MEDICAL RADIOLOGY

Diagnostic Imaging

Editors:

A.L. Baert, Leuven

M. Knauth, Géttingen
K. Sartor, Heidelberg



M.E Reiser - C.R. Becker - K. Nikolaou
G. Glazer (Eds.)

Multislice CT

3rd Revised Edition

With Contributions by

H. Alkadhi - G. Antoch - A. Ba-Ssalamah - A. Baur-Melnyk - C.R. Becker - C. Behrmann
T.A. Bley - D. Bockler - J. Boese - G. Brix - T. Brunner - A. Dirisamer - A. Dorfler

B. Ertl-Wagner - D. Fleischmann - T. Flohr - G. Glazer - A. Graser - J. Griebel

M. Hacker - P. Hallscheidt - C. Hassan - B. Heigl - C.J. Herold - C.P. Heuf3el
C.Hoeschen - M.H.K. Hoffmann - R.-T. Hoffmann - M. Hoheisel - F. Iafrate - L. Jager
T.F. Jakobs - T.R.C. Johnson - W.A. Kalender - H.-U. Kauczor

K. Klingenbeck-Regn - C. Kélblinger - M. Korner - S. Kosling - A. Laghi - G. Lauritsch
A.Lembcke - J. Ley-Zaporozhan - U. Linsenmaier - J. Lutz - M. Macari - D. Maintz

O. Meissner - D. Morhard - U.G. Mueller-Lisse - C. Mueller-Mang - M. Nagel

E.A. Nekolla - K. Neumann - K. Nikolaou - M. Owsijewitsch - M. Pfister - C. Plank

G. Popperl - D. Regulla - M. F. Reiser - G. Richter - H. Ringl - P. Rogalla

E.-P. Rithrnschopf - U. Saueressig - W. Schima - H. Schlattl - B. Scholz - B. Schreiber
H. Seifarth - B. Sommer - W.H. Sommer - M. Spahn - P. Stolzmann - N. Strobel

H. von Tengg-Kobligk - D. Theisen - C.G. Trumm - S. Ulzheimer - T.F. Weber

J.-E. Wildberger - M. Wintermark - B.].Wintersperger - M. Zankl - C.]. Zech

M. Zellerhoft

@ Springer




MaxiMILIAN F. REISER, MD, Professor
CHRrisTOoPH R. BECKER, MD
KonNsTANTIN NIKOLAOU, MD

Institute of Clinical Radiology
Ludwig-Maximilians University

Munich University Hospital
Marchioninistrasse 15

81377 Munich

Germany

GARY GLAZER, MD, Professor
Department of Radiology

Stanford University, School of Medicine
Room P-263

1201 Welch Road

Palo Alto, CA 94304

USA

MEebicAL RapioLoGy - Diagnostic Imaging and Radiation Oncology

Series Editors:

A L.Baert - L.W. Brady - H.-P. Heilmann - M. Knauth - M. Molls - C. Nieder - K. Sartor

Continuation of Handbuch der medizinischen Radiologie

Encyclopedia of Medical Radiology

ISBN 978-3-540-33124-7 e-ISBN 978-3-540-33125-4

DOI10.1007/978-3-540-33125-4
Library of Congress Control Number: 2008926739

© 2009 Springer-Verlag Berlin Heidelberg

This work is subject to copyright. All rights are reserved, wether the whole or part of the material is concerned, specifically
the rights of translation, reprinting, reuse of illustrations, recitation, broad-casting, reproduction on microfilm or any other
way, and storage in data banks. Duplication of this publication or parts thereof is permitted only under the provisions of the
German Copyright Law of September 9, 1965, in it current version, and permission for use must always be obtained from
Springer. Violations are liable to prosecution under the German Copyright Law.

The use of general descriptive names, registed names, trademarks etc. in this publication does not imply, even in the absence
of a specific statement, that such names are exempt from the relevant protective laws and regulations and therefore free for

general use.

Product liability: the publishers cannot guarantee the accuracy of any information about dosage and application contained
in this book. In every individual case the user must check such information by consulting the relevant literature.

Cover design: Verlagsservice Teichmann, Mauer, Germany

Production, reproduction and typesetting: le-tex publishing services oHG, Leipzig, Germany

Printed on acid-free paper
987654321

springer.com




Foreword

It is a great pleasure to introduce this third, completely revised and updated edition of the suc-
cessful volume on multislice CT, which was first published in 2002.

It is amazing to observe the continuing rapid technological development in multislice CT
and its new clinical applications. This volume again offers a comprehensive overview of all recent
new experimental and clinical research in this field, but it also includes new chapters on dynamic
volume CT with 320 detector rows and on flat detector CT. Numerous new and excellent illustra-
tions help to push this book into an even higher scientific orbit.

I am again deeply indebted to the editors, M.F. Reiser, C.R. Becker, K. Nikolaou, and G. Glazer,
for their high level of dedication and efforts to edit this 3rd volume in such a short time period
in order to include all the latest advances in multislice CT. I also congratulate the editors and the
contributing authors, all internationally well-known CT experts, on the in-depth coverage of the
individual chapters.

This volume is a must for certified radiologists to update their knowledge and a source of ba-
sic information on CT for radiologists in training. Referring medical and surgical specialists will
find it very useful for the daily clinical management of their patients.

Leuven ALBERT L. BAERT
Series Editor




Preface

Multi-detector row technology has become an established CT imaging modality worldwide.
Nowadays, clinical applications such as multi-detector row CT angiography, and in particular
cardiac CT, assume greater importance in daily routine. Furthermore, the scope of multi-detector
row CT applications has expanded and requires different investigation strategies.

To exploit the full potential of multi-detector row CT, a fundamental knowledge of the tech-
nique and optimal investigation strategies in terms of patient preparation, contrast medium
administration, and image interpretation is mandatory. The new generation of CT scanners, in
particular dual-source CT, provides new opportunities and challenges by expanding the clinical
applications.

The 5th International Symposium on Multi-Detector Row CT has brought together a variety
of CT specialists with individual areas of expertise. This conference had a mission to educate the
participants in multi-detector row CT skills rather than simply presenting the recent develop-
ments in technology and research. With about 1,000 attendees, this conference was a tremendous
success and gained wide attention all over the world.

This volume has not been designed primarily as a reference book on multi-detector row CT.
The idea of this book was rather to provide fundamental knowledge combined with an update
on the latest CT scanner technology in challenging clinical areas. The book therefore supports
the mission of the conference perfectly, with its profound discussion of different applications and
investigation strategies.

We are grateful to Prof. Albert Baert for stimulating us to edit again this volume of the “Medi-
cal Radiology” series. The publisher, Springer-Verlag, enthusiastically supported the idea and
provided us with invaluable assistance. We hope this book will be valuable to all those interested
in multi-detector row CT.

Munich MAXIMILIAN E REISER
Munich CHRISTOPH R. BECKER
Munich KONSTANTIN NIKOLAOU

Stanford GARY GLAZER




Contents

Technique

1  Multislice CT: Current Technology and Future Developments .........
STEFAN ULZHEIMER and THoMAS FLOHR

2 Dynamic Volume CT with 320-Detector Rows:
Technology and Clinical Applications .................................
PATRIK ROGALLA

3 3D Imaging with Flat-Detector C-Arm Systems .......................
NORBERT STROBEL, OLIVER MEISSNER, JAN BOESE, THOMAS BRUNNER,
BeNnNO HEIGL, MARTIN HOHEISEL, GUNTER LAURITSCH, MARKUS NAGEL,
MARcCUS PFISTER, ERNST-PETER RUHRNSCHOPF, BERNHARD SCHOLZ,
BERND SCHREIBER, MARTIN SPAHN, MICHAEL ZELLERHOFF
and KLaus KLINGENBECK-REGN

4  Radiation Exposure and Protection in Multislice CT ..................
CHRISTOPH HOESCHEN, DIETER REGULLA, MARIA ZANKL,
HeELMUT SCHLATTL and GUNNAR BRIx

