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  The fi rst edition of “MDCT of the Thorax” was published in 2004 when the new 
capabilities and clinical applications of MDCT were met with excitement and 
explored with great enthusiasm. Since then, much has happened – the excite-
ment has persisted and has even grown. While 16-row scanners were once cel-
ebrated as the peak of innovation in 2004, 64-row computed tomography is now 
considered to be standard technology with 128 and even 320-row scanners avail-
able in the high-end sector. However, the technical innovations are by no means 
limited to the number of detector rows. Iterative reconstruction methods, new 
detector materials, automated tube current modulation and tube voltage selec-
tion have substantially reduced the radiation exposure to patients. These 
improvements mitigate and perhaps invalidate the primary argument against the 
widespread use of CT angiography of the coronary arteries in particular. 

 For the second edition, editors Joseph Schoepf and Felix Meinel have kept 
important features essential to the success of the fi rst edition while revising 
and updating each chapter to capture the rapidly advancing developments in 
CT and their clinical applications. New chapters have been added, including: 
“Dual Energy CT of the Thorax”, “Comprehensive CT Imaging in Acute 
Chest Pain”, and “Imaging of the Heart-Lung Axis”. In contrast, chapters from 
the fi rst edition which have since lost their importance have been excluded. 

 The editors are to be congratulated on assembling an authorial team of 
highly recognized, international experts. Furthermore, one has to thank the 
authors for illustrating that the technical and methodological advancements of 
the recent past are not just improvement for improvement’s sake, but signifi -
cantly increase the clinical applicability and the diagnostic value of MDCT. 

 It can be asserted with good reason that MDCT of the thorax is one of the 
most interesting and exciting fi elds of radiology. Few topics in medical imag-
ing arouse such heated discussion as lung cancer screening with CT or the use 
of CT in acute chest pain. This work provides detailed, comprehensive infor-
mation on these and many other topics that capture the cutting-edge of inno-
vation while remaining valuable for everyday practice. 

 I would like to sincerely thank the editors, authors, and Springer for pro-
moting this important work and I wish them much deserved success. I have 
no doubt that readers will not only enjoy the book, but also fi nd it a signifi cant 
help in their daily practice. 

 Munich, Germany Maximilian F. Reiser 
 March 2016  

   Foreword  



 



ix

   …δὶς ἐς τὸν αὐτὸν ποταμὸν οὐκ ἂν ἐμβαίης… 

 It has been more than a decade since the fi rst edition of this tome – and what 
an amazing 12 years it has been for a spectacular medical imaging modality 
and those who harness its power! Not only is CT not dead, as it was quite 
ubiquitously predicted and accepted at the eve of the last millennium, but 
rather it has piled triumph upon roaring triumph in our conquest of disease. 
And hardly any other area of CT imaging has seen more dramatic evolution, 
more spectacular victories, or more profound disruption than the evaluation 
of the cardiothoracic system. The scourges of the past were utterly and effec-
tively vanquished: Pulmonary embolism has found its match, eradicating the 
diagnostic uncertainties from days past. Heart disease is increasingly tackled 
by the new, imposing kid on the block – cardiac CT. Doubts over the effec-
tiveness of CT lung cancer screening have all but disappeared and this test is 
shaping up as a powerful weapon in our war on cancer. And the list goes on… 

 Our exploits can in part be ascribed to the ingenuity, curiosity, and zeal of 
the radiological community in the pursuit of ever more refi ned strategies to 
better the fate of our patients. But our intellect and our passion alone would 
have stood little chance to overcome our formidable adversaries. To our aid 
came the brilliance of engineers, thinkers, technical innovators, who gave us 
the means, gave us the tools, the very instruments of success. Zooming 
through the chest in a split second, freezing the heart’s motion, obtaining tis-
sue signatures of organs healthy and diseased, smoking out pathology with 
micrometer precision – what a feat! 

 As with the fi rst edition, we were able to assemble a stellar team of global 
experts, fabled bards to sing the stories of our exploits, to chronicle our jour-
ney, and to take tally of the spoils of war on human ailment. Again, the result 
of our collective musing has become a shining testimony to the prowess of 
our profession and a refl ection of our ever increasing abilities in medicine. 
Our deep gratitude goes out to our many friends who dedicated their precious 
time and their genius to the success of this work. We thank the editorial team 
at Springer, who again so expertly steered the publication of this new edition. 
Lastly, we salute our patients, who are the reason for it all. 

