high temporal 
resolution [24], for the evaluation of pulmonary embolism 
and visualization of most cardiac structures and proximal 
coronary arteries [71], for fast CTA scans of the aorta at low 
radiation and contrast dose [72], or when the patient has lim-
ited ability to cooperate, such as in pediatric radiology 
[73–76].

The high-pitch scan mode can also be used in combina-
tion with ECG-triggering – the patient’s ECG triggers both 
table motion and data acquisition. The patient table is posi-
tioned, and table acceleration is started in a way that the table 
arrives at the prescribed start z-position (e.g., the base or the 
apex of the heart) at the requested cardiac phase after full 
table speed has been reached (Fig. 6.15). Then data acquisi-
tion begins. The scan data for images at adjacent z-positions 
are acquired at slightly different – typically diastolic – phases 
of the cardiac cycle. Meanwhile, several clinical studies have 
demonstrated the successful use of the high-pitch scan tech-
nique for coronary CT angiography in patients with suffi-
ciently low and stable heart rate (<62  bpm with the 
second-generation DSCT, <70 bpm with the third-generation 
DSCT), with the potential to scan the entire heart in one beat 
at very low radiation dose [23, 77–80].

ECG-triggered high-pitch scans can be used also for com-
prehensive thorax examinations in the emergency room and 
in the planning of TAVR procedures, because they provide 
adequate visualization of the coronary arteries, the aorta, and 
the iliac arteries in one scan at low radiation dose and high 
temporal resolution. The very short total scan time may 
potentially allow for a reduction of the amount of contrast 
agent; see, e.g., [27, 81]. Figure 6.15 shows an ECG-triggered 
high-pitch CTA of the aorta as an example.

Despite their clinical benefits, DSCT systems have to 
cope with some challenges. One challenge is the presence of 
cross-scattered radiation, i.e., scattered radiation from X-ray 
tube B detected by detector A and vice versa. Cross-scattered 
radiation – if not corrected for – can result in image artifacts 
and degraded CNR of the images [69]. Another challenge is 
the limited SFOV of the second detector, which was increased 
from 25 cm in the first-generation DSCT to 35.5 cm in the 
third-generation DSCT.

The most straightforward correction approach is to 
directly measure the cross-scattered radiation in detectors A 
and B and to subtract it from the measured signal. This tech-
nique was first implemented in the second-generation 
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DSCT.  It requires additional detector elements on each 
detector outside the direct beam (Fig. 6.16). An alternative to 
direct measurement is a model-based cross-scatter correc-
tion. The primary source of cross-scattered radiation is 
Compton scatter at the object surface. In the first-generation 
DSCT, pre-stored cross-scatter tables for objects with similar 
surface shape are used for an online correction of the cross-

scattered radiation in each measured projection. In the 
third-generation DSCT, an iterative cross-scatter correction 
based on a simplified Monte Carlo simulation is applied.

While image artifacts caused by cross-scattered radiation 
can be significantly reduced by either model-based or 
measurement-based correction approaches, these corrections 
are often considered to come at the expense of increased 
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image noise and reduced contrast-to-noise ratio (CNR) in the 
images. It has been demonstrated, however, that careful low 
pass filtering of the scatter correction term can efficiently 
mitigate the image noise increase without visually affecting 
image detail resolution or image contrast. CNR can in fact be 
increased beyond the values achieved without cross-scatter 
correction, and it approaches or sometimes even surpasses 
the CNR performance of a comparable single-source scan 
using these techniques.

Another  – evitable  – challenge of dual-source dual-
energy CT (DE) is the 90° offset of projections acquired by 
both X-ray tubes at the same z-position. Because high-
energy and low-energy projections are not simultaneously 
acquired at the same projection angle, raw data-based DE 
algorithms are difficult to realize. DE algorithms are there-
fore image based – which has the huge advantage of avoid-
ing the limited and sensitive calibration of raw data-based 
methods. It is often claimed that image-based methods are 
strongly limited by the problem of beam hardening. 
However, under certain conditions – which are typically ful-
filled in modern CT scanners  – image-based methods are 
practically equivalent for clinical tasks. A prerequisite for 
image-based material decomposition is the validity of the 
thin absorber model. For example, if one uses water and 
iodine as the basis materials for image-based dual-energy 
decomposition, the maximum X-ray attenuation of the 
iodine along any measured ray path is expected to be so 
small that it is valid to assume a linear contribution to the 
total attenuation. In clinical practice, this prerequisite is 
typically fulfilled. If necessary, still dedicated established 
single energy-based methods for beam-hardening correc-
tions can be applied to allow for respective data correction. 
As a second prerequisite, both the CT value of water and the 
CT values of small iodine samples are expected to be inde-
pendent from their position within the scanned object. 
DSCT scanners are therefore equipped with an optimized 
bowtie filter of sufficient beam hardening, and the approxi-
mately cylindrical patient cross-section has to be centered 
within the SFOV – typically being fulfilled in case of clinical 
CT systems. Anyhow, in practice, electronic noise, scanner 
calibration, stability of emitted spectra, cone-beam effects, 
and scattered radiation can have a larger impact on the 
obtained results than the raw data or image-based analysis 
method itself. Further on, the ability for an optimized, inde-
pendent selection of X-ray voltage and spectral filtration – 
but still dose-wise well and optimally balanced high and 
low energy beam – and therefore an optimal spectral separa-
tion enables robust dual-energy imaging at a huge variety 
for applications and thus compensates for potential limita-
tions and challenges. Further details are provided in Chap. 
4, dedicated to dual-energy imaging of the heart.

A third challenge is the fact that moving objects, such as 
the heart, are seen by both detectors with an angular offset 

of about 90°. Motion artifacts in the corresponding A and B 
images can therefore be slightly different, which can affect 
the material decomposition of the dual-energy images. In 
practice, however, this problem is not relevant thanks to the 
good temporal resolution of DSCT, and it can be further 
mitigated by nonrigid registration of A and B images.
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