5 Dual-Energy CT-Technical Background ...............................
THORSTEN R.C. JOHNSON

6 Radiation Dose in Multislice Cardiac CT .............. ...,
ULRrICH SAUERESSIG and THORSTEN A. BLEY

7  Radiation Risks Associated with CT Screening Procedures ............
ELKE A. NEKOLLA, JURGEN GRIEBEL and GUNNAR BRIx

8  Contrast Agent Application and Protocols .............................
MaRrTIN H.K. HOFFMANN




Contents

Neuro /Ear-Nose-Throat

9  Cerebral Perfusion CT: Technique and Clinical Applications .........
MAaXx WINTERMARK

10 MDCT in Neuro-Vascular Imaging ...................................
DoMINIK MORHARD and BIRGIT ERTL-WAGNER

11 Anatomy and Pathology of the Temporal Bone .......................
SABRINA KOSLING, KERSTIN NEUMANN and CURD BEHRMANN

12 Pathologiesof the Orbit ............... ... .. ... .. . ... ..
ULLRICH G. MUELLER-LISSE and JUERGEN LuTz

13 Dental CT: Pathologic Findings in the Teeth and Jaws ................
BERNHARD SOMMER

14 Anatomy and Corresponding Oncological Imaging of the Neck ......
JUERGEN LUTZz, ULLRICH G. MUELLER-LISSE and LORENZ JAGER

Cardiovascular Imaging

15 Noninvasive Coronary Artery Imaging ...............................
HATEM ALKADHI and PAUL STOLZMANN

16 Technical Innovations in Cardiac and Coronary MSCT ...............
MaRrTIN H.K. HOFFMANN

17 Assessment of Coronary Artery Stents by Coronary CT Angiography
DAvID MAINTZ and HARALD SEIFARTH

18 AcuteChestPain ........... ... ... i
JoacHIM-ERNST WILDBERGER

19 The Role of Cardiac Computed Tomography in Cardiac Surgery .....
ALEXANDER LEMBCKE

20 New Indications for Cardiac CT .......... ... ..coiiiiiiiiiiinnn...
KoNSTANTIN NIKOLAOU

21 Complementary Role of CardiacCTand MRI ........................
BERND J. WINTERSPERGER

225




Contents Xl

22 Complementary Roles of Coronary CT
and Myocardial Perfusion SPECT ............. ... ... ... ..., 285
MARcCUSs HACKER

23 CTA of the Aortaby MDCT ... . ...ttt 297
WIELAND H. SOMMER, DANIEL THEISEN and BERND J. WINTERSPERGER

24 CTA of the Spinal Arteries ..............coiiiiiiiiiiiiiiiiiiiiinen.. 311
HeNDRIK VON TENGG-KOBLIGK, TiM F. WEBER and DITTMAR BOCKLER

25 Lower-Extremity CTA ... .. ... .. . i, 321
DoMINIK FLEISCHMANN

Lung

26 Interstitial Lung Diseases ............. ... 333
CHRISTINA MUELLER-MANG, CHRISTINA PLANK, HELMUT RINGL,
ALBERT DIRISAMER and CHRISTIAN HEROLD

27 Pneumomnia ........... ... 357
Craus PETER HEUSSEL

28 CToftheAirways .......... .. .. i 377
HaNs-ULricH KAUCZOR, MICHAEL OWSIJEWITSCH
and JUuLIA LEY-ZAPOROZHAN

Oncology

29  Liver TUIMOLS ...ttt et e 393
CHRISTOPH J. ZECH

30 MDCT of Pancreatic TUMOYS ...........oiiiiiniiiiiiieiinnnn... 407
WOLFGANG SCHIMA, CLAUS KOLBLINGER and AHMED BA-SSALAMAH

31 Imaging of Colorectal Tumors with Multidetector Row CT ........... 423
ANDREA LAGHI, FRANCO IAFRATE and CESARE HASSAN

32 Urogenital Tumors .......... ... it 443
PETER HALLSCHEIDT

33 PET-CTin Oncology .........cooiiiniiiiiiiiiiiiiiiiiinaenenn. 455

GERALD ANTOCH




X1l

Contents

34 PET and PET-CT in Neuroendocrine Tumors ........................
GABRIELE POPPERL

35 Role of MDCT in Bone Tumors, Metastases, and Myeloma ...........
ANDREA BAUR-MELNYK and MAXIMILIAN F. REISER

36 Dual Energy CT: Initial Description
of Clinical Applications in the Abdomen .............................
ANNO GRASER and MICHAEL MACARI

Intervention

37 CT-Guided Biopsy and Drainage .....................................
CuRrisTOPH G. TRUMM and RALF-THORSTEN HOFFMANN

38 Vertebroplasty ............ .
ToB1as F. JAKOBS

39 CT-Guided Tumor Ablation .............. ... ... .. ... ciiiiiiiiin...
RALF-THORSTEN HOFFMANN, ToB1AS F. JAKOBS, CHRISTOPH TRUMM
and MAXIMILIAN F. REISER

40 Rotational C-Arm-Based CT in Diagnostic
and Interventional Neuroradiology .................... ...,
ARND DOERFLER, GREGOR RICHTER and WiLLI KALENDER

41 Abdominal Intervention with C-Arm CT ............. ... ... ... ... ....
CHRISTOPH BECKER

Trauma Imaging / Acute Care

42 CT Management of Multisystem Trauma .............................
MARKUS KORNER and ULRICH LINSENMAIER

Subject Index ... i e

List of Contributors ........... .




Technique



Multislice CT: Current Technology
and Future Developments

STEFAN ULZHEIMER and THOMAS FLOHR

CONTENTS
I
ABSTRACT
1.1 Introduction 3 . L o
) Since its introduction in the early 1970s, computed
}; ) Z’:;frm Deﬁslgn d tomography (CT) has undergone tremendous im-
122 X—Ranyube and Generator 6 provements in terms of technology, performance
1.2.3 MDCT Detector Design and clinical applications. Based on the historic
and Slice Collimation 6 evolution of CT and basic CT physics, this chap-
124 Data Rates and Data ter describes the status quo of the technology and

Transmission 9

125  Dual-Source CT 9 tries to anticipate future developments. Besides

the description of key components of CT systems,

1.3 Measurement Techniques 10 a special focus is placed on breakthrough develop-
1.3.1 ls\/i];ncrgnieqt;gnnal (Axial) ments, such as multi-slice CT and dedicated scan
132  MDCT Spiral (Helical) modes for cardiac imaging.
Scanning 10
1.3.2.1 Pitch 10
1.3.2.2  Collimated and Effective
Slice Width 11
1.3.2.3  Multi-Slice Linear Interpolation
and z-Filtering 12
1.3.2.4 3D Back-Projection and
Adaptive Multiple Plane
Reconstruction AMPR 13
1.3.2.5 Double z-Sampling 14 u
1.3.3 ECG-Triggered and ECG-Gated .
Cardio-Vascular CT 14 Introduction
1.3.3.1  Principles of ECG Triggering
and ECG Gating 14 In 1972, the English engineer G.N. Hounsfield built the

1.3.3.2 ECG-Gated Single-Segment first commercial medical X-ray computed tomography
and Multi-Segment

Reconstruction 17 (CT) scanner for the company EMI Ltd. as a pure head
1.34 Dual-Energy Computed scanner with a conventional X-ray tube and a dual-row

Tomography 17 detector system moving incrementally around the pa-
tient. It was able to acquire 12 slices, each with a 13-mm
slice thickness, and reconstruct the images with a ma-
trix of 80x80 pixels (Fig. 1.1a) in approximately 35 min.
Even though the performance of CT scanners increased
dramatically over time until 1989, there were no prin-
S. ULZHEIMER, PhD cipally new developments in conventional CT. By then,
Siemens Medical Solutions U.S.A., Inc., Computed Tomography the acquisition time for one image decreased from 300s
Division, 51 Valley Stream Parkway, Malvern, PA, 19355, USA  in 1972 to 1-2s, thin slices of down to 1 mm became
T. FLOHR, PhD possible, and the in-plane resolution increased from
Siemens AG, Healthcare Sector, Business Unit Computed three line pairs per cm (Ip/cm) to 10-15 lp/cm with
Tomography, Siemensstr. 1, 91301 Forchheim, Germany typically 512 x 512 matrices.

1.4 Future Developments 19
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Fig. 1.1a,b. Development of computed tomography over time. a Cross-sectional image of a brain in the year 1971 and (b) the
whole brain with sagittal, coronal and cross-sectional slices in the year 2007. (Image courtesy of Mayo Clinic Rochester)

As it was foreseen in the late 1970s that acquisition times
of mechanical CT scanners would be far too long for
high quality cardiac imaging for the next years or even
decades to come, a completely new technical concept
for a CT scanner without moving parts for extremely
fast data acquisition of 50ms was suggested and pro-
moted as a cardiovascular CT (CVCT) scanner. Later,
these scanners were also called “ultrafast CT” scanners
or “electron beam CT” (EBT or EBCT) scanners. High
cost and limited image quality combined with low vol-
ume coverage prevented the wide propagation of the
modality, and the production and distribution of these
scanners were discontinued.