 Charleston, South Carolina, USA U. Joseph Schoepf 
 Munich, Germany Felix G. Meinel 
 March 2016   
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     CT Technology for Imaging 
the Thorax: State of the Art                      

     Thomas   G.     Flohr      and     Bernhard     Schmidt   

    Abstract  

  We review the basics of CT system design, scan, and image reconstruction 
techniques, as well as scan protocols for imaging of the thorax with multi-
detector row CT (MDCT) systems. In addition, we discuss CT systems with 
wide area detectors and dual-source CT (DSCT).  We briefl y describe differ-
ent techniques to reduce the radiation dose in thoracic CT, and we discuss dual 
energy CT acquisition techniques which have the potential to provide com-
bined functional and morphological information, e.g., to depict local perfu-
sion defi cits in the lung parenchyma in patients with pulmonary embolism.   

1      Introduction 

 The advent of spiral computed tomography (CT) 
in 1990 and the broad introduction of multi- 
detector row computed tomography (MDCT) in 
1998 were signifi cant steps in the ongoing refi ne-
ment of CT-imaging techniques of the thorax. 

 With the fi rst generation of 4-slice CT sys-
tems, high-resolution imaging of the entire thorax 
within one breath-hold of the patient became fea-
sible, and CT was quickly recognized as the gold 
standard for the diagnosis of pulmonary embo-
lism up to the level of sub-segmental arteries 
(Schoepf et al.  2002 ; Remy-Jardin et al.  2002 ). 

ECG-synchronized data acquisition (Ohnesorge 
et al.  2000 ), which proved to be suffi cient for ade-
quate visualization of the coronary arteries at low 
to moderate heart rates (Achenbach et al.  2000 ; 
Becker et al.  2000 ; Knez et al.  2001 ; Nieman 
et al.  2001 ), could unfortunately not be extended 
to the entire thorax because of slow scan speed. 

 The generation of 16-slice MDCT systems 
(Flohr et al.  2002a ,  b ) provided simultaneous 
acquisition of 16 submillimeter slices and faster 
gantry rotation with rotation times down to 
0.375 s. CT scans of the entire thorax with sub-
millimeter spatial resolution were now possible in 
about 10 s. As a consequence, central and periph-
eral pulmonary embolism could be reliably and 
accurately diagnosed even in dyspneic patients 
with limited ability to cooperate (Remy- Jardin 
et al.  2002 ; Schoepf et al.  2003 ). The combined 
assessment of pulmonary embolism and deep 
venous thrombosis, fi rst demonstrated in 2001 
(Schoepf et al.  2001 ), entered clinical routine. 
The faster scan speed of ECG-gated cardiac scan-
ning with 16 slices enabled motion-free visualiza-

        T.  G.   Flohr      (*) 
  Siemens Healthcare GmbH, Computed Tomography, 
CT Concepts Department ,   Forchheim ,  Germany    

  Department of Interventional Radiology , 
 Eberhard-Karls-University ,   Tübingen ,  Germany   
 e-mail: thomas.fl ohr@siemens.com   

    B.   Schmidt    
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tion of the lung and the cardiothoracic vessels as 
well as cardiac functional evaluation in one scan, 
even though detailed visualization of the coro-
nary arteries was still limited (Coche et al.  2005 ). 

 Sixty-four-slice CT systems, available since 
2004, enabled CT imaging of the thorax with isotro-
pic submillimeter spatial resolution in less than 5 s 
scan time. This facilitated the examination of unco-
operative patients and emergency patients, e.g., 
with suspicion of acute pulmonary embolism. The 
improved temporal resolution due to gantry rotation 
times down to 0.33 s increased the clinical robust-
ness of ECG-gated scanning at higher heart rates, 
even though most authors still proposed the admin-
istration of beta-blockers (Leber et al.  2005 ; Raff 
et al.  2005 ). Sixty-four- slice CT scanners enabled 
comprehensive diagnosis of morphology and car-
diac function within one integrated CT examina-
tion, including high- resolution imaging of the 
coronary arteries (Salem et al.  2006 ; Bruzzi et al. 
 2006a ,  b ; Delhaye et al.  2007 ). ECG-gated 64-slice 
CT was also used for rapid triage of patients with 
acute chest pain in the emergency room and for 
diagnosis of pulmonary embolism, aortic dissection 
or aneurysm, or signifi cant coronary artery disease 
in one scan. This application is often referred to as 
“triple rule out” (Schoepf  2007 ; Johnson et al. 
 2007a ). As a downside, ECG-gated MDCT scan-
ning of the entire thorax can result in considerable 
radiation exposure, which is of particular concern in 
patients with low likelihood of disease. 

 Even with 64-slice CT, motion artifacts 
remained an important challenge for cardiotho-
racic imaging. In 2005, a dual-source CT (DSCT) 
system, i.e., a CT system with two x-ray tubes and 
two corresponding detectors offset by 90°, was 
introduced (Flohr et al.  2006 ). It provided 
improved temporal resolution of 83 ms indepen-
dent 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 (Johnson et al.  2007b ). The introduction 
of dual-energy scanning with DSCT enabled tis-
sue characterization and provided combined func-
tional and morphological information, e.g., to 
depict local perfusion defi cits in the lung paren-
chyma in patients with pulmonary embolism 
(Pontana et al.  2008 ; Thieme et al.  2008 ). 

 The second and third generations (introduced in 
2009 and 2013, respectively) of DSCT systems 
offer high-pitch scan modes which enable 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 (Lell et al.  2009 ; Tacelli et al. 
 2010 ). These scan modes are potentially advanta-
geous for evaluating the lung parenchyma and vas-
cular structures in patients who have diffi culty 
complying with breath-holding instructions (Schulz 
et al.  2012 ). High-pitch scan modes have been used 
for fast CTA scans of the aorta (Beeres et al.  2012 ). 
Combined with ECG triggering, they provide ade-
quate visualization of the coronary arteries, the 
aorta, and the iliac arteries in one scan at low radia-
tion dose, which is benefi cial in the planning of 
transcatheter aortic valve replacement (TAVR) pro-
cedures (Wuest et al.  2012 ; Plank et al.  2012 ). 

 Since 2009, iterative reconstruction techniques 
have been used to signifi cantly reduce the radia-
tion dose in CT examinations of the thorax (e.g., 
Prakash et al.  2010 ; Leipsic et al.  2010 ; Pontana 
et al.  2011a ,  b ,  2015 ; Singh et al.  2011 ; Baumueller 
et al.  2012 ). With the latest generation of iterative 
reconstruction and dedicated pre- fi ltration of the 
x-ray beam, radiation dose values of 0.1 mSv and 
less have been reported for non- enhanced CT 
scans of the thorax (Newell et al.  2015 ). 

 Yet another challenge for CT is the visualiza-
tion of dynamic processes in extended anatomical 
ranges, e.g., to characterize the infl ow and outfl ow 
of contrast agent in the arterial and venous systems 
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 the introduction of area detectors 
large enough to cover organs such as the heart, the 
kidneys, or the brain in one axial scan. Meanwhile, 
two vendors have introduced CT scanners with 
16 cm detector coverage at isocenter, providing 
320 × 0.5 mm collimation at 0.27 s rotation time or 
256 × 0.625 mm collimation at 0.28 s rotation 
time. These scanners have the potential to acquire 
dynamic volume data by repeatedly scanning the 
same anatomical range without table movement 
(e.g., Ohno et al.  2011 ; Willems et al.  2012 ; 
Motosugi et al.  2012 ). An alternative to provide 
time- resolved CT data of larger anatomical vol-
umes is a periodic shuttle movement of the patient 
table while scan data are acquired (e.g., Goetti 
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et al.  2012 ; Morhard et al.  2010 ; Sommer et al. 
 2010 ,  2012 ). This technique is realized in several 
CT systems with smaller detector  z -coverage. 

 Overall, the greatest challenge of evolving CT 
technology is the explosion of information now 
available to physicians. Standardizing the display 
of post-processed images will be increasingly 
important to preserve effi cient workfl ow and 
optimum patient care.  

2     CT System Technology 

2.1     Multi-Detector Row CT 
(MDCT) 

 In this section, we review the basics of CT system 
design, scan, and image reconstruction techniques, 
as well as scan protocols for imaging of the thorax 
with multi-detector row CT (MDCT) systems. In 
our terminology, these are CT systems with 2–128 
detector rows and a detector  z -coverage of up to 
8 cm at isocenter. CT systems with wider detectors 
(e.g., 320 × 0.5 mm or 256 × 0.625 mm, both cov-
ering 16 cm) and dual- source CT (DSCT) systems 
will be discussed in a separate section because of 
their different clinical protocols. 