Based on the introduction of slip ring technology
to get power to and data off the rotating gantry, con-
tinuous rotation of the X-ray tube and the detector be-
came possible. The ability of continuous rotation led
to the development of spiral CT scanners in the early
1990s (CraAwFORD and KiNG 1990; KALENDER et al.
1990), a method proposed already several years be-
fore (MoRr1 1986; NisHIMURA and Mivazaki 1988).
Volume data could be acquired without the danger of
mis- or double-registration of anatomical details. Im-
ages could be reconstructed at any position along the
patient axis (longitudinal axis, z-axis), and overlapping
image reconstruction could be used to improve longi-
tudinal resolution. Volume data became the very basis
for applications such as CT angiography (CTA) (RUBIN
et al. 1995), which has revolutionized non-invasive as-
sessment of vascular disease. The ability to acquire vol-

ume data was the prerequisite for the development of
three-dimensional image processing techniques such as
multi-planar reformations (MPR), maximum intensity
projections (MIP), surface shaded displays (SSD) or
volume-rendering techniques (VRT), which have be-
come a vital component of medical imaging today.

Main drawbacks of single-slice spiral CT are either
insufficient volume coverage within one breath-hold
time of the patient or missing spatial resolution in the
z-axis due to wide collimation. With single-slice spiral
CT, the ideal isotropic resolution, i.e., of equal resolu-
tion in all three spatial axes, can only be achieved for
very limited scan ranges (KALENDER 1995).

Larger volume coverage in shorter scan times and
improved longitudinal resolution became feasible after
the broad introduction of four-slice CT systems by all
major CT manufacturers in 1998 (KLINGENBECK-REGN
et al. 1999; McCoLLouGH and ZINK 1999; Hu et al.
2000). The increased performance allowed for the op-
timization of a variety of clinical protocols. Examina-
tion times for standard protocols could be significantly
reduced; alternatively, scan ranges could be significantly
extended. Furthermore, a given anatomic volume could
be scanned within a given scan time with substantially
reduced slice width. This way, for many clinical applica-
tions the goal of isotropic resolution was within reach
with four-slice CT systems. Multi-detector row CT
(MDCT) also dramatically expanded into areas previ-
ously considered beyond the scope of third-generation
CT scanners based on the mechanical rotation of the




Multislice CT: Current Technology and Future Developments

X-ray tube and detector, such as cardiac imaging with
the addition of the ECG gating capability enabled by
gantry rotation times down to 0.5 s (KACHELRIESS et al.
2000; OHNESORGE et al. 2000). Despite all these prom-
ising advances, clinical challenges and limitations re-
mained for four-slice CT systems. True isotropic resolu-
tion for routine applications had not yet been achieved
for many applications requiring extended scan ranges,
since wider collimated slices (4x2.5mm or 4x3.75 mm)
had to be chosen to complete the scan within a reason-
able timeframe. For ECG-gated coronary CTA, stents
or severely calcified arteries constituted a diagnostic
dilemma, mainly due to partial volume artifacts as a
consequence of insufficient longitudinal resolution
(NIEMAN et al. 2001), and reliable imaging of patients
with higher heart rates was not possible due to limited
temporal resolution.

As a next step, the introduction of an eight-slice CT
system in 2000 enabled shorter scan times, but did not
yet provide improved longitudinal resolution (thinnest
collimation 8x1.25mm). The latter was achieved with
the introduction of 16-slice CT (FLoOHR et al. 2002a,
2002b), which made it possible to routinely acquire sub-
stantial anatomic volumes with isotropic sub-millimeter
spatial resolution. ECG-gated cardiac scanning was en-
hanced by both improved temporal resolution achieved
by gantry rotation time down to 0.375 s and improved
spatial resolution (NIEMAN et al. 2002; ROPERS et al.
2003).

The generation of 64-slice CT systems introduced
in 2004 is currently the established standard in the
high-end segment of the market. Two different scanner
concepts were introduced by the different vendors: the
“volume concept” was pursued by GE, while Philips and
Toshiba aimed at a further increase in volume coverage
speed by using 64 detector rows instead of 16 without
changing the physical parameters of the scanner
compared to the respective 16-slice version. The “reso-
lution concept” pursued by Siemens uses 32 physical
detector rows in combination with double z-sampling,
a refined z-sampling technique enabled by a periodic
motion of the focal spot in the z-direction, to simulta-
neously acquire 64 overlapping slices with the goal of
pitch-independent increase of longitudinal resolution
and reduction of spiral artifacts (FLOHR et al. 2004,
2005a). With this scanner generation, CT angiographic
examinations with sub-millimeter resolution in the
pure arterial phase become feasible even for extended
anatomical ranges. The improved temporal resolution
due to gantry rotation times down to 0.33 s has the
potential to increase clinical robustness of ECG-gated
scanning at higher heart rates, thereby significantly
reducing the number of patients requiring heart rate

control and facilitating the successful integration of CT
coronary angiography into routine clinical algorithms
(LEscHKA et al. 2005; RAFF et al. 2005). Today, high-
end single-source scanners offer rotation times of
down to 0.30 s and can acquire up to 128 slices with
an isotropic resolution of down to 0.3mm (Siemens
SOMATOM Definition AS+). In late 2007, two manu-
facturers, Philips and Toshiba, introduced single-source
scanners that can acquire 256 and 320 slices during one
rotation, respectively, keeping “Moore’s law of multi-
slice CT (MSCT)” intact. When looking at the number
of slices of multi-slice CT systems versus the year of
their market introduction, the number of slices has
increased exponentially as a function of time, roughly
doubling every 2 years. This is an interesting parallel to
Moore’s law in the microelectronics sector. It remains
to be seen how the recent enhancements in the number
of slices translate into clinical benefits of these systems
as only clinical performance will be able to justify the
additional costs of such large detectors.

Pursuing a different path of technological advance-
ment, in 2005, the first dual-source CT (DSCT) system,
i.e,, a CT system with two X-ray tubes and two corre-
sponding detectors offset by 90°, was introduced by one
vendor (FLOHR et al. 2006). The key benefit of DSCT for
cardiac scanning is the improved temporal resolution.
A scanner of this type provides temporal resolution of
a quarter of the gantry rotation time, independent of
the patient’s heart rate and without the need for multi-
segment reconstruction techniques. DSCT scanners
also show promising properties for general radiology
applications. First, both X-ray tubes can be operated si-
multaneously in a standard spiral or sequential acquisi-
tion mode, in this way providing high power reserves
when necessary. Additionally, both X-ray tubes can be
operated at different kV settings and/or different pre-fil-
trations, in this way allowing dual-energy acquisitions.
Potential applications of dual-energy CT include tissue
characterization, calcium quantification and quantifi-
cation of the local blood volume in contrast-enhanced
scans.

System Design

The overall performance of a MDCT system depends on
several key components. These components include the
gantry, X-ray source, a high-powered generator, detec-
tor and detector electronics, data transmission systems
(slip rings) and the computer system for image recon-
struction and manipulation.
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Fig. 1.2. Basic system components of a modern third-gener-
ation CT system. First-generation systems used a collimated
pencil beam and therefore required a translation of the pencil
beam and the single detector element before each rotational
step to scan the whole object. Second-generation scanner used
a small fan beam, but still required translational and rotation-
al patterns of the X-ray source and the small detector array,
whereas the fan beam of third-generation scanners the first
time covered the whole object and allowed for a pure rotational
motion of the tube and the detector around the patient

1.2.1
Gantry

Third-generation CT scanners employ the so-called
“rotate/rotate” geometry, in which both the X-ray tube
and detector are mounted onto a rotating gantry and
rotate around the patient (Fig. 1.2). In a MDCT sys-
tem, the detector comprises several rows of 700 and
more detector elements that cover a scan field of view
(SFOV) of usually 50 cm. The X-ray attenuation of the
object is measured by the individual detector elements.
All measurement values acquired at the same angular
position of the measurement system form a “projection”
or “view” Typically, 1,000 projections are measured
during each 360° rotation. The key requirement for the
mechanical design of the gantry is the stability of both
focal spot and detector position during rotation, in par-
ticular with regard to the rapidly increasing rotational
speeds of modern CT systems (from 0.75 s in 1994 to
0.30 s in 2007). Hence, the mechanical support for the
X-ray tube, tube collimator and data measurement sys-

tem (DMS) has to be designed so as to withstand the
high gravitational forces associated with fast gantry ro-
tation (~17g for 0.42 s rotation time, ~33 g for 0.33-s
rotation time).