2.1.1     MDCT System Design 
 The basic system components of a modern MDCT 
system are shown in Fig.  1 . Today, the third-gen-
eration fan-beam CT design is used by all manu-
facturers, characterized by an x-ray tube and an 
opposing detector which are mounted on a rotat-
ing gantry ring. The detector is a two- dimensional 
array, consisting of 2–128 rows aligned in the 
 z -axis direction (the  z -axis is the patient’s longitu-
dinal axis) with 700 and more detector elements 
in each row. The fan angle of the detector is wide 
enough (approximately 45–55°) to cover a whole-
body scan fi eld of view (SFOV) of usually 50 cm 
in diameter. In a CT scan, the detector array mea-
sures the x-ray attenuation profi le of the patient at 
about 1000–2000 different angular positions dur-
ing a 360° rotation. All measurement values 
acquired at the same angular position of the mea-
surement system are called a “projection” or 
“view.” Slip-ring designs which pass the electri-
cal signals across sliding contacts allow for con-
tinuous rotation of the measurement system.

   State-of-the art x-ray tubes are powered by 
onboard generators and provide peak powers of 
60–120 kW at different user-selectable voltages 
ranging from 80 to 140 kV. Recently, the available 
voltage range was extended to enable new clinical 
applications, and other tube voltages such as 
70 kV became available. Scanning at low tube 
voltage is favorable for dose-effi cient pediatric 
CT (Niemann et al.  2014 ; Durand and Paul  2014 ). 
In addition, contrast-enhanced examinations can 
be performed at reduced radiation dose and poten-
tially reduced amount of contrast agent, because 
the x-ray attenuation of iodine signifi cantly 
increases at lower kV (Meyer et al.  2014 ). This 
technique will be described in detail in Sect.  3.1 . 

 All modern MDCT systems use solid-state 
scintillation detectors. The x-rays hit a radiation- 
sensitive crystal or ceramic (such as gadolinium 
oxide, gadolinium oxysulfi de, or garnets) with 
suitable doping. They are absorbed, and their 
energy is converted into visible light which is 
detected by a Si photodiode attached to the back-
side of the detector. The resulting electrical cur-
rent is amplifi ed and converted into a digital 
signal. 

 Key requirements for a detector material are 
good detection effi ciency, i e., high atomic num-
ber, and very short afterglow time to enable fast 

x-ray tube

Collimator

High voltage generator
Control
systems

Detector with electronics

  Fig. 1    Basic system components of a modern MDCT 
system. The x-ray fan beam is indicated in red; it covers a 
SFOV of typically 50 cm in diameter. The data measure-
ment system consists of detector and detector electronics       
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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 dom-
inated by quantum noise. Electronic noise 
signifi cantly contributes to the image noise when 
bigger patients are scanned or in examinations at 
low radiation dose, e.g., in low-dose thorax scans. 
In addition, electronic noise degrades image 
quality and the stability of CT values. Recently, a 
detector with integrated electronics was commer-
cially introduced (STELLAR, Siemens 
Healthcare, Forchheim, Germany), with the goal 
to reduce electronic noise and detector cross talk. 
In this design, photodiodes and analog-to-digital 

converters are combined and directly attached to 
the ceramic scintillators, without the need of 
noise-sensitive analog connection cables (see 
Fig.  2 ). In a recent study, image noise reduction 
by up to 40 % for a 30 cm phantom correspond-
ing to an average abdomen was demonstrated 
with the use of a detector with integrated elec-
tronics at 80 kV (Duan et al.  2013 ). According to 
the authors, this noise reduction translated into 
up to 50 % in dose reduction to achieve equiva-
lent image noise.

   A CT scanner must provide different slice 
widths to adapt scan speed and through-plane 
( z -axis) resolution to the clinical requirements of 
different scan protocols. In MDCT, detectors 
with a larger number of detector rows than 
fi nally read-out slices are used to provide slices 

  Fig. 2     Top : Principle of an integrated CT detector com-
pared to a conventional CT detector. The Si tile is shown 
without the scintillation ceramics. Integrated detectors do 
not use distributed electronics with analog connections. As 

a consequence, electronic noise and cross talk are reduced. 
 Bottom : Image quality improvement in a 40 cm phantom 
with an integrated detector ( right ) as compared to a con-
ventional detector ( left ). Scan parameters: 80 kV, 100 mAs       
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at different collimated slice widths. The total 
beam width in the  z -direction is adjusted by pre-
patient collimation, and the signals of every two 
(or more) detectors along the  z -axis are electron-
ically combined to thicker slices. 

 The detector of a 16-slice CT (Siemens 
SOMATOM Emotion 16) as an example com-
prises 16 central rows, each with 0.6 mm colli-
mated slice width, and four 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.  3 ). By adjusting the x-ray beam 
width such that only the central detector rows are 
illuminated, the system provides 16 collimated 
0.6 mm slices (Fig.  3 , top). By illuminating the 
entire detector, reading out all rows, and electron-
ically combining the signals of every two central 
rows, the system provides 16 collimated 1.2 mm 
slices (Fig.  3 , bottom). The 16-slice detectors of 
other manufacturers are similarly designed, with 
slightly different collimated slice widths (0.5, 
0.6, or 0.625 mm, depending on the 
manufacturer).

   MDCT detectors with 64 detector rows pro-
vide 64 collimated 0.5, 0.6, or 0.625 mm slices. 
They allow acquisition of 32 collimated 1.0, 1.2, 

or 1.25 mm slices by electronic combination of 
every two detector rows. One CT system has a 
detector with 128 collimated 0.625 mm slices 
(total  z -width 8 cm at isocenter). The widest 
commercially available CT detectors cover 16 cm 
at isocenter; they acquire 320 collimated 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 recon-
struction of images with different slice widths 
from the same raw data – typically, the scan data 
are acquired at submillimeter collimation (e.g., 
64 × 0.6 mm, or 64 × 0.625 mm), and different 
sets of image data are reconstructed with differ-
ent target slice widths according to the clinical 
needs (e.g., 3 or 5 mm for initial viewing and 
additional submillimeter slices or 1 mm slices for 
post-processing). 

 Some CT systems double the number of simul-
taneously acquired slices by using special “conju-
gate” interpolation schemes during image 
reconstruction or by means of a  z -fl ying focal spot 
(Flohr et al.  2004 ,  2005 ). The focal spot in the 
x-ray tube is periodically moved between two 
 z -positions on the anode plate by electromagnetic 
defl ection. As a consequence, the measurement 
rays of two readings are shifted by half a colli-
mated slice width at isocenter and can be inter-
leaved to one projection with double the number 
of slices, but half the  z -sampling distance (Fig.  4 ). 
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 -fl ying focal spot provides improved 
data sampling in the  z -direction for better 
through-plane resolution and reduced spiral 
windmill artifacts (see Fig.  5 ).

2.1.2        MDCT Scan and Image 
Reconstruction Techniques 

 With the advent of MDCT, axial “step-and-shoot” 
scanning has remained in use for only few clini-
cal applications, such as ECG-triggered cardiac 
scans at low radiation dose. For the vast majority 
of all MDCT examinations, spiral (helical) scan-
ning is the method of choice. 

  Fig. 3    Example of a 16-slice detector, which consists of 
24 detector rows and provides either 16 collimated 0.6 mm 
slices ( top ) or – by combination of the signals of every two 
central rows – 16 collimated 1.2 mm slices ( bottom )       
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 An important parameter to characterize a spi-
ral scan is the pitch  p . It is given by  p  = tablefeed 
per rotation/total  z -width of the collimated beam 
at isocenter 

 This defi nition applies to single-slice CT as 
well as to MDCT. It indicates whether scan data 
are acquired with gaps ( p  > 1) or with overlap 
( p  < 1) in the through-plane direction. If the x-ray 
tube current is left unchanged, radiation dose 
increases with decreasing pitch due to the over-
lapping radiation. Some CT scanners (e.g., 
Siemens MDCT systems) compensate for this 
increase by automatically lowering the tube cur-

rent with decreasing pitch such that a constant; 
pitch-independent “reference mAs” and radiation 
dose are applied. 

 Many technical challenges of MDCT image 
reconstruction, such as the complicated  z - 
sampling patterns or the cone-angle problem, 
have been addressed in the past 15 years. In two- 
dimensional image reconstruction approaches 
used for single-slice CT, all measurement rays 
are perpendicular to the  z -axis. In MDCT sys-
tems, however, the measurement rays are tilted 
by the so-called cone angle with respect to a 
plane perpendicular to the  z -axis. The wider the 

Reading 1
Reading 2

2

anode

Focal spot position 1

X-rays

AnodeHousing

Cathode

Electron beam

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

Detector

Through-plane direction

(z-direction)

  Fig. 4    Principle of a  z -fl ying focal spot. Consecutive 
readings are shifted by half a collimated slice width (at 
isocenter) by means of a periodic motion of the focal spot 

on the anode plate. Every two readings are interleaved to 
one projection with double the number of slices and half 
the  z -sampling distance       

  Fig. 5    Reduction of spiral windmill artifacts in a 64-slice CT scan ( left ) with the  z -fl ying focal spot technique ( right, 
white arrow ). The distance of the sternum from the isocenter is about 12 cm       
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detector is in the  z -direction, i.e., the more detec-
tor rows it has, the larger is the cone angle of the 
outer detector rows (Fig.  6 ).