1.2.2
X-Ray Tube and Generator

State-of-the-art X-ray tube/generator combinations
provide a peak power of 60-100 kW, usually at various,
user-selectable voltages, e.g., 80kV, 100 kV, 120kV and
140 kV. Different clinical applications require different
X-ray spectra and hence different kV settings for op-
timum image quality and/or the best possible signal-
to-noise ratio at the lowest dose. In a conventional
tube design, an anode plate of typically 160-220-mm
diameter rotates in a vacuum housing (Fig. 1.3). The
heat storage capacity of anode plate and tube housing-
measured in Mega Heat Units (MHU)-determines the
performance level: the bigger the anode plate is, the
larger the heat storage capacity, and the more scan-sec-
onds can be delivered until the anode plate reaches its
temperature limit. A state-of-the-art X-ray tube has a
heat storage capacity of typically 5 to 9 MHU, realized
by thick graphite layers attached to the backside of the
anode plate. An alternative design is the rotating enve-
lope tube (STRATON, Siemens, Forchheim, Germany,
SCHARDT et al. 2004). The anode plate constitutes an
outer wall of the rotating tube housing; it is therefore
in direct contact with the cooling oil and can be effi-
ciently cooled via thermal conduction (Fig. 1.3). This
way, a very high heat dissipation rate of 5 MHU/min
is achieved, eliminating the need for heat storage in the
anode, which consequently has a heat storage capacity
close to zero. Thanks to the fast anode cooling, rotating
envelope tubes can perform high power scans in rapid
succession. Due to the central rotating cathode, perma-
nent electro-magnetic deflection of the electron beam is
needed to position and shape the focal spot on the an-
ode. The electro-magnetic deflection is also used for the
double z-sampling technology of a 64-slice CT system
(FLOHR et al. 2004, 2005a).

1.2.3
MDCT Detector Design and Slice Collimation

Modern CT systems use solid state detectors in general.
Each detector element consists of a radiation-sensitive
solid-state material (such as cadmium tungstate, gad-
olinium-oxide or gadolinium oxi-sulfide with suitable
dopings), which converts the absorbed X-rays into vis-
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Cooling oil

Deflection unit

X-rays F fi

Fig. 1.3. Schematic drawings and pictures of a conventional
X-ray tube (top) and a rotating envelope tube (bottom). The
electrons emitted by the cathode are represented by green lines;
the X-rays generated in the anode are depicted as purple ar-
rows. In a conventional X-ray tube, the anode plate rotates in a
vacuum housing. Heat is mainly dissipated via thermal radia-

ible light. The light is then detected by a Si photodiode.
The resulting electrical current is amplified and con-
verted into a digital signal. Key requirements for a suit-
able detector material are good detection efficiency, i.e.,
high atomic number, and very short afterglow time to
enable the fast gantry rotation speeds that are essential
for ECG-gated cardiac imaging.

CT detectors must provide different slice widths to
adjust the optimum scan speed, longitudinal resolution
and image noise for each application. With a single-
slice CT detector, different collimated slice widths are
obtained by pre-patient collimation of the X-ray beam.
For a very elementary model of a two-slice CT detector

tion. In a rotating envelope tube, the anode plate constitutes
an outer wall of the tube housing and is in direct contact with
the cooling oil. Heat is more efficiently dissipated via thermal
conduction, and the cooling rate is significantly increased. Ro-
tating envelope tubes have no moving parts and no bearings in
the vacuum. (Images not to scale)

consisting of M=2 detector rows, different slice widths
can be obtained by pre-patient collimation if the detec-
tor is separated midway along the z-extent of the X-ray
beam.

For M>2, this simple design principle must be re-
placed by more flexible concepts requiring more than
M detector rows to simultaneously acquire M slices.
Different manufacturers of MDCT scanners have intro-
duced different detector designs. In order to be able to
select different slice widths, all scanners combine sev-
eral detector rows electronically to a smaller number of
slices according to the selected beam collimation and
the desired slice width.
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Fig. 1.4. Examples of fixed array detectors and adaptive array detectors used in commercially available

MDCT systems

For the four-slice CT systems introduced in 1998, two
detector types have been commonly used. The fixed ar-
ray detector consists of detector elements with equal
sizes in the longitudinal direction. A representative ex-
ample for this scanner type, the GE Lightspeed scanner,
has 16 detector rows, each of them defining 1.25-mm
collimated slice width in the center of rotation (Hu
et al. 2000; McCoLLoUGH and ZINK 1999). The total
coverage in the longitudinal direction is 20 mm at iso-
center; due to geometrical magnification, the actual
detector is about twice as wide. In order to select dif-
ferent slice widths, several detector rows can be elec-
tronically combined to a smaller number of slices. The
following slice widths (measured at iso-center) are re-
alized: 4x1.25mm, 4x2.5mm, 4x3.75 mm and 4x5mm
(see Fig. 1.4, top left). The same detector design is used
for the eight-slice version of this system, providing
8x1.25mm and 8x2.5mm collimated slice width.

A different approach uses an adaptive array detector
design, which comprises detector rows with different
sizes in the longitudinal direction. Scanners of this type,
the Philips MX8000 four-slice scanner and the Siemens
SOMATOM Sensation 4 scanner, have eight detector
rows (KLINGENBECK-REGN et al. 1999). Their widths
in the longitudinal direction range from 1 to 5mm
(at iso-center) and allow for the following collimated
slice widths: 2x0.5mm, 4x1mm, 4x2.5mm, 4x5mm,
2x8 mm and 2x10mm (see Fig. 1.4, top center).

The 16-slice CT systems have adaptive array detec-
tors in general. A representative example for this scan-
ner type, the Siemens SOMATOM Sensation 16 scan-

ner, uses 24 detector rows (FLoHR et al. 2002a); see
Fig. 1.4, top right. By appropriate combination of the
signals of the individual detector rows, either 16 slices
with 0.75-mm or 1.5-mm collimated slice width can be
acquired simultaneously. The GE Lightspeed 16 scan-
ner uses a similar design, which provides 16 slices with
either 0.625-mm or 1.25-mm collimated slice width. Yet
another design, which is implemented in the Toshiba
Aquilion scanner, allows the use of 16 slices with
0.5-mm, 1-mm or 2-mm collimated slice width, with a
total coverage of 32 mm at iso-center.

The Siemens SOMATOM Sensation 64 scanner
has an adaptive array detector with 40 detector rows
(FLOHR et al. 2004). The 32 central rows define 0.6-mm
collimated slice width at iso-center; the 4 outer rows
on both sides define 1.2-mm collimated slice width
(see Fig. 1.4, bottom left). The total coverage in the
longitudinal direction is 28.8 mm. Using a periodic
motion of the focal spot in the z-direction (z-flying
focal spot), 64 overlapping 0.6-mm slices per rotation
are acquired. Alternatively, 24 slices with 1.2-mm slice
width can be obtained. Toshiba, Philips and GE use
fixed array detectors for their 64-slice systems. The
Toshiba Aquilion scanner has 64 detector rows with a
collimated slice width of 0.5mm. The total z-coverage
at iso-center is 32mm. Both the GE VCT scanner and
the Philips Brilliance 64 have 64 detector rows with
a collimated slice width of 0.625mm, enabling the
simultaneous read-out of 64 slices with a total coverage
of 40mm in the longitudinal direction (see Fig. 1.4,
bottom right).




Multislice CT: Current Technology and Future Developments

1.2.4
Data Rates and Data Transmission

With increasing numbers of detector rows and decreas-
ing gantry rotation times, the data transmission systems
of MDCT scanners must be capable of handling signifi-
cant data rates: a four-slice CT system with 0.5-s rotation
time roughly generates 1,000x700x4x2 bytes = 5.6 MB
of data per rotation, corresponding to 11.2 MB/s; a
16-slice CT scanner with the same rotation time gener-
ates 45 MB/s, and a 64-slice CT-system can produce up
to 180-200 MB/s. This stream of data is a challenge for
data transmission off the gantry and for real-time data
processing in the subsequent image reconstruction sys-
tems. In modern CT systems, contactless transmission
technology is generally used for data transfer, which
is either laser transmission or electro-magnetic trans-
mission with a coupling between a rotating transmis-
sion ring antenna and a stationary receiving antenna.
In the image reconstruction, computer images are re-
constructed at a rate of up to 40 images/s for a 512x512
matrix using special array processors.