   For CT systems with up to eight simultane-
ously acquired slices, cone-beam artifacts stay at 
a clinically acceptable level if the cone angle of 
the measurement rays is simply neglected in the 
image reconstruction algorithms. The rays are 
then treated as if they were perpendicular to the 
 z -axis. For CT systems with more than eight 
slices, the cone angle has to be taken into account 
at least approximately. Pertinent reconstruction 
methods considering the cone-beam geometry 
are nutating slice algorithms (e.g., Flohr et al. 
 2003 ) and 3D-fi ltered back projection 
(Stierstorfer et al.  2004 ). Nowadays, 3D-fi ltered 
back projection is the reconstruction method of 
choice for most MDCT systems (Grass et al. 
 2000 ; Hein et al.  2003 ; Stierstorfer et al.  2004 ). 
3D-fi ltered back projection is a natural extension 
of the 2D-fi ltered back projection used in single- 
slice CT reconstruction: the measurement rays 
are back projected into a 3D volume along the 
lines of measurement, in this way accounting for 
their cone-beam geometry. 3D-fi ltered back pro-
jection, even though it is an approximate algo-
rithm, can signifi cantly reduce cone-beam 
artifacts. In most MDCT scanners, 3D-fi ltered 
back projection is enhanced by  z -fi ltering tech-
niques which enable the reconstruction of images 

with different slice widths from the same CT raw 
data. The user can then trade off  z -axis resolution 
with image noise.  

2.1.3     Scan Protocols for MDCT 
Imaging of the Thorax 

 CT imaging of the thorax benefi ts from MDCT 
technology in several ways:

•     Shorter scan time . Examination times for 
standard protocols can be signifi cantly 
reduced. With modern MDCT systems, the 
entire thorax can be scanned at submillimeter 
isotropic resolution in less than 5 s. CT angio-
graphic examinations benefi t from these short 
scan times, because a compact contrast bolus 
may be used.  

•    Extended scan range . Larger scan ranges can 
be examined within one breath-hold time of 
the patient. This is relevant for CT angiogra-
phy with extended coverage and for oncologi-
cal staging. The chest and abdomen, as an 
example, can be examined in one scan with 
one contrast bolus.  

•    Improved through-plane resolution . The most 
important clinical benefi t is the ability to scan 
a region of interest, e.g., the chest, within a 
breath-hold time of the patient with substan-
tially thinner slices than in single-slice 
CT. The signifi cantly improved through-plane 
resolution is benefi cial for all reconstructions, 
in particular when 3D post-processing is part 
of the clinical protocol.    

 In clinical practice, most scan protocols bene-
fi t from a combination of these advantages. The 
close-to or true isotropic spatial resolution in rou-
tine examinations – depending on the number of 
detector rows – enables 3D renderings of diag-
nostic quality and oblique multiplanar reforma-
tions (MPRs) with a resolution comparable to the 
axial images. The wide availability of MDCT 
systems has transformed CT from a modality 
acquiring cross-sectional slices of the patient to a 
volume imaging modality. In many scan proto-
cols, the use of narrow collimation is recom-
mended independently of what slice width is 
desired for primary viewing. In practice, different 

Detector

Cone angle φ

x-ray tube

  Fig. 6    Geometry of a MDCT scanner demonstrating the 
cone-angle problem: in the patient’s longitudinal direction 
( z -direction), the measurement rays are tilted by the so- 
called cone-angle ϕ with respect to a plane perpendicular 
to the  z -axis       
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slice widths are commonly reconstructed by 
default: thick slices for PACS archiving and pri-
mary viewing and thin slices for 3D post- 
processing and evaluation. 