1.2.5
Dual-Source CT

A recently introduced dual-source CT (DSCT) system
is equipped with two X-ray tubes and two correspond-
ing detectors (FLOHR et al. 2006). The two acquisition
systems are mounted onto the rotating gantry with an
angular offset of 90°. Figure 1.5 illustrates the principle.
Using the z-flying focal spot technique (FLOHR et al.
2004, 2005a), each detector acquires 64 overlapping
0.6-mm slices per rotation. The shortest gantry rotation
time is 0.33 s. The key benefit of DSCT for cardiac scan-
ning is improved temporal resolution. In a DSCT scan-
ner, the half-scan sinogram in parallel geometry needed
for ECG-controlled image reconstruction can be split
up into two quarter-scan sinograms that are simulta-
neously acquired by the two acquisition systems in the
same relative phase of the patient's cardiac cycle and at
the same anatomical level due to the 90° angle between
both detectors. Details of cardiac reconstruction tech-
niques can be found in Sect. 1.3.3 in this chapter.

With this approach, constant temporal resolution
equivalent to a quarter of the gantry rotation time t,/4
is achieved in a centered region of the scan field of view.
For t,= 0.33 s, the temporal resolution is t,/4 = 83 ms,
independent of the patient’s heart rate.

DSCT systems show interesting properties for gen-
eral radiology applications, too. If both acquisition sys-
tems are simultaneously used in a standard spiral or

sequential acquisition mode, up to 160 kW X-ray peak
power is available. These power reserves are not only
beneficial for the examination of morbidly obese pa-
tients, whose number is dramatically growing in western
societies, but also to maintain adequate X-ray photon
flux for standard protocols when high volume coverage
speed is necessary. Additionally, both X-ray tubes can
be operated at different kV and mA settings, allowing
the acquisition of dual-energy data. While dual-energy
CT was already evaluated 20 years ago (KALENDER et
al. 1986; VETTER et al.1986), technical limitations of the
CT scanners at those times prevented the development
of routine clinical applications. On the DSCT system,
dual-energy data can be acquired nearly simultaneously

—

Rotation
direction

Detector B

Detector A

Fig. 1.5a,b. Schematic illustration of a dual-source CT
(DSCT) system using two tubes and two corresponding de-
tectors offset by 90°. A scanner of this type provides temporal
resolution equivalent to a quarter of the gantry rotation time,
independent of the patient's heart rate. In a technical realiza-
tion, one detector (a) covers the entire scan field of view with a
diameter of 50 cm, while the other detector (b) is restricted to
a smaller, central field of view
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with sub-second scan times. The ability to overcome data
registration problems should provide clinically relevant
benefits. The use of dual-energy CT data can in principle
add functional information to the morphological infor-
mation based on X-ray attenuation coefficients that is
usually obtained in a CT examination.

Figure 1.6 shows a clinical example to illustrate the
clinical performance of DSCT for ECG-gated cardiac
scanning.

Measurement Techniques

The two basic modes of MDCT data acquisition are
axial and spiral (helical) scanning.

1.3.1
MDCT Sequential (Axial) Scanning

Using sequential (axial) scanning, the scan volume is
covered by subsequent axial scans in a “step-and-shoot”
technique. In between the individual axial scans, the ta-
ble is moved to the next z-position. The number of im-
ages acquired during an axial scan corresponds to the
number of active detector slices. By adding the detector
signals of the active slices during image reconstruction,
the number of images per scan can be further reduced,
and the image slice width can be increased. A scan with
4x1-mm collimation as an example provides either
four images with 1-mm section width, two images with
2-mm section width, or one image with 4-mm section

width. The option to realize a wider section by summa-
tion of several thin sections is beneficial for examina-
tions that require narrow collimation to avoid partial
volume artifacts and low image noise to detect low con-
trast details, such as examinations of the posterior fossa
of the skull or the cervical spine.

With the advent of MDCT, axial “step-and-shoot”
scanning has remained in use for only few clinical ap-
plications, such as head scanning, high-resolution lung
scanning, perfusion CT and interventional applications.
A detailed theoretical description to predict the per-
formance of MDCT in step-and-shoot mode has been
given (Hs1ien 2001).

1.3.2
MDCT Spiral (Helical) Scanning

Spiral/helical scanning is characterized by continu-
ous gantry rotation and continuous data acquisition
while the patient table is moving at constant speed; see
Fig. 1.7.

1.3.2.1
Pitch

An important parameter to characterize a spiral/heli-
cal scan is the pitch p. According to IEC specifications
(INTERNATIONAL ELECTROTECHNICAL COMMISSION
2002), p is given by:

p = table feed per rotation/total width of the collimated
beam

Fig.1.6. Case study illustrat-
ing the clinical performance

of dual-source CT (DSCT) for
ECG-gated cardiac imaging.
VRT renderings of a 59-year-old
male patient with suspicion of
RCA stenosis. The mean heart
rate of the patient during the
scan was 85 bpm. Left: Diastolic
reconstruction at 65% of the
cardiac cycle. Right: End systolic
reconstruction at 28% of the
cardiac cycle. In both cases the
coronary arteries are clearly
depicted with few or no motion
artifacts




Multislice CT: Current Technology and Future Developments

n

Fig. 1.7. Principle of spiral/helical CT scanning: the patient
table is continuously translated while multiple rotations of scan
data are acquired. The path of X-ray tube and detector rela-
tive to the patient is a helix. An interpolation of the acquired
measurement data has to be performed in the z-direction to
estimate a complete CT data set at the desired image position

Pitch 1
SSP, Single-Slice Scanner, 180LI

01 FYWHM = 1.0

0% 1 05 0 05 1 15
Normalized z-Position

Fig. 1.8. Effective slice width in spiral/helical CT: the col-
limated slice profile, which is a trapezoidal in general, is in-
dicated in red. The slice sensitivity profiles (SSP) after spiral/
helical interpolation are bell-shaped; see the green curves for
the most commonly used single-slice approach (180-LI) at dif-

This definition holds for single-slice CT as well as for
MDCT. It shows whether data acquisition occurs with
gaps (p>1) or with overlap (p<1) in the longitudinal di-
rection. With 4x1-mm collimation and a table feed of
6 mm/rotation, the pitch is p = 6/(4x1) = 6/4 = 1.5. With
16x0.75-mm collimation and a table feed of 18 mm/
rotation, the pitch is p=18/(16x0.75)=18/12=1.5,
too. For general radiology applications, clinically useful
pitch values range from 0.5 to 2. For the special case of
ECG-gated cardiac scanning, very low pitch values of
0.2 to 0.4 are applied to ensure gapless volume coverage
of the heart during each phase of the cardiac cycle.

1.3.2.2
Collimated and Effective Slice Width

Both single-slice and multi-slice spiral CT require an
interpolation of the acquired measurement data in the
longitudinal direction to estimate a complete CT data
set at the desired plane of reconstruction. As a conse-
quence of this interpolation, the slice profile changes
from the trapezoidal, in some cases almost rectangular
shape known from axial scanning to a more bell-shaped
curve; see Fig. 1.8. The z-axis resolution is no longer de-
termined by the collimated beam width S, alone (as in
axial scanning), but by the effective slice width s, which
is established in the spiral interpolation process. Usu-

Pitch 2
SSP, Single-Slice Scanner, 180LI
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ferent pitch values. 180-LI relies on a projection-wise linear in-
terpolation of direct and complementary data. In spiral/helical
CT, z-axis resolution is no longer determined by the collimated
slice width alone, but by the effective slice width, which is de-
fined as the Full Width at Half Maximum (FWHM) of the SSP
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ally, S is defined as the Full Width at Half Maximum
(FWHM) of the Slice Sensitivity Profile (SSP). The wider
Seon gets for a given collimated beam width S, the more
the longitudinal resolution degrades. In single-slice CT,
S increases with increasing pitch (Fig. 1.9). This is a
consequence of the increasing longitudinal distance of
the projections used for spiral interpolation. The SSP
is not only characterized by its FWHM, but by its en-
tire shape: a SSP that has far-reaching tails degrades
longitudinal resolution more than a well-defined, close
to rectangular SSP, even if both have the same FWHM
and hence the same effective slice width S. For a further
characterization of spiral SSPs, the Full Width at Tenth
Area (FWTA) is often considered in addition.

1.3.2.3
Multi-Slice
Linear Interpolation and z-Filtering

Multi-slice linear interpolation is characterized by a
projection-wise linear interpolation between two rays
on either side of the image plane to establish a CT data
set at the desired image z-position. The interpolation can
be performed between the same detector slice at differ-
ent projection angles (in different rotations) or different
detector slices at the same projection angle. In general,
scanners relying on this technique provide selected dis-

Slice Width (FWHM of the SSP)

crete pitch values to the user, such as 0.75 and 1.5 for
four-slice scanning (Hu 1999) or 0.5625, 0.9375, 1.375
and 1.75 for 16-slice scanning (Hsiex 2003). The user
has to be aware of the pitch-dependent effective slice
widths S. For low-pitch scanning (at p = 0.75 using 4
slices and at p = 0.5625 or 0.9375 using 16 slices) S~Sco
and for a collimated 1.25-mm slice the resulting effec-
tive slice width stays at 1.25mm. The narrow SSP, how-
ever, is achieved by conjugate interpolation at the price
of increased image noise (Hu et al. 1999; Hsien 2003).
For high-pitch scanning (at p = 1.5 using 4 slices and at
p = 1.375 or 1.75 using 16 slices), S~1.27S., and a col-
limated 1.25-mm slice results in an effective 1.5-1.6mm
slice. To obtain the same image noise as in an axial scan
with the same collimated slice width, 0.73-1.68 times
the dose depending on the spiral pitch is required, with
the lowest dose at the highest pitch (see Hsien 2003).
Thus, as a “take home point,” when selecting the scan
protocol for a particular application, scanning at low
pitch optimizes image quality and longitudinal reso-
lution at a given collimation, yet at the expense of in-
creased patient dose. To reduce patient dose, either mA
settings should be reduced at low pitch or high pitch
values should be chosen.

In a z-filter multi-slice spiral reconstruction (TAGUCHI
and ARADATE 1998; SCHALLER et al. 2000), the spiral
interpolation for each projection angle is no longer re-
stricted to the two rays in closest proximity to the image

FWHM / Collimation

Fig. 1.9. Top: FWHM of the
SSP as a function of the pitch for
the two most commonly used
single-slice spiral interpolation
approaches, 180° linear interpo-

1 1.5 2 25
Pitch

Pitch 1.5

z-Axis
A

lation (180-LI) and 360° linear
interpolation (360-LI). For both,
the slice significantly widens with
increasing pitch as a result of the
increasing distance of the inter-

Pitch 2

Blurring : polation partners. Bottom: MPRs
' °e of a spiral z-resolution phantom

l‘-\ | ™ scanned with 2-mm collimation
¥ ™ o (180-LI) show increased blurring

of the 1.5-mm and 2-mm cylinders
with increasing pitch as a conse-
quence of the increasing effective
slice width
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plane. Instead, all direct and complementary rays within
a selectable distance from the image plane contribute to
the image. A representative example for a z-filter ap-
proach is the Adaptive Axial Interpolation (SCHALLER
et al. 2000) implemented in Siemens CT scanners. An-
other example is the MUSCOT algorithm (TAcucHI
and ARADATE 1998) used by Toshiba. The z-filtering
allows the system to trade off z-axis resolution with im-
age noise (which directly correlates with required dose).
From the same CT raw data, images with different slice
widths can be retrospectively reconstructed. Only slice
widths equal to or larger than the sub-beam collima-
tion can be obtained. With the Adaptive Axial Inter-
polation the effective slice width is kept constant for all
pitch values between 0.5 and 1.5 (KLINGENBECK-REGN
et al. 1999; SCHALLER et al. 2000; FucHs et al. 2000).
Therefore, longitudinal resolution is independent of
the pitch; see Fig. 1.10. As a consequence of the pitch-
independent spiral slice width, the image noise for fixed
“effective” mAs (that is mAs divided by the pitch p) is
nearly independent of the pitch. For 1.25-mm effec-
tive slice width reconstructed from 4x1-mm collima-
tion, 0.61-0.69 times the dose is required to maintain
the image noise of an axial scan at the same collimation
(FucHs et al. 2000). Radiation dose for fixed effective
mAs is independent of the pitch and equals the dose of
an axial scan at the same mAs. Thus, as a “take-home
point,” using higher pitch does not result in dose saving,

which is an important practical consideration with CT
systems relying on Adaptive Axial Interpolation and the
“effective” mAs concept.

With regard to image quality, narrow collimation is
preferable to wide collimation, due to better suppres-
sion of partial volume artifacts and a more rectangular
SSP, even if the pitch has to be increased for equivalent
volume coverage. Similar to single-slice spiral CT, nar-
row collimation scanning is the key to reduce artifacts
and improve image quality. Best suppression of spiral
artifacts is achieved by using both narrow collimation
relative to the desired slice width and reducing the spiral
pitch.

1.3.2.4

3D Back-Projection

and Adaptive Multiple
Plane Reconstruction AMPR

For CT scanners with 16 and more slices, modified re-
construction approaches accounting for the cone-beam
geometry of the measurement rays have to be consid-
ered: the measurement rays in MDCT are tilted by the
so-called cone angle with respect to a plane perpendic-
ular to the z-axis. The cone angle is largest for the slices
at the outer edges of the detector, and it increases with
increasing number of detector rows if their width is kept

Pitch 0.75 Pitch 1.25 Pitch 1.75
Measured d=2.05mm d=21mm d=21mm
1 1 1
0.8~ - 0.8 0.8 f Y-
Fi
/
0.2 0.2+ 0.2
e 0 ’
04 2 04 2 4 4 -2 0 2 4
—— : calculated o 'measured 2 AXIS Fig. 1.10. Adaptive axial in-
terpolation for a four-slice CT
system: SSP of the 2-mm slice (for
) 4x1-mm collimation) at selected
z-Axis Pitch 0.75 Pitch 1.25 Pitch 1.75 pitch values. The functional form
A Cear Clear of the SSP, and hence the effec-
Separation o Separation Separation tive slice width, are independent
I\ | °e | | of the pitch. Consequently, MPRs
vY . : o ® | of a spiral z-resolution phantom
: H : . o ° scanned with 2-mm slice width
E O show clear separation of the
pEV8-0:0 1.5-mm and 2-mm cylinders for all
pitch values
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constant. Some manufacturers (Toshiba, Philips) use a
3D filtered back-projection reconstruction (FELDKAMP
et al. 1984; WANG et al. 1993; Grass et al. 2000; HEIN
et al. 2003). With this approach, the measurement rays
are back-projected into a 3D volume along the lines of
measurement, this way accounting for their cone-beam
geometry. Other manufacturers use algorithms that
split the 3D reconstruction task into a series of con-
ventional 2D reconstructions on tilted intermediate
image planes. A representative example is the Adaptive
Multiple Plane Reconstruction (AMPR) used by
Siemens (SCHALLER et al. 2001a; FLOHR et al. 2003a).
Multi-slice spiral scanning using AMPR in combination
with the “effective” mAs concept is characterized by the
same key properties as Adaptive Axial Interpolation.
Thus, all recommendations regarding selection of col-
limation and pitch that have been discussed there also
apply to AMPR.

1.3.2.5
Double z-Sampling

The double z-sampling concept for multi-slice spiral
scanning makes use of a periodic motion of the focal
spot in the longitudinal direction to improve data sam-
pling along the z-axis (FLOHR et al. 2004, 2005a). By
continuous electromagnetic deflection of the electron
beam in a rotating envelope X-ray tube, the focal spot

MDCT-system with z-flying focal spot
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Fig. 1.11. Principle of improved z-sampling with the z-flying
focal spot technique. Due to a periodic motion of the focal spot
in the z-direction, two subsequent M-slice readings are shifted
by half a collimated slice width Scu /2 at iso-center and can be
interleaved to one 2M slice projection

is wobbled between two different positions on the an-
ode plate. The amplitude of the periodic z-motion is ad-
justed in a way that two subsequent readings are shifted
by half a collimated slice width in the patient’s longitu-
dinal direction (Fig. 1.11). Therefore, the measurement
rays of two subsequent readings with collimated slice
width S interleave in the z-direction, and every two
M-slice readings are combined to one 2M-slice projec-
tion with a sampling distance of Scu/2.