 MDCT imaging of the thorax also greatly ben-
efi ts from the shorter gantry rotation times of mod-
ern MDCT scanners and the reduced acquisition 
times per image. The better the temporal resolu-
tion of the images, the less pronounced are motion 
artifacts in CT images of the thorax, which typi-
cally appear as double contours or blurring of tho-
racic structures close to the heart. The best possible 
temporal resolution in a single- source CT scan is 
half the rotation time of the respective scanner, 
because half a rotation of scan data is the mini-
mum needed for image reconstruction close to the 
isocenter. CT scanners used for thoracic imaging 
should therefore enable short gantry rotation 
times – at the moment, rotation times of 0.25–0.3 s 
result in a best possible temporal resolution of 
125–150 ms. A further signifi cant improvement of 
the temporal resolution to values below 100 ms 
can be achieved with dual-source CT systems (see 
Fig.  7 ) (Adapted from Hutt et al.  2016 ).

   It is interesting to note that the temporal resolu-
tion in a spiral scan, which is the basic scan mode 
for MDCT scanning of the thorax, depends on the 
pitch of the scan: the higher the pitch, the better the 
temporal resolution. At a pitch of 1, a full rotation 
of scan data typically contributes to an image. 
Temporal resolution is therefore not better than the 
gantry rotation time. The higher the pitch, the less 
data contribute to image reconstruction, and the 
temporal resolution approaches half the gantry 
rotation time. On the other hand, even lower pitch 
will lead to even worse temporal resolution: at a 
pitch of 0.5, almost two rotations of scan data con-
tribute to an image. Therefore, to reduce motion 
artifacts, it is mandatory to perform MDCT exami-
nations of the thorax at fast gantry rotation and 
high pitch >1. Another option, in particular when 
the heart and the coronary arteries are also targeted 
in the planned examination, is the use of ECG-
gated scan protocols. As a downside, these proto-
cols result in longer scan times and increased 
radiation dose to the patient. ECG-triggered high-
pitch scan protocols are a potential way out of this 
dilemma – they will be discussed in Sect.  2.3 .   

  Fig. 7    Lung image acquired with a dual-source CT and 
reconstructed at a temporal resolution of 140 ms ( left ) and 
75 ms ( right ). Note the double contour of the left ventricu-

lar wall due to cardiac motion ( fi ne arrows ) and the blurry 
appearance of the bronchi ( arrows ) in the image at 140 ms 
temporal resolution (Modifi ed from (Hutt et al.  2016 ))       
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2.2     CT Systems with Area 
Detector 

 An area detector is a CT detector wide enough in 
the through-plane ( z -axis) direction to cover 
entire organs, such as the heart, the kidneys, or 
the brain, in one axial scan without table move-
ment. Two commercially available CT systems 
provide 16 cm detector coverage at isocenter, 
either with a collimation of 320 × 0.5 mm and 
0.27 s rotation time (Aquilion ONE, Toshiba 
Medical Systems, Japan) or with 256 × 0.625 mm 
and 0.28 s rotation time (Revolution, GE 
Healthcare, USA). The SFOV is cone shaped in 
the  z -axis direction (see Fig.  8 ).

   CT scanners with area detectors are opti-
mized for axial scanning without table move-
ment – this scan technique has benefi ts in 
ECG-controlled cardiac imaging and in the 
acquisition of dynamic CT data, e.g., of the 
brain. Larger scan volumes in the  z -direction, 
e.g., the entire thorax, have to be covered by 
“stitching,” i.e., by appending axial scans shifted 
in the  z -direction. With increasing SFOV, more 
overlap in the  z -direction is required for gapless 
volume coverage. Another option is standard 
spiral scanning. Then, however, only a smaller 
detector coverage of, e.g., 80 mm is typically 
available because of image reconstruction chal-
lenges, and the maximum table feed is limited 
to, e.g., 300 mm/s. 

 In ECG-controlled cardiac CT imaging, an 
image stack with an anatomical coverage corre-
sponding to the detector  z -width is acquired in 
each heartbeat. Typical MDCT detectors provide 
a  z -coverage of 40 mm (and recently up to 
80 mm) at isocenter, so two to four of these image 
stacks acquired in two to four consecutive 
 heartbeats have to be put together to a volume 
image of the heart (Flohr et al.  2007 ). These 
image stacks can be blurred or shifted relative to 
each other as a consequence of insuffi cient tem-
poral resolution or variations of the heart motion 
from one cardiac cycle to the next, resulting in 
stair- step or banding artifacts. CT systems with 
16 cm detector coverage avoid these artifacts, 
because they can scan the entire heart in one axial 
scan without table movement (Rybicki et al. 
 2008 ). As a downside, all images will be affected 
in case of arrhythmia or ectopic beats during data 
acquisition. Another challenge of larger detectors 
is increased x-ray scatter. Scattered radiation may 
cause hypodense cupping or streaking artifacts, 
and the scatter-induced noise may reduce the 
contrast-to noise-ratio (CNR) in the images 
(Flohr et al.  2009a ). Meanwhile, successful use 
of CT systems with 16 cm detector coverage for 
coronary CTA and other cardiac applications has 
been demonstrated (Rybicki et al.  2008 ; Steigner 
et al.  2009 ; Dewey et al.  2009 ). The application 
spectrum has been extended to, e.g., scanning of 
patients with atrial fi brillation (Kondo et al.  2013 ) 