In the SOMATOM Sensation 64 (Siemens, Forchheim,
Germany) as an example of a MDCT system relying on
double z-sampling, two subsequent 32-slice readings
are combined to one 64-slice projection with a sam-
pling distance of 0.3 mm at the iso-center. As a conse-
quence, spatial resolution in the logitudinal direction
is increased, and objects <0.4mm in diameter can be
routinely resolved at any pitch; see Fig. 1.12. Another
benefit of double z-sampling is the suppression of spiral
“windmill” artifacts at any pitch (Fig. 1.13).

1.3.3
ECG-Triggered
and ECG-Gated Cardio-Vascular CT

1.3.3.1
Principles of ECG Triggering and ECG Gating

For ECG-synchronized examinations of the cardio-
thoracic anatomy, either ECG-triggered axial scanning
or ECG-gated spiral scanning can be used. A technical
overview on ECG-controlled CT scanning can be found
in FLOHR et al. (2003b).

In ECG-triggered axial scanning, the heart volume is
covered by subsequent axial scans in a “step-and-shoot”
technique. The number of images per scan corresponds
to the number of active detector slices. In between the
individual axial scans, the table moves to the next z-po-
sition. Due to the time necessary for table motion, only
every second heart beat can be used for data acquisi-
tion, which limits the minimum slice width to 2.5 mm
with four-slice or 1.25 mm with eight-slice CT systems
if the whole heart volume has to be covered within one
breath-hold period. Scan data are acquired with a pre-
defined temporal offset relative to the R-waves of the
patient’s ECG signal, which can be either relative (given
as a certain percentage of the RR-interval time) or abso-
lute (given in ms) and either forward or reverse (OHNE-
SORGE et al. 2000; FLOHR and OHNESORGE 2001); see
Fig. 1.14.

To improve temporal resolution, modified recon-
struction approaches for partial scan data have been
proposed (OHNESORGE et al. 2000; FLoHR and OHNE-
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Fig. 1.12. Demonstration of z-axis
resolution for a MDCT system using
the z-flying focal spot technique. MPRs
of a z-resolution phantom (high-
resolution insert of the CATPHAN,
the Phantom Laboratories, Salem,

NY, turned by 90°) in the isocenter of
the scanner as a function of the pitch.
Scan data have been acquired with
32x0.6-mm collimation in a 64-slice
acquisition mode using the z-flying
focal spot and reconstructed with

the narrowest slice width (nominal

0.6 mm) and a sharp body kernel. In-
dependent of the pitch, all bar patterns
up to 16 Ip/cm can be visualized. The
bar patterns with 15 Ip/cm are exactly
perpendicular to the z-axis, corre-
sponding to 0.33-mm longitudinal
resolution

Fig. 1.13. Reduction of spiral artifacts with the z-flying focal
spot technique. Left: Thorax scan with 32x0.6-mm collimation
in a 64-slice acquisition mode with z-flying focal spot at pitch
1.5. Right: Same scan, using only one focus position of the z-fly-
ing focal spot for image reconstruction. This corresponds rea-

sonably well to evaluating 32-slice spiral data acquired without
z-flying focal spot. Due to the improved longitudinal sampling
with z-flying focal spot (left), spiral interpolation artifacts
(windmill structures at high contrast objects) are suppressed
without degradation of z-axis resolution
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SORGE 2001), which provide a temporal resolution up to
half the gantry rotation time per image in a sufficiently
centered region of interest. The 16-slice and 64-slice
CT systems offer gantry rotation times as short as 0.4 s,
0.37 s or even 0.33 s. In this case, temporal resolution
can be as good as 200 ms, 185ms or 165 ms.

With retrospective ECG gating, the heart volume
is covered continuously by a spiral scan. The patient’s
ECG signal is recorded simultaneously to data acqui-

z - Position

Time

ECG A — P

Half scan segment

1 Fig. 1.14. Schematic illustration of
absolute and relative phase setting for
ECG-controlled CT examinations of
the cardio-thoracic anatomy

sition to allow for a retrospective selection of the data
segments used for image reconstruction. Only scan
data acquired in a pre-defined cardiac phase, usually
the diastolic phase, are used for image reconstruction
(KACHELRIESS et al. 2000; OHNESORGE et al. 2000; TA-
GUCHI et al. 2000; FLoHR and OHNESORGE 2001). The
data segments contributing to an image start with a
user-defined offset relative to the onset of the R-waves,
similar to ECG-triggered axial scanning; see Fig. 1.15.

Parallel projection

range

Fig. 1.15. Principle of retrospectively ECG-gated spiral scanning with single-segment
reconstruction. The patient’s ECG signal is indicated as a function of time on the hori-
zontal axis, and the position of the detector slices relative to the patient is shown on
the vertical axis (in this example for a four-slice CT system). The table moves continu-
ously, and continuous spiral scan data of the heart volume are acquired. Only scan data
acquired in a pre-defined cardiac phase, usually the diastolic phase, are used for image
reconstruction (indicated as red boxes). The spiral interpolation is illustrated for some

representative projection angles
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Image reconstruction generally consists of two
parts: multi-detector row spiral interpolation to com-
pensate for the continuous table movement and to ob-
tain scan data at the desired image z-position, followed
by a partial scan reconstruction of the axial data seg-
ments (Fig. 1.15).

1.3.3.2
ECG-Gated Single-Segment
and Multi-Segment Reconstruction

In a single-segment reconstruction, consecutive multi-
slice spiral data from the same heart period are used to
generate the single-slice partial scan data segment for an
image; see Fig. 1.15. At low heart rates, a single-segment
reconstruction yields the best compromise between suf-
ficient temporal resolution on the one hand and ade-
quate volume coverage with thin slices on the other.
The temporal resolution of an image can be improved
up to t./(2N) by using scan data of N subsequent heart
cycles for image formation in a so-called multi-segment
reconstruction (KACHELRIESS et al. 2000; TAGUCHI et
al. 2000; CEsMELI et al. 2001; FLoHR and OHNESORGE
2001). t, is the gantry rotation time of the CT scanner.
With increased N better temporal resolution is achieved,
but at the expense of slower volume coverage: every z-
position of the heart has to be seen by a detector slice at
every time during the N heart cycles. As a consequence,
the larger the N and the lower the patient’s heart rate are,
the more the spiral pitch has to be reduced. With this
technique, the patient’s heart rate and the gantry rota-
tion time of the scanner have to be properly de-synchro-
nized to allow for improved temporal resolution. De-
pending on the relationship between the rotation time
and the patient heart rate, the temporal resolution is
generally not constant, but varies between one half and
1/(2N) times the gantry rotation time in a N-segment
reconstruction. There are “sweet spots,” heart rates with
optimum temporal resolution and heart rates where
temporal resolution cannot be improved beyond half
the gantry rotation time. Multi-segment approaches rely
on a complete periodicity of the heart motion, and they
encounter their limitations for patients with arrhythmia
or patients with changing heart rates during examina-
tion. They may improve image quality in selected cases,
but the reliability of obtaining good quality images with
N-segment reconstruction goes down with increasing N.
In general, clinical practice suggests the use of one seg-
ment at lower heart rates and N>2 segments at higher
heart rates (FLOHR and OHNESORGE 2001; FLOHR et
al. 2003b). Image reconstruction during different heart

phases is feasible by shifting the start points of the data
segments used for image reconstruction relative to the
R-waves. For a given start position, a stack of images at
different z-positions covering a small sub-volume of the
heart can be reconstructed due to the multi-slice data
acquisition (OHNESORGE et al. 2000; FLoHR and OHNE-
SORGE 2001).

Prospective ECG-triggering combined with “step
and shoot” acquisition of axial slices has the benefit
of smaller patient dose than ECG-gated spiral scan-
ning, since scan data are acquired in the previously se-
lected heart phases only. It does, however, not provide
continuous volume coverage with overlapping slices,
and mis-registration of anatomical details cannot be
avoided. Furthermore, reconstruction of images in dif-
ferent phases of the cardiac cycle for functional evalu-
ation is not possible. Since ECG-triggered axial scan-
ning depends on a reliable prediction of the patients
next RR interval by using the mean of the preceding
RR intervals, the method encounters its limitations for
patients with severe arrhythmia. To maintain the ben-
efits of ECG-gated spiral CT, but reduce patient dose,
ECG-controlled dose modulation has been developed
(Jaxkoss et al. 2002). During the spiral scan, the out-
put of the X-ray tube is modulated according to the
patient’s ECG. It is kept at its nominal value during a
user-defined phase of the cardiac cycle, in general the
mid- to end-diastolic phase. During the rest of the car-
diac cycle, the tube output is typically reduced to 20%
of its nominal values, although not switched off entirely
to allow for image reconstruction throughout the entire
cardiac cycle. Depending on the heart rate, dose reduc-
tion of 30-50% has been demonstrated in clinical stud-
ies (JAKOBS et al. 2002).