  Fig. 8    Schematic 
illustration of axial CT 
scanning with a CT 
system with an area 
detector wide enough 
to cover entire organs 
such as the heart. Two 
commercially available 
CT systems provide 
16 cm  z -coverage at 
isocenter       
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and coronary CTA combined with the fi rst-pass 
perfusion evaluation (George et al.  2015 ; Sharma 
et al.  2015 ). The second generation of 320-row 
CT scanners has been shown to enable coronary 
CTA at reduced radiation dose compared to the 
fi rst generation (Tomizawa et al.  2013 ; Chen 
et al.  2013 ). 

 As a second benefi t, CT systems with area 
detectors can acquire dynamic volume data by 
repeatedly scanning the same anatomical range 
without table movement. This is useful in dynamic 
CT angiographic examinations, e.g., in patients 
with brain arteriovenous malformations (Willems 
et al.  2012 ) or in volume perfusion studies, e.g., of 
the brain (Manniesing et al.  2016 ). In the context 
of thoracic scanning, 320-detector row fi rst-pass 
perfusion scanning has been used to differentiate 
between malignant and benign pulmonary nod-
ules (Ohno et al.  2011 ). 

 In triple-rule-out acute chest pain evaluation, 
the use of the sequential wide-volume mode 
proved to be more dose effi cient than standard 
spiral scanning (Kang et al.  2012 ).  

2.3      Dual-Source CT 

 A dual-source CT (DSCT) is a CT system with 
two x-ray tubes and two detectors at an angle of 
about 90° (see Fig.  9 ). Both measurement systems 
acquire CT scan data simultaneously at the same 
anatomical level of the patient (same  z -position).

   The fi rst generation of DSCT scanners with 
2 × 64 slices and 0.33 s gantry rotation time was 
introduced in 2006 (Somatom Defi nition, 
Siemens Healthcare, Forchheim, Germany), the 
second generation with 2 × 128 slices and 0.28 s 
gantry rotation time in 2009 (Somatom Defi nition 
Flash, Siemens Healthcare, Forchheim, 
Germany), and the third generation with 2 × 192 
slices and 0.25 s gantry rotation time in 2014 
(Somatom Defi nition Force, Siemens Healthcare, 
Forchheim, Germany). 

 DSCT systems provide signifi cantly improved 
temporal resolution for cardiothoracic imaging. 
The shortest data acquisition time for an image 
corresponds to a quarter of the gantry rotation 
time. Close to the isocenter, 180° of scan data is 

the minimum needed for image reconstruction. 
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° seg-
ments at the same anatomical level are put 
together to the 180° scan. Using this technique, a 
temporal resolution of 83, 75, and 66 ms, respec-
tively, is achieved for the three generations of 
DSCT systems. With the dual-source approach, 
temporal resolution is independent of the patient’s 
heart rate, because data from one cardiac cycle 
only are used to reconstruct an image. This is a 
major difference to single-source MDCT sys-
tems, which can provide similar temporal resolu-
tion 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 reli-
ably perform coronary CT angiographic studies 
in patients with high and even irregular heart 
rates (e.g., Sun et al.  2011 ; Lee et al.  2012 ; Paul 
et al.  2013 ). DSCT is suffi ciently accurate to 
diagnose clinically signifi cant coronary artery 
disease in some or all diffi cult to image patients 
(Westwood et al.  2013 ). The good temporal reso-
lution is also benefi cial to reduce motion artifacts 
in cardiothoracic studies (e.g., Hutt et al.  2016 ). 

  Fig. 9    DSCT with two independent measurement sys-
tems. The image shows the fi rst-generation DSCT with an 
angle of 90° between both measurement systems. To 
increase the SFOV of detector B, a larger system angle of 
95° was chosen for the second and third generations       
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