The major improvements of 4-slice to 64-slice scan-
ners include improved temporal resolution due to
shorter gantry rotation times, better spatial resolution
owing to sub-millimeter collimation and considerably
reduced examination times (FLOHR and OHNESORGE
2001; FLOHR et al. 2003b); see Fig. 1.16.

1.3.4
Dual-Energy Computed Tomography

One of the limitations of CT is that tissues of different
chemical composition but the same X-ray attenuation
have the same Hounsfield values. This makes the differ-
entiation and classification of tissue types challenging.
Classical examples are the differentiation between cal-
cified plaques and iodinated blood or hyper-dense and
contrast-enhanced lesions.
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Fig. 1.16. Progress in longitudinal resolution for ECG-gated cardiac scanning from
4-slice CT to 64-slice CT. The four-slice CT scanner with 4x1-mm collimation (bot-
tom) can resolve 0.9-1.0 mm objects. With 16x0.75-mm collimation, 0.6-mm objects
can be delineated (center). The 64-slice CT scanner with 64x0.6 mm collimation and
double z-sampling can routinely resolve 0.4-mm objects (top). The corresponding pa-
tient examples depict similar clinical situations (a stent in the proximal LAD). With the

64-slice system, an in-stent re-stenosis (arrow) can be evaluated. Four-slice case cour-
tesy of Hopital de Coracao, Sao Paulo, Brazil; 16-slice case courtesy of Dr. A. Kiittner,
Tiibingen University, Germany, and 64-slice case courtesy of Dr. C. M. Wong, Hong

Kong, China

Besides the issue of differentiation and classification,
the ambiguity of CT numbers hampers the reliability
of quantitative measurements. Even for the seemingly
straightforward quantification of iodine concentration,
the accuracy of measured values is limited by the pres-
ence of other tissue types. For example, when determin-
ing the amount of iodine enhancement of a soft tissue
lesion with use of a region of interest in that lesion mea-
surement, the measured mean CT number will reflect
not only the enhancement due to iodine, but also the

underlying tissue. To overcome this limitation, addi-
tional information is required. By looking at attenuation
of a material at two different energies, materials such as
bone and iodine can be differentiated (Fig. 1.17).

First investigations of dual-energy methods for CT
were made already in the 1970s (MAcovsKI et al. 1976;
ALVAREZ and MAcoOVsKI 1976), but never made it into
clinical routine, mainly because data for the different
tube voltages had to be acquired at two different points
in time. In the 1980s, it was possible to acquire dual-en-

Fig. 1.17. Dual-energy principle: Using the two tubes and de-
tectors in the Siemens SOMATOM Definition, the two tubes
can be operated at different energies (80 kV and 140 kV) em-
miting different X-ray spectra. In a phantom with structures
with similar attenuation at one energy, such as in this example
of a phantom with bone (green) and tubes filled with iodine
(orange), this additional information can be used to charactize
and differentiate the two materials due to their different HU
values at different energies
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ergy data nearly simultaneously using a modified com-
mercial CT system (KALENDER et al. 1987). During the
rotation of the tube-detector pair, the tube voltage was
switched quickly for each detector reading between the
high and low settings so that two sets of raw data (pro-
jections) were acquired nearly simultaneously at two
different tube voltages. The only application at that time
was bone densitometry measurement; however, this ap-
plication alone did not justify the additional costs, and
dual-energy capabilities were not implemented in sub-
sequent CT scanner generations.

With the introduction of dual-source CT, a new ap-
proach for dual-energy CT became clinically feasible.
The design of this scanner allows adjusting not only the
tube voltage, but also the tube current for both tube/de-
tector pairs and allows simultaneous data acquisition.
Images from both tube-detector pairs are reconstructed
separately, and image-based post processing then is
used to extract the dual-energy information.

Besides this approach, other acquisition methods
for image-based dual-energy CT using single-source
systems have been proposed. Approaches with two
subsequent spiral acquisitions or two subsequent se-
quential scans have been reported. For static anatomi-
cal structures without any contrast enhancement dy-
namics, this acquisition technique appears feasible.
However, for most patient scans, this prerequisite is not
fulfilled. Motion, pulsation or change in contrast agent
concentration between both acquisitions would lead to
registration artifacts and false dual-energy information.
Closer detail on the technical background and clinical
applications of dual-energy CT can be found in Chaps.
5 and 36, respectively.

Future Developments

The trend towards a larger number of slices will not be
driven by the need to increase scan speed in spiral ac-
quisition modes, but rather by new clinical applications
that potentially become possible with these detector
and system designs. Dynamic volume imaging becomes
feasible, opening up a whole spectrum of new applica-
tions, such as functional or volume perfusion studies.
Recently, both Toshiba and Siemens introduced systems
targeting these applications, again pursuing different
technological paths to reach the same goal. Toshiba in-
troduced a 320-slice scanner that allows covering whole
organs during one rotation. It is based on the prototype
scanner with 256x0.5-mm detector elements (MoORT et
al. 2004, 2006). Siemens introduced a 128-slice scan-
ner with a dynamic spiral shuttle mode that also allows
acquiring 4D data of large volumes. Figure 1.18 shows
an example of a perfusion scan of the complete brain
acquired with that technology.

Prototype systems exist that use CsI-aSi flat-panel
detector technology, originally used for conventional
catheter angiography, which is limited in low contrast
resolution and scan speed. Short gantry rotation times
<0.5 s, which are a prerequisite for successful examina-
tion of moving organs such as the heart, are beyond the
scope of such systems. Spatial resolution is excellent,
though, due to the small detector pixel size (GuPTa et al.
2006). In pre-clinical installations, potential clinical ap-
plications of flat-panel volume CT systems are currently
being evaluated (KNOLLMANN et al. 2003; GUPTA et al.
2003). The application spectrum ranges from ultra-high
resolution bone imaging to dynamic CT angiographic
studies and functional examinations.

Fig. 1.18. Whole brain perfusion study
on a Siemens SOMATOM Definition
AS+: Using a detector configuration of
128x0.6 mm and a detector coverage of
38.4 mm, whole brain perfusion studies
can be carried out by using a special
spiral shuttle mode that uses a sinosoi-
dal motion of the patient table to cover
the whole brain for a period of 30 s
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The combination of area detectors that provide suf-
ficient image quality with fast gantry rotation speeds
will be a promising technical concept for medical CT
systems. C-arm systems already offering 3D CT capa-
bilities are commercially available and will be discussed
in Chap. 3. Compared to dedicated CT systems, which
increasingly also offer support for image-guided inter-
ventions (Fig. 1.19), these scanners still offer limited
image quality, but can be useful for intra-interventional
imaging.

Nevertheless, it must be always kept in mind that
a potential increase in spatial resolution to the level of

flat-panel CT will be associated with increased dose
demands, and the clinical benefit has to be carefully
considered in the light of the applied patient dose.
Therefore, another continued trend is saving patient
dose for all kinds of clinical applications. Examples that
demonstrate these efforts by the manufacturers are the
introduction of dynamic collimators that eliminate the
increasing problem of over-radiation in spiral scans,
which was increasing with increasing detector width
(Fig. 1.20), or the optimization of acquisition modes
in cardiac CT, an application especially in the focus of
dose discussion in the past years (Fig. 1.21).

Fig. 1.19. Wider and wider detectors can also be used for in-
terventional applications. Previously interventional CT was a
2D application due to the still limited detector coverage of up

¥

to 64 slice detectors (left). New visualization methods and scan
modes allow real-time 3D interventions with the new genera-
tion of 128-slice scanners (right)

Fig. 1.20. Since the introduction of multislice detectors, it is
a known issue that at the start and the end of each spiral scan,
a region is irradiated for which no images can be reconstruct-
ed (red). That portion depends on the width of the detector
and becomes more severe the wider the detector becomes and
the shorter the scan region is. That problem can be overcome,
but introducing a tube side collimator that continuously
opens at the start of the scan and closes at the end of the scan.
The Siemens SOMATOM Definition AS+ is the first scanner
offering that technology, which saves 10-25 % dose depending
on the application. Typical dose savings using this technology
are 10% for abdominal, 15% for thorax, 20% for head and 25%
for cardiac examinations
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